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Let me tell you the secret
that has led me to my goal;
My strength lies solely in my
tenacity.

LOUIS PASTEUR





Contents

Resumen I

Abstract V

List of Figures VII

List of Tables XIX

Acronyms XXIII

List of Publications XXV

1 Introduction 1
1.1 Tin dioxide, SnO2, rutile . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Tin oxide, SnO, romarchite . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Titanium dioxide, TiO2, anatase . . . . . . . . . . . . . . . . . . . . 5
1.4 Doped TiO2, SnO2 and SnO . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 PEDOT:PSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Composites based on PEDOT:PSS . . . . . . . . . . . . . . . . . . . 11
1.7 Thesis objectives and organization . . . . . . . . . . . . . . . . . . . 12

2 Experimental methods 17
2.1 Sample fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Synthesis of SnO and SnO2 nanoparticles . . . . . . . . . . . 17
2.1.2 Synthesis of TiO2 nanoparticles . . . . . . . . . . . . . . . . . 19
2.1.3 Thin layers obtained by spin coating . . . . . . . . . . . . . . 20

2.2 Characterization techniques . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.1 X-Ray Diffraction (XRD) . . . . . . . . . . . . . . . . . . . . 25
2.2.2 Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . 26
2.2.3 Energy Dispersive Spectroscopy (EDS) . . . . . . . . . . . . . 28
2.2.4 Cathodoluminescence (CL) . . . . . . . . . . . . . . . . . . . 29
2.2.5 Transmission Electron Microscopy (TEM) . . . . . . . . . . . 30
2.2.6 Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-

OES) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32



2.2.7 Photoluminescence (PL) . . . . . . . . . . . . . . . . . . . . . 32
2.2.8 Photoluminescence excitation (PLE) . . . . . . . . . . . . . . 33
2.2.9 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.10 Photoluminescence based on Quasi-Steady State Photocon-

ductance (PL-QSSPC) . . . . . . . . . . . . . . . . . . . . . . 36
2.2.11 X-ray Photoemission Spectroscopy (XPS) . . . . . . . . . . . 37
2.2.12 X-ray Absorption Spectroscopy (XAS) . . . . . . . . . . . . . 39
2.2.13 Atomic Force Microscopy (AFM) . . . . . . . . . . . . . . . . 40
2.2.14 UV-VIS spectroscopy . . . . . . . . . . . . . . . . . . . . . . 42
2.2.15 Contacts deposition . . . . . . . . . . . . . . . . . . . . . . . 42
2.2.16 Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.2.17 Gas sensing setup . . . . . . . . . . . . . . . . . . . . . . . . 45

3 SnO2 nanoparticles doped with Li or Ni 47
3.1 Synthesis, morphological, structural and compositional characteriz-

ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.1.1 XRD characterization . . . . . . . . . . . . . . . . . . . . . . 49
3.1.2 EDS and ICP-OES characterization . . . . . . . . . . . . . . 50
3.1.3 TEM characterization . . . . . . . . . . . . . . . . . . . . . . 52
3.1.4 Raman spectroscopy characterization . . . . . . . . . . . . . . 53

3.2 Optical properties analysis . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2.1 Photoluminescence . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2.2 Cathodoluminescence . . . . . . . . . . . . . . . . . . . . . . 58

3.3 Electric characterization . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3.1 Hall Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.4 Electronic characterization . . . . . . . . . . . . . . . . . . . . . . . . 61
3.4.1 XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.4.2 XAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.4.3 RPES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.5 Applications in Li-ion batteries . . . . . . . . . . . . . . . . . . . . . 67
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4 TiO2 nanoparticles doped with Li or Ni 81
4.1 Synthesis, morphological, structural and compositional characteriz-

ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.1.1 XRD characterization . . . . . . . . . . . . . . . . . . . . . . 83
4.1.2 EDS and ICP-OES characterization . . . . . . . . . . . . . . 84
4.1.3 TEM characterization . . . . . . . . . . . . . . . . . . . . . . 86
4.1.4 Raman spectroscopy characterization . . . . . . . . . . . . . . 87

4.2 Optical characterization . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.2.1 Photoluminescence . . . . . . . . . . . . . . . . . . . . . . . . 91
4.2.2 Cathodoluminescence . . . . . . . . . . . . . . . . . . . . . . 93
4.2.3 PLE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.3 Electrical characterization . . . . . . . . . . . . . . . . . . . . . . . . 97



4.3.1 Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.4 Electronic characterization . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4.1 XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.4.2 XAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.4.3 RPES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.5 DFT calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.6 Anatase-to-rutile transition for doped TiO2 with Li or Ni . . . . . . 107

4.6.1 Thermally-induced ART . . . . . . . . . . . . . . . . . . . . . 107
4.6.2 Laser-induced ART . . . . . . . . . . . . . . . . . . . . . . . . 109

4.7 Applications in Li-ion batteries . . . . . . . . . . . . . . . . . . . . . 113
4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5 SnO nanoparticles doped with Li or Ni 131
5.1 Synthesis, morphological, structural and compositional characteriz-

ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.1.1 XRD, SEM and TEM characterization . . . . . . . . . . . . . 133
5.1.2 EDS and ICP-OES characterization . . . . . . . . . . . . . . 137
5.1.3 Thermo XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.1.4 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 140

5.2 Optical characterization via Photoluminescence . . . . . . . . . . . . 148
5.3 Electric characterization via Hall effect . . . . . . . . . . . . . . . . . 150
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

6 PEDOT:PSS composites based on SnO, SnO2 or TiO2 nanoparticles
for hybrid Si-solar cells 163
6.1 Obtaining PEDOT:PSS thin layers . . . . . . . . . . . . . . . . . . . 165

6.1.1 Mixture preparation . . . . . . . . . . . . . . . . . . . . . . . 166
6.1.2 Spin coating . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.1.3 DMSO vs EG . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
6.1.4 Etching vs no etching . . . . . . . . . . . . . . . . . . . . . . 172
6.1.5 Degradation over time . . . . . . . . . . . . . . . . . . . . . . 173

6.2 Characterizing PEDOT:PSS thin layers . . . . . . . . . . . . . . . . 174
6.3 PEDOT:PSS composites with SnO, SnO2 or TiO2 nanoparticles. . . 180

6.3.1 PEDOT:PSS and SnO composites . . . . . . . . . . . . . . . 180
6.3.2 PEDOT:PSS and SnO2 composites . . . . . . . . . . . . . . . 184
6.3.3 PEDOT:PSS and TiO2 composites . . . . . . . . . . . . . . . 186
6.3.4 IV- curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199



7 PEDOT:PSS composites based on SnO, SnO2 or TiO2: thermo-
electric and gas sensing properties 201
7.1 Morphological and optical characterization . . . . . . . . . . . . . . . 203

7.1.1 Optical microscopy . . . . . . . . . . . . . . . . . . . . . . . . 203
7.1.2 AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
7.1.3 UV-VIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

7.2 Electronic characterization by XPS . . . . . . . . . . . . . . . . . . . 206
7.3 Electrical characterization by Hall effect . . . . . . . . . . . . . . . . 208
7.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

7.4.1 Gas Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
7.4.2 Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
7.4.3 Miscellaneous applications: Multi-layers . . . . . . . . . . . . 218

7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
7.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

8 Conclusions 237



Resumen

Nanoestructuras de óxidos de estaño y titanio
y sus composites basados en PEDOT:PSS: aplicaciones en

células solares, termoelétricos y sensores de gases
Los semiconductores de band gap ancho basados en materiales inorgánicos como

el SnO, el SnO2 o el TiO2 presentan excelentes propiedades f́ısicas y qúımicas que
los hacen adecuados para diferentes aplicaciones relacionadas con la enerǵıa, como
las bateŕıas de ion de litio, la detección de gases o las células solares. Su empleo
en estas aplicaciones podŕıa verse mejorado con métodos de fabricación contro-
lados aśı como mediante la introducción de dopantes de manera controlada para
modificar su morfoloǵıa, tamaño o propiedades optoelectrónicas. Además, los ma-
teriales orgánicos han suscitado un interés creciente debido a sus excepcionales
propiedades, como la flexibilidad, la maleabilidad o el bajo coste. El PEDOT:PSS
es un poĺımero orgánico que posee no sólo conductividad de tipo p, sino también
transparencia a la luz visible, propiedades valiosas para las aplicaciones energéticas.
La combinación de ambos compuestos inorgánicos/orgánicos que conforman los de-
nominados composites h́ıbridos están adquiriendo una atención creciente debido a
sus mejoradas propiedades derivadas de la sinergia entre las partes que lo com-
ponen, orgánicas e inorgánicas. En esta tesis se muestran y discuten los resultados
obtenidos a partir de diversas técnicas de microscoṕıa y espectroscoṕıa en las que
se sintetizan tres tipos de óxido semiconductoras diferentes, en forma de nano-
part́ıculas y otras estructuras, cada una de las cuales posee propiedades únicas:
SnO, SnO2 y TiO2, este último en fase anatasa. Cada óxido semiconductor ha sido
sintetizado tanto sin dopar como dopado con un elemento ligero, el Li o un dopante
de metal de transición, el Ni. En segundo lugar, se obtienen y caracterizan capas
delgadas de PEDOT:PSS, aśı como compuestos que combinan PEDOT:PSS y las
nanopart́ıculas, obtenidos mediante la mezcla de dichos elementos y depositados
sobre sustratos de silicio tipo n o de vidrio mediante la técnica de spin coating. Por
último, se analiza la posible aplicación de estos materiales como termoeléctricos,
sensores de gas y células solares h́ıbridas de silicio. En particular, los caṕıtulos que
componen esta tesis se pueden dividir en:

Caṕıtulo 1: En este caṕıtulo inicial se presenta una breve introducción de los
materiales y aplicaciones, aśı como de los objetivos que se pretenden alcanzar en
esta tesis.

Caṕıtulo 2: Se explican brevemente los diferentes métodos de śıntesis emplea-
dos para la obtención de las nanoparticulas y otras nanoesctructuras además del
método para obtener las láminas delgadas, aśı como la gran variedad de técnicas de
caracterización, analizando desde el origen f́ısico hasta el equipamiento espećıfico
empleado en este trabajo.
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Caṕıtulo 3: Este caṕıtulo se centra en la śıntesis y caracterización de nano-
part́ıculas de SnO2, tanto sin dopar como dopadas con Li o Ni mediante hidrólisis.
Los efectos debidos a la incorporación de los dopantes se analizan mediante di-
versas técnicas descritas en el caṕıtulo 2. Finalmente, se ha probado su posible
implementación como ánodos en bateŕıas de ion-litio y se ha analizado el efecto del
estado de carga del Sn en su rendimiento.

Caṕıtulo 4: Se analizan las nanopart́ıculas de TiO2 en fase anatasa sin dopar
y dopadas con Li o Ni, sintetizadas mediante hidrólisis, en dos concentraciones
distintas. El análisis microestructural confirma la alta cristalinidad de las nano-
part́ıculas dopadas, aśı como su reducido tamaño y la presencia del dopante. Se
ha profundizado en los efectos del bajo dopado de Li y Ni mediante espectroscopia
de fotoelectrones y cálculos de primeros principios basados en Density Functional
Theory (DFT). También se ha analizado su aplicación como ánodos en bateŕıas
de ion-litio. Por último, se han observado cambios en la transición anatasa-rutilo
(ART) inducida térmicamente en las muestras dopadas, que conducen a una ART
más rápida. También se ha inducido mediante irradiación con un láser UV.

Caṕıtulo 5: Se estudiaran nanoestructuras y plaquetas de óxido de estaño (II)
(SnO), tanto sin dopar como dopadas con Li o Ni, sintetizadas mediante un procedi-
miento de hidrólisis. Siguiendo este procedimiento, se obtuvieron nanoestructuras
de SnO poco oxidadas, entendiéndose esto como una baja presencia de SnO2 en
las mismas. Se ha realizado un estudio sobre la estabilidad de estas estructuras
bajo temperatura, tiempo de almacenamiento e irradiación UV. Se han observado
diferentes mecanismos de oxidación mediante la irradiación láser, el control de las
condiciones de irradiación puede conducir a la creación de distintas regiones ox-
idadas de manera controlada, conformadas principalmente por SnO2. Por último,
se ha conseguido la creación de un patrón de SnO/SnO2 a medida, con potencial
aplicabilidad en dispositivos optoelectrónicos y de sensado.

Caṕıtulo 6: Se ha analizado el uso de poli(3,4-etilendioxitiofeno)-poli(estireno
sulfonato) (PEDOT:PSS) como capa pasivadora de obleas de silicio, con o sin la
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capaces de controlar la enerǵıa de irradiación. La capacidad pasivadora de las
estructuras ha sido analizado mediante la medida de los tiempos de vida de los
portadores de carga sobre la muestra.

Caṕıtulo 7: Se han obtenido láminas delgadas de PEDOT:PSS y sus compues-
tos a base de etilenglicol, aśı como las nanopart́ıculas sintetizadas en los caṕıtulos
anteriores (SnO, SnO2 y TiO2) obtenidas mediante la técnica de spin coating sobre
sustratos de vidrio. Se han estudiado otras dos aplicaciones: Por un lado su pos-



ible uso como sensores de gases mediante el empleo de distintos gases como analito
(etanol, vapor de agua), distintos gases de arrastre y diferentes condiciones de
temperatura. Asimismo, se prueban sus propiedades termoeléctricas. Para ello, se
diseña y prueba un montaje para medir el coeficiente Seebeck. Para ambas aplica-
ciones, se encontró que los composites basados en nanopart́ıculas de SnO muestran
un mejor comportamiento.

Caṕıtulo 8: En este último caṕıtulo se presentan las principales conclusiones
obtenidas durante los caṕıtulos anteriores.





Abstract

Tin and titanium oxide nanostructures
and their PEDOT:PSS-based composites:

applications in solar cells, thermoelectrics and gas sensors
Wide band gap semiconductors based on inorganic materials such SnO, SnO2

or TiO2 present excellent chemical properties which make them suitable for differ-
ent energy-related application such as Li-ion batteries, gas sensing or solar cells.
Their involvement in such applications could be improved with controlled fabric-
ation methods as well as by controlled doping to modify their morphology, size
or optoelectronic properties. Besides, organic materials have attracted growing
interest due their outstanding unique properties as flexibility, malleability or low
cost. PEDOT:PSS is an organic polymer which possesses not only p-type conduct-
ivity but also transparency to visible light, valuable properties for energy applica-
tions. The combination of both inorganic/organic compounds conforming hybrid
composites are dragging attention due to the superior properties derived from the
synergy between inorganic/organic counterparts. In this thesis, obtained results
based on diverse microscopy and spectroscopy techniques are shown and discussed
in which three different semiconductor oxide nanoparticles are synthesized, each
of which possesses unique properties: SnO, SnO2 and anatase TiO2 both undoped
and doped with a light element, Li or a transition metal dopant, Ni. Secondly,
PEDOT:PSS thin layers are assembled and characterized as well as composites
combining PEDOT:PSS and the nanoparticles, assembled by mixing the aforemen-
tioned elements and deposited over either n-type silicon or glass substrates, using
the technique of spin coating. Finally, the possible application of these materials
as thermoelectric, gas sensors and hybrid silicon solar cells are analyzed.

Chapter 1: A brief introduction of the materials and applications as well of
the objectives to be achieved in this thesis are presented in this initial chapter.

Chapter 2: The different synthesis methods employed in this thesis as well
as the wide variety of characterization techniques are briefly explained, from the
undergoing physical origin to the specific equipment employed in this work.

Chapter 3: This chapter is focused on the synthesis and characterization of
SnO2 nanoparticles, both undoped and Li or Ni doped via hydrolysis. Effects due
to the incorporation of the dopants are analyzed by means of electron microscopy,
X-Ray diffraction, photoluminescence, Raman spectroscopy and some other tech-
niques described in chapter 2. X-Ray photoelectron spectroscopy techniques have
been also used in the analysis of the samples. Finally, their possible implementa-
tion as anodes in Li-ion batteries has been tested and the effect on the Sn charge
state on their performance has been analyzed.

V



Chapter 4: Anatase TiO2 nanoparticles undoped or doped either with Li or Ni
synthesized via hydrolysis, in two different concentrations are analyzed by means
of the techniques aforementioned described. X-ray absorption spectroscopy shows
subtle changes which are attributed to the dopant presence. Their implementa-
tion as anodes in Li-ion batteries has been also analyzed. Finally, changes in the
thermally induced anatase-to-rutile transition (ART) have been also observed in
the doped samples, leading to a dopant-promoted faster ART which occurs at lower
temperature. The same transition has been triggered induced by UV-laser irradi-
ation.

Chapter 5: Tin(II) oxide (SnO) nanostructures and platelets both undoped
and Li or Ni doped, synthesized via an hydrolysis procedure, are characterized.
Following this procedure, low oxidized SnO nanostructures have been obtained, as
low presence of SnO2 is observed, even after months of the synthesis procedure. A
study on the stability of this structures under temperature, storage time and UV
irradiation has been realized. Different oxidation mechanism have been observed
via laser irradiation, as the control on the irradiation conditions led to different-
controlled oxidized regions, mostly conformed by SnO2. Finally, a tailored spatial
SnO/SnO2 micropatterning has been achieved by controlled laser irradiation with
potential applicability in optoelectronics and sensing devices.

Chapter 6: Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:
PSS) has been used as a passivation layer of silicon, with or without the addition
of nanoparticles forming hybrid composites, has been analyzed as a possible can-
didate in hybrid silicon solar cells. The thin layers have been assembled via spin
coating, by spreading the composite mixture over glass or n-type silicon substrates.
Firstly, PEDOT:PSS deposition method, performance and stability under different
substrate pre- or post-treatments has been analyzed. Special attention has been
given to the study of the stability of the polymer under laser illumination, for which
different laser sources and neutral filters have been employed.

Chapter 7: PEDOT:PSS and its based composites based on ethylene glycol
as well as the nanoparticles synthesized on the previous chapters (SnO, SnO2 and
TiO2) have been assembled by spin coating over glass substrates. Two other ap-
plications have been studied for these materials and are discussed in this chapter:
On one hand its possible use as gas sensors are tested with variable gas analyte
(ethanol, water vapor) as well as different conditions of temperature. On the other
hand, the thermoelectric properties of PEDOT:PSS based composites are tested.
To achieve this goal, a setup to measure Seebeck coefficient has been designed and
tested. For both applications, it has been observed that composites based on SnO
nanoparticles show improved behavior.

Chapter 8: In this last chapter, the main conclusions obtained during the
previous chapters are presented.
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A. Vázquez-López, A. Yaseen, D. Maestre, J. Ramı́rez-Castellanos, E. S.
Marstein, S. Zh. Karazhanov, and A. Cremades, Molecules, 2020, 25, 695;
doi:10.3390/molecules25030695.

B. Book Chapter(s)
1. Low-Dimensional Structures of In2O3, SnO2 and TiO2 with Applic-

ations of Technological Interest
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Chapter 1.
Introduction

During the last decades, semiconductor oxides have been attracting increasing in-
terest as novel nanomaterials on both the scientific literature and on the tech-
nological field of research. Among the wide variety of materials considered as
semiconductor oxides, we could highlight the group known as Wide Band(gap)
Semiconductors (WBS) such as TiO2, SnO2, Ga2O3, ZnO or In2O3, which found
application in fields as electronic,[1] optoelectronic (in photovoltaics and LEDs),
photocatalysis,[2] electrochromism,[3] batteries[4] or gas sensing devices[5]. These
oxides possess certain advantages exhibiting exotic optoelectronic properties with
high optical transparency and electrical conductivity, stability and low toxicity
which arise interest for their study by the scientific community. Although they in-
herently possess a wide band gap, the combination of native defects, in many cases
oxygen vacancies and oxygen-related defects, creates donor levels near the con-
duction band contributing with a high electron concentration, which is the reason
attributed to their intrinsic n-type behavior. This n-type behavior is presented for
mostly of them, such as SnO2 or TiO2 while a few others, such as SnO, presents
p-type behavior.

On one hand, and since the discovery of the phototatalytic splitting of water
under UV light, TiO2 has been established as the main photocatalytic mater-
ial[6,7]. As well, with the discovery by Gräztel et al. of the Dye-sensitized Solar
Cell (DSSC), which generated photocurrent via the injection from the excited dye
molecules into the WBS metal oxide,[8] its implementation on photovoltaic applic-
ations have been growing non-stop. In addition, TiO2 is commonly employed in a
variety of other fields such as hydrogen storage,[9] Li-ion batteries[10,11] and super-
capacitors[12] to many other non-energy related applications ranging from pigments
to sunscreen[8]. Regarding currently environmental concerns, TiO2 has been con-
sidered as a non-toxic sustainable material[13]. On the other hand, SnO2 is one of
the most common Transparent Conducting Oxides (TCO) which, due to its high
electrical conductivity and transparency to visible light, became a fundamental ma-
terial in optoelectronic applications nowadays being part of solar cells or displays.
Among the materials used as TCO, currently Indium-Tin-Oxide (ITO) composed
by Indium and Tin is the most widely used as it is non-toxic as compared with the
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Chapter 1. Introduction

previous technologies involving CdO. The application of SnO2 covers also a wide
range from Li-ion batteries to gas sensors[14–16].

Unlike to SnO2 or TiO2, SnO has not been as well-studied mainly due to its
metastability as SnO tends to oxidize to the most stable SnO2 rutile-like structure.
SnO is one of the few p-type semicondutor oxides, group that shares with a few
oxides such as NiO or CuO[17,18]. In the last lustrum, increasing attention has been
focused on this material as it demonstrates potential applicability as anode for Li-
or Na-ion batteries[19,20].

To pursuit certain applications, it would be useful to be able to modify certain
properties of a WBS. This is possible by modifying its morphology, controlling
its size[8] which increases the surface-volume ratio, its crystalline phase or even
adding dopants[12]. Among these materials, it is fair to say that TiO2 and SnO2
have been the most investigated materials in the area of energy and environmental
applications. Nevertheless, there is still room for improvement in that field of re-
search. Besides, some challenging issues are yet to overcome in order to improve
and broaden the range of applications of these versatile oxide materials. In this
thesis it has been studied the effect of doping by introducing two different elements:
a light metal (Li) and a transition metal (Ni). The effects of the size of the nano-
particles on several applications has been studied as well.

In the recent years, research has been also focused on nanostructured materials
composed by organic materials or bio-inspired materials. It can not be omitted
that the scientific world has observed the potential of organic materials which
are present in different materials fields and allows to develop light and flexible
devices as well as reducing cost offering an eco-friendly approach. The actual
state of art of photovoltaics is dominated by organic materials research[21]. In this
novel generation, the combination inorganic-organic are currently showing notable
advances[22]. Hybrid composites combining organic and inorganic materials have
recently become of great interest in fields such as sensors[23] or microelectronic
devices, based on the synergy between their counterparts which can lead to the
development of flexible, low-cost, and scalable devices with good stability and
tunable electrical and optical properties. Due to their outstanding properties, in
these hybrid composites, the organic material is often a conductive polymer, as in
this thesis.

In particular, poly(3,4-ethylene-dioxythiophene) -poly(styrenesulfonate) (PE-
DOT:PSS) is one of the most successful conducting polymers due to the simplicity
to obtain films as well as its optical transparency and tuneable electronic proper-
ties. PEDOT:PSS has been used in photovoltaic applications,[24] energy conversion
and storage[25] and most notably as Thermoelectric (material) (TE)[26]. However,
limiting factors such as low electrical conductivity in its pristine form and stability
of the pristine material remain unsolved for achieving long-lasting devices. The ad-
dition of dopants such as organic solvents, metallic nanoparticles or even addition
of other inorganic materials allows to obtain new functionalities and improves the
performance[27] in technologies such as hybrid silicon solar cells[28].

In the following section, the most relevant properties of SnO, SnO2 or TiO2
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1.1. Tin dioxide, SnO2, rutile

as well as PEDOT:PSS will be described. The interest of their study from the
standpoint of their applications will be highlighted. To conclude this chapter, the
objectives and the thesis structure will be presented and discussed.

1.1. Tin dioxide, SnO2, rutile

Tin dioxide, (tin(IV) oxide, stannic oxide) SnO2, is a wide-band gap n-type semi-
conductor, with a band gap value of EGAP ∼ 3.6 eV at room temperature. In
nature, it is often found as a mineral called cassiterite which crystallographic struc-
ture is known as rutile (space group P42/mnm). Rutile possesses tetragonal sym-
metry with lattice parameters of a = b = 4.738 Å, c = 3.186 Å , with a center Sn
atom surrounded by an O octahedron with the oxygen atoms at the corners. These
octahedron are slightly distorted. The space group D4h possesses a 6 atoms unit
cell with two Sn ions are placed at positions (0, 0, 0) and

( 1
2 ,

1
2 ,

1
2
)

while four O ions
are placed at ± (u, u, 0) and ±

( 1
2 + u, 1

2 − u,
1
2
)
. Consequently, there are 3N = 18

vibrational lattice modes at the Γ point of the Brillouin Zone[29]. In Fig.1.1(a)-(b)
both the unit cell of SnO2 and the previously mentioned octahedron are shown.

Fig. 1.1: (a) Rutile SnO2 unit cell (b) SnO6 octahedron.*
* images represented with VESTA(Visualization for Electronic and Structural Analysis,

v.3.4.7) software.

Among SnO2 properties, some of the most notable ones are shown in Table 1.1.
By general means, SnO2 is considered to possess high transparency in the visible
range as well as great electronic conductivity. These properties, in addition to its
good chemical stability are the main reasons behind its success on a wide variety
of applications. Highlighted applications are described below:

• Gas sensor: The action of a different gas atmosphere over the SnO2 sur-
face affects the charge transfer processes. These changes can be observed by
measuring the resistance on the sample under variable atmospheres. SnO2
has been generally used as gas sensor to detect the presence of different gases
such as NOx, CO or NH3

[14].
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Chapter 1. Introduction

Table 1.1: Some properties of Romarchite SnO and Cassiterite SnO2. Information
extracted from different sources[18,30,31].

SnO SnO2
Tin(II) oxide Tin(IV) oxide

Mineral name Romarchite Cassiterite
Crystal system Tetragonal Tetragonal
Schöenflies notation D7

4h D14
4h

Space group P4/nmm P42/mnm
Group number 129 136
Density, ρ, (g · cm−3) 5.94-6.45 6.61-6.99
Melting point, (◦C) 1080 1650

EGAP (300 K), (eV) Direct: ∼2.5-3.4
Indirect: ∼0.7 Direct, ∼3.6

Refractive index, n 1.9-2.4 1.9-2.18
Electron mobility, µe, (cm2V −1s−1) 2.4-18.71 6.26
Dielectric constant, ε 7.25-7.8 2.5-3.9
Bulk modulus, K(GPa) 44 176
Semiconductor type p-type n-type

• Li-ion batteries: SnO2 possesses a high theoretical specific capacity (∼ 790
mAhg-1), much higher than graphite (∼ 370 mAhg-1), the most common
anode material in current Lithium-ion Batteries (LiBs). However this would
produce a large volume expansion with its subsequent huge internal stress
which could limit the use of SnO2 in this technology[15,16]. Hence, challenges
should be faced to improve the performance of SnO2 based LiBs.

1.2. Tin oxide, SnO, romarchite

On the other hand, tin monoxide, (tin(II) oxide , stannous oxide) (SnO, Sn2+) ro-
marchite, possesses p-type conductivity and often exhibits a layered structure with
tetragonal space group P4/nmm and with lattice parameters a = b = 3.803 Å and
c = 4.838 Å . It exhibits a litharge-like structure with a variable optical bandgap,
with a direct transition ranging between ∼ 2.5− 3.4 eV at room temperature, and
an indirect transition at ∼ 0.7 eV[32]. Therefore, this material with its layered
structure offers a good host matrix for ion intercalation. Fig.1.2(a)-(b) shows both
the unit cell of SnO and its layered structure. Some of the most notable properties
of SnO have been summarized in Table 1.1.

SnO phase is rather metastable as it is easily oxidized to SnO2 which has res-
ulted in fewer works dealing with SnO as compared with SnO2. Most of the works
deal with SnO thin layers or non-stoichiometric SnOx layers[18] due to the difficulty
to unambiguously attribute one oxidation state to SnO, thus very limited knowledge
about this material is present on the scientific literature, despite its promising use
in diverse applications. Due to this natural oxidation transition, applications based
on SnO/SnO2 structures are commonly followed rather than pure SnO, which is
particularly useful as each oxide possesses different conductivity behavior (n-type
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1.3. Titanium dioxide, TiO2, anatase

Fig. 1.2: (a) Romarchite SnO unit cell and (b) its layered structure represented by a
3x3x3 supercell.

for SnO2 or p-type for SnO).

• Gas sensor: The interaction between different gas atmosphere particles over
the SnO surface can affect the charge transfer processes. These changes can
be observed as the resistance measured on the sample changes under the
presence of different gas analytes. SnO has been used as gas sensor to detect
the presence of different gases such as NO2, H2 or acetone[33–35].

• Thermoelectric material: It has been reported that SnO might be a po-
tential candidate as thermoelectric due its band structure. Moreover, it would
be an attractive thermoelectric material with the added value of its low tox-
icity[31].

• Li- or Na-ion batteries: Due to its different morphology depending on the
synthesis condition and its layered structure it could accommodate without
major volumetric expansion Na+ or Li+ ions. In this regard, it has been
proposed as a possible anode for batteries, competing with SnO2

[36].

1.3. Titanium dioxide, TiO2, anatase

TiO2 (titanium dioxide, titania), is an n-type wide band gap semiconductor. It
is known to crystallize in three main different structures, one stable rutile (tetra-
gonal, D14

4h−P42/mnm), and two metastable anatase (tetragonal, D19
4h−I41/amd)

and brookite (orthorhombic, Pbca)[33]. TiO2 undergoes phase transitions with in-
creasing temperature, which are irreversible. The main studied phases are anatase
and rutile, as anatase is present until reaching temperatures 700◦C, where ru-
tile becomes dominant. Dopant inclusion can modify the temperatures ranges
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in order to obtain rutile from anatase following a well-known transition, the as-
called Anatase to Rutile phase Transition (ART). In this thesis, only the anatase
phase will be studied. Anatase phase possesses one Ti atom surrounded by 6 Oxy-
gen atoms conforming TiO6 octahedron slightly distorted with two apical bond
lengths D0 = 1.979 − 1.966 Å greater than the other four basal bond lengths
d0 = 1.932− 1.937 Å [9,37]. The space group I41/amd possesses 12 atoms unit cell
with Ti atoms located at

(
0, 1

4 ,
3
8
)

and
(
0, 3

4 ,
5
8
)

and O atoms located at
(
0, 1

4 , z
)
,(

0, 1
4 , 1− z

)
,
(
0, 1

4 ,
1
4 − z

)
and

(
0, 1

4 , z −
1
4
)

for internal coordinate z[38]. Anatase
structure as well as the TiO6 octahedron are shown in Fig.1.3.

Anatase n-type behavior is mostly due to the presence of defects and impurities
as well as high concentration of oxygen vacancies which is similar for rutile, where
there is a high presence of Ti3+. However, there are differences between anatase
an rutile mostly due to their different band and electronic structure. Physical
properties of the different TiO2 phases are summarized on Table 1.2. Anatase band
gap is slightly higher than rutile at 300K, and this phase shows lower refraction
index while its superior electron mobility is interesting for optoelectronic properties.
A few of its applications are described below:

Fig. 1.3: (a) Anatase TiO2 unit cell (b) TiO6 octahedron.

• Li-ion batteries: Despite its low specific capacity and electrical conduct-
ivity, TiO2 based anodes presents outstanding stability over time[10] which
together with its structural stability, low cost and low toxicity, places TiO2
as a potential candidate regarding long-lasting LiBs.

• Photocatalyst: Over the last 40 years TiO2 has been established as the
most well-known and prime of choice photocatalyst due to its absorption edge
which can be excited with UV light[40]. Via its photocatalitic activity, TiO2
applications are vast. As a few examples TiO2 could be used to decompose
harmful organic compounds or to reduce CO2

[41].
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Table 1.2: Some properties of Brookite, Anatase and Rutile TiO2. Information extracted
from different sources[33,39]

TiO2
Titanium(IV) oxide

Mineral name Brookite Anatase Rutile
Crystal system Orthorhombic Tetragonal Tetragonal
Schöenflies notation D15

2h D19
4h D14

4h
Group number 61 141 136
Space group Pbca I41/amd P42/mnm
Density, ρ, (g · cm−3) 4.11 3.89 4.25
Melting point, (◦C) - - 1840
EGAP (300 K), (eV) ∼ 3.0− 3.6 eV Indirect; ∼ 3.2 eV Direct; ∼ 3.05 eV
Refractive index, n 2.61-2.63 2.52-2.53 2.8-2.9
Electron mobility, µe, (cm2V −1s−1) 4-20 0.1-1
Dielectric constant, ε 14 - 110 10-30 9-89.8
Bulk modulus, K(GPa) 191 188 206
Solubility in HF - Soluble Insoluble
Semiconductor type n-type n-type n-type
a(Å) 5.456 3.784 4.580
b(Å) 9.182 3.784 4.580
c(Å) 5.143 9.515 2.950

1.4. Doped TiO2, SnO2 and SnO

One of the main objectives over the last decade with the use of WBS in opto-
electronics has been the absorption edge shifting and band engineering aiming for
a higher response on the visible spectra. The introduction of certain defects or
controlled impurities, such as dopants, has been one of the main methods, as the
presence of those defects could create mid-gap states as well as reduce the band
gap. Similarly, the charge carrier separation as well as conductivity could be en-
hanced[39].

SnO2 and TiO2 have been doped with a variety of elements over the last years.
SnO2 has been doped with rare earths[42,43] or transition metal dopants (Fe,[15]

or Co[44]) showing differences on their optical properties. A particular attention
has been focused on the study of Sb-doped SnO2

[43,45,46] which exhibits different
electrochemical properties due to enhanced charge carrier concentration. Among
binary oxides, TiO2 has been probably the one doped with the biggest elements
variety. To name a few, it has been doped with transition metals (Cr,[47] Co[48]

or Fe[49]) and with light metals (B, Na[39]) which often shifted its absorption edge
and modified its optoelectronic properties.

In this thesis we have selected two different dopants, a light metal (Li) and a
transition metal (Ni). Both dopants have not been as widely studied so far and
some aspects regarding the doping-mediated variation of the structure of defects
and the resulting optoelectronic properties still should be addressed. Authors such
as Srivastava et al.[50] have shown interest on the use of Li-doped SnO2 as gas sensor
in form of thin films, while other authors have studied the effect of Li-doping on
micro tubular tin oxide structures[51]. Simulations have shown interest on the use

7



Chapter 1. Introduction

or Li and the different positions that it can occupy in the oxide lattice, as inter-
stitial or substitutional[52]. Ni has been used as a co-dopant with other transition
metals such as Fe,[53] while bare Ni doping has shown a band gap narrowing[53,54].
Likewise, Li- and Ni- TiO2 have been less investigated, particularly for the anatase
TiO2 phase. Nonetheless, recent reports show that Li or Ni-doped TiO2 exhibits
superior photocatalitc activity under visible light[40,55] as well as being regarded as
phase transformation promoters to rutile from anatase[39]. Doped SnO is under-
studied in comparison with its doped allotrope, SnO2. On top of SnO metastability,
the creation of such doped structures is difficult, mainly because the use of high
temperatures, oxidation atmospheres or other synthesis proceedings which could
enhance SnO2 formation. Reports on doped SnO had been focusing on the study
mostly of its possible magnetic properties via Fe[56] or Mn doping[57].

1.5. PEDOT:PSS

In 1977, H. Shirakawa, A.G. MacDiarmid and A.J. Heeger discovered that ox-
idation with chlorine, bromine or iodine vapour made polyacetylene (PA) films
109 times more conductive than they were originally[58], which is regarded as the
first organic conductive polymer. For this discovery, in the year 2000 they were
awarded the Nobel Prize in Chemistry. Since then, the development and discov-
ery of different conductive polymers, which easily found use on electronic devices,
has grown exponentially due to their exploitable properties: mechanical flexibility,
easy-processability and light-weight. Organic polymers properties are potentially
modifiable as being composed by polymer chains which under doping conditions
can change its chemical properties and structure. A promising finding in this area
was the discovery of poly(3,4-ethylene-dioxythiophene) (PEDOT) which conduct-
ivity could reach 600 S·cm-1 with high transparency to visible light. Its main
drawback was its insolubility in water which hinders any manufacturing process.
This was overcome by polymerizing it with another water soluble polyelectrolyte,
poly(styrenesulfonate) (PSS). The short insoluble PEDOT chain is adhered to the
water-soluble PSS long chain by coulombic interaction which dispersed the poly-
mer in water. The combination of Poly(3,4-ethylene-dioxythiophene) doped with
poly(styrenesulfonate) is referred as PEDOT:PSS, which structure is shown on
Fig.1.4(a).

PEDOT:PSS has been extensively used in organic electro-optical devices mainly
due to its transparency in the visible range (∼ 90% between 400-700 nm) and good
p-type electrical conductivity, superior carrier mobility and large work function (5-
5.2 eV)[59]. In photovoltaics it is employed as different counterparts, traditionally
it has been used as a hole injection and transport layer in organic light-emitting di-
odes or organic solar cells. It is in fact still a popular choice as Hole Transport Layer
(HTL) in Perovskite Solar Cells (PeSC)[60]. It has been also employed as a trans-
parent conductive oxide, replacing traditional ITO as both top or bottom electrode
in a variety of Polymer Solar Cells (PSC)[24]. Since 2012,[61] PEDOT:PSS has been
also used as front contact for silicon heterojuntion solar cells. From that moment
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1.5. PEDOT:PSS

(a) (b)

(c)

(d)

Fig. 1.4: Chemical structures of the different organic compounds used in this thesis (a)
PEDOT:PSS, (b) DMSO (c) EG and (d) Triton X-100.

on, many different approaches have been suggested for improving its performance
either implementing an inorganic interlayer or adding different compounds[62]. PE-
DOT:PSS is also a promising organic thermoelectric material due to its advantages
of good thermoelectric properties (Figure of Merit (thermoelectric) (ZT) as high
as ∼ 0.42), low thermal conductivity, flexibility and non-toxicity compared with
the traditional inorganic thermoelectric materials[63,64]. Other remarkable applic-
ations of PEDOT:PSS range from Li-ion batteries[65] or organic electrochemical
transistors[66].

However, PEDOT:PSS shows a relatively low conductivity in its pristine form
diluted in water, typically in the range of 0.1-1 S·cm-1 attributed to the water
soluble/insulator PSS chains. Electrical conductivity could be enhanced with the
addition of different elements which is referred as secondary dopingi such as sor-
bitol, glycerol, or polar solvents including Dimethyl Sulfoxide (DMSO),[68] Ethylene
Glycol (EG) (their chemical structures are shown in Fig.1.4(b)-(c)), and dimethyl-
formamide (DMF), among others[26]. Such additives can improve the PEDOT:PSS
conductivity up to three orders of magnitude, mainly due to changes on the PE-
DOT:PSS chain structure configuration. This secondary doping approach has been
the most common method to enhance electrical response since the 2000s[63]. How-
ever, this is not the unique approach, other methods such post-treatment via im-
mersion on the same polar solvents, the use of surfactants or the use of acids have
shown improvement on either the surface structure or the electrical conductivity,
which eventually led to optimized sheet resistance[26]. Among the different surfact-
ants, Triton X-100, which is a non-ionic surfactant polymer of polyethylene glycol

iThe acceptation of secondary doping is given as primarily doping is referred to doping on
the previous step i.e. when PEDOT was prepared, commonlyvia oxidative or electrochemical
polymerization of EDOT-based monomers[67]. Also note that the term doping is used in the
same context sense that in semiconductor physics and this acceptation is widely accepted in
polymer science.
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and p-t-octylophenol with chemical formula t-Oct-C6H4-(OCH2CH2)xOH where
x= 9-10, has also been utilized to increase PEDOT:PSS films conductivity by sta-
bilizing PEDOT nanosized particles[69]. Triton X-100 chemical structure is shown
in Fig.1.4(d).
In summary, PEDOT:PSS can be easily spin coated onto surfaces creating very
thin layers of this material which not only are transparent to visible light, but they
also show relative high conductivity necessary for high performance energy devices.

Unfortunately, one major issue that organic polymers faces is degradation. Or-
ganic polymers are sensitive to many factors which they may undergo during their
usage time. For instance, as part of a solar cell device it would face adverse at-
mosphere conditions such high gas concentrations, humidity, reaching intense tem-
peratures (> 70◦C on the cell device) and continuous UV-C irradiation. All these
factors will affect its performance as well as decrease its total lifetime expectancy.
Scientific literature has not focused extensively on this issue rather than searching
for record efficiency values, which we would discuss on the following chapters. Some
works indeed have been tested the viability of using these organic compounds over
long irradiation times[70] or high temperatures as well as variable atmospheres[71]

showing the importance of this topic.

PEDOT:PSS aqueous dispersion is commercially available and preferred over
synthesized PEDOT:PSS, as the commercially-available PEDOT:PSS has some
quality standards which assure electrochemical homogeneity on the obtained product.
It was firstly commercialized under the trade name of Baytron® by Bayer AG, then
by H. C. Starck, and currently by Heraeus under the trade name of Clevios™[25].
Depending on the PEDOT:PSS ratio among other factors, PEDOT:PSS could be
less conductive such as the Sigma-Aldrich-739324 or Clevios M121 AI 4083 which
is useful for hole transport layers while higher conductive grades, including Clev-
ios PH500 or PH1000, are fundamental to create highly conductive electrodes[60].
Two different purchased PEDOT:PSS have been used in this thesis and its main
characteristics are summarized in Table 1.3. It should be highlighted again that
both PEDOT:PSS possess some different properties, mostly related to high or low
pristine conductivity, respectively, for Ossila (Clevios) or Sigma-Aldrich.

• In chapter 6, the Ossila (Clevios) PEDOT:PSS (labeled as M122 by the man-
ufacturer), was used to produce the results concerning a 3-month internship
at the Institute for Energy Technology (Institutt for Energiteknikk, IFE) in
Kjeller (Norway). In this chapter, PEDOT:PSS with high conductivity grade
will be used as silicon passivation layer in hybrid silicon solar cells.

• In chapter 7, PEDOT:PSS purchased from Sigma-Aldrich (which conductiv-
ity was measured and the obtained value was close to σ ∼ 0.1 S·cm-1) will
be used and tested as thermoelectric material and chemoresistive gas sensor.
For both applications, high conductivity may be counterproductive to ob-
serve resistance changes due to a gas analyte or it could decrease Seebeck
coefficient, downgrading its thermoelectric performance.
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Table 1.3: PEDOT:PSS properties obtained from the data sheets provided by the re-
spective manufacturers . (∗) With use of 5% DMSO by volume as a morphology enhancer.

PEDOT:PSS Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
Company Ossila/Herraeus Sigma-Aldrich
Product Code M122 (PH 1000) 739324
pH 1.5 – 2.5 at 25 °C 5-7
Melting/freezing point 0 °C -
Boiling point/range 100 °C -
Relative density 1 g·cm-3 at 23°C 0.982 g·mL-1 at 25 °C
Resistivity < 0.0012 Ω·cm* labeled as high-conductivity grade

Sheet Resistance - < 100Ω/�
Solid content 1.0 - 1.3 wt.% (in water) 1.1% in H2O
Viscosity < 50 mPa·s < 100 mPa·s (at 22 °C)
PEDOT:PSS ratio 1:2.5 -
Particle Size Distribution D50 = 30nm -
Work Function 4.8 - 5.0 eV -
Refractive index, n - n20/D 1.335

Regarding secondary dopants, in this thesis the effect of both DMSO or EG
have been studied. Triton X-100 has been also evaluated as a surfactant/dopant
for PEDOT:PSS. Table 1.4 summarizes the main properties of these compounds.

Table 1.4: Data sheet of the different secondary dopants used in this thesis .

Reactant DMSO EG Triton X-100
Linear Formula (CH3)2SO HOCH2CH2OH C8H17C6H4(OCH2CH2)nOH
Molecular weight g ·mol-1 78.13 62.07 -
pH - - 5.0–8.0 at 20 °C
Density, ρ, (g ·mL−1) 1.10 1.113 at 25◦C 1.07 at 20◦C
Boiling point 189◦C 195-198◦C >200◦C
Refractive index, n n20/D 1.479 n20/D 1.431 -
Solubility in H2O Miscible Miscible Miscible
Company Sigma-Aldrich Sigma-Aldrich Sigma-Aldrich
Assay 99.7% 99.8% -

1.6. Composites based on PEDOT:PSS
In the previous sections, we have discussed that the use of SnO2 and other oxides as
anodes in Li-ion batteries could presents some drawbacks concerning the volumet-
ric expansion due to the Li intercalation within the atomic planes of SnO2. These
effects could be avoided with the use of hybrid composites. Oxide nanoparticles
have been commonly mixed with graphene,[72] Graphene Oxide (GO) or reduced-
Graphene Oxide (rGO)[73]. Deng et al.[73] summarized the advantages of using
SnO2/graphene nanocomposites: prevention of SnO2 agglomeration, buffering the
volume change on the charge/discharge process and improved electronic response
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of the electrode.
Not only carbonaceous materials can offer a host matrix for MOs nanoparticles
also polymeric materials can be used for this purpose. Polymer composites consist
of a polymer with embedded nanoparticles or nanofillers dispersed on the polymer
matrix. From this time on we will refer to simply as composites. PEDOT:PSS-
based composites originate a novel field of research which is attracting increased
attention in recent years. Initially, searching for enhanced organic solar cell per-
formance, plasmonic active nanoparticles (Au, Ag) were used[74], which have shown
enhanced electronic behavior due to the positive charge nature of the nanoparticles
which interact with the oppositely charged PEDOT and PSS. However, this field
is under explored and fewer research could be found with the use of metal oxide
nanoparticles as fillers, neither the study of the conformation of these composites
nor their morphological modification and corresponding optoelectronic behavior.

The combination of PEDOT:PSS with MOs such as TiO2 can lead to improved
performance and tunable optoelectronic properties[75], enhanced passivation of sil-
icon surfaces[27] or to an increase of the quantum efficiency in PSC electrodes[76].
These properties motivates the study presented on this thesis.

1.7. Thesis objectives and organization

Herein, the synthesis, characterization and applications of the different materials
has been performed. Firstly, undoped SnO, SnO2 or anatase TiO2 nanoparticles as
well as doped with Li or Ni, have been synthesized via a wet chemical route based
on hydrolysis. Secondly, composites based on PEDOT:PSS and the synthesized
nanoparticles have been deposited over glass or silicon substrates. Finally, those
composites have been tested as possible candidates for chemosensors, hybrid silicon
solar cells and thermoelectrics.

After the nanoparticles (and other hierarchical structures) synthesis, an in-
depth characterization of their physical and chemical properties has been performed
under a variety of techniques. The structural characterization has been performed
using X-Ray diffraction (XRD) and Raman spectroscopy in a confocal microscope.
Morphology has been analyzed via scanning electron microscopy (SEM) as well
as (high resolution) transmission electron microscopy ((HR)TEM) also employing
selected area electron diffraction (SAED). Compositional properties of the samples
have been analyzed via energy dispersive X-Ray spectroscopy (EDS) inside a SEM
chamber as well as employing inductively coupled plasma-optical emission spec-
trometry (ICP-OES) to detect light elements such as Li. Electronic character-
ization has been studied in a synchrotron facility via X-ray photoelectron spec-
troscopy (XPS) both out and on resonance for certain core levels as well as via
X-ray absorption spectroscopy (XAS). Optical properties have been studied via
photoluminescence (PL) in a confocal microscope using an UV laser or in a photo-
luminescence spectrometer, using a Xe-lamp on a variety of wavelengths, as well as
allowing studying photoluminescence excitation (PLE). Cathodoluminescence has
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been measured on a SEM chamber. Electric characterization has been studied with
help of Hall effect measuring system. The assembled thin layers have been obtained
using a spin-coating technique and the subsequent samples, both with and without
the nanoparticles addition, have been also analyzed. In this case, the morphology,
topography and structure have been analyzed using an optical microscope, with
atomic force microscopy (AFM) in contact mode and with Raman spectroscopy.
The composition properties have been also tested with EDS. Optical properties
have been measured using with UV-VIS spectroscopy. Electronic properties have
been obtained once again by means of x-ray photoelectron spectroscopy (XPS).
Electric properties have been analyzed using Hall effect.

The possible use of these thin layers have been also analyzed with different
equipments: In order to test their possible use a gas sensors, the films have been
tested using a chemiresistive setup with a flow of different test gases (ethanol, water
vapor) which also allows to increase the temperature of the device, as thermoelec-
trics on a home-made setup to measure Seebeck coefficient based on the use of a
Keithley 2000 multimeter to measure voltage and a temperature acquisition data
card while increasing temperature with two Peltier modules and, finally, as hybrid
silicon solar cells testing passivation properties with photoluminescence based on
quasi-steady-state photoconductance (PL-QSSPc) and I-V measurements.

The first objective of this thesis has been the procurement of an appropriate
method to synthesize the oxide nanoparticles both doped and undoped, with a set
of requirements: simplicity, effective dopant addition, small size and possibility to
obtain large material quantity, as well as analyzing synthesized powders physical-
chemical properties. Li and Ni have been selected as possible dopant candidates
based on the scientific literature and the increasing interest on these dopants for
energy related applications. Two different dopant concentrations have been used
to discern the effects attributed to the variable quantity of dopant. Moreover, the
study of Li- or Ni- doped SnO2 or TiO2 is less significant in volume of public-
ations than other dopants and, most precisely, in the case of SnO is practically
nonexistent, to our knowledge. SnO has been also studied due to its outstanding
properties which make this material a candidate for energy related applications.
However, its metastability has hindered its study on the scientific literature. This
section of the dissertation has been realized under the supervision of Dr. Julio
Ramı́rez-Castellanos, at the Dpt. of Inorganic Chemistry, Faculty of Chemistry, at
the Complutense University of Madrid.

The second objective, intimately related to the first one, has been to obtain
an exhaustive characterization of the nanoparticles and nanostructures obtained
by the synthesis procedure, focusing on their morphological, structural, chemical,
electrical, optical and electronic properties by means of a wide variety of micro-
scopies and spectroscopies.

The third objective has been the assembling of thin layers based on PEDOT:PSS
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and most precisely, creating thin layers combining the synthesized nano-oxides and
the polymer. To accomplish this objective, many different approaches have been
tested and the best results are presented.

The fourth objective has been to test the applications of such materials. For
that purpose, SnO2 and TiO2 have been tested as anodes for Li-ion batteries with
collaboration with Dr. Neslihan Yuca from Enwair Energy Tech., Istanbul, Turkey.
PEDOT:PSS and based composites have been tested as possible gas sensors, in this
case thanks to the gas-sensing equipment designed by Dr. Javier Bartolomé from
the group of Physics of Electronic Nanomaterials (Finegroup), Dpt. of Materials
Physics at the University Complutense of Madrid. As part of a brief 3-month in-
ternship at the Institute for Energy Technology (Institutt for Energiteknikk, IFE)
in Kjeller (Norway) under the supervision of Dr. Smagul Karazhanov, the pos-
sible use of the obtained composites as hybrid silicon solar cells have been tested,
based on the study of the passivation properties of the silicon layer by means of
PEDOT:PSS with and without nanoparticle addition of the silicon layer, as well
of its behavior under illumination and irradiation. As a final proof of concept to
test other miscellaneous applications, such as the use of the composites as ther-
moelectric, a setup for testing Seebeck effect has been designed, tested and error
proofed. After carefully determining the validity of those results compared with
the scientific literature, PEDOT:PSS-based thermally-induced voltage due to the
Seebeck effect has been measured.

Furthermore, for each of the materials studied on this thesis (synthesized nan-
oparticles, PEDOT:PSS thin layers and its composites), their stability under dif-
ferent conditions such as temperature, UV laser irradiation and atmospheres have
been analyzed.

Herein, a brief description of the chapter structure followed in this thesis is
presented:

• Chapter 1: Introduction of physical properties and applications of the dif-
ferent materials SnO, SnO2, TiO2 and PEDOT:PSS, both separately and
together forming composites.

• Chapter 2: Subdivided in two parts. Firstly, synthesis of the nanoparticles
(SnO, SnO2 and anatase TiO2) and sample notation and properties are de-
scribed. Also the procedures for assembling PEDOT:PSS thin layers and
based composites are described. Secondly, the most notable characteriza-
tion techniques are discussed briefly, emphasizing physical fundamentals and
their usefulness for analyzing these materials as well as the conditions and
equipment used in this thesis.

• Chapter 3: Undoped and Li or Ni doped SnO2 nanoparticles synthesized via
hydrolysis have been synthesized and their morphology, structure, electronic,
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electrical and luminescent properties are described. Their possible use as
anodes in Li-ion batteries has been also shown.

• Chapter 4: Undoped and Li or Ni doped anatase TiO2 nanoparticles syn-
thesized via hydrolysis have been synthesized and their morphology, struc-
ture, electronic, electric and luminescent properties are described. Their
stability under UV irradiation or temperature as well as the transition from
anatase to rutile phase have been also studied. Their possible use as anodes
in Li-ion batteries has been also tested.

• Chapter 5: Undoped and Li or Ni doped SnO nanoparticles and platelets
synthesized via hydrolysis have been synthesized and their morphology, struc-
ture, electronic, electrical and luminescent properties are described. In this
case, special attention has been focused on their stability over time, as well
as under thermal treatments or UV irradiation.

• Chapter 6: PEDOT:PSS thin layers have been assembled via spin coating
as a passivation silicon layer for hybrid silicon solar cells. Their effects over
the passivation on the silicon layer have been studied via the characterization
of their optical and luminescent properties. The dependence on the silicon
oxide layer, UV irradiation, materials and methods and the nanoparticle use
to form hybrid composites on the final product have been also tested.

• Chapter 7: PEDOT:PSS composites with and without the use of nano-
particles properties are studied. However, in this chapter their study is fo-
cused on their possible use as either chemirresistive sensors or thermoelectric
materials. In this chapter the study of the composites is focused on their
electric behavior and surface morphology.

• Chapter 8: In this last chapter, the most notable conclusions inferred from
this work are described.

Finally in the last section the most notable scientific reports from literature,
which support this work, are cited.
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Chapter 2.
Experimental methods

2.1. Sample fabrication
Two different kind of samples are studied in the research work presented in this
dissertation. The first kind of investigated nanomaterials are TiO2, SnO2 and SnO
nanoparticles either undoped or doped with Li or Ni. As indicated in chapter 1,
the method used for the preparation of these nanoparticles was a soft chemical
co-precipitation synthesis based on hydrolysis. This synthesis has been carried out
using the facilities of Inorganic Chemistry group at the Chemistry Faculty of the
Complutense University of Madrid under the supervision of Dr. Julio Ramı́rez-
Castellanos.
This method allows to obtain a large quantity of material with good control of
the size and final composition of the nanoparticles. The co-precipitation method
is a soft chemistry route widely employed to synthesize nanomaterials. It can be
used to prepare a variety of materials such as metals, semiconductors or insulators,
allowing in-situ doping by using the adequate precursors. In this work, hydrolysis
synthesis has been carried out at mild temperatures. For SnO2 (and therefore, for
SnO), pH has to be controlled as the reaction only occurs at certain pH, close to
neutral.
The second type of samples consist of composites with a PEDOT:PSS polymeric
host and SnO, SnO2 or TiO2 nanoparticles as a filler. These samples were deposited
by spin coating in our Physiscs of Electronic Nanomaterials Group´s Laboratory
or in the facilities of the Institute of Energy Technology (IFE) in Kjeller, Norway
during my research stay abroad under the supervision of Dr. Smagul Karazhanov.

2.1.1. Synthesis of SnO and SnO2 nanoparticles
Undoped SnO and SnO2 nanoparticles were synthesized using SnCl2·2 H2O (Sigma-
Aldrich, purity 99.99%) as precursor. For each batch, 2.5 gr of SnCl2·2 H2O were
chosen. After dissolution of the precursor in water under continuous stirring at 50
°C, NH4OH was added until pH = 8 was obtained distilled water was added until
reaching 100 mL and hydrolysis occurs. Then, the temperature was raised up to
100 °C for 2 h. The obtained product was centrifuged until reaching neutral pH

17
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and subsequently dried at 50 °C for 12 h. This hydrolysis product corresponds to
romarchite SnO. To obtain SnO2 this product was subsequently calcined at 350 °C
for 20 h in order to obtain cassiterite SnO2 nanoparticles. Fig.2.1 shows an overview
of the synthesis process used for the fabrication of SnO and SnO2 nanoparticles.

Fig. 2.1: Hydrolysis synthesis of undoped and doped SnO and SnO2 samples.

Obtaining Ni or Li doped SnO and SnO2 follows also a similar synthesis pro-
cedure. Stoichiometric amounts of NiCl2·6H2O (Probus) or LiCl (Labkem, purity
99%), respectively, were diluted in distilled water and added to the beaker contain-
ing SnCl2·2 H2O, before inducing the hydrolysis process. The rest of the synthesis
is analogous to that followed for the undoped nanoparticles. The particles have
been nominally doped with Li or Ni 20% or 30% in weight.

The corresponding sample nomenclature used for the synthesized nanoparticles
is SnO(2):Yx, where Y denotes the dopant (Li or Ni) and x= 0.2 and x= 0.3,
denotes the selected nominal concentrations of the dopants precursor in the tin
precursor mixture, corresponding to 20% or 30% weight. Hereinafter, the samples
corresponding to doped SnO will be referred to as SnO:Li0.2 or SnO:Ni0.2 as shown
in Table 2.1, and the samples corresponding to doped SnO2 will be referred as
SnO2:Li0.2, SnO2:Li0.3, SnO2:Ni0.2, and SnO2:Ni0.3 respectively, while the undoped
samples will be named as SnO and SnO2, as referred in Table 2.2.
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Table 2.1: Notation for SnO samples.

Dopant % wt Notation

- - SnO
Lithium 20 SnO:Li0.2

- - -
Nickel 20 SnO:Ni0.2

- - -

Table 2.2: Notation for SnO2 samples.

Dopant % wt Notation

- - SnO2
Lithium 20 SnO2:Li0.2
Lithium 30 SnO2:Li0.3
Nickel 20 SnO2:Ni0.2
Nickel 30 SnO2:Ni0.3

2.1.2. Synthesis of TiO2 nanoparticles
As for SnO2 nanoparticles, TiO2 samples have been synthesized following an ana-
logous hydrolysis process as shown in the scheme of Fig.2.2.

Fig. 2.2: Hydrolysis synthesis of undoped and doped TiO2 nanoparticles.

Undoped anatase TiO2 nanoparticles have been first synthesized as reference
material. The desired amount of Ti(OBu)4 (10 mL) (Sigma-Aldrich, purity 97%)
is selected as Ti precursor and 1-butanol, 20 ml per 10 ml of precursor is added.
The mixture is continuously stirred at room temperature. Distilled water is added
to induce hydrolysis at its nominal pH value. The synthesis product is centrifuged
with distilled water until neutral pH is reached and then dried in an oven at 50 °C
for 12 h, obtaining a fine powder. A final treatment of this powder is carried out
at 250 °C during 24 h to obtain crystalline material with the anatase phase.

Li or Ni doped anatase nanoparticles synthesis follows a similar procedure using
NiCl2·6H2O (Probus) or LiCl (Labkem, purity 99%) as dopant precursors. The
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desired stoichiometric amount of the precursor associated with the dopant is diluted
in distilled water and introduced into a beaker with the Ti precursors before adding
the distilled water to induce hydrolysis. The rest of the treatment is analogous to
that followed for the synthesis of the undoped nanoparticles.

Samples will be referred to as TiO2:Yx, Y = Li, Ni and x = 0.2, 0.3 meaning
20 and 30% dopant weight as indicated in Table 2.3. Hereinafter, the samples will
be referred to as TiO2:Li0.2, TiO2:Li0.3, TiO2:Ni0.2, and TiO2:Ni0.3 respectively,
while the undoped sample will be named as TiO2.

Table 2.3: Notation for TiO2 samples.

Dopant % wt Notation

- - TiO2
Lithium 20 TiO2:Li0.2
Lithium 30 TiO2:Li0.3
Nickel 20 TiO2:Ni0.2
Nickel 30 TiO2:Ni0.3

2.1.3. Thin layers obtained by spin coating
In this Doctoral Thesis, thin layers of composite material made of nanoparticles
with a polymeric host, as well pristine polymer layers, have been prepared. Spin
coating has been chosen as the main thin film deposition technique.
As main advantages, this deposition technique operates without need of vacuum
atmosphere, at room temperature, and is a fast method to obtain thin layers of
hundreds of nanometers. This solution-based process could be used to easily cre-
ate thin layers of a variety of materials such as polymers or inorganic materials.
This technique consists on pouring a liquid over an spinning substrate, thus the
centrifugal force of the rotation allows uniformly liquid spread over the substrate,
which creates a coating layer. By adapting different parameters of the spin process
(speed, acceleration, time), the mixture which is being poured (viscosity, drop size)
or the substrate (wettability), optimized layers can be obtained.

The spin coating setup is presented in Fig.2.3. Firstly, a syringe barrel is filled
with a dispersion of the compound to be coated in a liquid phase. In our case, PE-
DOT:PSS was used both bare, and blended with SnO, SnO2 or TiO2 nanoparticles.
Fortunately, PEDOT:PSS is an aqueous dispersion, very distinguished with a deep-
blue color. To improve several properties of the polymer blend, some additives were
used as well. The addition of organic compounds such as DMSO or EG enhances
the electrical conductivity and prevents agglomeration of nanoparticles. In order
to improve wettability Triton X-100 was chosen in some cases.

The spin-coating system used in chapter 7 is equipped with an automatic elec-
tronic dispenser controlled by means of a flow of compressed air. Usually, nominal
gas flux is limited to 0.2-0.5 bar and the gas controller allows fine calibration avoid-
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Vacuum pump

Compressed
Air or Nitrogen

Fluid dispenser
(gas controller)

Desired mixture

Rotating
sample Parameter

controller

Fig. 2.3: Spin coating setup with gas controlled dispenser.

ing liquid reflux. This gas passes through a plastic tube to a syringe, filled with
the mixture for the spin coating. The syringe has an interchangeable tip with dif-
ferent diameters, for this thesis the diameters ranged from to 0.33-0.61 mm. The
spin coating station incorporates a sample holder which holds the coating substrate
in place with help of vacuum generated by a rotary vacuum pump. Glass cover
glasses or silicon wafers were used as substrates in this work. Table 2.4 shows the
main properties of the employed substrates, which were different on the different
chapters of this thesis.

Table 2.4: Properties of different substrates used in this thesis.

Material Company
Method/Dopant

Type/Orientation Size
Thickness

(µm)
Resistivity

(Ω·cm ) Shown in

Silicon Topsil PV-FZ/Phos
/N/(100)

(1/4 circle)
78.5 cm2 280±20 1-5 chapter 6

Glass - - (square)
2.2× 2.2 cm2 - - chapter 6

Silicon Si-Mat Intrinsic FZ/
(100)

(square)
1.5× 1.5 cm2 280±25 >5000 chapter 7

Glass Deltalab Ref D100002 (square)
1.5× 1.5 cm2 2000 - chapter 7

Our system allows the control of different parameters and the creation of multi-
step coating process, being the most relevant parameters of a deposition process
the number of steps, spin revolutions, spin acceleration, time and delay-solution
dispense time. Those parameters were optimized for the spin-coating process for
each of the samples used in this work. For example, delay time was found to be
fundamental to obtain a well-spread layer. For other substrate sizes, increasing
the solution dispense time was necessary as higher mixture quantity was needed
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to sufficiently cover the substrate. For that purpose, every parameter was changed
independently. A deposition run can be programmed with the selected parameters.

As the deposition run is started, gas flux starts to flow and when the coating
step is activated, the liquid is poured over the coating surface, which spins if the
user selected so. The centrifugal force due to substrate spinning at high rates al-
lows an effective solution spread over the coating surface, leading to a thin layer.
The parameters used for the deposition of the layers on this thesis are described
in the Table 2.6 and Table 2.5 for PEDOT:PSS layers. These parameters are the
optimized parameters for the substrates used in this work.

Table 2.5: Thin layer deposition steps and parameters for PEDOT:PSS coatings at
chapter 6.

Dynamic mode, 70-150µL of mixture used

Step
Speed
(rpm)

Acceleration
(rpm/s)

Time
(s)

Deposition
time(s)

Delay
time(s)

Dispense
time(s)

1 2000 1000 20 Manual Manual Manual
2 6000 1000 50

3 Stopping 1000-0 until stop
∼10s

Table 2.6: Thin layer deposition steps and parameters for PEDOT:PSS samples at
chapter 7.

p = 0.04 bar

Step
Speed
(rpm)

Acceleration
(rpm/s)

Time
(s)

Deposition
time(s)

Delay
time(s)

Dispense
time(s)

1 3000 1000 5 5 2 3
2 3000 1000 30
3 4000 1000 20

As the procedure which will be followed to mixture and create PEDOT:PSS
thin layers is very similar in both chapter 6 and chapter 7, the process is summar-
ized in Fig.2.4. The different steps will be discussed in their respective chapters
but mainly in chapter 6 composites will be focused on their application in hybrid
silicon solar cell and in chapter 7 on their possible implementation as TE and gas
sensors.

Therefore, to summarize:

• Bare PEDOT:PSS films and the corresponding composites described in chapter 6
with nanoparticles were fabricated during author’s stay at the Department of
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PEDOT:PSS
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Front-Ag 
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Fig. 2.4: Process diagram of the thin film method followed throughout this thesis.

Solar Energy, Institute for Energy and Technology (IFE), Kjeller, Oslo, Nor-
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way, with a spin-coating system equipped only with manual dispenser. Li-
quids poured from a pipettor which was carefully placed at the same height
for all preparations (∼ 2 cm) and deposited during the first 5 seconds of
spinning.

• Preparation of thin layers in chapter 7 via spin coating has been performed
on a Spin Coating Polos Series Spin 150i with an automatic dispenser Nord-
son EFD PerformusVIII in our Physics of Electronic Nanomaterials Group´s
Laboratory, at the Materials Physics Department, Physics Faculty, Com-
plutense University of Madrid.

2.2. Characterization techniques
A set of techniques have been carried out to systematically characterize the samples.
In many cases, not only spectroscopies have been applied but a combination with
microscopy capabilities, offering spatial resolution of different properties at the
micro and nano-scale.

Morphological information was mainly achieved by means of scanning and trans-
mission electron microscopies (SEM and TEM), whereas structural or microstruc-
tural information was recorded by X-ray Diffraction (XRD), Raman spectroscopy
and microscopy and Selected Area Electron Diffraction (SAD or SAED) in a TEM.
Compositional characterization was achieved by energy dispersive X-ray spectro-
scopy in a SEM (EDS), as well as by inductively coupled plasma optical emission
spectrometry (ICP-OES) and X-ray photoelectron spectroscopy (XPS) with syn-
chrotron radiation, which also supplies information on the electronic structure with
high surface sensitivity. X ray absorption spectroscopy (XAS) at the synchrotron
facility was also employed to analyze deeper the elemental oxidation states and
the presence of dopants, as well as enabling resonant photoemission spectroscopy
(RPES) measurements to further characterize the valence band of the samples. The
surface topography of the thin films was characterized by Atomic Force Microscopy
(AFM). Optical properties such as luminescence emission and optical absorption
were measured using Cathodoluminescence (CL) and Photoluminescence (PL) tech-
niques and optical absorption spectroscopy on the UV-VIS range. Similarly, Pho-
toluminescence and Photoluminescence Excitation (PL-PLE) was measured on a
photoluminescence spectrometer. Electrical characterization were measured with
a Hall effect equipment. Finally, both gas sensing and thermoelectric properties
were tested on homemade setups.

These techniques can be divided in different groups according to their corres-
ponding excitation source as shown in Table 2.7 and will be briefly described in
the following sections.
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Table 2.7: Classification of the experimental techniques according to the excitation
source.

Source Technique Analyzed signal

e−

SEM Secondary e−

CL hν (IR-VIS-UV)
EDS hν (X-Ray)

TEM/HRTEM Transmitted and diffracted e−

hν (Laser) PL hν (IR-VIS-UV)
Raman Scattered hν

hν (X-Ray) XRD hν (Diffracted X-Ray)
XPS photoemitted e−

XAS hν (Absorbed X-Ray)

2.2.1. X-Ray Diffraction (XRD)
Crystalline structure can be determined by means of X-Ray Diffraction (XRD).
The information collected by this technique is based on the interaction between an
incident monochromatic X-ray beam and a crystalline sample (Fig.2.5(a)). Due to
this interaction, a series of diffraction maxima can be observed in the corresponding
directions which are determined by the Bragg’s Law[77]:

θ
2θ

X- ray
source

X- ray
Detector

Sample

(b)(a)

dhkl

θhkl 2d h
kl
se
n(
θ h
kl
)Incident

X-ray beam

Atomic
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Diffracted
X-ray beam

θhkl

θhkl

Fig. 2.5: (a) Bragg’s law scheme (b) Scheme for obtaining diffraction pattern of a sample
in θ-2θ mode.

nλ = 2dhkl sen(θhkl) (2.1)

where n is an integer, λ is the wavelength of the incident X-rays, dhkl is the inter
planar distance between the diffraction planes with corresponding Miller indexes
(h, k, l) and θhkl is the incident angle of the X-Ray beam.

XRD spectra was acquired at room temperature unless stated otherwise. How-
ever, XRD measurements as a function of the temperature (i.e Thermodiffracto-
grams) have been also recorded for studying the anatase to rutile transition of the
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TiO2 nanoparticles as well the oxidation from SnO to SnO2 as shown, respectively
in chapter 4 and chapter 5.

Information relative to the crystalline grain size and distortion in the material
can be obtained from the XRD analysis. When the particle dimension decreases,
diffraction maxima widen and the average grain size D can be obtained with the
Scherrer equation[78]:

D = Kλ

βcos(2θ) (2.2)

where K is a dimensionless factor called shape factor. The shape factor has a typ-
ical value of about 0.89 but it can change depending on the crystalline structure
and shape of the particles, λ is the X-ray wavelength; β is Full Width at Half
Maximum (FWHM) without the instrumental background in radians and θ is the
Bragg angle as shown in Fig.2.5(a).

The structural characterization of the nanoparticles was carried out by X-ray
diffraction (XRD) in a PANanalytical X’Pert Powder equipment, using the copper
Kα line where λCu = 1.5404 Å and operating at 45 kV and 40 mA on a Bragg-
Brentano[79] θ− 2θ geometry, as observed in Fig.2.5(b). Measurements of Thermo
diffractograms were performed with a X’Celerator detector. Respective step size
and angle range, as well as temperature range are explained on the corresponding
sections on chapter 4 and chapter 5. These measurements were performed at the
X-ray Diffraction CAI facility at the UCM (Universidad Complutense de Madrid).

The software used to analyze the data was the X’Pert HighScore Plus (v.3.0.0,
2009) and Origin Pro 2019 (64bit).

2.2.2. Scanning Electron Microscopy (SEM)
A Scanning Electron Microscope (SEM) uses an electron beam to obtain inform-
ation due to the interaction of the sample and the accelerated electron beam[80].
Schematics of a conventional SEM is represented in Fig.2.6. First, an electron
gun generates an electron beam which is accelerated with a potential between 0.1
and 30 kV. The different scanning electron microscopes used during this thesis use
thermionic effect of W (tungsten) filaments to generate the electron beam.

The electron beam passes through the microscope column, where electromag-
netic condenser and objective lenses concentrate and collimate the beam. In the
last step before arriving to the chamber, the electron beam passes through a set
of apertures which diameters can be selected by the operator (between 50 and 500
µm). Then, the electron beam enters the chamber where the sample is placed
over a conductive sample holder. Usually, SEM microscopes work in high vacuum
(∼ 10−6 Torr). By means of scan coils, electron beam scans the sample point per
point, which generates different signals as electrons (both Secondary Electrons (SE)
or BackScattered Electrons (BSE)), photons, X-ray, electric current... as observed
in Fig.2.7.
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Fig. 2.6: Schematic diagram of a Scanning Electron Microscope.

Diverse signals are generated inside the region into which the electrons penetrate
the sample, which is called interaction volume.

Depending on the atomic number of the specimen, Z, this volume is approxim-
ately a sphere when 15 < Z < 40 and semi-spherical when Z > 40. Dimension on
the Y axis of this volume is called Gruen range (RG) which can be obtained from
the Kanaya-Okayama equation[81]:

RG = 0.0276A
ρZ8/9 E

5/3
b [µm] (2.3)

where A is the atomic weight in g·mol-1, ρ is density in g·cm-3, Eb is electron
beam energy in keV. To calculate and simulate the penetration ranges of differ-
ent structures, a variety of software can be used such as CASINO (monte CArlo
SImulation of electroN trajectory in sOlids)[82].

The signal intensity of interest is collected by its corresponding detector which
transforms this signal to electric current and is processed by a computer synchron-
ized with the scanning in order to form images or to collect spectral information.
The main signal in SEM microscopes is formed by secondary electrons (SE), which
are mostly low energy electrons (< 50 eV) generated by the electron beam inter-
action in the sample (emission mode). They are a result of inelastic interactions
between the electron beam and the sample, in the most external electronic layers.
These electrons gives substantial information about the topography of the sample.

SE are collected inside the SEM chamber by an scintillator-photomultiplier
Everhart-Thornley (E-T) detector. This detector consists of an scintillator inside a
Faraday cage. The scintillator produces photons due to the collection of electrons,
enhanced by a positive voltage applied in the Faraday cage. E-T detector is at an
angle in order to increase the detecting efficiency. These photons are transmitted
through a light pipe and then are collected by a PhotoMulTiplier (PMT) which
converts the optical signal into an electrical signal which can be amplified. Then,

27



Chapter 2. Experimental methods

X-Ray
(1-3 µm)

CL
(1-2 µm)

BSE e−

(20-30 nm)

SE e−

(1-5 nm)

Auger e−
(5-25 Å)
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Fig. 2.7: Diagram of different processes and interaction of the electron beam with the
specimen, according to the different interaction volumes.

this can be represented in a grey-scale image, for which color scale is proportional to
the collected signal in each point. Other signals, which can be observed in Fig.2.7,
come from different inelastic scattering at different sample depths, which is clearly
dependent both on the specific material and the beam energy.

Scanning electron microscopes used during this thesis are a Hitachi S-2500,
a Leica 440 Stereoscan and a FEI Inspect S, at the Physics of Electronic Nano-
materials Group´s Laboratory, Materials Physics Department, Faculty of Physics,
Complutense University of Madrid.

2.2.3. Energy Dispersive Spectroscopy (EDS)
As mentioned in Fig.2.7, the interaction of the electron beam with the specimen
in a SEM (or a TEM) can generate X-ray radiation as a result of inelastic scat-
tering processes. Those X-rays carry atomic identification of the present elements
besides its quantification, offering compositional information of the sample under
study, which could be retrieved with spatial resolution by the so called micro X-ray
analysis.

X-ray are produced inside the sample due to beam-sample interaction. If the
beam energy is higher than the ionization energy of the atoms of the sample,
electrons are ejected from the core electron levels following a process illustrated
in Fig.2.8(a). Then, to bring back the atom to a ground level another electron
from other energy level can occupy the empty electron state and two different
scenarios can be considered: the energy difference between those two levels are
emitted as X-ray radiation or another electron is ejected from the external levels
(Auger electrons). X-ray intensity is displayed as a function of its energy in what
is called EDX or Energy Dispersive X-Ray Spectroscopy (EDS).

In a EDS spectrum, as the one shown on Fig.2.8(b), different peaks are ob-
served and each one is characteristic of different atoms. There is also a background
contribution due to Bremsstrahlung (stopping radiation). The nomenclature used
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Fig. 2.8: (a) X-ray generation after an incident electron beam impact with an atom (b)
Example of a EDX spectrum for the sample of TiO2 doped with Nickel (c) Transitions
between K, L and M shells of an atom leading to X-ray lines indicated following the
Siegbahn notation.

for these electron transitions is called Siegbahn notation in which the layer which is
initially ionized is designed by a letter (K, L, M...) accompanied by a Greek letter
(α, β, γ, etc.) and with a sub-index which indicates transitions with similar energy
as shown in the transitions of Fig.2.8(c) for illustration. A database to index these
transitions can be found on the NIST website database[83].

Data acquisition system allows to quantify the composition of the material.
This is performed with the ZAF correction which takes into account the atomic
number (Z), self-absorption of X-rays (A) and Fluorescence (F). It is necessary to
subtract the aforementioned Bremsstrahlung radiation, which measurement sens-
ibility is really important for a correct subtraction and therefore a proper element
quantification. Light elements with Z < 4 can not be detected with this technique.
It is also possible to detect the presence of each element on a resolved area image
what is so referred as mapping images. This is particularly important in order to
assess the regions of the specimen which presents different elements than others.

Measurements in this thesis were performed using a system Bruker AXS Quantax
coupled to SEM Leica Stereoscan, at the Physics of Electronic Nanomaterials
Group´s Laboratory, Materials Physics Department, Faculty of Physics, Com-
plutense University of Madrid. Energy resolution of the detector used in this work
is around 123 meV. Data acquisition and quantification was performed using the
Bruker ESPRIT 2 software.

2.2.4. Cathodoluminescence (CL)
Cathodoluminescence (CL) has been previously described as one of the effects that
could occur due to the electron beam and sample interaction in a SEM chamber.
This electron excitation generates photons that can be collected in a range between
Infrared (IR) and Ultraviolet (UV). This phenomenon in a semiconductor occurs
due the excitation of electrons from the Valence Band (VB) to the Conduction Band
(CB), which generates electron hole pairs. These pairs can be radiative recombined
which generates CL signal. Most common recombination processes are labeled on
Fig.2.9. Among them, extrinsic transitions are related with defects or impurities
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in the material, which origin can be partly related to the presence of dopants.
Commonly, these transitions lead to wide band emissions with the exception of the
intraionic transitions related with transitions metals or rare earths. In this work,
the presented oxides mostly present a wide emission which covers a significant part
of the visible spectrum.

1 2 3 4 5 6

EA

Eg

ED

EA

ED
Conduction
band

Valence
band

electron
hole

Fig. 2.9: Main radiative recombination processes for a semiconductor with a bandgap
Eg (1) band to band, (2) donor level to valence band, (3) conduction band to acceptor
level, (4) donor level to acceptor level, (5) bound exciton transition and (6) shallow or
deep level to valence band.

Particularly, the CL signal is strongly dependent on different parameters such
as the beam energy, crystalline orientation, dimensions or temperature. At Room
Temperature (RT), phonon interaction leads to a competition between radiative
and non radiative transitions. Phonon interaction can be diminished with lowering
temperature, which enhances CL signal and induce narrower emission bands. To
obtain low temperature measurements, an integrated system with a thermoresit-
ance, a thermocouple and a cooling N2 system is used, which allows a working
temperature between 80 and 300 K.

To acquire CL spectra, light was harvested using a wave-guide collecting light
proceeding from the SEM (Hitachi S-2500) chamber to a CCD camera Hamamatsu
PMA-12, with an spectral range between 200 to 950 nm, obtained at the Physics
of Electronic Nanomaterials Group´s Laboratory, Materials Physics Department,
Faculty of Physics, Complutense University of Madrid. This CCD camera is dir-
ectly communicated with the acquisition software.

2.2.5. Transmission Electron Microscopy (TEM)
A Transmission Electron Microscope (TEM) uses an electron beam with a higher
energy range (typically between 100-300 keV) than in a SEM microscope. The
transmitted electron beam and related signals are collected to display sample in-
formation on different kind of images, diffraction patterns or spectra depending on
the selected technique. A schematic representation of a typical TEM is represented
in Fig.2.10. In this thesis, a TEM was used to obtain two different measurements:
Diffraction patterns and contrast images. Diffracted electron signal can be used
to obtain contrast images with a much higher resolution than those obtained on a
SEM microscope (nm). These images can be obtained with the transmitted elec-
tron beam (Bright Field (BF)) or with the diffracted beams (Dark Field (DF))[84].
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These contrast images can be used to observe atomic ordering dislocation, grain
boundaries etc. Moreover, crystalline structure can be obtained from the Selected
Area (Electron) Diffraction (SAED) patterns (also called SAD) in which by modi-
fying the lenses configuration we can study the reciprocal space instead the real
space.

• Diffraction mode: To form Diffraction Patterns (DP), intermediate-system
lenses have to be adjusted so that Back-Focal Plane (BFP) of the objective
lens acts as the objective plane of the intermediate lens. The diffraction pat-
tern is projected on the viewing screen (or a Charge-Coupled Device (CCD)).

• Image mode: To form image, intermediate lens have to be adjusted so that
object plane of the intermediate lens acts as the image plane of the objective
lens. Then an image is projected onto the viewing screen/CCD, as shown in
Fig. 2.10.

Objective
lens Objective aperture

(BFP)

SAED aperture
Intermediate
lens

Specimen

Projector
lens

Screen
Image

Intermediate
Image 1

Intermediate
Image 2

Diffraction
Pattern

Fig. 2.10: The two basic operation modes of the TEM (a) diffraction mode: projecting
the DP onto the viewing screen and (b) image mode: projecting the image onto the screen.
This is a simplified diagram showing only three lenses.

Samples often require special preparation prior to obtain a thickness enabling
electron transparency. In this thesis, all samples studied are in the nanometric
range, thus no further preparation was needed. Samples were dispersed into a
dispersing agent as IsoPropyl Alcohol (2-propanol) (IPA) in an ultrasonic bath
and then deposited over a copper grid, coated with a carbon porous membrane.

The microstructural analysis was performed in a transmission electron micro-
scope (SAED / TEM) JEM 1400 plus JEOL at the Centro Nacional de Microscoṕıa,
Universidad Complutense de Madrid.
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To analyze the results, the size of the nanoparticles was estimated using ImageJ
software. SAED diffraction patterns were analyzed using GMS 3 (SI viewer) with
DIFPack from Gatan INC.

2.2.6. Induced Coupled Plasma-Optical Emission Spectro-
scopy (ICP-OES)

Induced Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) is a technique
based on the use of an Argon plasma generated by an induction coil, that can reach
up to 10000 K. This plasma can excite atoms to excited energy levels. Those atoms
decay to the fundamental level via the emission of radiation. The wavelength of
this energy is characteristic of each atom as it is related to the ionization poten-
tial. Thus, samples will emit characteristic emission spectra as a function of the
elemental composition. Intensity of these spectra is also proportional to the con-
centration of each chemical element. This technique is capable of detecting light
elements such as lithium, even in a low concentration.

Samples have to be prepared before measurement with an acid digestion in
order to be nebulized into the chamber. The sample is dissolved with different
acids depending on the nature of the compounds, HNO3 or HCl are commonly
used.

Detection and semiquantification of lithium was performed by Optical Emission
Spectrometry (ICP-OES) in an ARCOS equipment from SPECTRO with excita-
tion source ICP, Perkin Elmer Optima 3300DV at the Geology CAI, Geology and
Biology Faculty at the Universidad Complutense de Madrid. Each measurement
was performed three times and averaged in order to diminish error.

2.2.7. Photoluminescence (PL)
Photoluminescence (PL) has been studied at room temperature in a confocal mi-
croscope using a He-Cd UV laser (λ = 325 nm) as an excitation source.

In Fig.2.11 the work principle of a confocal microscope can be observed. This
microscope possesses an aperture called pinhole at the focal image point of the lens
system, thus blocking light whose optical path is not exactly at the objective focus
as observed in Fig.2.11(b). Confocal conditions allow to improve lateral resolution
of the microscope.

Photoluminescence consists on the emission of light from a material due to
the excitation by a light (photons) source. A photon source in the eV range pro-
duces electron-hole pairs after being absorbed by the sample. The de-excitation of
the electrons through radiative transitions, as the ones represented in Fig.2.9, are
measured in the visible or near infrared range. As illustrated in Fig.2.9, among
the possible recombination processes, the ones involving crystalline defects, such as
oxygen vacancies in oxides, play an important role in the luminescence properties
of these materials.
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Fig. 2.11: (a) Confocal microscope experimental setup. This setup was both used to
measure Raman spectroscopy and photoluminescence. (b) Schematic representation of a
confocal microscope. Only rays which arrive from the focal point of the lens system can
reach the detector. This configuration allows to achieve higher resolution than conven-
tional optical microscopes.

In this thesis, emission spectra with spacial resolution (µ-PL) had been collec-
ted by means of a Horiba Jobin Yvon LabRam Hr800 confocal microscope using
a He-Cd Kimmon IK Series (λ = 325 nm) UV laser. Different neutral filters were
used in order to attenuate the total laser intensity, when necessary. In this configur-
ation, nominal excitation light can be attenuated by using neutral filters (labeled
as Dx with x = (0, 0.3, 0.6, 1, 2) to reduce the total laser intensity by a factor
of 10−x, thus reducing the total intensity by a factor of 0.5, 0.25, 0.1, 0.01, etc.
The generated light has been collected by an air-cooled CCD Synapse 354308 in a
wavelength range between 300 and 800 nm, with a micrometric spatial resolution.
All measurements have been performed at room temperature. Grating used for PL
luminescence was 600 l/mm. The laser was focused onto the sample surface using a
40x objective (numerical aperture = 0.5, Thorlabs LMU-40X-NUV). The confocal
microscope possesses a moving platform allows the sample holder to be displaced
in the X and Y directions to analyze areas of around 300x300 (µm)2. The program
used for Photoluminescence and Raman data acquisition and analysis is LabSpec
6. These measurements have been obtained at the Physics of Electronic Nano-
materials Group´s Laboratory, Materials Physics Department, Faculty of Physics,
Complutense University of Madrid.

2.2.8. Photoluminescence excitation (PLE)
Photoluminescence Excitation (PLE) is a specific type of photoluminescence in
which the wavelength of excitation (λex) light is varied and the change in the PL
intensity is monitored at a fixed wavelength (λem). This signal is proportional
to the number of photons generated by each incident photon. It is clear that
this technique differs from PL as in that case the excitation wavelength (λex)
was maintained constant and the emitted luminescence (λem) was measured on a
range between 300-750 nm. In the case of PLE, as the λex varies, only photons
with certain λ will be absorbed by the material, which can excite electron hole
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pairs, which subsequently can recombine radiatively and produce the re-emission
of photons. The PLE signal is calculated by comparing the excitation photon flux
divided by the emitted photon flux.

The experimental setup consist on an excitation source formed by a variable-
wavelength excitation source such as a Xe discharge lamp. Inside the system a
monochromator guide the beam and a PMT recollect the PL signal which arise
from the excited sample under the illumination, while a beam splitter redirects
portion of the excitation light into another PMT to monitor the system response.
The variable configuration allows not only to measure PLE but also obtaining
other measurements such as PL. In particular, this equipment allows to decrease
the temperature down to 4K.

PLE spectra were acquired with an FLS1000 system from Edinburgh Instru-
ments, exciting with a 450W Xe lamp as excitation source in a variable range
from 4-300K. The PMT allows measurement on a wide range from 240-750 nm.
The system is connected to a cryostat and a close loop of liquid Helium pumped
with a compressor HC-4E from Sumitomo Cryogenics, which allows to decrease
the temperature within the sample holder down to 4K. The temperature system is
controlled by an Intelligent Temperature Control (ITC) model MercuryiTC from
Oxford instruments, which allows an steady-increase of the temperature up to RT.
To decrease the temperature is necessary to create vacuum inside the chamber,
which is obtained by a turbomolecular pump. To protect the PMT, different filters
can be used, which allow up to 90% transmittance for certain wavelengths, close
to the selected excitation wavelength. With this equipment also certain measure-
ments of PL have been performed, as shown in chapter 4. These measurements
have been obtained at the Physics of Electronic Nanomaterials Group´s Laborat-
ory, Materials Physics Department, Faculty of Physics, Complutense University of
Madrid.

2.2.9. Raman Spectroscopy
Raman spectroscopy is a non-destructive characterization technique based on the
Raman effect, as a result of the inelastic scattering of light by a material. Inelastic
scattering is produced due to the interaction of the incident photons with the
phonons of the crystal lattice, molecular vibrations or other excitations.

As seen in Fig.2.12, a photon produced by a monochromatic source with energy
h̄ωL interacts with the sample. The processes that can undergo with the interaction
of the photon with the material lattice can be summarized as:

• When the incident photon, h̄ωL, undergoes an elastic scattering and the
dispersed photon possesses the same energy h̄ωL = h̄ωs, the process is called
Rayleigh scattering.

• When photon is scattered inelastically, the scattering is called Stokes scatter-
ing, in which:

– If the energy of the scattered photon, h̄ωs, is lower than the incident
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Fig. 2.12: Feynman diagram for Stokes Raman scattering process (emission of a phonon)
and anti-Stokes scattering (absorption of a phonon).

photon energy (h̄ωL) such as the scattered photon energy is h̄ωs =
h̄(ωL − ων), its difference is passed to a phonon with energy h̄ων .

– If the energy of the scattered photon, h̄ωs, is higher than the incident
photon energy (h̄ωL) such as the scattered photon energy is h̄ωs =
h̄(ωL + ων), this processes is denoted as Anti-Stokes scattering, which
energy difference is obtained from a phonon with energy h̄ων .

These two kinds of inelastic scatterings implies the creation or annihilation
of either a phonon (1st order Raman interaction) or multiple phonons (2nd and
successive Raman order). Depending on the symmetries of the different molecules,
there is a criteria (Mulliken Symbols for Irreducible Representation) to name those
rotations and vibrations, which can be found at different sources such as J.M.
Hollas book[85].

In this thesis, Raman spectroscopy is coupled to the same confocal microscope
as for Photoluminescence, an Horiba Jobin Yvon LabRam Hr800 using a Visible
(VIS) red He-Ne (λ = 633 nm) or an UV He-Cd (λ = 325 nm) Kimmon IK Series
laser, which allows to obtain photoluminescence and Raman spectra from the same
area. The nominal laser power of each laser was 10 mW for the UV laser and
17 mW for the VIS laser. However, over time this power decreased and for most
of this thesis their power were ∼ 5 mW for the UV laser and ∼13 mW for the
VIS laser. The laser was focused onto the sample surface using a 40x objective
(numerical aperture = 0.5, Thorlabs LMU-40X-NUV) which led to a laser spot
diameter around ∼ 1 µm for the UV laser and a few microns for the red laser. The
scattered light was collected with the same objective and dispersed with a grating
of 2400 l/mm for UV and 600 l/mm for VIS and finally acquired with an air-cooled
CCD detector Synapse. Before each batch of measurements, the spectrometer was
carefully calibrated employing the silicon Raman mode at 520 cm-1. These meas-
urements have been obtained at the Physics of Electronic Nanomaterials Group´s
Laboratory, Materials Physics Department, Faculty of Physics, Complutense Uni-
versity of Madrid.
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2.2.10. Photoluminescence based on Quasi-Steady State Pho-
toconductance (PL-QSSPC)

Photoluminescence based on Quasi-Steady State Photoconductance (PL-QSSPC)
allows to obtain calibrated photoluminescence lifetime images of the samples. The
underlying principle is the radiative recombination of a CB electron and a VB hole
that generates a photon which was already discussed as photoluminescence (PL)
earlier in this chapter. The setup is described in Fig.2.13. A sample is introduced
into the stage over a calibration RF coil and is illuminated with a laser. The RF
bridge detects the changes on permeability of the sample which allows to deduce the
sample conductance. Input values to perform these measurements are the thickness
of the layer and the reflectance of the front layer. A more in depth explanation of
this technique can be found on the following references[86,87].

QSSPC calibration coil

λ
= 808

nm

Diode laser

Control unit

Calibrated PL image

Sample stage

CCD camera

Fig. 2.13: PL-QSSPC setup to measure space-resolved PL imaging.

The underlying principle is as follows. Because each recombination (combina-
tion of an electron with a hole) event produces one photon, the PL emission rate,
ΦPL, is equal to the rate of radiative recombination:

ΦPL = Brad(np− n2
i ) (2.4)

Where Brad, n and p are, respectively the material-specific radiative recombination
coefficient and the electron or hole concentration. If we assume a n-type material
we can insert p = NA + ∆n and n = ∆n as well as assume that n2

i is negligible for
the most doping and injection conditions. The PL intensity:

IPL = Ccal·ΦPL = CcalBrad(NA+∆n)∆n = CcalBradNA∆n+CcalBrad∆n2 (2.5)

where Ccal is a constant that describes the fraction of the emitted light detected
by the camera and necessary to obtain a calibrated lifetime image.

The injection level can be obtained easily from eq.2.5 if we avoid the quadratic
therm, which can be assumed for low injection,[86]:
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∆n(x, y) = 1
CcalBradNA

· IPL(x, y) (2.6)

These measurements are only valid if we assume quasi-steady state approxim-
ation (QSS) (where τpulse � τ) which means that the time constant of the flash
decay was much longer than the carrier lifetime in the material, which implies that
the excess carrier density is approximately in steady state at each point of the
measurements.

To obtain Ccal and thus, the calibrated lifetimes, an integrated photoconduct-
ance (QSSPC) measurement is obtained by an inductively-coupled coil. From the
measured lifetime vs injection level the correct Ccal is calculated by comparing the
injection level in the point of calibration ∆ncal to the PL intensity in the region
above the coil, IPL,cal:

Ccal = IPL,cal
Brad(NA∆ncal + ∆n2

cal)
(2.7)

Correct quantification of the QSSPC measurement also requires knowledge of the
thickness of the sample and the front side reflectance at the excitation wavelength
(λ = 808 nm). Finally, the effective lifetime can be obtained from the injection
level as:

τeff = ∆n(x, y)
G

= ∆n(x, y)
(1−Rf )Φph/W

(2.8)

where G is the generation rate, R is the reflectance of the sample for a certain
wavelength, Φph is the photon flux from the excitation source and W is the width
of the wafer.

The calibrated effective charge carrier lifetime values were calculated from the
PL intensity based on the calibration due to the integrated Sinton QSSPC quasi
steady state photoconductance (QSS-PC) measurements using an LIS-R1 PL ima-
ging setup from BT Imaging with an excitation wavelength of λ = 808 nm under
a constant illumination intensity of 4.2 · 10−2 W cm2. To calibrate PL images, the
value of reflectance at λ = 808 nm of each sample was measured and used as input
value.

These measurements were carried out during my predoctoral stay under the
supervision of Dr. Smagul Karazhanov and Dr. Erik S. Marstein at the Solar De-
partment of the Institute for Energy TechnologY (IFE) in Kjeller, Norway. Special
thanks also to Dr. Halvard Haug and Dr. Chang Chuan You for their practical
help in the laboratory.

2.2.11. X-ray Photoemission Spectroscopy (XPS)
In X-Ray Photoelectron Spectroscopy (XPS) measurements, a sample is illumin-
ated with monochromatic light which induces, due to the Photoelectric effect, pho-
toelectron emissions. Light can be generated by different sources, being the most
used synchrotron radiation as it possesses several advantages such as a high photon
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flux (1010−12ν/s), wide energy range (IR to X-ray), high collimation, short pulses...
This technique is extremely-surface sensitive due to the small mean free path of
photoelectrons which allows to obtain information of the first atomic layers of a
sample. At the sample, the X-ray beam size is usually in the range of 1–5 µm. This
technique requires Ultra-High Vacuum (UHV) (10−10 − 10−11 Torr)[88]. An illus-
tration of the experimental setup is shown in Fig.2.14(a). As it can be observed,
emitted electrons are collected and analyzed with an energy analyzer being a com-
mon choice a Concentric Hemispherical Analyzer (CHA) which with a potential
difference can deflect photoelectrons screening them based on their energy.
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Fig. 2.14: (a) Scheme of the XPS measurement system (b) Electron photoemission
scheme (c) Relaxation processes after hole generation.

When a photon beam with enough energy impinges a sample it can excite
electrons from both the valence band (VB) or from deep atomic core levels to the
vacuum level as observed in Fig. 2.14(b).

By measuring electron kinetic energy after ejection, the binding energy due to
the Photoelectric effect can be calculated:

Ek = Eν−Eb−Φ or Ek = Eν−Eb (if EF is used as the reference level) (2.9)

where Ek is the kinetic energy of the emitted photoelectrons, Eν is the source
photon energy and Eb is the binding energy of emitted electrons and Φ is the Work
Function of the spectrometer.

Fig. 2.14(c) shows different processes that appear due to photoelectron gener-
ation such as Flourescence and Auger electron emission.

This technique allows to study the occupy states of a sample offering informa-
tion about the elemental oxidation states and chemical composition of the sample.
This can be determined due to the Chemical shift of the binding energy in the
XPS spectra which increases due to the electron transfer to higher electronegative
environment diminishing the photon kinetic energy. These data shifts are identify
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and listed for a wide variety of compounds in databases such as on the NIST web-
site[89]. Besides, the spin-orbit splitting of the different orbitals (p,d,f,..) can be
observed, with intensities ratios of 1:2 for p levels, 2:3 for d levels and 3:4 for f
levels[90], allowing an easy identification of the different core levels.

X-ray photoelectron spectroscopy (XPS) has been performed at the CNR Beam-
line for Advanced diCHroism (BACH)[91] of the Elettra synchrotron facility in
Trieste, Italy. Photoemission spectra were acquired with a Scienta R3000 electron
energy analyzer in normal emission geometry with a total energy resolution of 180
meV. All the photoelectron techniques realized in this thesis were obtained with the
technical help of Igor Ṕı̌s and Silvia Nappini, from the Elettra Elettra Sincrotrone
facilites at Trieste, Italy.

To analyze XPS data, the NIST database[89] was used to determine the origin
of the XPS peaks and to identify them (by comparing the chemical shift or the
doublet splitting). KolXPD software was used to fit the different core levels, after
Shirley background subtraction and fitting them using Voigt functions.

2.2.12. X-ray Absorption Spectroscopy (XAS)
When a photon beam of intensity I0 hits a sample of thickness d, the intensity
inside the sample decays following the Beer-Lambert law:

I(d) = I0e
−d/λ; 1

λ
α µ (2.10)

where λ is the mean free path, d denotes a distance and µ is the absorption coeffi-
cient, proportional to the material cross section.

X-Ray Absorption Spectroscopy (XAS) intensity is proportional to the probab-
ility of an electron undergoing through a transition from an initial state to a final
state, following the Fermi golden rule,[92]:

IXAS α |〈Ψf |H |Ψi〉|2 (2.11)

where IXAS is the XAS intensity, Ψf and Ψi are the wavefunctions correspond-
ing to the final and initial state and H a Hamiltonian operator.

Fig.2.15(a) shows the absorption edges for XAS spectroscopy. In the process, a
photon with enough energy can excite an electron from a deep level to a free site in
the conduction band. The unoccupied states under the vacuum level give a finite
value of the XAS intensity if it fulfills EF − Ei = hν. Thus, XAS spectroscopy
allows us to observe the empty states of the material. The experimental setup to
obtain XAS spectrum is shown in Fig.2.15(b), which is based on Total Electron
Yield (TEY). However, there are other setups:

• Transmission mode: X-ray beam intensity follows Beer-Lambert law, and
after passing through the sample the intensity decays exponentially, where
the intensity IXAS α log

(
I0
Is

)
being Is the transmitted X-Ray intensity.

These measurements require thin samples in the order of µm.
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Fig. 2.15: (a) XAS edges and (b) representation of the TEY mode.

• TEY: In this mode the signal that is measured is a current intensity Ie gener-
ated to neutralize the charge of the material after the core electron emission.
In this case, absorption coefficient shows a lineal dependence with intensity,
IXAS α

(
Ie
I0

)
, as it can be observed in Fig.2.15(b).

The XAS measurements included in this work were performed at the BACH
beamline in total electron yield (TEY) by measuring the drain current through
the sample. The photon energy resolution was set to 0.15 eV at Ni L3,2-edge and
O K-edge; 0.1 eV at Sn M5,4 edge and 0.1 for Ti L3,2. Measurements have been
performed at high vacuum (10−10-10−11 Torr) and at room temperature.

2.2.13. Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) is based on the detection of the forces experi-
mented between a tip mounted on a cantilever and the studied surface. An optical
system conformed by a laser and a photodiode is capable of measuring small deflec-
tions of the cantilever during the surface scanning. The cantilever can be placed
over the sample in the (x, y, z) positions due to a system based on piezoelectric
materials. A signal amplifier and a control unit allows to obtain high resolution
topographic images. Schematic representation of an AFM is shown in Fig.2.16.

Forces between the tip and the sample are related to the material composition
and the distance between them. Thus, they are elastic repulsive when the cantilever
is in contact with the sample surface or either short/long range attractive forces
(such as Van der Waals, adhesion forces, capillarity forces, magnetic forces...) when
the cantilever tip is close to the surface.

There are also different modes to work. Either the force or the height between
the tip and the sample can be kept constant and used as set-points during AFM
measurements. Some of the most commonly used modes are:
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2.2. Characterization techniques

• Contact mode: In this mode, cantilever tip is in contact with the sample
and scans the surface. Contact generates repulsive forces. The user can
maintain the height of the tip respective to the sample constant or maintain
the detected force constant. This mode is one of the used in this thesis

• Contactless mode or dynamic mode: This mode allows to study soft samples.
Amplitude, phase or vibration frequency are sensitive to the interaction
between the tip and the sample. In particular the most used are frequency
(FM-AFM; Frequency Modulation Atomic Force Microscopy) or amplitude
(AM-AFM; Amplitude Modulation Atomic Force Microscopy). In AM-AFM,
also known as tapping mode, the cantilever is oscillating at the resonance
frequency.

Piezoelectric
controler

x, y, z

Photodiode
Laser

Cantilever

controlunit

Amplifier

Sample

Fig. 2.16: Atomic Force Microscopy setup.

One important parameter used in AFM characterization is the root-mean-
square (rms), which is the mean average of the square deviation of each of height
(zi) respective to the height average (z̄) measured over the sample (enclosed on a
area formed by n points):

Rrms =

√√√√ 1
n

n∑
i=1

(zi − z̄) (2.12)

AFM measurements were carried out in a Nanotec AFM controlled by Dulcinea
electronics, using a silicon tip in contact mode at the Physics of Electronic Nano-
materials Group´s Laboratory, Materials Physics Department, Faculty of Physics,
Complutense University of Madrid. Data acquisition and results analysis have been
performed by means of the WSxM program[93].
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2.2.14. UV-VIS spectroscopy
Ultraviolet and Visible spectroscopy allows to study the optical behavior of a ma-
terial for different wavelengths, from near UV to even Near-InfraRed (NIR). For
that purpose, three related magnitudes are studied: transmittance, reflectance and
absorbance. We can define transmittance of a material as the fraction of the incid-
ent energy that passes through the material whereas reflectance is the fraction of
the energy that is reflected. Therefore, absorbance consist on the energy fraction
that is absorbed by a material.

These magnitudes can be described by the Beer-Lambert law, from where we
can obtain that:

T (%) = 100 · I
I0

(2.13)

A(%) = log10
I0

I
= −log10T (2.14)

It is important to know that prior to the measurement, the equipment has
to be carefully calibrated. Measurements must be performed with the minimum
ambient light in darkness. In transmittance mode, detector is placed at a fixed
position and 100% transmittance is calibrated. In reflectance mode, a material
with practically 100% reflectance is used to calibrate. The different configurations
are shown in Fig.2.17. Absorbance spectrum is obtained, considering minimum
losses, by applying that:

T +R+A = 1 (2.15)

Optical absorption was measured with a UV-VIS-NIR light source DH-200
ocean optics with a Deuterium and Halogen lamp at the Institute for Energy
Technology (IFE), Norway, scanning in the range 150 to 1000 nm. Similarly,
these measurements were performed at Materials Physics Department, Physics
Faculty, Complutense Universidad de Madrid in a similar equipment (UV-1603
UV-Visible spectrophotometer, Simadzu (Izasa Sceintific)) but in a slightly smaller
range between 250 to 900 nm. In this case, there is no need to change configuration
and absorbance can be measured directly.

2.2.15. Contacts deposition
In some of the thin film samples on chapter 6, Ag contacts of 250-290 nm thickness
were deposited with the aid of a mask on Kurt J Lesker FTC-2800 at IFE in order
to measure I-V curves of the PEDOT:PSS samples deposited over silicon.

For other samples on chapter 7, gold contacts of 40 nm thickness were deposited
with the aid of a mask on a Quorum Q150T ES evaporator at the Physiscs of Elec-
tronic Nanomaterials Group´s Laboratory, at the Materials Physics Department,
Physics Faculty, Complutense University of Madrid. Gold contacts were fabricated
in order to acquire Hall effect measurements of some of the PEDOT:PSS samples
as well as to test sensing properties. Contacts for other samples to obtain Hall
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Fig. 2.17: UV-VIS-NIR spectrometer in (a) Transmittance configuration (b) Reflectance
configuration.

effect were obtained using silver paste (RS Silver Conductive 186-3600). To meas-
ure the thermoelectric properties of the PEDOT:PSS layers, contacts with In/Sn
(95%/5%) were welded.

2.2.16. Hall effect

The Hall effect is the appearance of a voltage difference (Hall voltage, VH) across a
sample, transverse to an electric current in the material and to an applied magnetic
field perpendicular to the current as illustrated in Fig.2.18(a). The main equation
ruling this effect is:

RH = Ey
jxB

= VHt

IB
= − 1

ne
(2.16)

where RH is the hall coefficient, n the carrier density in cm−3, t the material
thickness. Ey and Bz are the electric and magnetic field, while jx is the applied
current density into the material

Hence, by obtaining the Hall coefficient we can determine parameters such
as the carrier density of the material which is needed to calculate other relevant
material properties as the magnetoresistivity, conductivity, sheet resistance, etc.
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Fig. 2.18: (a) Hall effect principle and (b) 4-probes Hall effect setup in Van der Pauw
configuration.

The experimental setup is based on the Van der Pauw configuration. With the
square contact distribution, as close to the edges as possible, a current is generated
to flow in one direction, for example IAB and the voltage across the perpendicular
direction is measured VCD, thus RAB,CD = VCD

IAB
= VC−VD

IAB
By reversing the polarity of the current and voltage through the different con-

tacts we can calculate Rvertical and Rvertical, minimizing errors.

Rvertical = RAB,CD +RCD,AB +RBA,DC +RDC,BA
4

Rhorizontal = RBC,DA +RDA,BC +RCB,AD +RAD,CB
4

(2.17)

For the particular case R = Rver. = Rhor. we can obtain the sheet resistance as:

Rs = πR

ln(2) (2.18)

If the thickness is known, we can obtain the resistivity, ρ, and therefore the con-
ductivity, σ = 1

ρ by solving the following equation:

e−Rhor.·
πd
ρ + e−Rver.·

πd
ρ = 1 (2.19)

To calculate Hall coefficient and, subsequently obtaining carrier density among
other parameters, measurements are repeated but in presence of a magnetic field
on the ẑ and −ẑ directions (Designated by P and N subindexes) such as VAC,P =
VC,P − VA,P . Therefore:

VAC = VAC,P − VAC,N
VBD = VBD,P − VBD,N
VCA = VCA,P − VCA,N
VDB = VDB,P − VDB,N

=⇒
{
VH = VAC + VBD + VCA + VDB

8
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Finally, we can determinate the value of the carrier concentration

ns = IB

q|VH |
(2.20)

The polarity of the Hall voltage is an indicator of the carrier type of the semi-
conductor. This means that, if positive, the main charge carrier consist of holes
what is referred to as saying that the material possesses p-type behavior, and if it
is negative, the material possesses n-type behavior, being the main charge carrier
electrons.

Van der Pauw configuration Hall effect measurements were performed at room
temperature using a Hall Ecopia AMP55T controlled with electronics HMS-7000
with 4 gold probes as shown in Fig. 2.18(b). This module allows to increase temper-
ature up to 350K and decrease using liquid N2 to approximately 120K. These meas-
urements have been obtained at the Physics of Electronic Nanomaterials Group´s
Laboratory, Materials Physics Department, Faculty of Physics, Complutense Uni-
versity of Madrid.

2.2.17. Gas sensing setup
As a proof of concept, PEDOT:PSS layers were evaluated as possible candidates
for chemiresistive gas sensing devices. For that purpose, PEDOT:PSS layers were
introduced into a sealed chamber where a gas carrier was introduced, and the
surface-response of the layer was measured. Experimental setup used for this work
is shown on Fig.2.19 and was designed by Dr. Javier Bartolomé to whom the
author express gratitude for his practical help. The system consists on eight valves
controlled by an programmable circuit board, which allows to open or close the
valves as desired, allowing the gas to enter the chamber or not. This gas will pass
through a blubber where the analyte gas to study (ethanol, water vapor) will start
to bubble and will flow to the chamber where the sample is placed and connected
to a Keithley 2400 to measure the changes on conductivity. The measuring process
is as follows.

1. A gas flow, referred to as carrier gas (Dry air, N2) will pass through the
system during variable time, often 1200 s. During this time oxygen will be
absorbed by the surface.

2. A mixed gas flow formed by the carrier gas and the analyte gas to study
will enter the chamber in which the surface of the sample and the previously
absorbed oxygen will react with the material. The duration of these cycles
were varied taking into account if the material is saturated or not in periods
of 300, 480 and 600 s.

3. During the same time span than for the previous sample, the analyte flow is
cut and only the gas is allow to pass. The cycle is repeated a few times.
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Fig. 2.19: Gas sensing setup.
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SnO2 nanoparticles doped with Li
or Ni
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Abstract: In this chapter, undoped and Li or Ni doped SnO2 nanoparticles
synthesized via hydrolysis are studied. Firstly, a morphological, structural and
compositional characterization was performed based on several techniques such as
XRD, Raman spectroscopy, EDS, ICP-OES, SEM, and TEM. Optical and electrical
properties were studied by PL and Hall effect measurements, respectively. Finally,
the electronic properties of the nanoparticles were analyzed by means of XPS, XAS
and resonant XPS in a synchrotron radiation facility. To conclude, the application
of these nanoparticles as anodes in Li-ion batteries were evaluated.





3.1. Synthesis, morphological, structural and compositional
characterization

This chapter includes adapted material from: A. Vázquez-López et al., Influence
of doping and controlled Sn charge state on the structural stability and perform-
ance of SnO2 nanoparticles as anodes in Li-ion batteries, J. Phys. Chem. C, 2020,
124, 34, 18490–18501[94].

3.1. Synthesis, morphological, structural and com-
positional characterization

SnO2 nanoparticles were synthesized via hydrolysis, as described in subsection 2.1.1.
Undoped and Li or Ni doped SnO2 nanoparticles were obtained by combining the
stoichiometric amounts of the selected precursors and mixed with vigorous agita-
tion at 50 ◦C into a basic medium. Distilled water was added and then it was left
for stirring 2h at 100 ◦C. The obtained mixture was rinsed and centrifuged until
reaching neutral pH. Finally, the dry powder was introduced into a furnace at 350
◦C for 20 h.

3.1.1. XRD characterization
XRD patterns from both undoped and doped (Li, Ni) SnO2 nanoparticles are
displayed on Fig.3.1. All the XRD patterns can be indexed according to the cassit-
erite structure of SnO2 ,which possesses a tetragonal unit cell and belongs to the
P42/mnm symmetry group, with lattice parameters close to a = b = 4.738 Å and
c = 3.186 Å (Inorganic Crystal Structure Database (file) (ICSD) nº: 00-001-0625).
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Fig. 3.1: XRD patterns of both undoped and (a) Li or (b) Ni doped SnO2 nanoparticles.
Peaks corresponding to SnO are marked with (♣) whereas peaks due to the sample holder
are marked with (*). Histograms correspond to the spectra of the ICSD file nº00-001-0625
corresponding to SnO2.

The XRD results confirm the high crystallinity of the as-synthesized nano-
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Chapter 3. SnO2 nanoparticles doped with Li or Ni

particles, even for those with the highest amount of dopants. Peaks from the pre-
cursors or different secondary compounds were not observed for Li doped samples.
For the undoped and the Ni doped SnO2 samples, a weak peak around 30◦ corres-
ponding to a small amount of romarchite SnO (ICSD nº: 01-072-1012) obtained
during the synthesis can be observed, as marked with (♣) in Fig. 3.1.

By using thermal treatment temperatures higher than that employed in this
work, 350 ◦C, the presence of SnO could be completely removed, although larger
SnO2 nanoparticles will be obtained instead. Peaks observed in 43.5-44.5◦ and 50◦
are due to the sampleholder, maked with (*) in Fig.3.1.

The broadening of the XRD peaks, mainly for the SnO2:Ni0.3 sample, indicates
the low dimensions obtained for the synthesized nanoparticles. No peak shift was
observed for the doped samples. The average crystallite dimensions (D) were es-
timated from the XRD patterns analysis by using the Scherrer formula shown in
eq.2.2. Results are displayed on Table 3.1.

Table 3.1: Size estimation of the undoped and doped SnO2 nanoparticles and the cor-
responding lattice parameters obtained from XRD analysis

Sample Size (nm) a(Å) c(Å) ratio c/a V3(Å3)
SnO2 10.45 ± 0.05 4.73(8) 3.19(4) 0.674±0.001 71.70±0.26
SnO2:Li0.2 9.76 ± 0.03 4.74(2) 3.18(3) 0.671±0.001 71.58±0.09
SnO2:Li0.3 11.19 ± 0.03 4.73(0) 3.18(6) 0.673±0.001 71.28±0.12
SnO2:Ni0.2 10.62 ± 0.05 4.73(3) 3.18(7) 0.673±0.001 71.40±0.19
SnO2:Ni0.3 7.29 ± 0.05 4.72(3) 3.16(4) 0.670±0.001 70.59±0.13

To obtain the cell parameters a and c, two planes with different Miller indexes
(101) and (200) were chosen from the XRD patterns and taking into account the
tetragonal structure of the unit cell:

1
d2
hkl

= 1
a2

[
h2 + k2 + l2

(a
c

)2
]

(3.1)

As observed in Table 3.1, the averaged dimensions of the crystallite sizes are
around 10 nm. The SnO2:Ni0.3 nanoparticles exhibit the lowest dimensions. Cell
parameters of the tetragonal structure (a and c) are also indicated in Table 3.1, as
well as the calculated cell volume (V = a2 · c [Å3])

3.1.2. EDS and ICP-OES characterization
To analyze the chemical composition of the sample under study, EDS measure-
ments have been performed. For that purpose, nanoparticles were deposited on
carbon tape over a Cu substrate. EDS measurements have been performed using
a SEM microscope with an electron beam of 15 kV and 1.5 nA.
Normalized spectra can be observed in Fig.3.2 for the SnO2 nanoparticles doped
with lithium or nickel, respectively.
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characterization

In both doped and undoped samples we can clearly observe emission lines at-
tributed O Kα1(range 0-1 keV) and Sn Lα, Lβ(range 3-4 keV). In some spectra
a weak contribution corresponding to the lines Kα1 and Kα2 from Cl can be also
appreciated, probably due to the use of Cl-containing precursors SnCl2·2H2O, LiCl
or NiCl2·6H2O to introduce the doping species. Nickel doped samples present Ni
peaks corresponding to Kα and Lα at 7.4 and 0.8 keV[83]. Inset in Fig.3.2(b) shows
detailed region between 7 and 8 keV, showing that the presence of nickel is different
in both samples.
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Fig. 3.2: Normalized EDS spectra acquired for undoped and (a) Li and (b) Ni doped
SnO2 nanoparticles. Inset in (b) shows detailed region between 6.5 and 8.5 keV. Figures (c)
and (d) show the SE and EDS mapping of Ni and Sn corresponding to samples SnO2:Ni0.2
and SnO2:Ni0.3

Quantification of the present elements were performed as described in subsec-
tion 2.2.3. The atomic ratio Sn/O is close to the theoretical one from SnO2 (33%
/66%) based on the individual values of such elements shown in Table 3.2.

To quantify the presence of Lithium in Li-doped samples, the technique used
was ICP-OES as this technique allows to detect light elements. Table 3.2 shows
the quantification results for ICP-OES for the samples SnO2:Li0.2 and SnO2:Li0.3.
For the sample SnO2:Li0.2 only 0.06 % at has been introduced. For the sample
SnO2:Li0.3 almost 1% has been introduced. Notice that the estimation obtained
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Table 3.2: Atomic percentages of Sn, O and Ni obtained by EDS and Li obtained by
ICP-OES

Technique (% at) SnO2 Li0.2 Li0.3 Ni0.2 Ni0.3

Sn 22.4 ±2.6 23.9 ± 2.7 21.2 ± 2.5 24.6 ± 2.9 21.7± 2.6

EDS
O 77.1± 4.7 75.6 ± 5.6 78.3 ± 5.2 74.2 ± 5.1 73.3 ± 5.0

Ni - - - 0.5 ± 0.1 3.8 ± 0.3

ICP-OES Li - 0.06 ±0.03 0.95 ±0.02 - -

through EDS for this samples does not take into account the presence of lithium
and slightly overestimate and oxygen content.

3.1.3. TEM characterization
Fig.3.3 shows the TEM images of the undoped (SnO2) and the doped nanoparticles
with the highest dopant concentration, SnO2:Li0.3, SnO2:Ni0.3, as representative
examples of the doped samples. As observed in the TEM images shown in Fig.3.3
the nanoparticles exhibit a rounded appearance and dimensions of 10 nm. Nano-
particle size was estimated from the TEM images, and the particle size dispersion is
presented on the corresponding histograms as inset of Fig.3.3(a)-(c). The estimated
averaged dimensions correspond to 10.8 nm for SnO2, 11.9 nm for SnO2:Li0.3 and
5.4 nm for SnO2:Ni0.3. These results are in agreement with XRD measurements,
which also indicated the lowest dimensions for the highest Ni doping and similar
size tendency. The corresponding SAED patterns, shown in Fig.3.3(d)-(f) confirm
the crystallinity of the undoped and doped SnO2 nanoparticles. The main crystal-
line planes obtained from the analysis of the SAED patterns are in agreement with
those observed in XRD: (110), (101) and (200) planes.
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Fig. 3.3: TEM images corresponding to (a) SnO2, (b) SnO2:Li0.3 and (c) SnO2:Ni0.3 nan-
oparticles. Insets show histograms with the average particle size distribution. (d),(e),(f)
shows their corresponding SAED patterns.

3.1.4. Raman spectroscopy characterization
Samples were studied in a confocal microscope Horiba Jobin Yvon LabRam Hr800
using a He-Cd laser λ = 325 nm as excitation source.

SnO2 belongs to the space group D14
4h, as shown in section 1.1, which normal

lattice vibration modes at the Γ point of the Brillouin zone are given by Γ = 1·
A1g + 1· A2g + 1· A2u + 1· B1g + 1· B2g + 2· B1u + 1· Eg + 3· Eu

[95]. This
representation presents two IR active modes (A2u, Eu), four Raman active modes
(A1g, B1g, B2g, Eg) and two inactive modes (A2g, B1u)[96].

Usually, the dominant Raman modes are Eg (∼490 cm-1), A1g (∼640 cm-1)
and B2g (∼760 cm-1). These vibrational modes are associated with the move-
ments of Sn and O, in particular, Eg is associated with the movement of O anions
along the c axis, while A1g and B2g are associated with elongation (expansion
and contraction) of O-Sn-O bonds and movement of the anions in a symmetric
and asymmetric manner, respectively, orthogonal to the c axis as represented in
Fig.3.4(a)-(d). Modification and activation of certain Raman modes can be pro-
moted by many factors such as the reduction of dimensions of the SnO2 lattice. To
observe the difference in the Raman spectra of the synthesized nanoparticles, they
were compared to the Raman signal from commercial SnO2 nanoparticles (Tin(IV)
oxide,-325 mesh, 99.9%, Sigma-Aldrich). Raman spectra of commercial and as-
synthesized nanoparticles are presented at Fig.3.4(e). Both spectra present main
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Fig. 3.4: Graphic representation of common rutile vibrational modes on SnO2 (a) E1g,
(b) E2g, (c) A1g and (d) B2g modes and (e) Raman spectra from commercial (Sigma-
Aldrich) and synthesized SnO2 nanoparticles. Inset in(e) shows the 225-725 cm-1 region
normalized to the A1g region for both samples.

contributions at around 240 cm-1, 460 cm-1 and 640 cm-1, which can be associated
with Eu(TO), Eg and A1g modes, respectively. Eu mode consists on the vibration
of both Sn and O atoms in the plane perpendicular to the c axis[29]. As observed
in Fig.3.4(e) Raman spectra for the obtained nanoparticles in comparison to com-
mercial nanoparticles are wider which can be attributed to the reduced size of the
nanoparticles.

In addition to these vibrational modes, other weak peaks at around 500 cm-1

and 690 cm-1 can be also observed in the Raman signal from the nanoparticles
as observed in Fig.3.4(e), which can be assigned to the IR active A2u(TO) and
A2u(LO), respectively. In particular, these modes appear due to the relaxation
of the selection rules owing to the reduced dimensions of the nanoparticles or
increasing lattice disorder. In this case the B2g mode is not observed for the
undoped SnO2 nanoparticles, contrary to the usual SnO2 Raman signal, possibly
because the presence of defects could hinder this vibrational mode. The position of
the main vibrational modes from the SnO2 nanoparticles and commercial samples
are indicated in Table 3.3. Positions obtained from Diéguez et al.[96] are also
included for comparison. As it can be observed on the Table 3.3, B2g is absent in
the synthesized nanoparticles and a shift on the Eg mode to lower wavenumber is
also observed in the synthesized nanoparticles.

Raman spectra for the undoped and doped nanoparticles are shown in Fig.3.5.
It is clearly noticeable that Raman spectra from SnO2 is strongly modified by
the presence of dopants. Li doping induces an increase in the relative intensity
of the Eg mode which dominates the corresponding spectrum for SnO2:Li0.2, as
shown in Fig.3.5(a). In SnO2:Li0.3, a decrease in the relative intensity of the Eg
and A2u modes can be observed, while the A1g mode increases and dominates the
corresponding Raman signal. Contrary to the rest of the samples, the B2g mode
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Table 3.3: Frequencies (cm-1) of the different vibrational modes observed for commercial
and synthesized SnO2 as compared with the literature[96].

Vibrational modes

Eu A2u

Sample TO LO Eg TO LO A1g B2g

SnO2 commercial nps 254.2 - 474.6 501.6 695.1 632.4 775.1
SnO2 synthesized nps 249.7 - 462.7 490.0 691.9 634.6 -

Diéguez et al.[96] 244 - 476 477 705 638 782

200 300 400 500 600 700 800 900 1000

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Raman shift (cm-1)

 SnO2:Ni0.3

 SnO2:Ni0.2

 SnO2

Eu (TO)

Eg
A1g A2u (LO)

  A2u

 (TO)

200 300 400 500 600 700 800 900 1000

EgEu (TO)

A2u (LO)

B2g

 SnO2:Li0.3

 SnO2:Li0.2

 SnO2

A1g

Raman shift (cm-1)

 A2u 
(TO)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

(a) (b)

Fig. 3.5: Raman spectra from undoped and (a) Li or (b) Ni doped SnO2 nanoparticles.
These spectra have been recorded with the UV laser as excitation source.

at around 780 cm-1 can be distinguished for SnO2:Li0.3. As previously stated,
this mode is related to comprising motions of O anions with respect to Sn cations
perpendicular to the c-axis.

Table 3.4: Frequencies (cm-1) of the different vibrational modes for undoped and doped
SnO2 nanoparticles as compared with the literature[96].

Vibrational modes

Eu A2u

Sample TO LO Eg TO LO A1g B2g

SnO2 249.7 462.7 490.0 691.9 634.6 -
SnO2:Li0.2 237.8 - 462.7 486.2 691.9 633.5 -
SnO2:Li0.3 251.9 - 476.8 - 699.5 630.3 769.4
SnO2:Ni0.2 234.6 - 462.7 487.6 688.6 633.5 -
SnO2:Ni0.3 - - - - - -

Diéguez et al.[96] 244 - 476 477 705 638 782
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Chapter 3. SnO2 nanoparticles doped with Li or Ni

On the other hand, the Raman spectra from nickel doped samples are presented
in Fig.3.5(b). Low Ni doping induces an increase in the relative intensity of the Eg
mode at 460 cm-1 and a decrease in the relative intensity of the A1g mode, which
allows to distinguish a weak contribution at around 600 cm-1. SnO2:Ni0.3 presents
a quenched signal and the modes are weakened.

3.2. Optical properties analysis
In this section the optical response of the doped and undoped nanoparticles are
studied based on different excitation sources, measuring photo luminescence (PL)
at RT (T=298 K) and cathodoluminescence (CL) at RT and lower temperatures
(down to to 120 K).

3.2.1. Photoluminescence
The luminescent properties of the SnO2 nanoparticles were analyzed by photolu-
minescence at room temperature using and UV laser (λ = 325 nm) as excitation
source, as shown in Fig.3.6. PL spectra were acquired using a D1 filter (as described
in subsection 2.2.9) and a confocal pinhole of 950 µm.

Fig.3.6(a) shows the PL spectra of the synthesized nanoparticles and commer-
cial SnO2. There is a shift on the main peaks on synthesized nanoparticles in
comparison with commercial nanoparticles. Moreover, the intensity of the former
is much lower.

Undoped SnO2 nanoparticles show a broad PL spectrum from the near-IR to
the UV range centered around 2.3 eV. Deconvolution of the PL signal to Gaussian
contributions has been performed after background subtraction which indicates the
presence of bands at ∼ 1.6 eV, 1.9 eV, 2.3 eV, 2.6 eV and 2.9 eV. Band at 1.6 eV
is omitted in the figure as it is near to the limit of detection of the CCD and near
to the laser modulations. Also, the presented SnO2:Ni0.3 is not normalized due to
low signal. The high relative intensity of the orange and green bands (1.9, 2.3 eV)
associated with oxygen vacancies confirms the presence of these native defects in the
probed SnO2 nanoparticles. The low energy band at 1.6 eV has been also reported
for doped SnO2 and could be attributed to intrinsic defects related to the presence
of Sn-interstitial defect level promoted by doping[97]. The high energy emission at
2.9 eV can be related to recombination of an electron from the conduction band
with a VO .[98]. These main emissions from SnO2 and their possible origin are
summarized in Table 3.5.
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Fig. 3.6: PL spectra from commercial and synthesized nanoparticles where inset shows
normalized photoluminescence spectra. Normalized PL spectra of undoped and (b) Li or
(c) Ni doped SnO2 nanoparticles.

Table 3.5: SnO2 luminescence bands, as proposed in the literature.

Name E (eV) λ (nm) Origin

Infrared band ∼ 1.6 ∼ 775 -Intrinsic defects promoted by doping which
mechanism could be explained by the pres-
ence of Sn-interstitial defect level.[97]

Orange band ∼ 1.9 ∼ 652 -Associated with defect states due to oxygen
vacancies[99], acting as a donor levels.

Green band ∼ 2.3 ∼ 539 -Normally associated with oxygen vacancies
with two adjacent oxygen atoms missing[100]

or to Self-Trapped Holes (STH).
Blue band ∼ 2.6 ∼ 476 -Transitions involving surface states.
Violet band ∼ 3.0 ∼ 427 -Associated with recombinations of an elec-

tron from the CB with vacancies VO .[98]
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Chapter 3. SnO2 nanoparticles doped with Li or Ni

3.2.2. Cathodoluminescence
Cathodoluminescence (CL) was measured using a SEM Hitachi S-2500 Microscope
at RT and lower temperatures using an acceleration voltage of 15 kV. Optical
properties of a semiconductor such as luminescence depends on the temperature.
This temperature variation will modify the electron-phonon interactions as well as
induce changes on the band structure of the material. At low temperatures, the
efficiency yield of radiative processes is increased versus the dominant non-radiative
processes at high temperature, therefore decreasing the temperature will enhance
the signal of the luminescence.

As observed in Fig.3.7, at RT commercial nanoparticles posses a wide emission
on the visible range, with a high green emission centered at ∼ 2.2 eV. Synthesized
nanoparticles however posses two clear shoulders where the blue band predomin-
ates. Li doped SnO2 presents luminescence mainly at ∼ 2 eV.
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Fig. 3.7: Normalized CL spectra at (a) 298K and (b) 120K corresponding to the doped
and undoped nanoparticles. The first spectra show the CL corresponding to the commer-
cial SnO2 nanoparticles as a reference.

The spectra corresponding to the CL signal at low temperatures are shown on
Fig.3.7(b). Commercial nanoparticles show a wide emission on the visible range,
with two clear shoulders and similar contributions of the orange and blue band.
Synthesized SnO2 nanoparticles show a predominately blue band at ∼ 2.5 eV. Li
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3.2. Optical properties analysis

doped SnO2 nanoparticles show a similar spectrum that undoped nanoparticles
with a main blue band contribution. Ni doped SnO2 luminescence is really weak.
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Fig. 3.8: Evolution of cathodoluminescence of undoped SnO2 nanoparticles as a function
of temperature. Inset shows linear fit to obtain the activation energy corresponding to
the emission band centered at 2.5 and 2.2 eV.

Fig.3.8 shows spectra acquired of SnO2 nanoparticicles obtained between 170-
250 K. It can be observed how the total CL signal is quenched when the tem-
perature of the sample increases, due to increasing non-radiative recombination.
Thus, this quenching of the total luminescent intensity could be explained with the
contribution of a non-radiative process which is thermally activated.

It can be also observed in Fig.3.8 that the temperature also affects the relative
intensity of each of the luminescence bands, which can be divided in three main
emissions, similar to the observed emission bands for photoluminescence which are
drawn on Fig.3.8 as orange (∼ 1.9 eV), green (∼ 2.2 eV) or blue (∼ 2.5 eV). At
low temperatures, a weak contribution at ∼ 3.0 eV appears as well. The origins
of these luminescence bands have been described on the previous section. This
intensity-temperature evolution of the aforementioned bands can be described by
Configuration coordinate model [101]:

I = I0

1 +A · e
−EA
kB ·T

(3.2)

Where I0 is the intensity at the lowest temperature, A is a pre-exponential factor,
EA is the activation energy (in meV), kB is the Boltzmann constant and T is the
temperature. This equation is often referred as the Arrhenius equation. Inset on
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Chapter 3. SnO2 nanoparticles doped with Li or Ni

Fig.3.8 shows the fitting to the Arrhenius equation of the blue band (i.e ∼ 2.5 eV)
which leads to an activation energy of 203±2 meV while the analysis of the green
band (∼ 2.25 eV) leads to an activation energy of 155±1 meV. The differences
between the activation energies is a clear indicator on the different mechanisms
involved in these emissions.

3.3. Electric characterization

3.3.1. Hall Effect

Hall effect measurements were performed on the samples in order to investigate
their electrical properties at room temperature. For that purpose, the nanoparticles
were pressed into pellets using a hydraulic press Mega KP30A and silver paint
contacts were prepared over the pressed pellets.

The calculated values corresponding to the conductivity and charge carrier con-
centration are shown in Table 3.6. SnO2 exhibits n-type conductivity, as indicated
with the negative sign on the carrier concentration, due to the formation of oxygen
vacancies and Sn interstitial defects, which energy levels are close to the conduc-
tion band[102]. SnO2 doping with different elements, such as Sb as an example, can
increase the n-type behavior. This is due to the introduction of donor centers near
the CB, and this leads to charge carrier concentrations up to 1020 cm-3 .

Table 3.6: Variation in the charge carrier concentration and the conductivity of the
undoped and doped SnO2 nanoparticles..

Sample
D

(µm)
σ

(S · cm−1)
∆n

(cm−3)
SnO2 700 (2.91±0.78)·10−1 (-4.58±0.73)·1017

SnO2:Li0.2 800 (4.56±0.58)·10−1 (-2.65±0.20)·1017

SnO2:Li0.3 1100 (2.00±0.15)·10−5 (-1.59±0.29)·1012

SnO2:Ni0.2 1650 (1.13±0.01)·10−2 (-5.94±0.34)·1015

SnO2:Ni0.3 1600 (1.18±0.16)·10−5 (-1.34±0.35)·1011

Undoped SnO2 sample shows averaged conductivity of 2.91·10-1 S·cm-1 and
carrier concentration of 4.58 1017 cm-3, which is in accordance with typical values
around 1017 -1020 cm-3 reported for SnO2 nanoparticles[46,94]. Low Li or Ni doping
either improves or decreases, respectively, the corresponding electrical conductivity
values. In particular, the sample SnO2:Li0.2 shows the highest conductivity value.
By increasing the dopant concentration, a lowering of the conductivity is caused
both for Li and Ni doping. In that case, values around 10-5 S·cm-1 were obtained
for SnO2:Li0.3 and SnO2:Ni0.3.
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3.4. Electronic characterization

3.4.1. XPS
XPS spectra were calibrated using the C(1s) core level from adventitious carbon
at 284.6 eV. After Shirley background correction, Voigt functions were used for the
deconvolution of the spectra. In Fig.3.9 XPS surveys for (a) Li doped and (b) Ni
doped samples are represented. XPS spectrum from undoped SnO2 is also included
in Fig.3.9(b) as a reference. For the Li doped nanoparticles a beam photon energy
of 253 eV was used in order to observe Li(1s) core level, whereas for undoped and
Ni doped SnO2 a photon beam energy of 650 eV was employed.
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Fig. 3.9: XPS surveys from (a) Li and (b) Ni doped SnO2 nanoparticles acquired with a
beam energy of 253 and 650 eV, respectively. In (b) survey from undoped SnO2 is shown
for comparison.

Fig.3.10 shows the Sn (3d5/2) and (3d3/2) core levels from the analyzed samples,
for both undoped and doped (Ni, Li) samples, Sn (3d5/2) and (3d3/2) contributions
appear at binding energies about 486.8 eV and 495.2 eV[89], respectively, with an
energy difference around 8.41 eV with binding energies corresponding to the main
charge state of Sn4+ in rutile type SnO2

[103,104].
Voigt fitting of the Sn (3d5/2) is displayed on insets of Fig.3.10 in which one

only contribution at 486.8 eV due to Sn4+ in rutile SnO2
[104] can be observed both

for undoped and doped (Ni, Li) SnO2 nanoparticles. Some works[105]commonly
reported an unavoidable presence of a Sn2+ contribution at lower binding energies
in the XPS spectra from SnO2, which is usually related to regions with electronic
environment similar to SnO due to a high oxygen deficiency. In this case, neither
the presence of Ni nor Li doping induces reduced states of Sn, at least within the
detection limit of the technique, and only Sn4+ is observed in the XPS study, which
confirms the high crystalline quality of the as-synthesized SnO2 nanoparticles, even
for the highest amount of doping.

Fig.3.11 shows the O(1s) core levels for undoped and doped samples. The spec-
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Fig. 3.10: XPS Sn(3d) core levels from undoped and (a) Li or (b) Ni doped SnO2
nanoparticles acquired with a beam energy of 650 eV. Deconvolutions corresponding from
Sn(3d5/2) core level from SnO2 and SnO2:Ni0.3 are shown in the inset in (a) and in (b).

tra can be deconvoluted in two main contributions named as OI and OII centered
at 530.6 eV and 531.7 eV, respectively. A third contribution at higher binding
energies named OIII centered at 533.4 eV is observed for Ni doped samples. First
contribution is due to oxygen in SnO2 lattice, while the latter, at higher binding en-
ergy, is associated with the presence of adsorbed oxygen at the surface and oxygen
deficiency[103]. This second contribution and the contribution at higher energy, are
often wider and can be attributed to other oxygen species. In some works the high
energy peak is also associated with the presence of –OH groups[29]. The relative
intensity of the OI contribution at 530.6 eV due to lattice oxygen decreases with
the addition of both Ni and Li dopants, as observed in Fig.3.11.
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Fig. 3.11: XPS O(1s) core levels from undoped and (a) Li or (b) Ni doped SnO2 nano-
particles acquired with a beam energy of 650 eV. Deconvolutions corresponding to O(1s)
core level from SnO2 and SnO2:Ni0.3 are shown in the inset in (a) and in (b).
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The Li(1s) core levels from the Li doped SnO2 samples are shown in Fig.
3.12(a). The XPS spectra are centered at around 55 eV, which corresponds to
Li+, thereby confirming Li presence on the samples surface. XPS spectra in Fig.
3.12(a) are not normalized, hence based in the comparison of the corresponding
Li(1s) intensity ratio, Li concentration is lower for the SnO2:Li0.2 as expected, in
agreement with the ICP-OES measurements. In particular, the Li(1s) core level is
centered at 54.96 eV for the sample SnO2:Li0.2 and at 55.34 eV for SnO2:Li0.3. This
shift in the binding energy from Li(1s) could be due to the variable incorporation of
Li in the SnO2 lattice, as interstitial and/or substitutional[106,107], being this vari-
able incorporation relative to the amount of dopant. This effect is in agreement
with the Raman and PL results, as will be discussed later in section 3.6. Based on
these results, interstitial Li could be promoted by low Li doping, while higher Li
doping would also induces substitutional Li.
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Fig. 3.12: XPS core level (a) Li(1s) and (b) Ni(3p) from Li-doped and Ni-doped SnO2
nanoparticles, respectively, acquired with a beam energy of 650 eV for Ni(3p) and beam
energy of 253 eV for Li(1s).

Fig.3.12(b) shows the Ni(3p) core level for SnO2:Ni0.3 in which the splitting
of Ni(3p) into Ni(3p1/2) and Ni(3p3/2) can be observed. Ni(3p) core level for
SnO2:Ni0.2 is not represented due to the low signal as nickel concentration is lower.
Peaks centered at 67.4 eV and 69.2 eV can be attributed to the main presence
of Ni2+, while the contributions at higher energy could be partially assigned to a
lower amount of Ni3+[108]. The proposed peaks match with the position, doublet
separation and intensity of a doublet due to spin orbit interaction. This result
confirms that Ni is incorporated with a variable oxidation state in SnO2, although
due to the complexity of the Ni(3p) signal, Ni quantification is avoided in this case.

The valence band region of the samples under study is composed of three main
contributions centered at ∼5 eV, 8 eV and 10.5 eV, as shown in Fig.3.13. The low
energy bands at 5 and 8 eV correspond to the O(2p) states and hybridization from
the O(2p) and Sn(5p) orbitals, respectively, as commonly reported for SnO2

[109].
The shoulder at ∼10.5 eV can be related to the hybridization between the O(2p)
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and Sn(5s) orbitals[110]. Only for the samples with the highest amount of dopants,
a decrease in the position of the Fermi level with respect to the maximum of
the valence band was observed, as compared with undoped SnO2. The EF-EVBM
decreases about 0.2 eV and 1.2 eV for the samples doped with Li (x = 0.3) or Ni
(x = 0.3), respectively. Hence lower n-type character can be induced by Li or Ni
doping (x = 0.3) at the surface.
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Fig. 3.13: Valence band region of SnO2 and doped (Li,Ni) SnO2 samples.

3.4.2. XAS
Surface sensitive XAS measurements in total electron yield (TEY) were performed
in order to study the electronic structure of the samples.

Fig.3.14 shows the Sn M5,4 edge of the undoped and doped (Ni, Li) SnO2 nan-
oparticles. The features observed in the corresponding XAS spectra correspond
to rutile SnO2. The Sn M5,4 edge consists of two groups of peaks in the region
490-496 eV and 498-504 eV and a pre-peak at 487 eV. The first peaks (M5) cor-
respond to Sn(3d5/2)→Sn(5p) transitions, while the latter peaks (M4) are due to
Sn(3d3/2)→Sn(5p) transitions. M4/M5 ratio is slightly enhanced for the nano-
particles with higher concentration of dopants. Sn M5,4 is less resolved than O
K-edge because of the relatively small M4,5-edge cross section with respect to the
O K-edge[72]. The first set of triplets is more sensitive not only to the local atomic
structure and O-coordination but also with the valence state of Sn atoms[72,111].
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The latter peaks are attributed to M4−edge resonances, characteristic of rutile
SnO2

[42].
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Fig. 3.14: XAS spectra showing Sn M5,4 edge from undoped and (a) Li or (b) Ni doped
SnO2 nanoparticles.

Fig.3.15 shows the O-K edge from the analyzed samples originated from the
electronic transitions from the O(1s) core level into the unoccupied electronic states
above the Fermi level; i.e., the O K-edge spectrum measures the O-related p-
projected states in the conduction band[42]. The first peak ∼533.6 eV (labeled as
x) can be assigned to the ag resonance. This spectral feature appears due to the
hybridization of O(2p) orbitals with the Sn(5s) orbitals and forms the bottom of
the conduction band. The second high energy peak ∼539.5 eV (y) corresponds to
the bu resonance and originates due to the hybridization of O(2p) orbitals with Sn
(5p) orbitals. Among those peaks we can distinguish two low intense shoulders at
∼536.3-537.8 eV (u, v), which are due to the b1u and b2u bands and their appearance
is related to surface defects, e.g., oxygen deficiency. The higher energy features at
550 eV- 570 eV, are due to the hybridization of O(2p) orbitals with Sn(5d/4f)
states.

The XAS spectrum corresponding to the Ni L3,2-edge from the sample SnO2:Ni0.3
is shown in Fig.3.16 formed by L3 (2p3/2 → 3d) and L2 (2p1/2 → 3d) trans-
itions[112]. In our case, peak positions are placed for the L3-edge at 852.9 eV and
for L2–edge at 870 eV. From the spin-orbit splitting, peak positions and intensity
are in reasonable agreement with a Ni2+ oxidation state. As the concentration of
lithium is low, the Li K edge was not observed for the probed samples.
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Fig. 3.15: XAS spectra showing O-K edge from undoped and (a) Li or (b) Ni doped
SnO2 nanoparticles.
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Fig. 3.16: XAS spectrum showing Ni L3,2 edge corresponding to the sample SnO2:Ni0.3.

3.4.3. RPES

In order to better understand the states in the valence band closer to the Fermi
level, Resonant PhotoEmission Spectroscopy (RPES) was employed. RPES provides
element-specific information on electronic states in the valence band. The electronic
states can be enhanced when the incident photon energy is slightly higher than the
binding energy of the selected core level[113,114]. On-resonance RPES, spectra for
Ni and Li states were acquired using energies of 852.9 eV for SnO2:Ni0.3 and 59
eV for SnO2:Li0.3 (based on the XAS measurements shown in Fig.3.16). For the
off-resonance XPS spectra energies of 848 eV and 50 eV, respectively, were used.

Fig.3.17(a) indicates that there are no clear Li-related states which resonate
in the valence band region for SnO2:Li0.3, as both on-resonance and off-resonance
spectra are similar.
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On the other hand, differences can be appreciated in the region closer to the
Fermi level from the SnO2:Ni0.3 sample (Fig.3.17(b)) due to Ni-related states which
resonate, thus showing higher relative intensity due to the enhanced absorption at
852.9 eV, as enlarged in the inset. The O(2p)-Ni(3d) hybridization could be related
to the increase in the relative intensity of the contribution around 8 eV[115].
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Fig. 3.17: (a)Valence band spectra of the sample SnO2:Li0.3 acquired under conditions
of off-resonance (Eν = 50 eV) and on-resonance (Eν = 59 eV) and (b) Valence band
spectra of the sample SnO2:Ni0.3 acquired under conditions of off-resonance (Eν = 848
eV) and on-resonance (Eν = 852.9 eV) according to the Ni-L3,2 edge XAS spectrum.

3.5. Applications in Li-ion batteries

The implementation of the SnO2 nanoparticles as anodes in ion Li-batteries was
performed at Enwair Energy Technologies Corp., Istanbul Technical University,
Istanbul Turkey supervised by Dr. Neslihan Yuca. In order to study the possible
use of the undoped and (Li, Ni) doped SnO2 nanoparticles as electrodes in batteries,
battery cells were prepared and assembled. For the cell preparation, Celgard 2400
separator obtained from Celgard and Poly(Acrylic Acid) (PAA), (Mw: 450.000,
Sigma-Aldrich) was utilized as binder. Lithium-ion electrolyte was purchased from
BASF, which includes 1.2 M lithium hexafluorophosphate (LiPF6) in Ethylene
Carbonate (EC), DiEthyl Carbonate (DEC) (EC/DEC = 3:7 by weight), and 30%
by weight of FluoroEthylene Carbonate (FEC) were added. After testing differ-
ent compositions for the electrode, the results presented here correspond to SnO2
based active materials, binder, and Carbon Black (CaB) mixed in water with the
optimized weight ratio of SnO2 nanoparticle/(PAA)/CaB = 70/20/10 for 3 hours.
Slurries were coated on copper foil by using a doctor blade. After electrodes dried,
they were cut as disk for coin cell assembling. They were placed under a controlled
atmosphere in the glovebox overnight and further dried in the vacuum oven at 90◦C
for 12 h to completely remove the water. Fig.3.18(a) shows the specific capacity
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Fig. 3.18: (a) Specific capacity values upon cycling from LiB with anodes based on
undoped and doped SnO2 nanoparticles and (b) calculated couloumb efficiency. Inset in
(a) shows detailed region of specific capacity between 300-750 mAhg-1.

upon cycling from the LiB with anodes based on the undoped and doped nano-
particles. For all the samples, high initial capacity values were achieved, followed
by stable capacity profiles around 500 mAhg-1. These apparently high capacity val-
ues could be understood due to the small size of the employed nanoparticles[116],
as confirmed by XRD and TEM, as well as due to the highly conductivity and
high mobility of the blend. The nanoparticles used in this work offer short dis-
tances for charge carriers diffusion and are able to better withstand the volume
change, hence improving the capability, although nanoparticles aggregation after
several cycles can also lower the cyclability. Actually, J. Chen[117] reported that
10 nm is the critical size to prevent pulverization and aggregation of nanoparticles
which degenerate the electrochemical performance in LiB. According to the res-
ults shown in Fig.3.18, SnO2 based cells exhibit an initial specific capacity of 1644
mAh/g while SnO2:Li0.2, SnO2:Li0.3, SnO2:Ni0.2 and SnO2:Ni0.3 based cells show
initial specific capacity values of 1690, 2057, 1718 and 2507 mAhg-1, respectively.
Therefore, high initial capacity values were obtained in this work for the samples
with the highest dopant concentration, for example for SnO2:Li0.3, which could be
associated with the improved initial Li intercalation and subsequent alloy forma-
tion in these samples[118]. Similar results of Nickel-doped SnO2 based anodes[119]

have been measured with other binders, showing high initial specific capacity but
a decrease over time. However, the cells based on anodes with the highest doping
also exhibit the main decrease in the initial capacity after the first cycles Fig.3.18.
As observed in Fig.3.18(b) couloumbic efficiency is close to 100% what confirms
the good electrochemical performance of the obtained anodes.
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3.6. Discussion
The synthesis of SnO2 has been widely studied in the scientific literature. There
are many different methods to synthesize high-quality nanoparticles such as hy-
drothermal[120] sol-gel[45,95,121], Chemical Vapor Deposition (CVD)[99,122], co- pre-
cipitation[42,43,53,123], laser pyrolysis or synthesis methods based on polymeric pre-
cursors[124], among others. Significant efforts have been made in the optimization
of the synthesis methods leading to SnO2 with controlled dimensions, morphology
and concentration of dopants. Actually, doping with Li and transition metals (such
as Ni) can lead to variations in the SnO2 electrical conductivity and the optical
absorption[53,54]. In addition, incorporation of dopants can also alter the synthesis
process favoring or hindering the growth of nanoparticles and the formation of
defects[125,126]

SnO2 has dragged an on-going attention in the energy related industry mainly
as a Li-[94,118,127] or Na-ion[128] based anodes either composed of SnO2 itself or
its composites with organic counterparts, mainly due to the ability of inserting
lithium and its great electrochemical behavior, being abundant, low-cost, envir-
onmental friendly and safe during performance[127]. A continuous research on the
improvement of the capacity and performance/cyclability of LiBs, for which dif-
ferent materials and strategies are considered such as reducing sizes to the nano-
scale,[129,130] controlling the morphology and aspect ratio,[131] using nanocompos-
ites materials,[132] or doping with different elements[15,126] is currently undergoing.
Li doped SnO2 has demonstrated promising performance in Li-ion batteries based
on the enhanced lithiation and insertion-disinsertion of lithium. Moreover, the use
of some other metal dopants can also improve the battery response. Questions
remain such as how lithium is incorporated into the lattice, both on substitutional
or intersititial positions[106,107]. Some authors[15,126] exposed that the use of iron
or cobalt doped SnO2 involves good specific capacity and enhanced coulombic ef-
ficiency. This interest goes far beyond the applicability on Li-ion batteries, as in
the last decade it has been an interest in obtaining p-type conductivity for semi-
conductors, such as SnO2, which are natively n-type. Different authors claim to
have obtained p-type conductivity[133], assumption that remains as a controversial
issue.

Herein, the use of both Li doped SnO2 and Ni doped SnO2 has been evaluated
in order to assess the role played by these dopants in the modification of the SnO2
properties and the performance of LiB devices. Both Li or Ni doped SnO2 has
not been extensively studied in depth yet, contrary to other dopants such as Sb.
Previous reports on Li doped SnO2

[125] has shown potential in LiBs as previously
mentioned. Also, Ni doped SnO2 has been used as many other dopants to modify
optical response, which has been limited to applications such as to gas sensing[124]

due to the band narrowing obtained through doping[54] which has also been ex-
ploited in photocatalysis.

The synthesis method employed in this work is adequate to obtain high crys-
talline SnO2 in rutile phase with homogeneous dimensions as it has been observed
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by means of XRD and TEM. Small size and high quality of the nanoparticles are
obtained. By using this method is clear that the conditions have to be carefully
controlled in order to achieve high control of the final product.

As observed in Table 3.1, undoped SnO2 nanoparticles show averaged crys-
tallite dimensions around 10 nm. Slight changes were detected in the estimated
crystallite sizes as a function of the doping. This effect is more noticeable for the
case of the Ni doped nanoparticles for which the crystallite dimensions decreases
down to 7.29 nm for the nanoparticles with the highest amount of Ni (SnO2:Ni0.3).
Previous studies indicated that the inhibition or promotion of the growth kinetics
of nanoparticles depends on the precursors used during hydrolysis, which could
retard the kinetics of the growth process, as also reported for other doped SnO2
nanoparticles[53]. The size of the SnO2 unit cell slightly decreases with the incor-
poration of both Li and Ni, although the decrease in the lattice parameters is higher
for Ni doping. Considering the ionic radii of Li+ and Sn4+ in octahedral coordin-
ation and high spin configuration (RLi+ = 0.59 Å, RSn4+ = 0.71 Å)[134] this effect
can be due to the incorporation of Li+ as substitutional of Sn4+ ions. The ionic
radius of Ni2+ is similar to that from Sn4+ (RNi2+ = 0.69 Å)[135] hence in this case
partial incorporation of Ni as Ni3+, with a lower radius than Ni2+, should be also
considered. Both Li or Ni incorporation does not modifies cell parameters strongly.
This could be attributed to the aforementioned similar relative relation of the ionic
radii of the dopant respective to the tin in octahedral configuration. Compared
with other synthesis methods, hydrolysis is the least costly in terms of effort and
time. With this method we have therefore obtained crystalline nanoparticles, as
well as efficient insertion of the doping and a large amount of material, since the
synthesis has a very high yield. The synthesis procedure could avoid the formation
of SnO by increasing the calcination temperature or time, but most likely will end
with slightly higher nanoparticles, which for this work was unintended.

Raman spectra assures the nature of rutile type SnO2 nanoparticles obtained
for both doped or undoped materials, although it shows complex behavior with
dopant addition. Incorporation of Li in the SnO2 lattice in a low concentration
promotes vibrational modes related to motion of O along the c- axis (Eg), while
a higher amount of Li induces an increase in the vibrational modes perpendicular
to the c-axis (A1g and B2g, respectively). Moreover, the appearance of the B2g
mode only in the samples with the highest amount of Li can be associated with
a decrease in the concentration of lattice defects, which mitigates this vibrational
modes.

Samples doped with Ni show a more complex contribution around 240 cm-1

together with weak modes at 300 and 340 cm-1. These modes could be related to
TO (and even LO) Eu modes, which is triple-degenerated. For high nickel doping,
a less defined Raman signal is obtained, with a decrease on the relative intensity
of certain modes as Eg or A1g, which are still detected. A higher concentration of
defects on the SnO2:Ni0.3 nanoparticles, which are also the particles with smaller
crystallite size, can be related to the decrease of the corresponding Raman signal.
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Sn4+ substitution by Ni2+, with similar ionic radii (RNi2+ = 0.69 Å, RSn4+ = 0.71
Å), is commonly reported for Ni doping, although the presence of Ni3+ should be
also considered in this case, in agreement with XRD measurements, thus inducing
variable structure of defects in SnO2 in order to achieve charge balance. Vibra-
tional modes related to secondary phases or ternary compounds (e.g. Li2SnO3)
have not been observed, within the resolution of the technique.

To unambiguously observe and analyze the presence of the dopants mainly two
different techniques were used: EDS to observe Ni and ICP-OES to observe Li
presence. EDS analysis shows that the ratio Sn/O is consistent in all samples
and that Ni is clearly well distributed over the doped sample which assures that
the procedure allows good homogeneity. Ni concentration varies for the different
concentrations from 0.49 to 3.84 % at. in SnO2:Ni0.2 and SnO2:Ni0.3 respectively
which can be perfectly observed on both the EDS spectra and mapping, presented
on Fig.3.2.

Furthermore, Lithium has been also quantified with both ICP-OES and ob-
served, but only relatively quantified via XPS. As observed in Table 3.2 lithium
concentration varies from 0.06 to 0.95 % at. for SnO2:Li0.2 and SnO2:Li0.3, re-
spectively. These values are in agreement with the relative difference observed
for those samples on the corresponding Li(1s) core level by XPS. Because of this,
hydrolysis can be established as a good method to obtain Li doped samples with
dopant control until a certain extent. However, XPS does not distinguish between
different atomic positions and it is limited only to the surface of the sample. As
previously mentioned, some authors point out that Lithium is incorporated as in-
terstitial, whereas others assure that is substitutional[106,107]. This is confirmed in
both ways with first principle calculations, which also differ in interstitial[52] or sub-
stitutional[136] positions accordingly to the similar ionic radii previously described.
On top of that, theoretical studies point out that higher lithium concentrations
could increase also particle size[137] due to migration of Lithium to the surface of
the nanoparticles, which could explain the slight changes on the nanoparticles sizes,
as function of the dopant concentration.

Optical characterization based on PL has been performed on the undoped and
doped nanoparticles. Dopant effects can be associated with the differences ob-
served on the corresponding luminescence signal. SnO2 characteristic luminescence
exhibits a wide band covering the VIS region, from NIR to UV. Normally, it can be
deconvoluted to 4-5 bands, as described in Table 3.5. Full information about the
Gaussian deconvolution can be observed in Table 3.7 where the energy center of
each band as well as the FWHM and the relative area (relative, %) are described.

Total PL signal is also affected by doping. Variable Li doping leads to changes
in the SnO2 luminescence signal. Either a decrease or an increase of the relative
intensity from the bands, related to oxygen vacancies, was induced by low or high
Li doping, respectively. Hence, different incorporation of Li into the SnO2 lattice,
as well as related defects, should be promoted as a function of the amount of Li,
in agreement with the analysis of the Raman signal. Actually, incorporation of Li
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Table 3.7: Peak deconvolution of the normalized PL spectra.

Sample
Position

(eV)
FWHM

(eV)
Relative area
(%, arb units)

SnO2

1.93 0.422 24.7
2.27 0.443 50.1
2.53 0.530 18.8
2.98 0.388 6.3

SnO2:Li0.2

1.93 0.383 11.6
2.30 0.446 58.6
2.52 0.395 17.5
2.90 0.379 12.3

SnO2:Li0.3

1.93 0.432 34.2
2.28 0.438 52.6
2.53 0.405 9.0
2.89 0.331 4.2

SnO2:Ni0.2

1.98 0.434 23.1
2.29 0.422 57.2
2.60 0.503 17.4
2.99 0.277 2.3

SnO2:Ni0.3

1.64 0.431 23.2
2.26 0.648 56.1
2.90 0.800 20.7

in substitutional Sn4+ sites can induce formation of oxygen vacancies to maintain
charge neutrality, whose related emission is enhanced for SnO2:Li0.3.

Doping with a low amount of Ni only induces slight changes in the correspond-
ing PL signal, dominated by the green emission (2.25 eV), with respect to undoped
SnO2. However, by increasing the amount of Ni a drastic quenching of the lumines-
cence is observed. This dopant effect on the luminescence is known as killer effect,
characteristic of the transition metals of the Fe group, highlighting a strong effect
for the Ni2+ ions[138]. Hence, the decrease of the emission intensity for SnO2:Ni0.3
may be a result of the formation of a large number of non-radiative recombination
centers by Ni incorporation[139].

Complementary to PL measurements, CL results give an insight on the radiat-
ive luminescent transitions of the synthesized samples. The observed emissions at
1.9, 2.2 at 2.5 eV (orange, green or blue) have been reported as the main lumines-
cence bands of SnO2

[99] associated, respectively, for the former contribution with
the presence of oxygen vacancies, for the green also related with the presence of
oxygen vacancies and the blue band with the presence of other structural or stoi-
chiometric defects. It should be noted that the commercial nanoparticles present
a high energy contribution at 2.9 eV which resembles the violet band observed
in photoluminescence. CL of the doped nanoparticles at RT is really weak. At
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120K it is observable, Li-doped nanoparticles posses a dominant blue band and to
a lesser extent an increase in the green band, which is also associated with the pres-
ence of oxygen vacancies. These results point out to that Li-doping increasing the
oxygen-vacancies related defects, which also agrees with PL. Ni-doping quenches
strongly the luminescence which could be related as previously mentioned killer
effect. At 120K apparently, there is a presence on both samples of the blue band,
while for SnO2:Ni0.3 the orange band dominates. Compared with the commercial
nanoparticles, our synthesis method produced particles with a higher concentra-
tion of surface defects and oxygen vacancies. As suggested by different authors, the
green band (often placed 2.25-2.48 eV) evolution with respect of the temperature
could be analyzed with a coordinate-configurational model[99]. CL spectra for the
undoped SnO2 sample was acquired between 174-252 K. Inset on Fig.3.8 shows the
fitting to the Arrhenius equation of the blue band (i.e ∼ 2.5 eV) and the green
band (i.e ∼ 2.25 eV), which clearly have different slope indicating that not only
the activation energy is different, also pointing out that the mechanism related to
both emissions are different.

Electric properties of the synthesized nanoparticles were measured using Hall
effect. For that purpose, nanoparticles were pressed under the same conditions
into pellets. Hall effect results show that SnO2 exhibits n-type conductivity, as
expected, which is maintained even with the presence of dopants. The n-type
nature of SnO2 is commonly associated with the formation of oxygen vacancies
and Sn interstitial defects, which energy levels are close to the conduction band[102].
SnO2 doping with different elements, such as Sb as an example, can increase the
n-type behavior as it has been commented before. This is due to the introduction
of donor center near the CB, and this lead to concentrations up to 1020 cm-3[46].

In this case undoped SnO2 sample shows averaged conductivity of 2.91 · 10−1

S·cm-1 and carrier concentration of 4.58 · 1017 cm-3. Conductivity mechanism of
SnO2 is often studied in thin films. As nanoparticle material, conductivities are
usually in the order of 10−1 or 10−2 S·cm-1[140] while carrier concentration ranges
between 1017-1020 cm-3[46]. The increase of conductivity in SnO2 is often related
to an increase on the concentration of oxygen vacancies. However at the nanoscale,
some aspects related to the interface-related processes, hopping mechanisms or
percolation effects should be also considered[45].

Low Li or Ni doping either improves or decreases, respectively, the correspond-
ing electrical conductivity values. In particular, the sample SnO2:Li0.2 shows a
slight increase of the conductivity value. This is in accordance with others au-
thors observations with similar lithium concentrations[50]. However, by increasing
the dopant concentration, a lowering of the conductivity is caused both for Li and
Ni doping. The incorporation of Li and Ni dopants in the amounts considered in
this work does not give rise to p-type conductivity, although some compensation
effect on the conductivity is observed for the nanoparticles with the highest con-
centration of Li and for both Ni doped samples, showing a reduced conductivity
when compared with the undoped sample. This compensating effect is in agree-
ment with the reduced n-type character detected by XPS results on the valence
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band measurements for Li(x=0.3) and Ni(x=0.3) doped samples. Theoretical DFT
calculations[136]also support that Li acts as a donor when incorporated as a in-
terstitial, which could explain the small increase in the conductivity for sample
Li (x=0.2), whereas it acts as an acceptor when incorporated as a substitutional
atom in the SnO2 lattice compensating the carriers in the SnO2 and reducing the
conductivity for Li (x=0.3) sample. Therefore in this work, Li could be incorpor-
ated as an interstitial for low contents, whereas for higher contents substitutional
positions could be preferred.

Electronic structure and surface properties of the samples were studied using
photoelectron spectroscopies. By measuring the Sn(3d) core level it was observed
that, despite the small amount of SnO detected by XRD in the samples, in this case
contributions from Sn with oxidation states lower than Sn4+ were not detected,
which could be due to the surface sensitivity nature of XPS rather than XRD.
Moreover other possibilities can be contemplated as a possible SnO/SnO2 core
shell structure formed in some nanoparticles due to the easy oxidation of SnO, or
the low presence of SnO-like domains in intergranular regions could be considered.
Either way, presence of SnO should be very weak and most of the nanoparticles
correspond only to SnO2, as confirmed by XPS. This single-Sn valence was observed
for all the different samples, regardless of the dopant presence.

O(1s) deconvolutions show different behavior with increasing doping. Thereby,
in this case higher dopant concentration induces an increase in the OII/OI ratio,
for both the Li and Ni doped SnO2, which can be related to a slight increase in
the concentration of oxygen vacancies at the surface of these doped nanoparticles
as well as, in the case of SnO2:Ni0.3 nanoparticles an enhanced oxygen adsorption
due to their lower dimensions and higher surface-to-volume ratio, as demonstrated
by XRD and TEM.

A detailed study of the Ni(3p) core level could provide information on the
oxidation state of the nickel. However, the decomposition of the spectrum into
different contributions and their association with the different oxidation states of
nickel is still debatable. It should be noted that the fitting at higher energies with
the proposed peaks is not matching completely the total XPS signal, as the region
of higher energies could contain satellite peaks[141]. Atomic multiplet splitting and
charge transfer effects could contribute to satellite peaks about 5 to 6 eV from the
Ni(3p) main peaks[142], which in this case have not been added to the deconvolution
for the sake of clarity. Still, some controversy remains about the multivalence of
Nickel analysis in Ni(3p) spectra, as some authors attribute peaks between 67 and
69 for both Ni2+ and Ni3+[143], while in some other cases only Ni2+ is considered.
In this case, the Doublet Separation (DS) is in accordance with the bibliography[89]

of around 1.8 eV for Ni2+.
In the VB region observed by XPS, the Fermi level is shifted towards the VB

minimum ∼ 0.2 eV for the sample of SnO2:Li0.3 as compared to SnO2. Sub-
stitutional Li is considered to be promoted by increased Li doping acting as an
aceptor and thus leading to lower n-type character of the samples. As suggested by
XPS measurements, similar phenomena have been previously reported for Li doped
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SnO2
[125] indicating a substitutional incorporation of Li atoms in SnO2. This ef-

fect is accentuated in the case of Nickel where the shift is ∼ 1.2 eV. Reduction of
Ni3+ to Ni2+ by capturing a free electron could be associated with the lower n-type
character observed for the Ni (x=0.3) doped samples.

From XAS spectra of the Sn M5,4 edge, the expected peaks corresponding to
rutile tin oxide were observed. To clarify subtle changes induced due to dopant/de-
fects can be related with the area under XANES/XAS spectra, as these features
have been found comparable with the unoccupied partial density of states[42]. De-
convolution of the first two peaks of the first triplet (labeled r and s) in Fig.3.14,3.19
and particularly, increase on the relative intensity of r indicates formation of unoc-
cupied p/f density of states upon doping. Maximum intensity is observed for the
lower doping, similarly observed by Eu-doping by Sharma et al.[42]. This could be
understood as for higher doping, Ni or Li atoms are expected to fill Density Of
States (DOS) through the creation of defect levels. A pre-peak resonance, below
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Fig. 3.19: XAS spectra deconvolution of Sn M5,4 edge.

the M5 edge, labeled as q in Fig.3.14 has been reported to be associated with sur-
face or defects states caused by unsaturated coordination of surface Sn ions due
to oxygen vacancies.[42,72,111]. This peak is normally absent in commercial SnO2
but present in SnO. Other authors attribute this peak, along with the following
resonance peak labeled as t, to the presence of surface states, as this surface state
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resonance is due to a fraction of coordination unsaturated surface Sn ions resulting
from oxygen vacancy/deficiency or Sn interstitial and surface reconstruction of the
SnO2 nanostructure[144]. In this case pre-peak is absent for SnO2:Ni0.3 and very
weak for all samples, except for SnO2:Li0.2.

O K-edge spectra contains different features which notation is explained by De
Groot et al.[145]. The energy difference between the x and y is ∼6.3 eV which is close
to the previously reported value in the O K-edge spectra for rutile SnO2 compound
(i.e., Sn+4). All the XAS spectra are similar, except for the weak peaks around
538 eV which are better resolved for the doped samples which could indicate higher
presence of oxygen deficiency. There is a decrease on the x and y peak with dopant
concentration, which indicates a decrease in the O(2p) and Sn(5s/5p) hybridization.
This could be understood due to formation of Sn vacancies or O deficiency, which
could be attributed to the dopant inclusion.

To determine the valence of the Ni advantage can be taken from the measure-
ment of Ni L-edge. The branching ratio, which is defined as L3/(L2 + L3) (Li
signifies the integrated intensities for the Li-edge peak), is another integrated spec-
tral property that can be analyzed. L3 centroid is an indicator of oxidation states
while the branching ratio reflects the electronic spin states for 3d metal complexes.
In this case, branching ratio is approximately 0.78 for a centroid position average
of 853.8 eV which is near to the expected value for Ni+2[112]. This is assured via
simulated spectra simulated using CTM4XAS Charge Transfer Multiplet program
for X-ray Absorption Spectroscopy program, v.5.5[92,146] as shown in Fig.3.20. This
software allows the analysis of transition metal 2p and 3p core level excitations,
either Electron Energy Loss Spectroscopy (EELS) or X-ray Absorption Spectro-
scopy (XAS)[147], based on Charge Transfer Multiplet (CTM) approach. This
approach states that there are effects of charge fluctuations on both initial and fi-
nal states, which can be described by combination different ground and final state
configurations, which is particularly useful for transition-metal oxides. The most
important charge transfer is the transition for a configuration 3dN to 3dN+1L,
where an electron (ligand electron) is transferred to the metal site and thus, a lig-
and hole (designated by L) is created. The charge transfer multiplet method is the
most prevalent and conventional theoretical approach for the analysis of transition
metals L3,2 XANES[146]. This program allows to simulate L3,2 edge with the use
of certain (semi-empirical) parameters. For octahedral symmetry (Oh), the crystal
field splitting 10Dq and additional parameters such as the charge transfer para-
meter energy ∆ (eV) or the Hubbard potential Udd can be modified. To match
experimental results, the best results were obtained with the parameters shown in
Fig.3.20, with and small adjustment on the energy position, probably shifted on
the experimental spectra. Charge transfer parameter, ∆, was added as it clears the
peak feature of L2 spectra, which fits with the experimental results. This spectra
resembles previous reports on NiO, which could explain the possible Ni2+ valence.
However the weak increase in the relative intensity of the L3 shoulder at 853.8. eV
can be related to a low presence of Ni3+[148].

As a final proof of concept in this chapter, the undoped and Li or Ni doped SnO2
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Fig. 3.20: Simulation of the Ni2+ L3,2 edge using the CTM4XAS program[146].

nanoparticles have been tested as possible electrodes in LiBs. After the assembly
of the half cells, they were tested by measuring capacity fading over performance.
Firstly, a decrease of the initial capacity values was observed, which it has been
already observed in SnO2-based anodes, attributed to an irreversible conversion
reaction of Li with SnO2

[16]which is always followed by a capacity fading after the
first 30–50 cycles, attributed to the SnO2 structural instabilities due to the volume
expansion/reduction and reactions that may undergo during lithiation/delitiation
processes. In fact, the irreversible conversion reaction causes the initial drop in
capacity,[149] and the allowed reactions (which mostly are reversible), lead after
few cycles to less Sn0 reversely converted to SnOx and the incomplete SnO2 re-
duction occurred during lithiation and delithiation, which causes a steady decrease
on the specific capacity. It has been recently suggested that the conversion and
alloying reaction can overlap upon cycling and different intermediate compounds
could be formed, composed by Li-Sn-O[116]. Other possible explanations on the
capacity fading is attributed to the interfacial charging of lithium at the phase
boundaries of nanoparticles in the SnO2 electrode and even the possible formation
of Solid Electrolyte Interphase (SEI)[150]. Nonetheless, in our case the capacity
fading with increasing number of cycles is not abrupt, as observed in Fig.3.18,
upon cycle number most of the capacity is retained. The absence of Sn2+ on the
particle surfaces, confirmed by XPS, could retard some of these intermediate re-
actions, leading to enhanced cyclability and electrochemical response. For all the
cells, reversible capacity values between 500 – 600 mAhg-1 are retained upon 150
cycles and beyond, which is significantly higher than the theoretical capacity of
a graphite anode commercialized (∼ 372 mAhg-1)[151] , thus confirming excellent
cyclability performance. The stability of these batteries are comparable with pre-
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vious reports[152] in which SnO2 was combined with either carbon black, carbon
nanotubes or as GO/SnO2 composites[73], although in the latter case the good con-
ductivity and mechanical properties of graphene oxide played a key role. Besides,
in the present work, coulombic efficiency values near 100% were obtained, which
confirms the good electrochemical performance of the SnO2-based cells.

In order to compare the performance of the different anodes, as well as their
relative efficiency, it is useful to compare the specific capacity values for a particular
cycle, after a large number of cycles where the performance is stable. Capacity
values after 100 cycles corresponding to the cells with anodes based on undoped
or doped SnO2 nanoparticles are indicated in Table 3.8. After 100 cycles, the
undoped SnO2 sample shows 562.9 mAhg-1 specific capacity and a very stable
profile. SnO2:Li0.2 based anodes exhibit a large initial decrease in the capacity
followed by a recovery during the followed cycles, although better performance is
always achieved for SnO2:Li0.3 anodes, which after 100 cycles are around ∼560.5
mAhg-1.

Table 3.8: Specific capacity at 100 cycles.

Sample Step Cesp(mAhg-1)

SnO2
Charge 557.1

Discharge 562.9

SnO2:Li0.2
Charge 431.2

Discharge 438.3

SnO2:Li0.3
Charge 547.0

Discharge 560.5

SnO2:Ni0.2
Charge 526.1

Discharge 458.6

SnO2:Ni0.3
Charge 439.7

Discharge 442.8

In this case, Li doped SnO2-based anodes show improved capacity for higher
Li doping (SnO2:Li0.3), while for Ni doping the opposite behavior was observed.
Low Ni doping involves slightly higher capacity as compared with high SnO2:Ni0.3
samples, although slightly better stability is achieved for the latter. It should be
remarked that in the present work the capacity fading upon cycling is weaker as
compared with some other works[153], which can be partially explained based on
the homogeneity, high crystallinity, and low size of the particles, shortening the
diffusion path of lithium and enhancing charge/discharge processes[116,117]. Never-
theless, some other aspects such as the presence of dopants and the related structure
of defects should be also investigated and considered among the aspects governing
the cell performance, which motivates this study.

PL and Raman measurements confirmed a high concentration of defects for
these nanoparticles, which could hinder the electrochemical performance of the
SnO2:Ni0.3 based anodes. Variable incorporation of dopants in SnO2, even in a
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very low concentration, clearly modifies the battery performance, as it has been
observed in this section. According to our results, interstitial Li could be favored
at the low doping values, SnO2:Li0.2, while higher doping levels lead also to sub-
stitutional. The incorporation of Li in variable positions, as function of dopant
concentration, has been reported on the literature. Wang et al.[154] analyzed Li
doped SnO2 thin films and proposed the presence of Li interstitials at low Li dop-
ing, due to their lowest formation energy, as well as enhanced Li incorporation in Sn
sites at higher Li doping, which agrees with our results. Rahman et al.[136]studied
by first principle calculations the incorporation of Li in the rutile SnO2 lattice and
the relation with native defects from the oxide. According to their reported cal-
culations, energy formation of Li interstitials is the lowest, although incorporation
of Li at Sn sites is also favorable as lowers the lattice distortion. Li incorporation
also reduces the formation energy of native defects in SnO2 and favors their sta-
bilization. Variable incorporation of dopants as interstitial and/or substitutional
has been also reported by other authors, which should be also considered for the
Ni doped SnO2 nanoparticles analyzed in this work. In this case, higher Ni doping
induces more defective nanoparticles with decreased conductivity.

The presence of a low amount of Li, preferentially as interstitial, could worsen
the lithiation/delithiation processes leading to lower battery performance, as com-
pared with undoped SnO2, while these processes would be recovered in SnO2:Li0.3
based anodes, for which the presence of Li in Sn sites, involving higher oxygen va-
cancies concentration and lower n-type character due to Li-related acceptor levels
have been proposed. Ni doping involves combined oxidation states and higher
formation of defects leading to lower n-type character and worse conductivity val-
ues as compared with undoped SnO2, although good cyclability is achieved in the
Ni doped SnO2 based LiB anodes.

3.7. Conclusions
In this chapter, undoped and Li or Ni doped SnO2 nanoparticles have been syn-
thesized via a co-precipitation method based on hydrolysis. A characterization of
morphological, structural, compositional, electrical, electronic and optical proper-
ties has been carried out throughout this chapter. These nanoparticles have been
tested as possible candidates in lithium ion battery anodes.

• Hydrolysis synthesis has been proved as a good, fast and reliable method
to obtain high-crystalline and single-phase rounded nanoparticles around 10
nm, as measured by XRD and TEM. Among the different synthesized nan-
oparticles, SnO2:Ni0.3 have shown the smallest size, at 7.29 nm, being this
decrease in size attributed to the effect of the dopant on the kinetics of the
reaction during the hydrolysis process. EDS and ICP-OES results ensure
the presence of the dopant on the structure and its homogeneous distribu-
tion, being for Li 20% the lowest observed concentration, at 0.06% at, which
nonetheless induces changes on the optoelectronic properties of the doped
nanoparticles. A range of techniques (XRD, TEM, Raman) have shown that
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the obtained nanoparticles present rutile structure with variable properties
attributed to the effects of dopant incorporation.

• Raman spectroscopy obtained with an UV laser, shows significant variations
in the SnO2 vibrational modes even for the lowest concentration of the
dopants and even most noticeable changes with their highest concentration.
High Ni doping induces an increase in the concentration of defects, mostly
oxygen vacancies, while variable Li incorporation induces changes mainly in
the Eg or A1g and modes, promoted depending on the dopant concentration,
thus showing that low Li doping triggers modes related to motion of O along
the c- axis, while higher amount induces an increase of modes perpendicular
to the c- axis. PL spectra shows an increase of oxygen vacancies concentra-
tion with higher Li content whereas Ni doping quenches the luminescence due
to the formation of non-radiative recombination centers.

• XPS results shows the only presence of Sn4+, detected by the inspection
of the Sn(3d) core level for both doped and undoped nanoparticles. Ni(3p)
core level from Ni doped samples shows possible mixed Ni2+/Ni3+ charge
states. Li doping shows changes in the Li(1s) state which can be attributed
to different dopant incorporation as interstitial (low doping) or substitutional
(high doping). The valence band region shows a lower n-type behavior for the
samples doped with higher dopant concentrations. There is a present ongoing
debate on how lithium is incorporated into the lattice, both on substitutional
or intersititial sites[106,107] in which our work[94] has shed some light on the
effect in the most stable positions as a function of the dopant concentration.

• Moreover, these nanoparticles have been used as a proof of concept, as an
active material for anodes in LiBs, in which both an study on their specific
capacity over number of cycles as well as the possible mechanism which may
affect their performance were discussed. It was observed that the electro-
chemical cells showed not only a high capacity but stability over 150 cycles.
In particular, both SnO2 and SnO2:Li0.3 showed the highest values at ∼560
mAhg-1 after 100 cycles. In this sense, on top of those results fundamental
knowledge has been obtained on the study of the effects of tin charge state
on the overall performance of the batteries, which apparently indicates that
low amount of Li, preferentially as intersitial, could worsen the lithiation/de-
lithiaton processes. Based on these results, the defect structure associated
with the Li or Ni doping, variable Li incorporation as interstitial and substi-
tutional, mixed Ni oxidation states, and the lack of Sn2+ confirmed by XPS,
could retard some of the intermediate reactions occurring in the LiB, which
can be related to the improved cyclability and electrochemical response ob-
served in this case. These aspects should be considered in order to design
LiB batteries with enhanced performance.
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Chapter 4.
TiO2 nanoparticles doped with Li
or Ni

Abstract: In this chapter, undoped and Li or Ni doped anatase TiO2 nano-
particles have been synthesized by a soft chemistry co-precipitation method based
on hydrolysis. Firstly, a characterization of their morphological, structural and
compositional properties was performed. Optical and electrical properties have
been also studied. Deeper insight on the Li or Ni doping effects were achieved
by Photoelectron spectroscopy as well as first principle calculations. A possible
application of these doped nanoparticles has been tested as possible part of anodes
in Li-ion batteries. The dopant effect on the anatase-to-rutile transition (ART),
which has been induced via thermal treatments as well as by UV-irradiation, has
been also evaluated, leading to a dopant-promoted faster ART, which occurs at
lower temperatures.





4.1. Synthesis, morphological, structural and compositional
characterization

This chapter includes adapted material from:

• A. Vázquez-López et al., Hybrid Materials and Nanoparticles for Hybrid Sil-
icon Solar Cells and Li-Ion Batteries, Journal of Energy and Power Techno-
logy, 2021, 3, 2.[155]

4.1. Synthesis, morphological, structural and com-
positional characterization

TiO2 nanoparticles were synthesized via hydrolysis, as described in subsection 2.1.2.
Undoped and Li or Ni doped TiO2 nanoparticles were obtained by combining the
stoichiometric amounts of the selected precursors and mixed with magnetic stirring
at room temperature. Distilled water was added and then it was left for stirring
a few seconds. The obtained mixture was rinsed and centrifuged until reaching
neutral pH. Finally, the dry powder was introduced into a furnace at 250 ◦C for
24 h.

4.1.1. XRD characterization
Anatase TiO2 with variable Li or Ni content were initially characterized by XRD,
as shown in Fig.4.1.
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Fig. 4.1: XRD patterns of both undoped and (a) Li or (b) Ni doped TiO2 nanoparticles.
Peaks corresponding to brookite are marked with the letter B, whereas peaks due to the
sample holder are marked with (*). Histogram correspond to the spectra of the ICSD file
nº01-071-1166 corresponding to TiO2.

XRD analysis from the powder samples can be indexed to the anatase structure
of TiO2 (ICSD nº01-071-1166) with no presence of precursors or other Ti-based
compounds. Peaks observed at 43.5-44.5◦ and 50◦ are due to the Cu sample holder.
Doped samples present a weak peak at around 30.8° which can be attributed to
brookite (ICSD nº:00-015-0875) due to low annealing temperature. This peak
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disappears by increasing the temperature used during the synthesis. In this work,
low temperature was chosen to prevent increasing grain size. It should be pointed
out that the main (101) peak of anatase can overlap with the (120) and (111) from
brookite.

Size effects are clearly noticeable in the XRD patterns as the peaks present a
widening which is related to the low size of the crystalline domains. Phase stability
is present on all the samples, even up to 30% Ni or Li weight percentage.

Similarly as described on section 3.1, from the XRD signal, the average of
the crystalline size can be estimated from the Scherrer formula (Equation 2.2).
To calculate that, the signal from the planes (101) and (200) was employed and
the corresponding results are presented on Table 4.1. Average size is below 7
nm for all the samples and slightly increases with dopant incorporation. Li doped
samples samples present higher size up to 6.34 nm with lower dopant concentration.
However, the size of the Ni doped samples increases with dopant inclusion. Lattice
parameters and the estimated unit cell volume are indicated in Table 4.1.

Table 4.1: Size estimation of the undoped and doped TiO2 nanoparticles and the cor-
responding lattice parameters obtained from XRD analysis

Sample Size (nm) a(Å) c(Å) ratio c/a V3(Å3)
TiO2 5.92±0.03 3.76(9) 9.35(2) 2.481±0.006 132.85±0.64
TiO2:Li0.2 6.34±0.02 3.76(8) 9.26(5) 2.459±0.005 131.56±0.56
TiO2:Li0.3 6.24±0.02 3.78(1) 9.45(9) 2.502±0.002 135.25±0.15
TiO2:Ni0.2 6.49±0.03 3.76(1) 9.39(3) 2.497±0.001 132.87±0.08
TiO2:Ni0.3 6.69±0.03 3.76(6) 9.32(5) 2.476±0.001 132.23±0.10

4.1.2. EDS and ICP-OES characterization
The chemical composition of the samples was analyzed with EDS on a SEM micro-
scope where the nanoparticles were deposited on carbon tape over a Cu substrate.
EDS spectra were acquired with a beam energy of 15 kV and 1.5 nA. Normal-
ized spectra can be observed in Fig.4.2(a)-(b) for samples doped with lithium or
nickel respectively. Both for doped and undoped samples emission lines attributed
Oxygen Kα1(range 0-1 keV), Ti Kα (range 4.5 keV) and Lα (0.45 keV)[83] can be
clearly observed. In some of the samples weak lines Kα1 and Kα2 from Cl can be
observed, which can be attributed to the dopant precursors LiCl or NiCl2·6H2O.
Nickel doped samples, whose spectra is depicted in Fig.4.2(b), present Ni peaks
corresponding to Kα1 and Lα at 7 and 0.8 keV. Averaged concentration from Ti, O
and Ni estimated from the analysis of EDS signal are indicated on Table 4.2. Also,
SEM images and mappings corresponding to TiO2:Ni0.2 and TiO2:Ni0.3 are presen-
ted in Fig.4.2(c)-(d) where it can be observed that Ni is homogeneously distributed
in the sample.

As mentioned on section 2.2.6, ICP-OES allows to detect light elements such
as lithium. Table 4.2 shows the ICP-OES quantification results for the samples.
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Fig. 4.2: Normalized EDS spectra acquired for undoped and (a) Li and (b) Ni doped
TiO2 nanoparticles. Inset in (b) shows detailed region between 6.5 and 8.5 keV. Figures (c)
and (d) show the SE and EDS mapping of Ni and Ti corresponding to samples TiO2:Ni0.2
and TiO2:Ni0.3

Low Li concentration of 0.50 % and 0.65% atomic were estimated for the samples
TiO2:Li0.2 and TiO2:Li0.3, respectively.

The atomic ratio Ti/O is close to the theoretical one from TiO2 (33% /66%) for
all the samples, as shown in Table 4.2, although small variations can be observed
in the doped samples. Apart from the low amount of Cl, no other elements were
detected in the analyzed nanoparticles within the resolution of this technique.

Table 4.2: Atomic percentages of Ti, O and Ni obtained by EDS and Li obtained by
ICP-OES

Technique % at TiO2 Li0.2 Li0.3 Ni0.2 Ni0.3

Ti 38.7± 2.0 25.9 ± 1.3 36.3 ± 1.8 39.1 ± 1.9 35.8 ± 1,7

EDS
O 61.3±30.7 74.1 ± 24.8 62.86 ± 30.2 59.56 ± 15.2 62.06 ± 22.4

Ni - - - 1.4 ± 0.1 1.5 ± 0.2

ICP-OES Li - 0.50 ±0.03 0.65 ±0.02 - -
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4.1.3. TEM characterization
Fig.4.3(a)-(c) shows the TEM images of the undoped TiO2 and doped TiO2 with
the highest dopant concentration, TiO2:Li0.3 and TiO2:Ni0.3, in which we can ob-
serve that nanoparticles exhibit rounded shape and dimensions in the range of 10
nm. Each TEM image includes an histogram showing the average size of the nan-
oparticles calculated from the analysis of the images. For TiO2 the average size is
6.72±1.78 nm while for TiO2:Li0.3 is 7.88±2.14 nm and for TiO2:Ni0.3 is 8.65±2.50
nm. This is in agreement with XRD measurements which also showed lower size
for the undoped nanoparticles.

The corresponding SAED patterns Fig.4.3)(d)-(f) confirm the crystallinity of
the undoped and doped TiO2 nanoparticles. The observed crystalline planes are
in agreement with those observed in XRD,

Fig. 4.3: TEM images corresponding to (a) TiO2, (b) TiO2:Li0.3 and (c) TiO2:Ni0.3 nan-
oparticles. Insets show histograms with the average particle size distribution. (d),(e),(f)
shows their corresponding SAED patterns.
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4.1.4. Raman spectroscopy characterization

4.1.4.1. Undoped TiO2

Raman spectroscopy was used to analyze the effect of the dopant and dimensions.
A red laser (λ = 633 nm) (VIS) and an Ultra-Violet laser (λ = 325 nm) (UV) were
used, which energies are lower and higher than the anatase band gap. Anatase
TiO2 phase is metastable as has been previously discussed. Thus, it is mandatory
to control the laser intensity to avoid phase transition during data acquisition.
Hence, a neutral filter was used in order to diminish the nominal intensity to 0.1·
I0, specially important when the UV laser was employed.

Anatase TiO2 possesses 15 optical modes with an irreducible representation of
1·A1g +1·A2u+ 2·B1g+ 1·B2u + 3·Eg+ 2·Eu. Among these modes, A1g, B1g, and
Eg, are Raman active (6 total Raman active modes) and the modes A2u, and Eu,
are infrared active. The B2u mode is inactive both in the Raman and infrared
spectra[156]

Firstly, undoped synthesized TiO2 anatase nanoparticles were compared with
commercial anatase nanoparticles (Sigma-Aldrich, 325 mesh, 99% purity, d=3.900),
as shown in Fig.4.4 using both (a) a visible laser and (b) UV laser. Spectra were
normalized as the commercial sample possesses higher Raman intensity. The relat-
ive position of the peaks are described on Table 4.3. Only peaks from anatase TiO2
are observed in the Raman spectra. Size effects can be appreciated in the Raman
signal of Fig. 4.4 as a wider Eg is observed for the nanoparticles in addition to a
shift towards higher wavenumber, observed with both lasers. Inset on Fig.4.4(a)
shows the region around 150 cm-1 where this effect can be clearly observed.
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Fig. 4.4: Normalized Raman spectra of both anatase TiO2 commercial (Sigma-Aldrich)
and synthesized nanoparticles, acquired with a (a) VIS (λ = 633 nm) or an (b) UV
(λ = 325 nm) laser.

In the Raman spectra of the synthesized nanoparticles acquired with the UV
laser, shown in Fig.4.4(b), there is a contribution at 800-840 cm-1, which was not
observed under Raman spectra obtained with the VIS laser. This mode is often
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disregarded on the literature, due to the difficulty of its observation. It should be
mentioned that after the Gaussian-Lorentz deconvolution, it was composed by two
contributions centered at 792 and 836 cm-1 for the synthesized nanoparticles.

The former contribution can be associated with the first harmonic B1g overtone,
while the latter contribution has been associated with stretching modes of short
Ti-O bonds at the TiO2 surface[157].

In this case, the presence of this contribution is the most remarkable change
between both lasers as well as the change on the relative intensity of the peaks, as
is clear that for the VIS laser the most intense peak is the Eg. Also, remaining
Raman modes (B1g+ A1g, E3g) not only change position, but also become the most
intense modes. The position of the Raman peaks is listed in Table 4.3.

Table 4.3: Vibrational Raman modes measured with either the UV or VIS laser for both
the commercial and synthesized TiO2 nanoparticles. In both cases laser energy density
was 0.1·I0.

Mode VIS UV

cm-1 Commercial Synthesized Commercial Synthesized

E1g 142 149 145 152
E2g 193 199 199 203
B1g 394 403 396 404
A1g +B1g 514 521 516 521
E3g 637 646 638 632
Harmonic B1g - - 811-848 792-836
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4.1.4.2. Doped TiO2

To asses the differences that may be due to the dopant addition, Raman spectra
from undoped and doped samples are analyzed in the following section. Firstly,
spectra were obtained with the VIS laser and then with the UV laser.
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Fig. 4.5: Raman spectra from undoped TiO2 and doped with (a) Li or (b) Ni and (c)
FWHM of the different modes of each sample. These spectra have been recorded with
the VIS laser as excitation source.

Fig.4.5(a)-(b) shows Raman spectra obtained with the VIS laser for the samples
doped with 20% and 30% of Lithium or Nickel, respectively. Raman signal from
undoped TiO2 nanoparticles is also included as a reference. Even for the highest
dopant concentrations, only anatase TiO2 modes are observed. As the dopant
concentration increases, Raman modes tend to diminish their relative intensity.

The Eg mode, which for undoped TiO2 is around 149 cm-1 shifts to lower
wavenumber with dopant addition. Table 4.4 shows the relative positions of the
peaks. FWHM were obtained by deconvoluting the Raman spectra to Gaussian-
Lorenzt functions (G-L). Wider peaks are observed for lower dopant concentrations
as shown in Fig.4.5(c), which can be related to the lower dimensions of the doped
samples, as confirmed by XRD and TEM analysis.

Fig.4.6 shows Raman spectra obtained with the UV laser of both undoped and
doped anatase with lithium or nickel. There are also differences in the position of
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

Table 4.4: Vibrational VIS Raman modes of undoped and doped TiO2 nanoparticles.

VIS UV

Mode
cm-1 TiO2 Li0.2 Li0.3 Ni0.2 Ni0.3 TiO2 Li0.2 Li0.3 Ni0.2 Ni0.3

E1g 149 148 147 146 144 152 151 152 150 150
E2g 199 200 198 195 196 203 204 200 203 200
B1g 403 401 396 399 398 404 394 400 404 395
A1g+B1g 521 519 520 517 515 521 522 523 520 522
E3g 646 639 642 641 639 632 636 640 636 634

Harmonic B1g
- - - - - 792 792 792 792 792
- - - - - 836 856 853 860 853
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Fig. 4.6: Raman spectra from undoped TiO2 and doped with (a) Li or (b) Ni nano-
particles. These spectra have been recorded with the UV laser as excitation source.

the Raman modes, which are summarized also in Table 4.4. According to Raman
results, the modes which apparently are more sensitive to the dopant presence
are E3g (∼631 cm-1) and the Raman mode centered at ∼836 cm-1. E3g mode is
shifted towards higher wavenumber with dopant concentration, similarly to the
contribution at ∼836 cm-1. When the dopant concentration increases however,
the shift is smaller for the contribution ∼836 cm-1, as compared for low dopant
concentration. It should be mentioned that the remaining Eg modes suffer also
position shifts showing an opposite behavior, as E1g and E2g are shifted towards
lower wavenumber. This second Raman mode is remarkably weak, notably for
Ni-doped samples.
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4.2. Optical characterization

4.2.1. Photoluminescence
Luminescence properties of the samples were studied by means of Photolumines-
cence (PL) measured at room temperature with an UV laser (λ=325 nm) and a
filter D1, as described in subsection 2.2.9 which diminished the laser intensity that
reaches the sample by 0.1· I0. The objective of this chapter is studying the dopant
influence on the anatase properties.
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Fig. 4.7: PL spectra from commercial and synthesized nanoparticles where inset shows
normalized photoluminescence spectra. Normalized PL spectra of undoped and doped
with (b) Li or (c) Ni TiO2 nanoparticles.

Fig.4.7(a) shows PL spectra without normalization and normalized (as an inset
on the figure) of the undoped synthesized nanoparticles and commercial anatase
nanoparticles (Sigma-Aldrich, 325 mesh, 99% purity, d=3.900). These spectra show
characteristic wide emission around 2.3 eV, on top of a weak contribution around
2 eV and other shoulder at higher energy around 2.9 eV. The possible mechanism
of those emissions are described in Table 4.5, where it can be observed that the
main contribution at 2.3 eV, which covers a substantial part of the visible spectra,
is attributed to surface defects, which are created due to oxygen deficiency. The
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

emission at ∼ 2.9 eV is attributed to self-trapped excitons, which are located in the
TiO6 octahedron, which were shown on chapter 1. The synthesized nanoparticles
has lower PL emission intensity than the commercial sample, as it can be observed
in Fig.4.7(a). The most noticeable change between the commercial and the syn-
thesized nanoparticles is the strong enhancement of the contribution ∼2.9 eV in
the PL signal, observed in Fig.4.7(a).

Table 4.5: Possible Anatase TiO2 luminescence bands as suggested on the literature.

E (eV) λ (nm) Origin
∼ 2 ∼ 620 Electrons which are promoted from the VB to shal-

low subgap states, which relax by occuping states
below the CB[158] or oxygen vacancies related defects
and undercoordinated Ti[157].

∼ 2.3 ∼ 527.6 Surface defects normally associated with oxygen de-
ficiency[157].

∼ 2.9 ∼ 413.3 Normally associated with Self-Trapped Excitons
(STE) localized at the TiO6 octahedron[48].

Normalized spectra from the doped nanoparticles are displayed in Fig.4.7(b)-
(c). All spectra show similar characteristics, which consist of a broad band around
2.35 eV which dominates the PL spectra, with the exception of the nickel-doped
samples, which exhibit enhanced emission near 2.9 eV.

PL spectra contributions were fitted to Gaussian functions and results are
presented on Table 4.9. Unlike Li doped samples, which all present a similar
behavior on the band spectra for the PL signal, Ni doping enhances high energy
contributions. It is observed that the contribution at 2.86 eV is enhanced by the
Nickel addition. This band is related to the presence of STE.
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4.2. Optical characterization

4.2.2. Cathodoluminescence

TiO2 luminiscent properties were as well studied via Cathodoluminiscence at Room
Temperature and 120K, between 300 and 900 nm, acquired in a SEM microscope
using an acceleration voltage of 15 kV.

CL spectra acquired for the undoped and doped samples are shown in Fig.4.8.
As a reference, the CL signal corresponding to the commercial sample is also shown,
as marked on the graph. CL signal is strongly affected by the temperature and so
both spectra at room conditions and low temperature (120K) are shown. Similarly
to what was observed by PL, mainly two/three contributions centered in ∼1.5 eV
and in the VIS region at 2.32 eV dominate the spectra. In the case of TiO2:Ni0.2
(as well for the commercial nanoparticles) there is a clear contribution at ∼3 eV,
which particularly for the low Ni-doped is the main contribution of the spectra.
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Fig. 4.8: Normalized CL spectra at (a) 298K and (b) 120K corresponding to the doped
and undoped nanoparticles. The first spectra show the CL corresponding to the commer-
cial TiO2 nanoparticles as a reference.

Cathodoluminescence as a function of the temperature, can be also analyzed
following the configuration coordinate model, as explained on the previous chapter.
By fitting the relative intensities as a function of the temperature, it led to an
activation energy of 407±20 meV for the orange band (∼2 eV) and 220±15 meV
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

for the green band (∼2.25 eV), demonstrating that each of the emissions is due to
different mechanisms
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Fig. 4.9: Evolution of cathodoluminescence of undoped TiO2 nanoparticles as a function
of temperature. Inset shows linear fit to obtain the activation energy corresponding to
each contribution on the spectra.

4.2.3. PLE
Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were
acquired with an Edinburgh Instruments FLS1000 system, exciting with a 450W
Xe lamp as excitation source in a variable range from 10-300K.

First, both PL and PLE signals were measured in a wide band region (from 240-
750 nm) and over different temperatures. For PLE measurements, obtained with
an λem=540 nm, only a clear contribution from a band near 420 nm is observed,
for both doped or undoped nanoparticles Fig.4.10.

Using the Xenon discharge lamp, it is possible to obtain PL signal by exciting
with shorter wavelengths than with the UV laser as performed in the photolumin-
escence section. Not only that, but in this equipment it is possible to perform
the measurements, lowering the temperature down to ∼4 K. In the Fig.4.11 the
PL signal obtained with λex = 290 nm, wavelength which possesses higher energy
than the anatase band gap, from room temperature to 10 K (for the samples with
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Fig. 4.10: PLE spectra corresponding to (a) TiO2, (b) TiO2:Li0.2, (c) TiO2:Li0.3, (d)
TiO2:Ni0.2 and (e) TiO2:Ni0.3 acquired for an emission wavelength of λem=540 nm in a
temperature range between 10-300K.

the highest dopant concentrations). Their fitting to the Arrhenius equation led to
the activation energies shown in Table 4.6. In this case, the complete spectrum
was fitted to the equation which, for some of the samples, needed to be adjus-
ted by adding other contribution with its corresponding activation energy EB and
pre-exponential factor B:

I = I0

1 +A · e
−EA
kB ·T +B · e

−EB
kB ·T

(4.1)

95



Chapter 4. TiO2 nanoparticles doped with Li or Ni

Where I0 is the intensity at the lowest temperature, A,B are two pre-exponential
factor, EA, EB are the activation energy (in meV), kB is the Boltzmann constant
and T is the temperature. Note that, particularly for TiO2:Ni0.3, is the only case
where the fitting was successful with only one activation energy.
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Fig. 4.11: PL spectra corresponding to (a) TiO2, (c) TiO2:Li0.3 and (e) TiO2:Ni0.3
acquired for an excitation wavelength of λex=290 nm on a temperature range between
10-300K and (b), (d), (f) their respective fittings to the Arrhenius equation.
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4.3. Electrical characterization

Table 4.6: Activation Energies obtained from the fitting from spectra acquired at λex =
290 nm.

Sample A EA(meV) B EB(meV)
TiO2 0.25±0.09 11.58±2.33 2.67±0.26 46.13±4.48

TiO2:Li0.3 0.44±0.07 8.52±0.10 10.49±0.81 48.13±2.12
TiO2:Ni0.3 - - 1.58±0.06 21.27±0.61

4.3. Electrical characterization

4.3.1. Hall effect
Hall effect measurements were performed on the samples in order to investigate
their electrical properties at room temperature. Similarly than on the previous
chapter, before measuring their electric properties, samples were pressed into pel-
lets with silver paint contacts. Obtained values corresponding to the conductivity
are shown in Table 4.7. Samples were highly resistive, which difficult their meas-
urement, which was obtained with I=10 nA. High Li-doping presented the highest
conductivity, which is almost one order of magnitude higher than for undoped
TiO2.

Table 4.7: Variation in the charge carrier concentration and the conductivity of the
undoped and doped TiO2 nanoparticles.

Sample
σ

(S · cm−1)
TiO2 (-1.19±0.10)·10−7

TiO2:Li0.2 (-8.26±0.92)·10−7

TiO2:Li0.3 (-2.24±0.1)·10−6

TiO2:Ni0.2 (-1.87±0.77)·10−6

TiO2:Ni0.3 (-3.15±0.84)·10−7

4.4. Electronic characterization

4.4.1. XPS
Synchrotron radiation X-ray photoelectron (XPS) and soft X-ray absorption (XAS)
spectroscopy have been performed at the CNR Beamline for Advanced diCHroism
(BACH) of the Elettra synchrotron facility in Trieste, Italy. The photoelectron
spectra were acquired using a Scienta R3000 electron energy analyzer. All core-
levels and valence band spectra were recorded with a total energy resolution of 180
meV. For those measurements, samples were prepared as pellets. Photoelectron
spectra of Ti(2p) and O(1s) were calibrated referenced to Ti(IV)(2p3/2) peak set
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

at 458.6 eV due to charging effects in the probed samples. Valence band spectra
were referenced to the 7.1 eV peak from the Valence Band. Ni(3p) and Li(1s)
were calibrated to the Ti(3s) (62.5 eV)[159]. XPS and XAS measurements can be
extremely sensitive to the variations promoted in the anatase TiO2 nanoparticles
even for low differences in the concentration of dopants.

In Fig.4.12 XPS surveys for (a) Li doped and (b) Ni doped samples are rep-
resented. XPS spectrum from undoped TiO2 is also included in Fig.4.12(b) as a
reference. For the Li doped nanoparticles a beam energy of 253 eV was used in
order to observe the Li(1s) core level, whereas for undoped and Ni doped TiO2 a
beam energy of 650 eV was employed.
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Fig. 4.12: XPS surveys from (a) Li or (b) Ni doped TiO2 nanoparticles acquired with a
beam energy of 253 and 650 eV, respectively. In (b) survey from undoped TiO2 is shown
for comparison.

After Shirley background subtraction, XPS peaks were fitted with Voigt func-
tions. Ti(2p) and O(1s) spectra were normalized to the peak heights. On the other
hand, Li(1s) and Ni(3p) were normalized with respect of Ti(3s) level. An initial
beam energy of 653 eV was used for the acquisition of the Ti(2p) core level. Both
for undoped and doped samples, Ti(2p) spectrum exhibits the usual splitting into
Ti(2p1/2) and Ti(2p3/2) at energies around 464.4 and 458.6 eV, respectively[89].
The XPS spectra from the undoped and doped samples can be fitted with only one
contribution associated with Ti4+ in TiO2, as shown in Fig.4.13. Other contribu-
tions due to the presence of Ti with lower oxidation states were not detected in
this case, within the resolution of the technique, which indicates high crystallinity
for the analyzed nanoparticles.

Fig.4.14 shows the O(1s) core level for the undoped and the doped TiO2. Two
main contributions, centered at 529.7 eV (OI) and 531.3 eV (OII), can be observed
in the XPS spectra. The OI contribution is due to the O2- in the anatase TiO2
lattice (529.7 eV), while OII (531.3 eV) is a complex contribution commonly associ-
ated with the presence of oxygen vacancies related defects[160], hydroxyl groups or
chemisorbed oxygen[137]. A slight decrease in the relative intensity of the high en-
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Fig. 4.13: XPS Ti(2p) core levels from undoped and doped with (a) Li or (b) Ni TiO2
nanoparticles acquired with a beam energy of 650 eV. Deconvolutions corresponding from
Ti(2p3/2) core level from TiO2 and TiO2:Ni0.3 are shown in the inset in (a) and in (b).

ergy band (OII) is promoted by doping with Li or Ni. This effect is more noticeable
for lithium doping.
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Fig. 4.14: XPS O(1s) core levels from undoped and doped with (a) Li or (b) Ni TiO2
nanoparticles acquired with beam energy of 650 eV. Deconvolutions corresponding to
O(1s) core level from TiO2 and TiO2:Ni0.3 are shown in the inset in (a) and in (b).

The Li(1s) core levels from the Li doped TiO2 samples are shown in Fig.4.15(a).
The XPS spectra are centered at 55.8 eV for TiO2:Li0.2 and 55.9 eV for TiO2:Li0.3,
which energies correspond to Li+, thereby confirming Li doping in these samples.
As expected, the analysis of the Li(1s) signal confirms the lower Li concentration for
the sample TiO2:Li0.2, in agreement with the ICP-OES measurements. Fig.4.15(b)
shows Ni(3p) and Ti(3s) core levels from the Ni doped nanoparticles. The broad
contribution in Fig.4.15(b) centered at around 68 eV can be associated with Ni(3p),
thus confirming Ni doping in the samples.
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Fig. 4.15: XPS core level (a) Li(1s) and (b) Ni(3p) from Li-doped and Ni-doped TiO2
nanoparticles, respectively, acquired with a beam energy of 650 eV for Ni(3p) and beam
energy of 253 eV for Li(1s). Inset in (a) shows Li(1s) spectra for Li doped samples without
normalization.

The valence band region for the undoped and doped TiO2 nanoparticles are
shown in Fig.4.16. The spectra position was calibrated using as reference the O(2p)-
Ti(3d) bonding peak at ∼7.1 eV. The energy difference between the Fermi level and
the maximum of the valence band (EF -EVBM) is similar for the undoped and Li
doped samples. Nonetheless, Ni doped samples show EF-EVBM values lower than
undoped TiO2 about 0.35 and 0.5 eV for the TiO2:Ni0.2 and TiO2:Ni0.3 samples
respectively, showing a lower n-type character induced by Ni doping. In that case,
the presence of acceptor levels induced by Ni doping should be considered. Each
VB region is characterized by two broad peaks at ∼4.7 and ∼7.1 eV mainly related
to non-bonding and bonding O(2p) orbitals, respectively, in accordance with the
scientific literature[49]. Differences between the spectra can be observed in the low
energy region below 3 eV, as marked with an arrow in the inset of Fig.4.16.
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4.4. Electronic characterization

Fig. 4.16: Valence band region of TiO2 and doped (Li,Ni) TiO2 samples. Inset shows
detailed region between 0-14 eV.

4.4.2. XAS

To deeply study the electronic structure and the so-related TiO2 defects induced by
doping, XAS measurements have been performed. As shown in Fig. 4.17,4.18,4.19,
the absorption edges corresponding to Ti L3,2, O K and Ni L3,2, respectively are
represented for each sample.

Fig.4.17 shows the XAS spectra of doped TiO2 nanoparticles as well as un-
doped TiO2 as a reference. Ti L3,2-edge is associated with transition of the core
electrons from the Ti(2p) to unoccupied Ti(3d) states[107]. Absorption spectra in
this work are in good accordance with previous studies on anatase TiO2 nanostruc-
tures[161–163].

Peaks labeled as A and B in Fig.4.17 belong to the L3 edge while peaks labeled
as C and D belong to the L2 edge. The splitting of the L3,2-edge is due to spin
orbit coupling in L3(2p3/2) on the range between 454-462 eV, and L2 (2p1/2) on the
range between 462-467 eV, which are also further split due to crystal field into t2g
(dxy, dxz, dyz) and eg (dz2 , dx2−y2) orbitals. The first two peaks in Fig.4.17, labeled
as A and A′, are two small pre-peaks related to a transition which is forbidden in
LS-coupling, but becomes allowed because of the multi-pole 2p−3d interactions[162].
Peak B2 confirms the presence of the anatase phase, as the intensity ratio of this
doubly-splitted eg is reversed in anatase and rutile due to the difference of their
crystal symmetries[164], being the intensity of B2 higher than B2’ for anatase, with
a ratio B2/B

′
2 > 1[165], as observed in this case. It can be noticed that there

are small, but not negligible, variations in the XAS spectra among the probed
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samples, as observed for the B2 peaks. It has been reported that either changes or
the disappearance of the shoulder B2 may be due to the structure distortions and
the chemical changes in anatase TiO2. In this case, slight variations on the ratio
of the relative intensities B2/B

′
2 > 1 are observed with dopant addition. These

weak distortions in the XAS spectra observed in the doped nanoparticles could be
associated with small changes in the oxygen deficiency, in agreement with Raman
and PL measurements.
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Fig. 4.17: XAS spectra showing Ti L3,2 edge from undoped and (a) Li or (b) Ni doped
TiO2 nanoparticles.

Fig.4.18 represents de O-K edge spectra which describe the electronic transition
from O(1s) to unoccupied O(2p) states primarily hybridized with Ti-(3d) unoccu-
pied states. In this case the XAS spectra can be divided in two main regions. The
first region which possesses lower energy, ranges between 530-536 eV. This region
reflects the O(2p)-Ti(3d) hybridization where due to crystal field, Ti(3d) splits into
t2g π- antibonding states and eg σ-antibonding states respectively, placed at 530.6
and 533.3 eV (P and Q peaks). These states are related to the splitting of d orbitals
from titanium due to the crystal field Dq. The second region, at higher energies
>536 eV (R and S peaks), is due to transitions in hybridization of O(2p) and
Ti(4sp)[162]. This region has two clear contributions labeled as R and S. These
two features reflect oxygen and titanium antibonding states[165].

The XAS spectrum is sensitive to the electronic environment of the oxygen
atoms. Small variations in the relative intensities of the XAS peaks are observed in
the XAS spectra from the doped nanoparticles, as compared with undoped TiO2.
Almost no peak broadening is observed which indicates the high crystallinity of
the samples even after the dopant inclusion into the crystal lattice. The decrease
in the relative intensity of these peaks could indicate variations in the oxygen
chemical surrounding, as the titanate octahedron can be distorted due to the dopant
inclusion. Groot et al.[92] have studied the oxides of transition metals in which a
considerable amount of information can be obtained from both the intensity ratio
and the peak position which are related not only to the hybridization of the states
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in both VB and CB but also with the projection of the DOS of empty states O(2p).
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Fig. 4.18: XAS spectra showing O-K edge from undoped and (a) Li or (b) Ni doped
TiO2 nanoparticles.

Fig.4.19 represents the Ni L3,2 edge of the nickel-doped TiO2 samples. Simil-
arly to Ti L−edge, the spectra correspond to the allowed transitions from Ni(2p)
to Ni(3d) states. The splitting in the L-edge is due to spin orbit coupling by ap-
proximately 17 eV in L3 (2p3/2) in the range between 850-855 eV and L2 (2p1/2)
865-875 eV range[112]. Coulomb and exchange interaction between the core holes
and the 3d shell produces a splitting on the L3 (U and V ) and L2 (W and X)
peaks. Ni(II) high spin spectrum is in agreement with our spectra, as it presents
a high-energy side of the L3 peak and a splitted L2-edge[166]. This is further in
agreement after estimating the ratio L3/(L2 + L3) that agrees with Ni(II), not
shown here[112], which indicates that Ni is incorporated in the TiO2 lattice mainly
as Ni2+ .
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Fig. 4.19: XAS spectrum showing Ni L3,2 edge corresponding to the sample TiO2:Ni0.3.

4.4.3. RPES
In order to get a deeper insight in the origin of some of these contributions in the
VB region, mainly in the low energy region below 3 eV, resonant photoemission
spectra were also acquired. This technique is based on the changes of the intensity
of the photoemission under excitation with certain photon energies, which allows
to identify the origin of the features observed associated with the atomic bonding
on our structure. By tuning the incident photon energy across the element specific
core-level, it is possible to enhance the related states in the valence band or in
the band gap. On-resonance resonant photoemission spectra (RPES) for Ni and
Li states were acquired using energies of 852.8 eV, for the sample TiO2:Ni0.3,and
56 eV for TiO2:Li0.3 based on the XAS measurements shown in Fig.4.20(a)-(b).
For the off-resonance XPS spectra energies of 847 eV and 52 eV, respectively, were
used.

Fig.4.20(a) shows RPES spectrum for TiO2:Li0.3. There are two clear resonant
features around ∼4.7 and ∼7.1 eV, respectively related to non-bonding and bonding
O(2p) orbitals as previously mentioned, and a weak resonant peak at∼1 eV, marked
with arrows in Fig. 4.20(a). The first peak at ∼4.7 eV shows a range off-resonance
between 55 and 62 eV, approximately, whereas the second peak at∼7.1 eV resonates
until higher energies as 66 eV.

Resonances appear also in the VB region for the TiO2:Ni0.3 sample (Fig.4.20(b)).
We observe not only that the aforementioned peak on ∼4.7 eV becomes dominant
but also a shoulder at ∼2.5 eV that can be observed on the inset on Fig.4.16
becomes significant due to the resonating Ni-related states.

According to XPS and XAS results as well as previous PL and Raman measure-
ments, the as-synthesized nanoparticles exhibit high crystallinity. Doping process
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Fig. 4.20: (a) Valence band spectra of the sample TiO2:Li0.3 acquired under conditions
of off-resonance (Eν = 52 eV) and on-resonance (Eν = 56 eV) and (b) Valence band
spectra of the sample TiO2:Ni0.3 acquired under conditions of off-resonance (Eν = 847
eV) and on-resonance (Eν = 852.8 eV) according to the Ni-L3,2 edge XAS spectrum.

leads to higher concentration of oxygen vacancies in Li doped TiO2, while Ni doping
induces in addition some other defects, as observed by PL, some of them probably
associated with acceptor levels. Dopant-related states were also promoted in these
nanoparticles. In particular Li or Ni-related states were observed in the VB region
at ∼1 and 2.5 eV, respectively.

4.5. DFT calculations
To assess the effect of both the dopants and the oxygen vacancies on the electronic
structure of anatase, first principles calculations were performed within the DFT
method in collaboration with Dr. Ruth Mart́ınez-Casado. Lattice parameters of
a = 3.76 Å and c = 9.65 Å have been obtained in agreement with the experimental
results presented in Table 4.1. The considered concentration of Li and Ni dopants
can be seen in Table 4.8, which have been slightly overestimated with respect to
the ones obtained by ICP-OES and EDS (Table 4.2) to observe more clearly the
effect of the dopant concentration on the DOS.

Table 4.8: Band gap and cell parameters of the different samples obtained by DFT.

Band gap (eV) Cell parameters
Sample %at dopant Without VO With VO a(Å) c(Å)
TiO2 - 3.61 4.51 (0.9) 3.767 9.655

TiO2:Li0.2 1.04 3.82 3.90 (0.08) 3.771 9.644
TiO2:Li0.3 1.69 3.71 3.85 (0.14) 3.768 9.659
TiO2:Ni0.2 1.04 3.99 4.18 (0.19) 3.767 9.655
TiO2:Ni0.3 2.08 4.0 4.26 (0.26) 3.760 9.594
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

Several substitutional positions have been studied in order to find the most
stable configuration. A 12.5% of oxygen vacancies were introduced in each sample
to match the experimental concentration. The most stable structures and projec-
ted DOS are shown in Fig.4.21 for (a) TiO2 (b) TiO2:Li0.3 and (c) TiO2:Ni0.3.
Fig.4.21(a) shows that undoped TiO2 under the presence of oxygen vacancies pro-
motes the formation of middle gap states coming from oxygen. Li doping does not
seem to play a major role on the electronic structure of anatase as it can be seen
in Fig.4.21(b), where the appearing states are due to the oxygen atoms. However,
Ni introduces a variety of states on the band gap and close to the valence band
(Fig.4.21(c)), reaffirming the results observed by XPS. Ni doped TiO2 shows a
rather complex role on the VB, in combination with oxygen vacancies, which may
play a role on its ferromagnetic effects[167]. Previous studies had shown that the
increasing of Ni doping favors rutile structure over anatase[168].

(a) (b) (c)

Fig. 4.21: Most stable structures and projected DOS for (a) TiO2 ,(b) TiO2:Li0.3 and
(c) TiO2:Ni0.3 with Ti, O, Li or Ni represented as blue, red, magenta or green circles,
respectively. Oxygen vacancies are plotted in cyan.

Ni has been reported to decrease the band gap as well as to introduce intra-
band gap states. This effect has been observed with our calculations as it can be
clearly observed in Fig.4.21(c). The band gap values estimated by DFT calculations
are shown in Table 4.8. In all cases the bandgap for anatase was overestimated,
however a clear tendency of band gap narrowing in the doped samples is observed
when oxygen vacancies are considered.
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4.6. Anatase-to-rutile transition for doped TiO2
with Li or Ni

In Chapter 1, it has been mentioned that the anatase phase is a metastable phase
and the stable phase of TiO2 is rutile. The transition from anatase to rutile is
commonly denominated as ART. This transition is irreversible and occurs around
700 ◦C but it may vary depending on many factors such as the growth atmosphere,
defects, particle dimension or addition of dopants during the synthesis process[39].

Herein, we have been able to transform anatase to rutile nanoparticles by two
different methods, following results from previous reports[157,169]. The first method
consists on enhancing the temperature and studying the transformation by meas-
uring XRD diffractograms (Thermodifractometry as described in subsection 2.2.9).
Second method is based on triggering the reaction via laser irradiation, analyzed
by Raman spectroscopy.

4.6.1. Thermally-induced ART
In order to analyze the dopant influence on the anatase-to-rutile transition, ther-
modiffractometry has been performed by measuring XRD diffraction patterns at
controlled temperatures from 500◦C until reaching 1000◦C. This complete pro-
cess was therefore composed by 599 steps. Temperature profile increases with a
3 minutes slope and maintain constant temperature for 13 minutes. The studied
θ and 2θ region, comprised between 19.9970 - 40.0171◦ with step size of 0.0334
◦C has been scanned. In this selected region the ART can be tailored based on
the monitor of the diffraction peaks at 25.28° and 27.51° which correspond to the
diffraction planes of (101) for anatase and (110) for rutile phase (ICSD nº00-001-
1292), respectively.

Fig.4.22(a) shows the evolution as a function of the temperature of the diffrac-
tion patterns corresponding to the TiO2 sample, while the diffractograms under
the same conditions for Li doped samples and Ni doped samples are presented, re-
spectively, on Fig.4.22(b)-(c) and Fig.4.22(d)-(e). Maxima related to other oxides
were not observed.

The rutile phase is observed in the images due to the appearance of diffraction
maxima corresponding to the (110) planes of the rutile, which appears at approx-
imately 27.51◦. For undoped TiO2, the beginning of the transition is around 740°C.
As the annealing temperature increases, the maximum of the diffraction patterns
from anatase (101) became narrower due to the increase of size of the nanoparticles,
while its relative intensity decreased, as observed in Fig.4.22. Even up to 1000°C,
undoped TiO2 did not complete full phase transition. The relative information
extracted from Fig.4.22 is found in Fig.4.23, on which we will focus our attention
to determine the differences in the transition due to the presence of the dopants.

Fig.4.23 shows the temperatures at which the formation of the rutile phase
begins, as well as the temperature range during which this transition takes place,
being understood as the difference at which the diffraction planes corresponding
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Fig. 4.22: X-ray Thermo diffractograms on the range 500-1000°C from samples (a) TiO2,
(b) TiO2:Li0.2, (c) TiO2:Li0.3, (d) TiO2:Ni0.2, (e) TiO2:Ni0.3
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Fig. 4.23: Annealing temperature and range in which the transition from anatase to
rutile occurs as a function of the dopant concentration corresponding to the undoped and
doped anatase nanoparticles with either Li or Ni.

to rutile (110) begin to be significant up to the temperature at which the planes
of anatase (101) are negligible. Not only is the type of dopant significant in the
transition to rutile, it has been observed that the relative concentration of the
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dopant modifies the transition to rutile, as observed in Fig.4.23. Doping with
lithium in 20% and 30% concentration changes the temperature in which rutile
starts to appear from 620 to 600 °C, while for Ni doping remains almost equal,
within the uncertainty of these measurements. Nonetheless, among different Ni
dopant concentrations, the range in which the transition takes place also decreases,
from 120 to 100°C for 20% or 30% dopant concentration, respectively.

4.6.2. Laser-induced ART

4.6.2.1. UV laser effect on the Raman modes

It has been observed that Raman spectra acquired with UV laser changed as a
function of irradiation conditions. For that purpose, neutral filters were selected to
reduce the overall intensity by factors of 0.5, 0.25 and 0.1. Spectra acquired until
this moment for the study of the anatase phase were acquired using 0.1 reduction
factor to prevent undesired transition during data acquisition.

Therefore, we can promote rutile transition by means of appropriate laser irra-
diation. To asses how the laser intensity affects Raman spectra, UV Raman spectra
were acquired with the complete set of neutral filters, and its effect on particular
Raman modes has been analyzed, as shown in Fig.4.24 which shows the Eg mode.
Eg mode was dominant on the Raman spectra, and it is sensitive to UV irradiation.

The commercial sample shows the most substantial changes, as not only Eg
mode is shifted towards higher wavenumber with increasing laser intensity, when
irradiated with the highest intensity (I0), the Eg mode is less defined and clearly
wider. The same effect was observed with the undoped TiO2 nanoparticles, but
with a less pronounced shift. Regarding doped synthesized nanoparticles, similar
behavior is observed, but with subtle changes. For both Li or Ni doping, increasing
intensity shifts the Raman spectra towards higher wavenumber, but this effect is
most notably for Ni doped samples.
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Fig. 4.24: TiO2 Raman UV spectra centered on the Eg mode of the undoped (com-
mercial) and Li or Ni 30% doped samples acquired with different laser intensity I0 which
varies by a reduction factor of 0.5, 0.25 or 0.1.

Some modes, as Eg, are more sensitive to laser irradiation: they shift towards
higher energy as the laser power intensity increases, as shown in Fig.4.24. To discern
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Fig. 4.25: Dependence of position and FWHM of the Eg mode on the laser intensity for
the (a) Li 30% and (b) Ni 30% doped samples.

these small changes in the spectra of the doped samples, the Eg mode was fitted
to Gaussain-Lorentz functions and its position as well of FWHM was obtained,
as observed in Fig.4.25. Peak widening of the mode can be observed. This effect
can be attributed to thermal effects related with the temperature increase due to
higher energy and spot size. For some of the samples the effect is most noticeable,
as for example for Ni 30% sample (Fig.4.25(b)).

4.6.2.2. Time dependence

The laser intensity is not the only factor to be taken into account to provoke the
transition from anatase to rutile, since other factors, such as the exposure time,
strongly affect the formation of the rutile phase. Therefore, samples were irradiated
with the highest laser intensity I0 during controlled time periods. After irradiation,
Raman spectra were acquired with 0.1·I0 to assess the differences.

First, the Raman spectra from commercial anatase TiO2 nanoparticles were
acquired with maximum UV laser irradiation, to have a reference of the irradiation
process. After 40 min of irradiation with the UV laser it is clearly observed that
modes, which can be attributed to rutile phase, are observed mainly around 245,
447 and, most notably, at 615 cm-1 (A1g) which can be indexed unequivocally
to rutile by comparing with the rutile commercial nanoparticles, shown also in
Fig.4.26. In particular, commercial rutile posses modes at (in cm-1) 154 (B1g), 263
(Multiphonon process) 414 (Eg), 613 (A1g), as well as a shoulder 700 cm-1 which is
a multiphonon process can be observed in Fig.4.26(a). Raman signal from anatase
possesses higher relative intensity thus spectra are normalized. The strong decrease
of the anatase Eg mode at ∼ 145 cm-1 is also a clear indicator of the undergoing
transition. This mode strongly decreases over the first minutes of irradiation, as
observed in Fig.4.26(b), while over longer periods of time it decreases much more
slowly, which could indicate that the transition occurs within the first moments of
irradiation.
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Fig. 4.26: (a) Raman UV spectra of anatase commercial nanoparticles before and after
being irradiated with I0 for 40 min. (b) Intensity evolution of the Eg corresponding to
commercial anatase.

The synthesized nanoparticles, both doped or undoped, were also irradiated
as shown in Fig.4.27. Undoped nanoparticles were irradiated for the longest time
period, approximately during 2 hours as shown in Fig.4.27(a), which clearly induces
a phase transition, as it can be observed by the shift on the E3g mode at ∼630
cm-1 to ∼615 cm-1, which corresponds to the rutile A1g mode. Similarly than
for commercial nanoparticles, the main mode from anatase (E1g, ∼ 152 cm-1),
decreases upon UV-exposure time, as observed in Fig.4.27(b). Nonetheless in this
case it is observed that the decay slope is lower, as well as continuous, which
indicates that the transition occurs at a slower path. The time-dependency on the
UV-induced phase transition was also studied for Li and Ni doped samples, with
the highest dopant concentrations. Raman spectra from lithium with the highest
dopant concentration are observed in Fig.4.27(c)-(d). Similar decay over time of the
Eg is observed, and the transition to rutile apparently occurs at a similar path. The
main change occurs for the Ni-doped samples, as they apparently are more stable
under laser irradiation. After 30 min, the decay on the relative intensity of Eg of
anatase is really small, as well as no other changes were observed on the spectra
apart from a low decrease on its relative intensity, as observed in Fig.4.27(e)-(f).

111



Chapter 4. TiO2 nanoparticles doped with Li or Ni

200 400 600 800 1000

In
te

ns
ity

 (a
rb

. u
nt

is
)

Raman shift (cm-1)

 TiO2:Ni0.3

 After 30 min irradiation
 

Eg

Eg

Harmonic
       B1g

B1g

B1g+A1g Eg

200 400 600 800 1000

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Raman shift (cm-1)

 TiO2

 TiO2 after 2h irradiation

Eg

Eg

B1g

B1g+A1g Eg

Harmonic
      B1g

200 400 600 800 1000

 TiO2:Li0.3

 After 30 min irradiation

Raman shift (cm-1)

In
te

ns
ity

 (a
rb

. u
nt

is
)

Eg

Eg

B1g

B1g+A1g Eg

Harmonic
       B1g

0 500 1000 1500 2000
Time (s)

E g
(A

) P
ea

k 
In

te
ns

ity
 (a

rb
. u

ni
ts

)  TiO2:Li0.3

0 500 1000 1500 2000

 TiO2:Ni0.3

E g
(A

) P
ea

k 
In

te
ns

ity
 (a

rb
. u

ni
ts

)

Time (s)

0 1000 2000 3000 4000 5000 6000 7000

E g
 (A

) P
ea

k 
In

te
ns

ity
 (a

rb
. u

ni
ts

)

Time (s)

(a) (b)

(c) (d)

(e) (f)

Fig. 4.27: (a) Raman spectra before and after 2h of laser irradiation with I0 corres-
ponding to TiO2, (c) before and after 30 min of irradiation corresponding to TiO2:Li0.3
and (e) before and after 30 min of irradiation corresponding TiO2:Ni0.3 nanoparticles and
(b),(d),(f) its corresponding intensity evolution of the Eg corresponding to anatase.
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4.7. Applications in Li-ion batteries
The possible implementation of the TiO2 nanoparticles as anodes in Li-ion bat-
teries was performed at Enwair Energy Technologies Corp., Istanbul, Technical
University, Istanbul Turkey in collaboration with Dr. Neslihan Yuca.
In this case, active materials, binder and carbon black (CaB) were mixed in wa-
ter (weight ratio of TiO2/(PAA)/CaB = 70/20/10) for 3 hours. Slurries were then
coated on the copper foil by using a doctor blade. After electrodes dried, they were
cut as disk for coin cell assembling. They were placed in the glovebox overnight and
further dried in the vacuum oven at 90 ◦C for 12 h to completely remove the water.
Celgard 2400 separator was obtained from Celgard. PAA (Mw: 450.000, Sigma-
Aldrich) was utilized as binder. Lithium-ion electrolyte was purchased from BASF,
including 1.2 M lithium hexafluorophosphate (LiPF6) in EC, DEC (EC/DEC =
3:7 by weight), and 30% by weight of FEC were also added. The electrodes were
used to assemble the coin cells. As a counter electrode, the Li metal was used. The
performance of the assembled 2032 coin cells was evaluated with Neware Battery
Test system. The cut-off voltage of cell testing is between 1.2 V and 0.01 V, as-
suming a theoretical value of 330 mAhg-1 for TiO2. Half cells were cycled at C/25
for 2 cycles, at C/10 for 2 cycles and at C/5 for following cyclesi. Only undoped
and Li-doped TiO2 results are show, as Ni-doped samples shown very poor battery
performance in terms of specific capacity.
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Fig. 4.28: (a) Specific capacity and (b) coulombic efficiency values upon cycling from
LiB with anodes based in undoped and doped TiO2 nanoparticles. Inset in (a) shows
detailed region of specific capacity between 80-450 mAhg-1.

The specific capacity and Columbic efficiency of TiO2, TiO2:Li0.2 and TiO2:Li0.3
are shown in Fig.4.28. It was found that, initially the tested cells show capacities,
after the initial 4 cycles at C/25 and C/10, respectively, of ∼198, ∼238 and ∼345
mAhg-1 during discharge, respectively, as shown in Fig.4.28(a).During the following

iC-rate measures the rate at which a battery is discharged relative to its maximum capacity.
In this case initially different C-rates were used for testing.
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cycles the capacity decays, most notably for the TiO2:Li0.3 anode reaching ∼315
mAhg-1 at 50 cycles.

However, after this initial decay the capacity of each sample increases over
cycle number. After 200 cycles at C/5, cells with TiO2, TiO2:Li0.2 and TiO2:Li0.3
electrodes showed 225, 261 and 396 mAhg-1 specific capacity, respectively. Specific
capacity of the anode containing TiO2:Li0.2 suddenly drops at 200 cycles, whereas
TiO2:Li0.3 continuous to increase over time. Coulombic efficiency is close to 100%
in all cases as observed in Fig.4.28(b) where the coulombic efficiency over the first
140 cycles are shown.

4.8. Discussion

During the last decades TiO2 (titania) has become one of the most extensively-used
wide-band gap semiconductors. Titania possesses different polymorphs, being the
most notable: brookite, anatase and rutile. Anatase and rutile phases are both
a tetragonal structure (I41/amd and P42/mnm respectively) but differ on their
physical and chemical properties such as the refractive index, band gap or electrical
conductivity, which determine its applicability.

In fact, anatase TiO2 has been widely exploited in photocatalysis, solar cells,
and lithium-based batteries[9,33,41] where it exhibits excellent optoelectronic prop-
erties and better photocatalysis effect than rutile TiO2

[6]. However, anatase can
transform into rutile under certain operation conditions mainly because of its meta-
stable nature, which should be considered in the design of anatase-based devices.

Different methods have been reported to synthesize anatase TiO2
[9,10,12,13,41]

such as hydrothermal,[40,170] Liquid-Mix,[157,169] sol-gel,[48,137,160,171] mechanical al-
loying.[55] co-precipitation,[168] hydrolysis,[127] solvothermal,[172] CVD,[173] or Pulsed
Laser Deposition (PLD)[49]. Among the most common methods to synthesize TiO2,
hydrolysis comprises significant advantages, as it is a low cost method for both un-
doped and doped nanoparticles, which presents a certain level of doping control on
the final product. In most applications, enhanced properties of TiO2 are determ-
ined not only by the crystallographic phase, but also by the dimensions, defects
and doping. Recent attention has been focused on the investigation based on using
transition metals dopants, such as Cr, Fe, Al[47,157], Co[48,174], Mn[117], Mo[175] or
non-metals such as N, C, F, B[41] among many others[39,176]. In this work a trans-
ition metal (Ni) and a light element (Li) were selected as dopants in anatase TiO2
nanoparticles. Nickel doping has shown remarkable results as a TiO2 dopant in
photocatalysis[55,168,170]and solar cells, while light metal dopants such as lithium
have also demonstrated promising results for TiO2 in catalysis[7], photocatalysis[40],
electrode[177] or transport layer[178] in PeSC. In addition to the selection of the ad-
equate dopant, its concentration should be also controlled as very low differences
in the amount of dopant could lead to variable TiO2 properties, which should be
taken into account in the performance of TiO2 in diverse devices. Doping anatase
with different cations can control the ART and promotes or hinders the forma-
tion of rutile nanoparticles at low temperatures, which should be considered in the
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development of TiO2 based devices.
Via XRD analysis the only phase observed in the nanoparticles synthesis by

hydrolysis in this work was anatase TiO2 and a weak contribution of brookite
on the Ni-doped samples with the highest dopant concentration, due to the low
temperature on the synthesis process. No further oxides, precursors or secondary
phases were observed. Furthermore, no peak shift was observed and neither peak
broadening was observed. The obtained cell parameters were summarized on Table
4.1 (ICSD nº 01-071-1166). Nanoparticle sizes were always below 7 nm but the
dopant effect respective to size is different for the different dopants. Li doped
samples present higher dimensions up to 6.34 nm with lower dopant concentration.
However, Ni doped samples linearly increases with dopant inclusion. Some authors
had pointed out that occasionally lithium could migrate to the surface which could
be a reason for the observed higher particle size[137].

Li+ and Ti4+ possess similar ionic radii (RLi+=0.59 Å, RTi4+=0.60 Å), hence
Li+ could substitute Ti4+ in the anatase TiO2 lattice without substantial changes in
the lattice parameters. In the case of the Ni doped nanoparticles, despite the larger
Ni2+ ionic radius (RNi2+=0.69 Å), a peak shift was neither observed, which could
indicate that Ni is incorporated with variable oxidation states, Ni2+ and Ni3+, as
they possess a higher and lower ionic radius, respectively. Variable concentration
of defects due to each dopant and its concentration should be also considered. The
similar parameters observed could be understood due to the similar ionic radii[134]

as RLi+/RTi4+ ∼ 0.98 and RNi2+/RTi4+ ∼ 1.15.
Both EDS and ICP-OES assure the presence of the dopants. Ni-doped samples

present an homogeneous distribution of Ni as observed in Fig.4.2(c)-(d). Despite
the variable concentration of the dopant-based precursors in the synthesis proced-
ure, similar concentrations of dopants were detected for both weight concentrations.
This effect could be related to a near-solubility limit of the dopant on the anatase
phase. The solubility limit of Li in anatase is related with different effects such
particle size and oxygen stoichiometry[179], and for high concentrations it can not
be omitted that Li appears to migrate towards the surface. Still, anatase structure
has been conserved, being reported for 7 nm anatase particles able to host up to
Li/Ti=0.21[180].

TEM measurements confirm that rounded and homogeneous particles with sim-
ilar sizes were obtained. TiO2:Ni0.3 SAED shows the presence of brookite, in agree-
ment with XRD results. It should be pointed out that anatase peak (101) on XRD
could hide (120) and (111) peaks of brookite, which could be attributed to a lower
temperature synthesis or an undesired effect due to the high dopant concentration.

Structural characterization was also studied by Raman spectroscopy. For all
the samples analyzed in this work, the dominant peak is the Eg mode from anatase
TiO2 centered at 149 cm-1. This mode is more sensitive to the concentration of
oxygen vacancies in anatase TiO2

[157]. Firstly, the obtained nanoparticles were
analyzed using both VIS and UV laser and compared with commercial anatase
TiO2 nanoparticles, which were used as reference. Intensity of Raman modes on
commercial nanoparticles was higher as compared with synthesized ones. As well,
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a slight shift towards higher wavenumber of the principal modes were observed.
More clear was that every mode was less defined, most notably Eg, which is related
to O-Ti-O symmetric stretching vibrations, mode observed with both lasers and
the harmonic B1g mode observed with UV. This is due to the high sensibility of
distortions of both modes. The general lower mode definition is due to the multiple
structure defects in the synthesized nanoparticles which is clearly observed on the
following luminescence measurements.

Raman spectra obtained with the VIS laser show that the total intensity de-
creases for the doped samples, especially for the Ni doped ones. Moreover, for
the doped samples there is a small redshift in all the modes, mainly for the Eg
mode (149 cm-1). This weak redshift is more noticeable for the nickel doped nano-
particles, together with a peak widening, as observed in the insets in Fig. 4.5. This
redshift could be attributed to phonon confinement and non-stoichiometric defects
in the doped nanoparticles probably due to the variable presence of oxygen vacan-
cies[181]. Fig.4.5(c) shows the variation of the FWHM from the main Raman peaks,
obtained by a deconvolution of each Raman mode to Gauss-Lorentz functions after
background correction. It can be appreciated that the width of the peaks is higher
for the doped samples, despite their slightly higher dimensions. For most of the
modes, the FWHM increases for low doping and decreased for higher amount of
dopant. These effects in the Raman signal from the doped nanoparticles can be
related to the disruption and contraction of the TiO2 lattice due to the substitution
of Ti4+ for Ni2+[182] or Li+ creating oxygen vacancies. This broadening and peak
shift have been also observed in Mn[183]or Mo[175]doped anatase TiO2 which assures
the effect on the oxygen vacancy generation to maintain overall charge neutrality
after the dopant inclusion.

UV laser measurements were performed to obtain deeper information on the
high energy region. This high sensibility is due to the relaxation fo the selection
rules due to the low nanoparticle dimension. Fig.4.6 shows that, similarly to the
results observed with VIS laser, the intensity of the Raman signal is dependent of
the doping, being the lowest for Ni-doped samples. In this case, we can observe
high energy contributions around 800-850 cm-1 Fig.4.6(b)-(c), which are summar-
ized on Table 4.4. The former contribution is related to the 1st harmonic of the B1g
mode (∼400 cm-1) while the second mode is often disregarded. Undoped samples
posses a lower contribution of both modes, being dominant the first contribution,
however doping specially Ni-doping enhances the second contribution similarly to
the results reported for Fe-doped samples[169]. These contributions are also shifted.

Normalized PL spectra of doped and undoped samples are shown in Fig.4.7. All
the spectra can be deconvoluted to three main Gaussian contributions, at ∼2.0, 2.3
and 2.8 eV as shown in Table 4.9. The emission centered at ∼2.3 eV, which dom-
inates the PL spectra from all the samples, has been usually attributed to surface
defect associated with oxygen deficiency in anatase TiO2

[48,157,183–185]. The high-
energy emission around 2.8 eV can be attributed to the presence of self-trapped ex-
citons[48,157,183–185]usually observed in titanates formed for octahedral TiO6, while
the low-energy emission around 2 eV can be attributed to localized excitons[184].
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Li doping does not affect significantly the luminescence as compared with anatase
TiO2 (Fig.4.7). However, the total intensity of the PL signal slightly decreases
for the TiO2:Li0.2 sample, whereas increases for the nanoparticles with the highest
amount of lithium (TiO2:Li0.3). This effect could be related to a disorder induced
with Li+ or the creation of recombination center of photogenerated electrons and
holes[185]. Ni doping promotes and increases the relative intensity of the emission
centered at 2.85 eV (Fig. 4.7), attributed to self-trapped excitons, as also reported
for Fe-doped anatase TiO2

[157]. In this case, no significant variations were observed
between sample TiO2:Ni0.2 and TiO2:Ni0.3. In both cases Ni-doping induces a de-
crease in the total intensity of the PL emission, as compared to undoped TiO2,
contrary to the effect observed for Li doping. Some authors reported a decrease in
the PL signal for Co-doped TiO2 related to the formation of non-radiative levels, al-
though for Ni doping the localization of Ni trapping levels in the band gap should
be also considered[55]. This effect is also supported by DFT calculations which
points out to a possible reduction of the bandgap and the presence of impurity
states for anatase TiO2 doped with transition metals[186]

Table 4.9: Deconvolution parameters of the PL spectra to Gaussian functions acquired
at RT from undoped and Li or Ni doped TiO2 nanoparticles.

Position
(eV)

FWHM
(eV)

Relative Area
(%, arb.units) Reduced χ2

TiO2

2.01 0.366 13.0
1.09·10−42.39 0.454 79.6

2.82 0.400 7.5

TiO2:Li0.2

2.00 0.379 14.7
1.05·10−42.38 0.444 78.4

2.82 0.481 6.9

TiO2:Li0.3

2.00 0.383 15.0
1.06·10−42.37 0.448 79.8

2.86 0.454 5.2

TiO2:Ni0.2

2.00 0.383 10.4
2.01·10−42.40 0.484 74.5

2.86 0.391 15.1

TiO2:Ni0.3

2.03 0.341 8.1
1.60·10−42.42 0.468 79.9

2.85 0.403 21.0

Cathodoluminescence results show similar luminescent bands than in Photo-
luminescence. Synthesized and commercial TiO2 samples spectra are centered at
∼ 2.5 eV. Low Li-doping enhances the luminescent signal at ∼ 2.5 eV which is
related to the presence of VO,VO , while higher Li-doping luminescence is shifted
towards ∼ 3 eV, and therefore shows the opposite behavior to what was observed in
photoluminescence. This discrepancy on high-Li doping as compared with photolu-
minescence could be attributed to the poor CL signal which only triggers emission
of certain radiative or non radiative centers. Ni-doping signal is extremely small
but high-Ni doping wears a contribution towards 3.0 eV can be observed, which may
be related to STE, as observed for PL. Decreasing temperature enhances lumines-
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cence on the samples as it can be clearly observed in Fig.4.9. Moreover, the CL
shift towards lower energy and the main contribution shifts from 2.5 eV to ∼ 2.33
eV and ∼ 2 eV is in overall the most enhanced feature with decreasing temperature.
Reaching the minimum temperature of 120K all spectra were normalized as shown
in Fig.4.8(b). At 120 K, undoped and Li-doped TiO2 present a similar spectra,
while Ni (especially low Ni-doping), shows a higher-energy contribution. These
results are in good agreement with the observed by photoluminescence: Ni-doping
enhances high energy contributions at ∼ 2.9 eV, related to STE. Battiston et al.[187]

measured CL for TiO2 anatase layers, and observed emissions at 500 nm (∼ 2.48
eV), 550 nm (∼ 2.25 eV) and 610 nm (∼ 2.03 eV) which are in similar position to
our observations. In our case, it is clear that the synthesis method creates a lower
concentration of STE for Li and undoped samples, whereas Ni doping mostly in
low concentrations, enhances these STE. The spectra of Ni at high concentration
was very weak and the observed contribution which is similar to undoped anatase,
could be misinterpreted.

PL and PLE were also obtained using a discharge Xe lamp at a variable range of
temperature from which the activation energy were estimated. In all the samples we
observe an activation energy EB that is nearly five times larger than EA (if present),
while the order between samples the pre-exponential factor is similar which agrees
with previous results on anatase layers growth on the (110) direction[101]. Con-
cerning the model used, it has been already reported that PL emission intensity at
low temperature for anatase nanocrystals fits better with the use of two activation
energies[101], as show in Equation 4.1. In this equation the pre-exponential factor
can be described as A = τR/(τi − τi↓) which are coefficients given by the ratio
of the luminescent radiative lifetime τR and the inverse transition probabilities of
the non-luminescent states i = (a, b) to the luminescent one τi↓ and to the ground
state τi. This study on doped nanoparticles has not been extensively studied on
the bibliography. The different radiative processes that undergo on the different
samples are clearly different, most notably for the TiO2:Ni0.3 sample. It has been
regarded that the PL behavior in anatase under temperature changes can be fully
explained by the dissociation of weakly bound self-trapped excitons where each of
the two carriers strongly distorts the lattice.

Hall effect measurements allow to determine the conductivity of the pressed-
into-pellets nanoparticles. Commonly reported values for TiO2 nanoparticles range
between 10−4-10−8 S·cm−1[188–190], where these discrepancies are due to the dif-
ferent particle size, porosity, oxygen stoichiometry or percolation effects that may
undergo during measurements. TiO2 conductivity is often studied in form of thin
layers obtained either via sol-gel or CVD, rather than as nanoparticles and higher
conductivities are usually reported. Li-doped samples present higher conductivity
than undoped particles, similar to Ni-doped but in this case increasing Ni doping
tends to decrease the conductivity. This increase on the conductivity, mediated by
Li-doping, is attractive to use these nanoparticles in electronic devices.
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According to the Raman, CL and PL analysis, only slight changes are induced
by Li or Ni doping in the structure and the luminescence properties of the TiO2 nan-
oparticles, in accordance with the minor variations in the concentration of dopants.
Variable structure of defects, mainly associated with oxygen deficiency, were con-
sidered as a function of the type and amount of dopant. In particular, Ni doping
seems to promote more defective TiO2 nanoparticles. However, as the variation of
the dopant concentration in the samples under study is small, these changes are
not very noticeable and their analysis require more sensitive techniques. Hence, in
order to deeply assess possible changes related to the doping process, in this work
complementary XPS and XAS measurements were performed to determine changes
on the chemical structure of the undoped and doped samples.

Mostly Ti(2p), O(1s) core levels and for the doped samples Li(1s) or Ni(3p)
were studied. Position, intensity and DS from the Ti core level allows to attribute
the valence of the present Ti to Ti4+, without traces of other valences. It should
be mentioned that other works[171], and most notably after introducing dopants
on the anatase structure, observe a presence of Ti3+, which is also regarded as an
effective approach to improve its photocatalytic activity as Ti3+ acts as active site.
The presence of Ti3+ is more commonly observed in rutile nanoparticles[191]. In
our case not only Ti3+ is not observed by XPS, complementary techniques such as
CL did not observe any contribution which could be related to Ti3+ defects, which
further aims towards the absence of Ti3+ on the samples.

O(1s), shown in Fig.4.14 shows differences upon dopant concentration. The
presence of Li or Ni mostly promote the high energy contribution (OII), which
is often attributed to the presence of oxygen vacancies as well of other hydroxyl
groups, as we have discussed on the previous chapter. The specific dopant core
levels, such Li(1s) also bring valuable information on the dopant related effects
on the chemical environment. Li(1s), shown in Fig.4.15(a), demonstrated in first
instance that there is Li presence on the sample, particularly on a high concentra-
tion. The slight differences on both the spectra corresponding to TiO2:Li0.2 and
TiO2:Li0.3, indicates that there is a small difference on the dopant concentration
among both samples, but non negligible. By comparing the Ti(3s) and Li(1s)
peaks, which posses similar height as well as almost the same cross section at 230
eV, a rather high Li concentration on the surface is deduced. This could imply
that most of the lithium is present on the surface or even formatting a LiOx shell
surrounding the TiO2 core. Some authors reported that a large amount of Li+ was
doped onto the surface of TiO2, probably by the formation of Ti-O-Li bonds[7], and
occasionally the lithium migrated to the surface could justify higher nanoparticle
size[137], as compared with undoped nanoparticles. This could explain the higher
size of the doped Li-samples compared with the undoped TiO2.

Regarding Ni(3p), the low concentration of the dopant as compared with the
previous chapter, in which the possibility of multiple Ni valence as Ni3+ or Ni2+

was discussed, hinders its quantification, as observed in Fig.4.15(b) as Ni(3p) peak
height is really small. Nonetheless, qualitatively we can determine the presence of
Ni on the samples. Previous reports show that Ni doping can preserve Ti4+ charge
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state[160], which could explain the observations on the Ti(2p) core level, in which
only Ti4+ was observed on our samples.

The VB region suffered a shift towards the Fermi level for the samples contain-
ing Nickel, similarly to the effect observed for the Ni-doped SnO2 nanoparticles on
the previous chapter, which indicates a lower n-type behavior for both Ni-doped
samples. It should be remarked that the valence band region corresponding to the
Ni-doped samples presented a different contribution than the undoped samples.
Undoped TiO2 presented mainly two contributions: a main contribution at ∼ 7.1
eV, which in fact was used to center the spectra position and other contribution
at ∼4.7 eV. Ni doped samples presented differences in the low energy region below
∼3 eV, which is marked with an arrow in the inset of Fig.4.16. The origin of this
contribution will be discussed on the resonant spectra, as this effect is further en-
hanced.

XAS spectra was described carefully on this chapter. Fig.4.17 shows the Ti
L3,2-edge, which it was pointed out to be very similar to previous reports. The
relative intensity on the B′2 peak confirmed that the samples were anatase TiO2,
as the relative intensity of this peak is considered the fingerprint to detect anatase
or rutile structure. While this qualitative study on the XAS spectra leads to
conclude that the dopant in fact affects the electronic environment and the crystal
structure, there are subtle changes between different absorption spectra on the Ti-
L edge. One initial approach, and as stated on the previous chapter, was the use of
the CTM4XAS software, as Ti L-edge can be simulated, due to the final titanium
configuration as a transition metal. However, this subtle changes, and especially
the B2’ is not successfully represented by this approach, so this idea has to be
dismissed.

To assess the origin of these defects, the region between 457 and 462 eV, which
corresponds to the Ti(2p)L3,2 region, represented in Fig.4.17 has been analyzed
in depth. This absorption edge is divided in two regions, as previously discussed
(L3 and L2, due to spin-orbit coupling). Each edges are divided into two regions,
due to the crystal field effect. The first region is composed by d orbitals with
t2g symmetry at positions ∼457.9 eV, as well as two pre-peaks which origin was
discussed as multipole 2p-3p interactions. The second contribution at this first
region is composed by eg orbitals, which are placed around 459.5 eV. In this region,
the most notable changes are observed, primarily on the B2 peaks (eg) intensity
with the dopant addition, which may be attributed to small changes in the oxygen
deficiency, in agreement with Raman and PL measurements.

In order to describe the different energetic levels associated with d orbitals is
necessary to introduce parameters known as crystal field parameters Dq, and Ds
and Dt. Thus, the energy associated with the orbitals t2g and eg are separated by
an energy of 10Dq, where +6Dq is due to eg and −4Dq for t2g. 10Dq is defined
as the energy difference between the t2g states and the eg states[147] as observed in
Table 4.10.

Energy difference between orbitals b1g and b2g has been found to be comparable
to the crystal field splitting parameter 10Dq. Difference between b1g(dx2−y2) and
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Table 4.10: Crystal field energy positions of the different orbitals[145].

Energy
as a function of D Orbital

b1g 6Dq + 2Ds− 1Dt dx2+y2

a1g 6Dq − 2Ds− 6Dt dz2

b2g −4Dq + 2Ds− 1Dt dxy
e1g −4Dq − 1Ds+ 4Dt dxx,yz

a1g(dz2) is defined to be δ1 = 4Ds+5Dt and the sign of this parameter determines
the type of tetragonal distortion as compression for δ1 < 0 and stretching (elong-
ation) if δ1 > 0 respective to the z axis. By fitting the spectra to Gauss-Lorentz
(G-L) functions (labeled as A, B, C and D) as shown in Fig.4.29(a) we can obtain
10Dq and ‖δ1‖[92], as shown in Table 4.11.
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Fig. 4.29: (a) Ti L3 edge G-L deconvolution for the sample of TiO2 (b) 10Dq crystal
field splitting for the different samples obtained from the deconvolution G-L of the Ti(2p)
L3 (c) Tetragonal distortion parameter ‖δ1‖ for the different samples obtained from the
deconvolution G-L of the Ti(2p) L3 edge and (d) O-K edge G-L deconvolution for the
sample of TiO2 (e) crystal field splitting for the different samples obtained from the
deconvolution G-L of the O(1s) K-edge.

A similar study can be obtained from the absorption edges of O(1s) K. In this
case, the two main regions described previously can be fitted using 4 (A,A∗, B,B∗
and 3 (C,D,E) in bands respectively and the most representative are summarized
in Table 4.12 and observed in Fig.4.29(d). As observed, small changes on the peak
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Table 4.11: Ti(2p)-L3,2 deconvolution parameters to G-L functions.

EA+B (eV) EC(eV) ED(eV)
ED-EC
∼ |δ1|

ED-EA+B
∼ 10Dq

TiO2 457.93 459.54 460.51 0.97 2.58
TiO2:Li0.2 457.91 459.62 460.57 0.95 2.66
TiO2:Li0.3 457.88 459.59 460.53 0.94 2.65
TiO2:Ni0.2 457.91 459.62 460.57 0.95 2.66
TiO2:Ni0.3 457.84 459.54 460.50 0.95 2.66

positions are obtained (< 0.1 eV).

Table 4.12: Deconvolution of the O(1s)-K edge obtained from G-L functions.

EA (eV) EA∗ (eV) EB (eV)
EB-EA
∼ 10Dq

TiO2 530.73 531.51 533.34 2.61
TiO2:Li0.2 529.68 530.47 532.37 2.68
TiO2:Li0.3 529.71 530.52 532.35 2.64
TiO2:Ni0.2 529.66 530.43 532.33 2.67
TiO2:Ni0.3 529.66 530.42 532.33 2.67

Fig.4.29 shows the crystal splitting (10Dq) and ‖δ1‖ differences between the
samples mainly due to doping. The (10Dq) splitting is both obtained from the
calculation with the positions on Ti L3,2-edge and O-Kedge shown in Fig. 4.29(b)-
(d), where Ti(2p)L3 (ED-EA+B) and O(1s) K (EB-EA), respectively. While for
the Ti-L edge the results of the 10Dq is almost the same similar tendencies are
obtained but from O K-edge the values are slightly overestimated, which can be
clearly observed on the differences obtained when estimating the values of the crys-
tal field parameter for 20% concentration for each dopant. Ti-L edge lead to a very
similar result, while for O-K edge there is a discrepancy of 0.03 eV. Tetragonal
distortion ‖δ1‖ as a function of dopant is shown in Fig. 4.29(c). In this case an
increase in the dopant concentration decreases the tetragonal distortion, which is
not what is observed for the 10Dq parameter. These values are in agreement with
the results reported by other authors[162].

Regarding Ni-doped samples, the splitting of L3 and L2 into two contributions
is very sensitive to Ni oxidation state and charge transfer[148]. An increase on
the relative intensity of these peaks could denote an increase in the hole concen-
tration and thus an increase in the Ni3+ concentration[148]. Both TiO2:Ni0.2 and
TiO2:Ni0.3 spectra possess comparable relative intensity, thus confirming similar
Ni doping in both cases.
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After measuring the XAS spectra, to obtain deeper knowledge on the VB region,
mainly on the region below 3 eV, XPS was measured under resonance conditions.
TiO2:Li0.3 contributions at ∼7.1 eV and 4.7 eV posses a resonance maximum at
58 eV, while the resonant peak at ∼1 eV becomes significant in the range 54-66
eV, with a maximum at ∼55 eV, as observed on the contouring plot in Fig.4.30,
showing the VB region acquired on a variable range of photon energies between
52 and 66 eV. These features can be observed on the Constant Initial State (CIS)
plots, shown in Fig.4.30(b)-(d). Therefore, the feature around 0.9 eV could be due
to the transition from Li(1s). Some authors pointed out the presence of a feature
around 0.9 eV, similar to that observed in this work for Li doped TiO2, can be
associated with Ti(3d) defect state[49] due to the probability of transition between
Ti(3p)→Ti(4s). As Ti(2p) L3,2 was not measured under resonance conditions, it
is not possible to completely obviate the presence of Ti3+, although the rest of
the techniques performed up to this point apparently support its absence in our
samples. Giordano et al.[177] demonstrated that the for Li-doped TiO2 of Ti(3s)
there was a presence of Ti3+, which indicates a partial reduction of Ti4+ to Ti3+,
which should be clear as an asymmetry on the Ti(3s) spectra in this work, which
is not present.
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Fig. 4.30: (a) Contour plot showing TiO2:Li0.3 VB region acquired with photon energy
between 52-67 eV and CIS spectra of the regions with binding energy between (b) 1-1.5
eV (c) 4-4.5 eV (d) 7-7.5 eV .
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

Ni-doped samples, precisely the TiO2:Ni0.3 sample, shows a clear shoulder at
∼2.5 eV could be related to Ni(3d) states[192]. A similar feature was reported for
Fe-doped TiO2

[49] attributed as Fe-3d and Ti-3d derived states. In our case Ni
could play a role similar to Fe(3d). Hence, RPES measurements shed light to the
Li-related states (∼1 eV ) and Ni-related states (∼2.5 eV) in the VB region pro-
moted by doping in the nanostructures.

Ab-initio calculations based on DFT were obtained to assure the effect of the
dopants on the anatase structure. Firstly, to observe more clearly these effects, it
was needed to add a relatively high concentration of oxygen vacancies to match
with experimental results. The presence of Ni introduced a high level of mid-gap
band states, which could explain the previous results observed by RPES. However,
for Li-doped samples there is no presence of Li-related sub-band gap states, which
in fact has been reported on the literature[177]. Both Ni and Li decreased the band
gap of anatase, if we consider a high presence of oxygen vacancies, what has been
reported on the literature[176] as observed on Table 4.8.

Anatase stability is limited due to its metastability which tends to transit
to rutile. This non-reversible transition occurs most commonly at around 600-
700 °C for undoped TiO2 in absence of impurities or dopants[39], but reported
transition temperatures vary in a wide range precisely depending on the differ-
ent synthesis methods materials, dopants, particle size or atmosphere. It has
been reported that with sizes around 10 nm anatase becomes more stable than
rutile[193]. The ART can be modified by doping, as previously reported by diverse
authors,[39,47,169,182,193,194]which is an important aspect to be considered in the po-
tential applicability of the anatase phase in devices operated at high temperatures.

In our case, the ART begins at around 740 °C for undoped TiO2, while this
transition is initiated at lower temperatures, around 600 (620) and 700° C, for the
Lithium and Nickel doped TiO2, respectively, being in agreement with the values
reported by other authors[193,194]. Li and Ni-related defects may contribute to the
formation of oxygen vacancies as Ni2+ ions may enhance nucleation and growth by
two different effects, breaking and creation Ti-O bonds, enhanced by the absence
of O2 and providing energy mass transport route accelerating the growth process
of rutile[182]. This is also in agreement with DFT calculations which show that
nickel promotes rutile over anatase[168]. To qualitatively quantify this transition,
one approach was suggested by Spurr and Myers[195] in which the fraction of the
volume of rutile could be estimated from the XRD data. These equation has been
slightly modified[175,196], reaching:

FR = 1
1 + 0.8

[
IA(101)
IR(110)

] (4.2)

where FR, IA(101) and IR(110) are the rutile phase percentage, intensity of anatase
(101) peak and intensity of rutile (110) peak. This results can be used qualitat-
ively, as for obtaining reliable results a constant background should be carefully
subtracted from each spectra.
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Fig. 4.31: (a) Rutile fraction estimated with the Spurr-Myers equation for each of the
samples and comparison of the relative intensity of the diffraciton peaks corresponding
to Rutile (110) and Anatase (101) with increasing temperature for (b) TiO2 and (c)
TiO2:Ni0.3.

Fig.4.31(a) shows the comparative fraction of rutile obtained with increasing
temperature. Three different behaviors are observed for the set of samples. TiO2
has a slower slope and did not reach a percentage of rutile of 100%. For the Ni
doped samples the slope is higher and the maximum value of the rutile fraction is
reached faster, but at higher temperature than for Li-doped samples. Fig.4.31(b)-
(c) shows the relative intensity of the corresponding to Rutile (110) and Anatase
(101) for TiO2 and TiO2:Ni0.3 respectively. It is clear that for the doped samples
anatase is transformed faster to rutile. The limitations on the quantification rutile
(as a percentage) with the use of Equation 4.2 is given due to the fact that at
lower temperatures it suppose there are a substantial presence of rutile (∼ 20%),
which is not reliable. Anyhow, the different slopes on the observed curves is a clear
indicator on the different speed in which rutile is obtained, which is evident on
Fig.4.31(b)-(c).

Previous results show that doping with transition metals as Fe tends to lower
this temperature, arguably due to precipitation of the excess of dopants in the
highly doped samples, which can facilitate the phase transition[169]. As mentioned,
similar ionic radii of Ni2+ and Li+ respective to Ti4+ could be translated on dopants
incorporation as substitutional and, to maintain charge balance, oxygen vacancies
are created. Besides, Ni2+ and Li+ eases the break and creation of Ti-O bonds and
provides a energy mass transport routes, as the number of Ti-O bonds decrease, the
nucleation and growth process of rutile is promoted. Many factors could affect the
anatase stability such as the grain size, its morphology or the synthesis atmosphere.
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Chapter 4. TiO2 nanoparticles doped with Li or Ni

The idea of inducing ART via laser irradiation has been discussed on the liter-
ature over the last 5 years[157,174,197,198], as it offers a method to obtain complex
anatase/rutile structures without the use of any mask. Laser conditions to trigger
this reaction are often based in high-power lasers under vacuum or inert envir-
onments, distinguishing among continious-wave or pulsed lasers. This transition
has been obtained with the use lasers which cover a great extent on the UV-NIR
range, such as UV lasers with wavelengths of 266 nm[197] or 325 nm[157], VIS
lasers (green, 532[174,198] and red 785[198]) and higher wavelengths-lasers such as
a Nd:YAG, 1064 nm[199]. While anatase TiO2 laser-induced transition has been
widely reported, the dopant effect on this transition has not been as widely con-
sidered. Vasquez et al.[157] analyzed the effect of Al and Fe, with Fe-doped samples
clearly inhibiting the transition. Dauksta et al.[197] induced the transition on Nb-
doped TiO2, which was stabilized by the Nb doping, on a different approach as
suggested in this work, as the authors used a pulsed laser, which led to the phase
change from anatase to rutile with 10000 laser pulses. Gaur et al.[174] observed
the phase transformation of Co-doped TiO2, remarking that the lattice expansion
plays a major role on the controlled transition. Recently, Labadini et al.[198] used
dye-pretreated anatase TiO2 films in which via Raman spectroscopy induced the
ART transition when excitation of the dye sensitizer caused an electron injection
from dye molecule-excited state to the TiO2 conduction band.

In our case, it has been mentioned that some of the Raman modes such as Eg
are sensitive to laser irradiation as observed in Fig.4.27, where both the FWHM
and position are affected by different laser densities. However, the effect of the
UV irradiation will be clearly affected by the dopant type (Li or Ni) as well as the
nanoparticle type (synthesized or commercial). When increasing the laser intens-
ity from the UV laser to the highers value, I0, the Eg mode was shifted towards
higher wavenumber, which responds to two different effects: thermal heating from
the UV irradiation and UV light interaction with the sample. Nonetheless, both Li
and Ni responded in different manner. Li doping does not modify the position or
FWHM of the Eg mode until reaching 0.5·I0 which could indicate that most of the
laser irradiation is not enhancing the temperature of the sample, and it is rather
affecting the Ti-O bonds of the sample, which could affect the nucleation process of
the rutile growth from broken bonds, favoring the transition. On the other hand,
Ni-doping was observed to thermally induce the transition at lower energies (as
compared with undoped TiO2) but when using laser irradiation, this transition
does not occur as easily. Other explanations could be related to the UV-induced
transition does not exclusively triggers the transition via thermally increasing the
temperature of the lattice. Some authors have proposed that the laser-induced
phase transition is dominated by a thermal mechanism related with processes of
absorption and desorption of surface oxygen which is on the anatase surface[200].
Dauksta et al.[197] pointed out that the phase transition occurs due to the nonlinear
absorption of the laser light and an explosive re-solidification of the surface layer.
In their observations, the presence of anatase on the edge of the formed crater
after the laser ablation suggest that there is still mostly anatase. With the power
densities used in this thesis, there were no morphological changes observed after
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the UV irradiation, and it is more likely that the localized structural transforma-
tion takes place within the same particle, as suggested by other authors[174]. This
should be considered as a possible explanation on the different behavior observed
for the Ni-doped samples. Nanoparticle surface is very different among doped and
undoped samples, as clearly observed for the Li-doped samples, where a high con-
centration and bigger size could indicate segregation of lithium. The possibility of
a different surface structure could led to different structural transformations un-
der laser irradiation. From these methods, is clear that the design of a mask-free
pattern via laser irradiation, which combine anatase and rutile is possible. In our
case we have observed that Li-doped TiO2 showed improved electronic properties
and variable luminescence, which makes this material appealing for optoelectronic
device design. The use of combined anatase and rutile have already shown poten-
tial application, due to their photocatalytic and antibacterial properties, in which
irradiation induces the decrease in the colonization intensity of bacteria[199].

Finally, contemplating a possible application of the nanoparticles synthesized
and characterized throughout this chapter, we have considered their application
in lithium-ion battery anodes. Transition metal oxides have been regarded as an
important anode candidate for achieving high-performance LIBs, where titanium
dioxide, is considered one of the main candidates, as it has been widely investig-
ated based on its cycling stability, chemical inertness and high safety[10]. It is well
known that the optoelectronic properties of nanoparticles are related with its mor-
phology, size or volume-surface ratio. To vary those properties, one well-established
approach consists on doping those nanomaterials with other elements which can
strongly modify the final properties. Doped titania nanoaparticles have shown in-
creased capacity compared to undoped nanoparticles, as specific capacity obtained
in this work is higher than the expected nominal capacity of undoped TiO2 of ∼200
mAhg-1 and higher compared to previous reports ∼125 mAhg-1[10,127]. Li-diffusion
simulations have shown that conductivity in TiO2 strongly depends on the titania
polymorph and nanoparticle size where conductivity changes from dual ionic and
electronic to pure ionic[201].

Fig.4.13 showed that Li doping increases the LiB capacity stability TiO2-based
anodes with their excellent stability can be an important candidate with many
modifications or combination of other materials such as graphene or silicon[10,11].
TiO2:Li0.3 capacity increases over cycle time even after 300 cycles, reaching 433
mAhg-1, which is an improvement, respectively to the lowest capacity measured in
this sample close to 309 mAhg-1, of an 40%.

As observed, specific and volumetric capacity of TiO2:Li0.3 are superior than
for undoped particles (341.1 and 202.6 mAhg-1 in discharge at 100 cycles as shown
in Table 4.13, respectively) by a factor of 1.68 which suggests that the distortions
created by Li ions substituted on the titania lattice and the higher conductivity
of the nanoparticles enhanced cycling performance. Li-doped nanoparticles have
shown higher conductivity than undoped particles (10−6 S·cm−1) which could be
also attributed to the higher specific capacity. The pre-lithiated titania, which
is clearly distorted taking into consideration the results obtained in the previous
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Table 4.13: Specific and volumetric capacity at 100 cycles.

Sample Step Cesp(mAhg-1) Cvol(mAhcm-3)

TiO2
Charge 201.6 140.1

Discharge 202.6 140.8

TiO2:Li0.2
Charge 228.1 164.3

Discharge 233.7 168.4

TiO2:Li0.3
Charge 336.6 138.6

Discharge 341.1 140.4

section, which migrated Li-to the surface could be a most favorable host to the
Lithium which is inserted during the battery testing. No changes are observed as
a function of the dopant on the cell stability, which might indicate that the volu-
metric expansion in the lithiation-delithiaton processes is small.

4.9. Conclusions
In this chapter, single-phase anatase TiO2 nanoparticles doped with either Li or Ni
and synthesized via hydrolysis have been studied. A characterization of morpho-
logical, structural, compositional, electrical, electronic and optical properties has
been carried out. These nanoparticles have been tested as possible candidates in
lithium ion battery anodes. The transition from anatase-to-rutile has been induced
both by laser irradiation and by thermal treatments.

• Nanoparticles present high crystallinity and homogeneous dimensions around
6-7 nm. Dopant incorporation has been successfully introduced in two differ-
ent concentrations (20% or 30% in weight of the dopant precursor), obtaining
similar final atomic concentrations in the range of 1.5% at for Ni doping and
0.6% for Li doping.

• Via Raman spectroscopy, effects due to the low dimension, dopant incorpor-
ation and the presence of defects in the nanoparticles have been observed.
VIS Raman has shown that Eg modes are quenched for the doped samples.
Other modes, such as the mode at ∼ 849 cm-1 is affected by the dopant
presence, attributed to Ti-O bonds at the surface. Li or Ni doping does not
affects strongly the Raman signal, as the main vibrational modes do not vary
significantly on position or intensity.

• PL, PLE and CL measurements presented the expected luminescence bands
corresponding to anatase TiO2. Undoped and Li doped samples did not show
any significant difference, while Ni-doping enhances an emission band ∼3 eV
which is attributed to STE, which was enhanced with increasing Ni content.
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4.9. Conclusions

• XPS analysis has given fundamental knowledge on the sample surface, as
well on their electronic properties. Ti4+ presence at the surface in both
doped and undoped samples has been shown, independently on the dopant
concentration. Particularly remarkable is the high concentration of lithium
observed on the sample surface, which could suggest a possible Li migration
towards the sample surface. DFT calculations have demonstrated that Ni
doping creates a variety of levels near the valence band, whereas Li doping
does not affect much the band structure of TiO2, except for a low contribution
at ∼1 eV which was observed via RPES and, while for most of the authors
is related to Ti3+, its origin could be also related to lithium.

• XAS results on the Ti-L edge shows slight differences among the undoped
and doped samples. After a deconvolution of the O(1s) K-edge as well of
the Ti(2p)-L it was possible to estimate the crystal field parameters 10Dq as
well as the tetragonal distortion (‖δ1‖), showing small discrepancies on their
value depending on the edge used for their calculation (< 0.03 eV) but with
clear differences for the doped samples, which indicates distortions on the
TiO6 octahedron.

• ART transition has been observed both, induced by laser irradiation as
well as thermally activated, the former observed by measuring XRD on the
range between 500-1000◦C. Taking into consideration PL results of the doped
samples, showing a higher presence of oxygen vacancies, could enhance the
ART transition due to the creation of new Ti-O bonds, following rutile sym-
metry. The distortions on the anatase structure, attributed to the XAS
results support this idea, which in fact agrees with thermodiffractometry
observations: both dopants enhance the ART by boosting it to lower tem-
peratures and completing it through a narrow range. This responds to the
higher concentration of defects and oxygen vacancies observed by PL and
Raman spectroscopy, which could be centers for the formation of the rutile
Ti-O bonds upon increasing temperature. ART has been also induced by
UV-irradiation, as TiO2 have been clearly affected by continuous-laser ir-
radiation, as observed by the strong quenching on the Eg after prolonged
irradiation as well as its shift under variable laser intensity. For most of the
samples, the transition was almost instantaneous, while for Ni-doped samples
is much slower. This effect is related to the different mechanism to trigger the
ART under laser irradiation, where different parameters such as the thermal
conductivity of the material which dominates the thermalization process or
the surface of the nanoparticles, in which the transition occurs via the re-
crystalization after the abrasive laser irradiation, might be different for these
samples as compared with undoped samples.

• Undoped and Li-doped TiO2 nanoparticles have been tested as candidate
for anodes in Li-ion batteries. Anodes show low capacity but outstanding
stability over 300 cycles, which also improved over cycle times, being the
best results obtained for the TiO2:Li0.3 sample, which after a slight decrease
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on the specific capacity, steadily increase up to 300 cycles, being superior than
undoped TiO2 as well as graphite. Therefore, Li-doped TiO2 is a possible
anode candidate.

130



Chapter 5.
SnO nanoparticles doped with Li or
Ni

Abstract: In this chapter, undoped and Li or Ni doped tin(II) oxide (SnO)
nanoparticles and platelets have been synthesized at room conditions via a hydro-
lysis procedure. The x-ray diffraction (XRD) and transmission electron microscopy
(TEM) confirm the high crystallinity of the as-synthesized romarchite SnO nano-
strucutres with dimensions ranging from 4 to 22 nm. The stability of the initial
SnO and the controlled oxidation to SnO2 are studied based on either thermal
treatments or controlled laser irradiation using a UV and a red laser in a confocal
microscope. Thermal treatments induce the oxidation from SnO to SnO2 without
a substantial formation of intermediate SnOx, as confirmed by thermodiffraction
measurements, while by using UV or red laser irradiation the transition from SnO
to SnO2 can be controlled, assisted by formation of intermediate Sn2O3, as con-
firmed by Raman spectroscopy. Finally, a tailored spatial SnO/SnO2 micropat-
terning can be achieved by controlled laser irradiation with potential applicability
in optoelectronics and sensing devices.





5.1. Synthesis, morphological, structural and compositional
characterization

This chapter includes adapted material from: A. Vázquez-López et al., In situ
local oxidation of SnO induced by laser irradiation: A stability study, Nanomater-
ials, 2021, 11, 4, 976[202].

5.1. Synthesis, morphological, structural and com-
positional characterization

During the previously-discussed synthesis of SnO2 reported in section 2.1.1, SnO
was obtained as an initial product before the final step in which the powder was
thermally treated at 350◦C. This SnO precursor powder was left untreated and
stored on glass vessels after each of the synthesis and measured after 1-2 years
of storage. Once that time passed, the following study was carried out for both
undoped and Li or Ni doped with 20%wt SnO powders.

5.1.1. XRD, SEM and TEM characterization
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Fig. 5.1: (a) Normalized XRD patterns from SnO nanopowders over the period of two
years where the histograms represent the ICSD file nº01-072-10125 (black) corresponding
to SnO and ICSD file nº00-001-0625 (yellow) corresponding to SnO2, (b) FWHM and
intensity of SnO2 (110) peak.

XRD results confirm that the synthesized nanoparticles mainly consist of high
crystalline romarchitei tin monoxide SnO (ICSD: 01-072-1012), with a dominant
(101) peak. Only a weak maximum corresponding to SnO2 (110) (ICSD: 00-001-
0625) is observed at 26.5° in the XRD diffractograms. The as-synthesized SnO
was stable under room conditions. Fig.5.1(a) shows the XRD patterns acquired
from SnO as synthesized and after 1 or 2 years of storage, where peaks from SnO

iIn this section to prevent any misconceptions, tin monoxide (SnO) will be named after its
mineral name romarchite to clearly differentiate from other oxides and, specially, from tin dioxide
(rutile, SnO2). Note that the mineral romarchite in nature, could present not only SnO as other
species could be in form of impurities.
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Chapter 5. SnO nanoparticles doped with Li or Ni

still dominate the diffractograms after long storage and the maximum from SnO2,
observed at 26.5°, increases.

Other maxima which can be attributed to SnO2 such as (101) at 33.9° are
slightly observed. In that time span, the weak contribution corresponding to SnO
(001) is quenched, which may be related to the formation of small domains of SnO2.
Diffraction peaks related to metallic Sn or other Sn-based oxides are not detected
in this case. Fig.5.1(b) shows the evolution of the SnO2 (110) intensity and FWHM
over time, showing that a steady-state formation of SnO2 was achieved during the
first year of storage.
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Fig. 5.2: (a) XRD diffractograms from SnO, SnO:Li0.2 and SnO:Ni0.2 (b) shows detailed
region of SnO (101) peak between 28.5 and 31◦.

XRD diffractograms corresponding to the doped nanopowders (SnO:Li0.2 and
SnO:Ni0.2) acquired at room temperature are shown on Fig.5.2(a). Very similar
patterns are observed for the Li-doped nanopowders whereas for Ni-doped other
peaks are observed. For undoped SnO diffraction peaks from metallic Sn or other
oxides such as Sn2O3 and Sn3O4 were not detected, while for SnO:Ni0.2 the dif-
fraction pattern presents a few different diffraction peaks placed at ∼ 25.1°, 26.9°
and 31.9°. The former contribution at ∼ 25.1° is probably due NiCl2·6H2O (ICDS
nº:00-001-0200) from the precursor. There is also the contribution of ∼ 26.5° that
was attributed to SnO2 in the other samples that in this case present a shoulder at
26.9° which, as well as the diffraction peak at 31.9° could be attributed to Sn2O3
(ICDS nº:00-025-1259), with the latter contribution also probably related with
Sn3O4 (ICDS nº:00-016-0737).

Fig.5.2(b) shows the detailed region between 28.5-31.0◦ in which it is possible to
observe with detail the SnO(101) peak. Both Li and Ni doped present a peak shift
towards lower angle, in undoped SnO the peak is centered at 29.90◦, for SnO:Li0.2
it appears at 29.88◦ and for SnO:Ni0.2 the SnO (101) reflection is located at 29.80◦
thus showing differences in the host SnO lattice due to the dopant addition.

The lattice parameters for both undoped and doped SnO were estimated from
the analysis of the corresponding XRD patterns using the SnO planes (101) and
(110), as indicated in Table 5.1.
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characterization

Table 5.1: Averaged dimensions and lattice parameters from undoped SnO and doped
SnO estimated from XRD measurements.

Sample a(Å) c(Å)
SnO 3.79(7) 4.84(3)

SnO:Li0.2 3.79(7) 4.85(2)
SnO:Ni0.2 3.80(1) 4.86(9)

50 μm

(a)

10 μm

10 μm

(b)

(c)

Fig. 5.3: SEM micrographs of the SnO samples showing (a) platelets (b) flower-like
morphologies and (c) square-like microstructures.

SEM images corresponding to the SnO sample shows the presence of platelets
that grow intercalated and pile up to form agglomerates of several microns in size
as observed in Fig.5.3(a). Detailed regions are shown in Fig.5.3(b)-(c), where not
only platelets can be observed as the piling of these structures may cause other
growths such as square-like microstructures.

SEM images corresponding to the doped samples are presented in Fig.5.4. While
Li-doped SnO presents a similar morphology than undoped SnO, composed mostly
by micro-size platelets/planes, Ni-doped SnO presents a higher presence of nano-
size particles.

Complementary to SEM analysis, low magnification TEM images were acquired
and are shown in Fig.5.5. It can be observed that the dimensions of the undoped
nanoparticles range from 4 to 22 nm, with averaged dimensions around 11 nm, as
confirmed in the histogram presented in Fig.5.5(a) as an inset. In addition, larger
platelets with dimensions of hundreds of nm can be also observed in Fig.5.5(b).

135



Chapter 5. SnO nanoparticles doped with Li or Ni

10 μm10 μm

(a) (b)

Fig. 5.4: SEM micrographs corresponding to (a) SnO:Li0.2 and (b) SnO:Ni0.2.

Fig. 5.5: TEM image of the as-synthesized SnO nanopowder, showing (a) nanoparticles
and (b) platelet-like structures. Inset in (a) shows the histogram with the average dimen-
sions, while inset in (b) shows the corresponding SAED pattern.

SAED pattern included in the inset in Fig.5.5(b) confirms that the nanocrystals
correspond to SnO, although a low amount of SnO2 is also observed in some regions,
as confirmed by the weak spots in the SAED pattern, in agreement with the XRD
results.

HRTEM images show that some regions corresponding to certain nanoparticles
present both SnO and SnO2 as observed in Fig.5.6. Fast Fourier Transform (FFT)
included as an inset in the image shows that the image is in fact acquired along
the [11̄1̄] direction. Inset in the upper right corner shows spots in red confirming
that rutile is present in the sample with parameters of 3.82 and 4.97 Å.
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characterization

Fig. 5.6: HRTEM images from SnO nanoparticles. Inset on the upper left corner shows
the I-FFT image of the region where SnO2 is observed while inset on the upper right
corner shows the FFT of the image.

5.1.2. EDS and ICP-OES characterization
As aforementioned, SnO synthesis is the former part of the described SnO2 syn-
thesis. After the hydrolysis process, the obtained powder (SnO) was heated on a
furnace to obtain SnO2. For those tin dioxide (SnO2) nanoparticles we have shown
the results of both ICP-OES and EDS, where different concentration of Li or Ni
were detected and shown on Table 3.2. It is obvious that the dopant is present
on SnO if it is present on the final SnO2 product. As EDS is a non-destructive
technique and easily comparable, Fig.5.7(a) confirms the presence of Ni on the
SnO:Ni0.2 sample, due to the observation of the Ni K transition. The presence of
Nickel is homogeneously distributed Fig.5.7(c). Nonetheless, ICP-OES results were
not repeated on SnO:Li0.2 due to the destructive nature of this technique. Quan-
tification on this samples had not been performed as the relative high intensity of
the electron beam (15kV, 1.5nA) needed to detect Nickel will most likely transform
SnO to SnO2 providing misleading information about the element quantification.
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Fig. 5.7: (a) EDS spectra from undoped SnO and Ni doped SnO powders. Inset shows
detailed region between 7 and 8 keV (b) SE image and (c) EDS mapping of Ni and Sn.

5.1.3. Thermo XRD
To determine the stability of the SnO nanopowders under the influence of increasing
temperatures and its oxidation into SnO2, XRD patterns have been acquired in-
situ during a controlled annealing process in air, as described in the experimental
section 2.1.1. Fig.5.8 shows the diffraction patterns acquired in the range of angles
15°–70° at two temperatures, 25 °C and 900 °C for both undoped and Li or Ni
doped SnO. Peaks at 39.4 and 45.8° (marked with *) correspond to the Pt sample-
holder. Before the annealing, the XRD pattern of the three samples can be indexed
mostly to SnO (ICSD nº 01-072-1012) and to a lesser extent, to SnO2 (ICDS nº
00-001-0625). After reaching 900 °C, the three samples are mostly composed by
SnO2, while a minimum presence of SnO remains.

Fig.5.9 represents the contouring plot of the intensities from the XRD signal
between 23-35° corresponding to the different steps in the annealing process from
25 to 900 °C. It can be observed that oxidation from initial SnO nanopowder into
SnO2 starts at around 400 °C for undoped SnO. This oxidation process is nearly
completed at temperatures above 800 °C, as observed in Fig.5.9. Similar results
are observed for the Li doped samples, whereas for the Ni doped the transition
starts at lower temperatures around 300°C and occurs faster.
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Fig. 5.8: XRD diffraction patterns of (a) undoped SnO (b) Li and (c) Ni doped powders
acquired at 25 and 900 °C. Histogram patterns correspond to the ICSD files labeled in
each of the figures. Peaks at 39.4 and 45.8° (marked with *) correspond to the Pt sample-
holder.

Based on the results depicted in Fig.5.9, it is observed that when increasing the
temperature up to 300 °C there is no strong oxidation or phase transition and, in
addition to a weak SnO2 (110) maximum at around 26.5°, only minor shifts to lower
angles in the XRD peaks from SnO are observed, mainly the peak corresponding
to the SnO (101) planes at around 30°. This particular region is depicted with
more detail on Fig.5.10. Fig.5.10(a) shows the decrease of the peak with increasing
temperatures which height and position are represented in Fig.5.10(b). It is clear
that the peak maximum intensity and position reaches a minimum near 500◦C.
The peak height increases again near 750◦C. This could be an indicator that the
lattice undergoes to different transitions during the thermal treatment.
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Fig. 5.10: (a) XRD diffraction patterns detailed region between 28.8 and 30.4° of SnO
powders between 25 to 900 °C and (b) corresponding peak height and position.

5.1.4. Raman spectroscopy
In order to study the SnO samples and their stability under laser irradiation and
the possible laser-induced formation of SnO2 from SnO, Raman spectra from SnO
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nanopowder have been analyzed using either a red (λ = 633 nm) or an UV (λ
= 325 nm) laser, as well as with variable laser conditions based on the employed
neutral filters and controlled irradiation duration.

5.1.4.1. Raman excited by a VIS laser λ = 633 nm
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Fig. 5.11: Raman obtained with the VIS laser λ=633 nm with two different energy
densities (a) 0.1·I0 and (b) I0 for the corresponding SnO, SnO:Li0.2 and SnO:Ni0.2 powders.

SnO commonly shows two main Raman modes at around 110 and 208 cm-1

which correspond to the B1g (or Eg) and A1g modes, respectively[19,203]. Tin dioxide
(SnO2) modes had been described previously in section 3.1.4.

For the Raman spectra measured with the VIS laser, an irradiation time of
200 s and variable neutral filters were used to compare its effect on the final spec-
tra. Fig.5.11 shows the spectra obtained for each of the samples (SnO, SnO:Li0.2
or SnO:Ni0.2) with two different laser power density (0.1·I0 or I0). When using
the lowest laser power density (0.1·I0), see Fig.5.11(a), the formation of SnO2 is
avoided, as only Raman peaks from SnO centered at 110.5 and 208.6 cm-1 can be
clearly distinguished in the corresponding Raman spectrum. However, when us-
ing higher laser power densities, in addition to these SnO vibrational modes, some
other new Raman peaks can be observed mainly in the range between 100-200 cm-1

as depicted on Fig.5.11(b).
For each sample also the comparative effect of each laser power density (0.1·,

0.25·, 0.5· or 1·I0) is shown in Fig.5.12(a)-(c). Two main peaks centered at 136
and 165 cm-1 are clearly distinguished either using higher power intensity (I0) or
increasing exposition time with lower power intensity (0.1·I0) (not shown here).
The number of modes increases with the maximum laser power intensity, I0, and
its possible origin are discussed on Table 5.2. Particularly, it is observed that when
the energy density is high (I0), modes are observed on the region between 400-800
cm-1, which origin is also discussed on Table 5.2, but are mostly related to SnO2
as we have discussed on chapter 3.

Noticeable changes are observed on the Ni-doped sample. In this case not only
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Fig. 5.12: Raman spectra obtained with the VIS laser λ=633 nm with different energy
densities (from 0.1·, 0.25·, 0.5· or 1·I0) corresponding to (a) SnO, (b) SnO:Li0.2 and (c)
SnO:Ni0.2 nanoparticles. Inset shows detailed region between 375-800 cm-1.

the B1g and A1g are wider, they are shifted ∼20 cm-1 as well as new modes are
observed at the following positions 180.1, 259.1 and 408.7 cm-1. NiCl2 has an Eg
mode at ∼ 175 cm-1 and A1g at ∼270 cm-1 which might be a possible origin of
those two peaks[206].
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Table 5.2: Raman peaks acquired with VIS laser λ = 633 nm with maximum irradiation
energy observed for the SnO sample. The values collected from the literature that cor-
respond to theoretical/calculated modes are marked with (†), whereas (‡) indicates both
theoretical and experimental modes. Remaining values represents experimental modes.

Raman shift (cm-1)
This work Proposed origin Literature

79 Sn2O3 76 (Sn2O3)[204], 76† (Sn2O3)[205]

93 Sn3O4 90 (Sn3O4)[204], 90† (Sn2O3)[205]

105 Sn2O3 101-109†(Ag and Bg, respectively, Sn2O3)[205]

115 SnO, E1g 115(SnO, E1g)[32,204,205], 114(SnO, B1g)[19],116.3 (SnCl2)[203]

134 Sn3O4 130,132†,140(Sn3O4)[204,205]

164 Sn3O4 170‡(Sn3O4)[204,205]

204 SnO, A1g 211,211,212,209.5,204† (SnO, A1g)[19,32,203–205]

235 Sn3O4 240, 238(Sn3O4)[204,205],234.3 (SnCl2)[203], 240(Eu(TO))[94]

296 Sn3O4 300(Sn3O4)[204]

485 SnO2 480 (SnO)[205],480 (Sn3O4,Ag mode),
Disorder from SnO2

[204], 480, 490(SnO2, Eg)[94,204,205]

558 SnO2 Disorder from SnO2
[204]

620 SnO2 640(SnO2, A1g)[94,204]

680 SnO2 690(disorder from SnO2, A2u(LO))[94,204]

5.1.4.2. Raman excited by an UV laser λ = 325 nm

Fig.5.13 shows Raman spectra acquired with the UV laser in different spots on
the SnO sample using different neutral filters which can tailor the laser power
densities and using irradiation times of 60 s. Raman peaks from romarchite SnO
are not observed when irradiating with the UV laser, even with the lowest power
density (0.1·I0), at least within the resolution of the technique. As the laser power
density increases the Raman signal obtained with the UV laser is dominated only
by vibrational modes from SnO2, the intensity of which raises, which confirms the
improved crystallinity of the formed SnO2 during laser irradiation. After the UV
irradiation, the Eg and A1g modes from SnO2 at∼ 469 and∼ 615 cm-1, respectively,
are clearly observed in the Raman spectra.

Fig.5.14 shows Raman spectra acquired using the same filter but with variable
irradiation time (60 or 600s) where peaks from SnO2 increase for longer irradiation
and other features are observed mainly due to the different energy density of the
UV laser. In this case with this longer exposure peaks from SnO (A1g) becomes
visible. New modes appear and are summarized on Table 5.3.
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Fig. 5.13: Raman obtained with the UV laser λ=325 nm with different energy densities
(from 0.1·I0 to I0 corresponding to (a) SnO, (b) SnO:Li0.2 and (c) SnO:Ni0.2 nanoparticles.
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Fig. 5.14: Raman spectra acquired using different filters and variable irradiation time
(60 or 600s), where peaks from SnO2 increase for longer irradiation.

Advantage can be taken from the laser-induced oxidation from SnO into SnO2
in order to achieve spatial controlled SnO/SnO2 micropatterning. Based on a
monitored stage, the UV laser with the highest laser intensity (I0) can irradiate
different areas in the sample composed by SnO powders with micrometric resolution
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Table 5.3: Raman modes observed for variable laser irradiation energy during 600s.

Raman shift (cm-1)
Laser energy density Proposed origin Literature

0.1·I0 0.25·I0 0.5·I0

209 209 - SnO, A1g
211,211,212,

209.5,204† (SnO, A1g)[19,32,203–205]

- - 244 SnO2, Eu(TO) 240(SnO2, Eu(TO))[94]

348 348 - SnO, B1g 347†-350 (SnO, B1g)[205]

480 480 470 Depends on the
irradiation energy

480 (SnO)[205], 480 (Sn3O4,
Ag mode),490(SnO2, Eg)[94,204,205]

- 625 621 SnO2,A1g 640(SnO2, A1g)[94,204]

∼ 1−10 µm, as a function of the laser spot size, thus leading to a spatial controlled
formation of SnO2. Following this process, SnO or SnO2 regions can be promoted
in the samples as a function of the selected irradiation conditions. In this case,
Fig.5.15(a) shows the bright (SnO2) or dark (SnO) stripe-patterning formed on
the surface of the sample after a controlled irradiation with the UV laser only in
the bright areas, with a laser intensity of I0. After the controlled UV irradiation,
Raman spectra were acquired in selected points from the regions in Fig.5.15(a)
using the UV laser and the lowest power density (0.1·I0) in order to avoid formation
of SnO2 during measurements. The spectra acquired in region (i) corresponds to
the Raman signal from SnO2, which confirms the oxidation from SnO to SnO2 only
in the irradiated regions, as shown in Fig.5.15(b).
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Fig. 5.15: (a) Line patterning induced by UV irradiation. Two clear different zones can
be observed corresponding to (i) SnO2 obtained after UV irradiation and (ii) SnO in the
non-irradiated region. (b) Raman spectra acquired with the UV laser on regions (i) and
(ii) as marked in (a).

Similarly, a larger cross-like pattern was created by irradiating first on the
X axis a strip between -30 and 30 µm, with step of 2.5 µm during 3 minutes
using the UV laser with the highest power (I0) and then repeated with the same
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parameters on the Y axis. To assess the difference of the irradiated/non irradiated
zone, a square-like pattern (30×30 µm2) was measured with a step size of 5µm
with power (0.1·I0) and the obtained image is shown in Fig.5.16. In this image, it
can be perfectly observed the irradiated strips, represented on a clear violet color
which are formed by SnO2 while the remaining dark zones are conformed of mostly
SnO. Therefore, with this method is easy and reasonably fast to obtain SnO/SnO2
micropatternings, with accuracy.

Fig. 5.16: Cross-like patterning induced by UV irradiation. The bright area correspond
to the irradiated region (SnO2) while the dark area correspond to non-irradiated region
(SnO).

Increasing UV laser irradiation has shown to induce a phase transition from
SnO to SnO2 with minimum exposure time. Increasing this time enhances the
oxidation process and promotes SnO2 formation. In order to get a deeper insight
of the oxidation process, SnO nanopowder was irradiated continuously with a UV
laser using a power density of 0.5·I0, while Raman spectra were acquired in the same
point each minute for 25 minutes. As observed in the inset in Fig.5.17 continuous
laser irradiation leads to higher intensity spectra and narrow and well-centered
peaks corresponding to the SnO2 modes such as A1g. Oxidation induced by laser-
irradiation and thermal effects have been monitored by measuring Raman spectra
for other oxides[207]. Peak intensity of the A1g mode as a function of the irradiation
duration Fig.5.17, can be fitted to the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation[208]:

X = 1− e−Kt
n

(5.1)

In this equation, X is referred to the volume fraction that is transformed in
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the irradiation zone, K is the effective rate constant and n is the Avrami expo-
nent. This exponent depends on the mechanism of nucleation and growth. In this
case we consider that the volume transformed is proportional to the measured Ra-
man intensity obtained after subtracting a linear profile background. This JMAK
equation has been often employed to describe laser-induced phase transitions from
metastable phases[208,209]or to describe crystallization kinetics. The transformation
from SnO to SnO2 cannot be described with this equation as the transformation for
high laser energy densities occurs very fast. However, evolution and crystallization
of the SnO2 formed during the initial irradiation stages can be described with the
fit depicted in Fig.5.17(b). Increasing the irradiation time not only increases the
intensity of certain modes, but also these modes become narrower. Corresponding
to the SnO sample, the calculated Avrami exponent has a value close to n = 1
which corresponds to a diffusion controlled bi-dimensional reaction with nucleation
site saturation[208]. Hence, increasing irradiation time enhances SnO2 crystallinity,
as expected.
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Fig. 5.17: (a) Evolution of the A1g Raman peak corresponding to SnO2 with increasing
irradiation time, using the UV laser and the D03 filter (0.5·I0). Inset in (a) shows the
spectra acquired using UV laser irradiation from 0 to 25 minutes. (b) Avrami plot from
the data in (a).
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5.2. Optical characterization via Photoluminescence
As the SnO bandgap has commonly been reported to be between 2.5 eV (∼ 496
nm) and 3.4 eV (∼ 364 nm), the UV laser of λ = 325 nm (∼ 3.81 eV) was used
as excitation source in order to get information from all the luminescent processes.
The SnO oxidation to SnO2 by UV irradiation takes place very fast, as observed
during Raman analysis, thus the obtained photoluminescence signal resembles the
characteristic luminescence spectrum from SnO2. With the assistance of neutral
filters, the laser power intensity was reduced, similarly as on the previous sections.
Fig.5.18(a) shows the PL spectra from SnO nanopowders acquired with the UV
laser using 0.1·I0 laser power density, before any irradiation and with minimum
exposure time during measurement, to prevent undesired irradiation. Fig.5.18(b)
shows the corresponding deconvolution of the PL spectra to gaussian functions.
Three main contributions can be observed, a dominant band centered around ∼2.3
eV, a high energy contribution at ∼3 eV and at lower energy at ∼1.94 eV. For
Li or Ni doped, the main contribution is slightly shifted towards lower and higher
energy, respectively.
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Fig. 5.18: (a) PL of undoped SnO and Li or Ni doped SnO powders before irradiation
(acquired with a 0.1·I0 neutral filter) (b) their corresponding deconvolution to gaussian
functions.

Fig.5.19(a) shows PL spectra from SnO acquired with the UV laser using 0.1·I0
laser power density in the same spot, before and after irradiating the sample with
the maximum (I0) intensity for 10 s for the undoped sample, whereas for doped
samples the corresponding PL spetra are shown in (c) or (e), respectively. The total
intensity of the PL signal was increased when using higher laser power densities,
as expected, and resembles the PL spectra observed in chapter 3 corresponding
to SnO2. For the PL spectrum acquired with the highest laser intensity (I0), the
dominant emission is centered at around 2.3 eV as shown in Fig.5.19.

The differences on the PL spectra acquired with the complete set of filters are
shown on Fig.5.19(b)(d)(f) represented as chromaticity coordinates calculated from
the PL spectra according to the Commission Internationale de l’Eclairage (CIE)
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Fig. 5.19: PL before irradiation (acquired with a 0.1·I0 neutral filter) and after irradi-
ation with I0 for 10 s (acquired with a 0.1·I0 neutral filter) corresponding to (a) SnO,
(c) SnO:Li0.2, (e) SnO:Ni0.2 samples and (b),(d),(f) their respective CIE 1931 plot corres-
ponding to PL intensity of SnO nanoparticles using different neutral filters.

following CIE 1931 standard[210,211]. Note that the PL intensity is shifted towards

149



Chapter 5. SnO nanoparticles doped with Li or Ni

a yellow-ish emission with increasing irradiation energy, yet the different samples
present different behavior.

5.3. Electric characterization via Hall effect
Hall effect was used to test the electrical properties of the obtained particles. Li-
doped sample present higher conductivity as well as higher carrier concentration
as observed in Table 5.4. The dopant effect on the electrical properties of SnO
resembles the observed behavior on SnO2, in which the presence of Li in 20% in-
creased its conductivity but with a clear major difference, as expected, SnO presents
p-type behavior. Ni-doped samples presented a high resistivity and thus, low con-
ductivity which could not be measured with the resolution of the equipment (∼10-7

S·cm-1), which is most likely to the insulator behavior of the chlorine precursors,
such as NiCl2.

Table 5.4: Hall effect results obtained with I=100µA corresponding to SnO and
SnO:Li0.2.

Sample
σ

(S · cm−1)
∆p

(cm−3)
SnO 1.82± 0.21 · 10−2 2.98± 0.66 · 1016

SnO:Li0.2 3.38± 0.89 · 10−2 3.71± 0.21 · 1016
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5.4. Discussion

As discussed in chapter 1, tin oxide is a well-known semiconductor oxide which
commonly appears in two crystalline forms, tin dioxide (SnO2, cassiterite) and tin
monoxide (SnO, romarchite)[212], being the former most commonly used as it is the
stable polymorphic form. Despite the potential applicability of SnO in some fields
of research, its use is commonly hindered as it is easily oxidized to the most stable
SnO2.

Tin monoxide, (tin(II) oxide, stannous oxide) (SnO, Sn2+) romarchite, pos-
sesses p-type conductivity and often exhibits a layered structure with tetragonal
space group P4/nmm (129) with lattice parameters a = b = 3.803 Å and c = 4.838
Å, corresponding to a litharge-type structure[213]with a variable optical band gap,
ranging between EGAP∼ 2.5-3.4 eV[51,212,214,215]. These properties have sparked
growing interest on tin monoxide in the last lustrum as photocatalyst[216,217], gas
sensing[51], as well as potential thermoelectric candidate, supported by first prin-
ciple calculations[31,218]in part due to low toxicity and abundance, compared with
other thermoelectric materials. Despite SnO2 is considered a potential candidate
as anode material for LiBs[16,94,116,117,153], some authors as Gervillié et al.[36] affirm
that SnO appears as a better candidate concerning irreversible capacities and cou-
lombic efficiency, whereas SnO2 possesses best gravimetric capacity. SnO layered-
type structure with sizeable c size could overcome one of the main drawbacks in
Li-ion batteries, the lattice expansion, leading as well to improved Li diffusion[219]

or Na diffusion[20] as SnO can form a layered structure in the [001] direction with
an Sn-O-Sn sequence with large c parameter, with high theoretical capacity reach-
ing 1150 mAhg-1[20]. Furthermore, as one of the few p-type oxides, SnO is also
considered as a candidate for hole injection layer in optoelectronic devices. How-
ever, its use is still under-explored due to limitations concerning its synthesis in
a pristine form without other Sn-based oxides and its easy oxidation to SnO2.
To obtain high crystalline tin(II) oxide, common synthesis methods include hydro-
thermal[51,217,220]and microwave-assisted synthesis[221] whereas other methods such
co-precipitation or hydrolysis remain understudied. Furthermore, most of the syn-
thesis procedures deal with controlled atmospheres, such as Ar[214,222] or N2

[219],
remarking that the synthesis must be performed on a poor oxygen atmosphere.
Research concerning the growth and synthesis of SnO is primarily focused on the
creation of thin films of SnO or SnOx by techniques such as spray pyrolysis[223],
sputtering[18], oxidation of Sn layers[224], PLD, template-free hydrothermal growth
or mechanical exfoliation[213].

High efficiency performing devices require stability over long periods of time,
being this aspect one of the main drawbacks for the widening of the SnO-based ap-
plicability. A natural oxidation process occurs on SnO which leads to the formation
of crust-like or micro domains of SnO2 which eventually become a full oxidation of
the SnO domains into SnO2. Actually, in most synthesis methods a mix of both tin
oxides is formed, while the achievement of pure SnO is not straightforward being
for the most part preferred to obtain SnOx rather than searching for pure SnO.
Understanding the thermodynamics and limits of existence of this phase under dif-
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ferent conditions (atmosphere, temperature, UV light irradiation) is fundamental
in order to overcome some of the challenges that faces the applicability of SnO and
then broaden the potential use of this oxide.

Hence, in this chapter we have synthesized SnO romarchite powders both un-
doped and doped with Li or Ni in one weight concentration, 20% wt. Doping
SnO remains understudied due to the inherent instability of this material. Despite,
doping engineering could led to optimized properties such modifiable luminescence,
different morphology or boosted conductivity.

As observed by XRD, SnO nanoparticles remained stable up to two years un-
der storage at room conditions inside glass vessels. In that time span, a minimum
oxidation occurred as observed on Fig.5.1 via the evolution of the SnO2(110) peak,
which in combination with the SnO (101) have been employed widely in this chapter
to describe the oxidation processes, and are depicted on Fig.5.20. SnO2(110) in-
creases both height and FWHM during the first and a half year of storage, after
which it starts to stabilize.

(a) (b)

Fig. 5.20: (a) (110) plane of SnO2 and (b) (101) plane of SnO .

Other peaks which are related with SnO2 appear on the diffractogram as peak
shoulders of other SnO position-close peaks such as SnO2 (101) near SnO (110).
Also the disappearance of the SnO (001) peak should not be ruled out, which is
clearly diminished due to general oxidation of the sample. This is reasonable as
this plane possesses only a 5.1% of relative intensity on the XRD pattern from
SnO (ICSD 01-072-1012). Oxidation of SnO to SnO2 is analyzed based on the
works of different authors such as Leitner et al.[225] where they developed the
thermodynamic diagram of the oxidation of tin and its other intermediate transition
and proposed two oxidation processes: a method of core-shell like oxidation or
the formation of two-single components where non-oxidized and oxidized particles
coexist. Either method could agree with the observation of increasing SnO2 on the
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X-Ray diffractograms.
XRD patterns of Li or Ni doped SnO powders were shown in Fig.5.2(a)-(b) as

well as on Fig.5.8. In both cases there is a clear presence of SnO but in the case
of Ni there is a considerable shift of the SnO (101) peak as well the contribution
of other compounds. Ni doped show contributions probably other oxides as well of
other products formed by precursor reaction that may undergo due to annealing
temperatures.

To further address the possible origin of the different diffraction peaks observed
on the sample SnO:Ni0.2, it is useful to observe the wider angle range presented
in Fig.5.8 rather than Fig.5.2(a)-(b). In this diffractogram we observe novel peaks
different to the already discussed peaks at positions around 25.1°, 26.9° and 31.9°,
which origin was attributed most likely to NiCl2·6H2O (ICDS nº:00-001-0200) for
the first peak and for the other two Sn2O3 (ICDS nº:00-025-1259), being the latter
also probably related with Sn3O4 (ICDS nº:00-016-0737). These other remarkable
peaks with low intensity are observed at 15.8°, 18.2° and 35.7°. This peaks could
be correspond also NiCl2·6H2O (ICDS:00-001-0200) used as precursor. Unambigu-
ously attribute the origin of this peak is non-trivial, as their positions are very close
on the XRD diffractograms, and most likely in this sample there is a combination
of the different tin oxides, most likely due to the dopant effect.

SEM and TEM analysis confirm the presence of SnO nanoparticles and plate-
lets, as described in[202,215]. The morphology of the synthesized powders may be
influenced by many factors of the synthesis such as solvent properties, precursor
concentrations, nucleation kinetics and mainly by surface energetics. Jaśkaniec et
al.[219] recently suggested that solvent polarity on the synthesis method is strongly
related with this 2D morphology changes as well as the surface energetics, as the
crystalline material will adopt the shape that embodies the minimum overall sur-
face energy, as stated by Gibbs-Wulff theorem. Different morphologies from SnO
has been reported such as platelets,[20,215] rose-like particles[19,220,226] and other
hierarchical architectures[216,217]. In our case, both platelets and nanoparticles are
formed via hydrolysis, which may indicate that, with the conditions used in this
work, the optimal geometry consist of large platelets of ∼ 1µm and small nano-
particles agglomerates with average sizes of 11 nm. Fig.5.3 shows also the presence
of thicker square-like microstructures. The origin of the different structures has
been disused on the bibliography. In particular, a possible explanation of the
formation of square-like particles which may be produced by hydroxide-to-oxide
transformations[219].

The fact of obtaining platelets is no surprising as Zhang et al.[20] reported a
complete set of conditions with different pH, precursors and temperatures an their
subsequent obtained geometries. They observed that by using SnCl2 as a precursor
on an hydrothermal synthesis, in combination with water and ammonia, lead to
the formation of such platelets. Low reaction time in this case of 2 hours also
led the formation of undesired Sn2O2(OH)2. The pH of the reaction is also a key
factor to obtain SnO, as at pH lower than 2 (which is the strong acidic nature of
SnCl2) only forms SnO2. Zhang et al.[20] marked as optimal pH=5, but in reality
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increasing the pH only diminished the reaction yield. Other structures such as
roses were obtained in highly basic pH and using different precursors such as SnF2
or Sn6O4(OH)4, mediated with alcohols[219]. Those results are comparable to our
results. However, it must be pointed out that our synthesis procedure is via hydro-
lysis presents novelty against those synthesis procedures and several advantages,
such as the high reaction yield obtained and its simplicity.

For the doped samples with either Li or Ni, dopant presence has been already
demonstrated for SnO2 samples, which are obtained from a thermal treatment of
the SnO powders, which de facto shows the presence of the dopant on the SnO
nanopowders. In this case EDS spectra for Ni doped is shown in Fig.5.7 which
resembles the observed results for Ni-doped SnO2 samples, leading to assure that
Li is also present on the sample SnO:Li0.2 as it is present on the SnO2:Li0.2 nano-
particles in approximately 0.06% at.

One of the main ideas on this chapter is the study of the stability of the SnO
phase under temperature, for which Thermo XRD were acquired on a variable range
of temperatures. Undoped and doped SnO XRD patterns were acquired between
25 and 900◦C (Fig.5.8). At 900◦C, all diffractograms look alike and resemble of
pure SnO2 with very narrow peaks indicating high crystal domain induced by long
time and temperature treatment. It should be pointed out that SnO and SnO:Li0.2
present still a weak peak around 29.9◦ attributed to SnO (101) and other peak at
24.3◦ which origin is discussed below, whereas for SnO:Ni0.2 is completely absent
pointing that the stable structure after Ni doping might be pure rutile.

Diverse authors reported the oxidation from SnO to SnO2 at temperatures in
the range 400-700 °C as a function of the annealing parameters and the character-
istic of the initial SnO nanopowder[220,221]. The transition starts at around 400 °C
as observed in Fig.5.9. This oxidation process is nearly completed at temperatures
above 800 °C. In general, annealing at temperatures higher than 600°C fully trans-
forms the SnO nanoparticles into the rutile SnO2 phase[227]. In our case we observe
that this transition starts at similar temperatures for both doped or undoped SnO
nanoparticles. In some cases an oxidation process involving the formation of in-
termediate oxides such as Sn2O3 and Sn3O4 is reported[222]. In our study, SnO
(101) and SnO2 (110) become equally relevant at around 400 °C and at 500 °C a
weak maxima near 24.3° start to appear which could be attributed to (101) Sn3O4
(ICSD nº:00-016-0737) or even (001) from Sn2O3 (ICSD nº:00-025-1259) but it is
notably displaced. On top of that, due to the absence of other maxima character-
istic of this oxide we cannot unequivocally attribute this peak to this compound
but it is most likely produced by some SnOx compound. However, the oxidation
appears to not be mediated by the formation of these oxides as SnO2 is already
substantially present. As pointed out by the thermodynamic phase diagram of the
Sn-O system[212,225,228] and the allowed valence changes of Sn a small amount of
this intermediate oxides must be present, but seems not to play a major role, in
difference to other works[222].

Regarding the undoped sample, the (101) maximum from SnO observed at
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29.9°, which dominates the XRD pattern at room temperature, suffers a shift to
lower angles as the temperature increases. At 480 °C this peak is placed at 29.40°
and then it shifts again towards higher angles, finally reaching 29.89° at 800 °C,
although at this high temperature the relative intensity of this peak is drastically
decreased (Fig.5.10). The shift to lower angles could be related to a thermal lat-
tice expansion up to 480 °C, where the SnO2 phase dominates the XRD pattern.
During the annealing and oxidation process, an arrangement of the ions in the SnO
lattice may take place, leading to small variations in the lattice constants along to
the formation of SnO2. In this regard, the XRD maximum which exhibits more
variation in its position and intensity corresponds to the (101) planes in romarchite.
F. Wang et al[229] reported a process in which the chemical coordination of the in-
terstitials Sn cations becomes more similar to that of cassiterite SnO2 during the
oxidation process, which can be related to the SnO (101) shift during annealing.
This shift is present on the Li-doped samples with a very similar behavior, while
Ni-doped presents the same shift towards lower angle, after reaching 480◦C, peak
disappears, which could indicate SnO is fully transformed to SnO2 .

Li-doping shows very similar results to the undoped sample as the minimum
angle of the SnO (101) is observed at ∼ 470°C. Ni doped SnO presents the highest
differences. The presence of precursors or other compounds such as Sn6O4(OH)4
and possible nickel chloride is further proved due to the disappearance of those
peaks at near 200°C due to the inherent volatile nature of those compounds as
observed in Fig.5.9(c) as well as the transition to more stable oxides. Also, the
transition to SnO2 is enhanced as it starts at ∼ 300°C.
As well as for SnO2, SnO powders were obtained for both concentrations, 20% and
30% Li or Ni doped. Results of 30% are not presented in this work due to its
thermo-XRD patterns showing that they are mostly composed of SnO2. Two reas-
ons are proposed for that behavior, on one hand, for high Ni or Li doping could be
more stable the SnO2 rather than SnO cell. High dopant concentrations trespassing
a debatable low solubility limit could also favor the rutile structure. Previous re-
ports show that the SnO2 is stable with high Ni doping[54]. On the other hand
it could be more easily oxidized to SnO2, enhanced due to the formation of de-
fects on the structure which serve as potential bonds for Sn-O on rutile structure.
Remarkably, Raman results which are measured locally in spots > 1 µm show
that there are micro-clusters of SnO as the observed modes can be attributed to
SnO. Nevertheless, the study of high Li or Ni doping has been left out of this thesis.

Raman spectroscopy was studied with two different lasers as aforementioned,
with the VIS and the UV lasers. Regarding the VIS laser results, SnO Raman
modes were observed at B1g∼110 cm-1 and A1g∼208 cm-1 (Fig.5.11) but is worth
mentioning that, there is still some controversy in the assignment of the Raman
modes, as some authors assign the first peak to Eg based on frozen-phonon DFT
calculations[32,205]. In our regard, peaks are most likely due to Eg and A1g which
vibrations are represented on Fig.5.21.

As observed, Raman signal is strongly affected by the laser intensity. When
increased over 0.1·I0 up to I0 different Raman modes can be distinguished which
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Fig. 5.21: Graphic representation of SnO vibrational modes (a) A1g and (b) Eg.

were carefully depicted on Table 5.3. Guillén et al.[204]attribute these peaks to
intermediate SnOx oxides, mainly to monoclinic Sn3O4, as also confirmed by other
authors[205]. It can be observed that some peaks such as ∼ 204 cm-1 is shifted in
comparison with most of the reported in the literature. If we look at Fig.5.11 we
can observe differences between the doped and undoped samples were this B1g/Eg
peak is clearly sensitive to small distortions of the lattice. These results point out
to an intermediate oxidation from SnO to SnO2 by the formation of intermediate
Sn3O4 when the red laser power density is not high enough.

In addition, when the red laser power is maximum (I0) formation of SnO2 is pro-
moted as wide modes appear in the region between 450-700 cm-1 (inset in Fig.5.12),
which could be attributed to the E1g and A1g modes from SnO2, also observed by
UV irradiation (Fig.5.13), although with much lower intensity in this case. Raman
modes at higher wavenumber can be almost certainly attributed to SnO2 as well
to disordered modes related with this structure. It should be noted that, contrary
to the almost direct formation of SnO2 from SnO by thermal annealing, confirmed
by XRD analysis, in this case either complete transition to SnO2 or formation of
intermediate SnOx phases can be also promoted as a function of the laser irradi-
ation conditions.

Concerning doped SnO, Li doped-SnO possesses similar Raman modes than for
undoped SnO. On the case of Ni-doping new modes appear in the low wavenumber
region. As mentioned, B1g (Eg) and A1g are wider and also they are shifted ∼20
cm-1 as well as new modes are observed at the following positions 180.1, 259.1
and 408.7 cm-1. NiCl2 has an Eg mode at ∼ 175 cm-1 and A1g at ∼270 cm-1
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which might be the origin of those two peaks[206] as aforementioned, while the
weak latter contribution might be related to any possible compound formed by
the nickel chloride and tin oxides. Furthermore, we see differences between each
sample, most notably on its behavior with different laser irradiation. For each
sample using the higher irradiation (I0) the intensity of each mode is very different
which is an indicator on different oxidation and presence of multiple valence with
laser irradiation (Fig.5.12).

It is worth mentioning that any of the observed modes apart from SnO A1g or
Eg could not been observed with lower irradiation energy as 0.1·I0 using the VIS
laser, even for longer exposure time. This was observed firstly measuring the Ra-
man spectra with 0.1·I0 over longer periods of time, which did not rise any other
contribution. Secondly after measuring an specific point with 0.1·I0 it was con-
tinuously irradiated with 0.5·I0 during 600s and finally measured again with 0.1·I0.
Clearly, after the irradiation with 0.5·I0 it has been shown that there is a wide
variety of new Raman modes, as it has been observed in Fig.5.12. Returning to
0.1·I0 leads to only the observation of the original SnO-related modes, but its signal
is strongly quenched which further confirms the oxidation to SnO2 (Fig.5.22(a)).
This peak quenching was followed during a short period of time and tends to de-
crease exponentially, as observed in Fig.5.22(b) which is reasonable due to the laser
propagation through the sample and the nature of the irradiation process.
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Fig. 5.22: (a) Raman spectra of SnO nanoparticles before irradiation (acquired with a
0.1·I0 neutral filter) and after irradiation with with 0.5·I0 for 600 s (acquired with a 0.1·I0
neutral filter). (b) Decrease of the peak at ∼204 cm-1 measured with 0.5·I0 over a longer
period of time.

As previously mentioned, SnO presents p-type conductivity whereas SnO2 is a
well known n-type semiconductor. The fabrication of n-type SnO2 and p-type SnO
heterojunctions is also gaining increasing attention in recent years, especially in
optoelectronics, Li storage[230]and as chemiresistive sensor with enhanced sensibil-
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ity for a variety of gases such as of NO2
[231] , H2

[34] , acetone[35]or formaldehyde
gas[232]. In those cases, the variability of SnO geometries and hierarchical structures
are fundamental for the optimal performance of the devices, while the achievement
of a controlled local oxidation from SnO to SnO2 can also lead to the fabrication
of p-n heterojunctions at the micro- and nanoscale with improved performance.

The creation of such SnO2/SnO structures can be complex as SnO is not stable
which may cause oxidation and diffusion processes between SnO and SnO2. Laser-
based processing has arisen as an alternative method to thermal treatment for
tailoring Metal Oxide semiconductors (MOs) which had been used in gas sensors,
photocatalyst, solar cells or thermistors[233]. Several parameters such the laser
intensity, pulse or scanning rate act as optimizing parameters to obtain desired and
controlled oxidation. In this work, those parameters were described on chapter 2
but it is worth to mention that the working mode of the laser was continous-wave,
the laser was not polarized and the beam profile is Gaussian. The focusing on the
sample was performed using the objective described on the experimental section.

Firstly, it is important to mention that the UV-laser radiation exhibits lower
energy than the VIS laser but also lower optical depth penetration in the oxides,
which strongly changes the observed results between both lasers, being the most
notable for the UV laser with the use of neutral filters. Raman UV results show
that as the irradiation exposure or energy density increases the modes correspond-
ing to SnO2 (Eg and A1g) appear, but the former is slightly displaced to lower
wavenumbers around 468 cm-1, as it can be observed on Fig.5.13 probably due to
the initial lower crystallinity of the formed SnO2 or even due to temperature shift
of the phonon modes. As the irradiation density and duration increases, not only
the relative intensity of the Raman modes increases but also their positions are
closer to the expected for SnO2. This formation of SnO2 from SnO by laser irra-
diation is irreversible, as expected due to the higher stability of the former oxide.
Other studies[157] have been carried out for UV laser irradiation as the irreversible
anatase-to-rutile transition discussed in the previous chapter .

Other parameter, which as the irradiation energy should be also considered is
exposure (irradiation) time. In Fig.5.14 we observe main differences between the
use of different irradiation times (60 or 600s) and laser energy density. For 0.1·I0
and 0.25·I0 new modes appear at 209 and 340-350 cm-1. The mode in 350 could
now be assigned to a B1g mode, whereas the previously-observed mode at ∼ 109
cm-1, attributed to B1g could be an Eg mode, as some authors have pointed out the
controversy between the association of this modes origin[205]. The main difference
between those irradiation energies is that for 0.1·I0 a mode appears at 480 cm-1

which could be associated to different origin but most likely to SnO or Sn3O4 as
summarized on Table 5.3. This mode is quenched for 0.25·I0 and arise as a shoulder
for 0.5·I0 which suggest that could be associated with the Eg mode from SnO2. By
using 0.5·I0 the A1g mode from SnO2 arises at ∼621 cm-1 and the spectra resembles
Raman spectra from SnO2 presented on subsection 3.1.4. This is similar to what
we have observed via XRD, much of the Raman modes corresponding to Sn3O4
or Sn2O3 possess similar Raman shift than SnO2 modes. Moreover, most of those
modes have only been studied theoretically. Hence, contribution at ∼340, 480 or
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even 620 cm-1 could be also attributed to Sn2O3, yet the work in which this result
is claimed has a dubious stoichiometry of the compounds[229]. Undoubtedly, VIS
Raman spectra is more defined and single modes attributed to different phases are
easily indexed.

Based on the controlled SnO2 formation as a function of the irradiation condi-
tion, the idea of a SnO/SnO2 micropatterning was explored. The controlled UV
laser irradiation can tailor the oxidation process leading to either n-type SnO2
and/or p-type SnO spatial distribution following a micrometric patterning. The
availability of both n- and p-type conductivity in Sn oxides allows the potential
development of bipolar devices based on p-n heterojunctions controlled at the mi-
croscale. Moreover, intermediate of SnOx oxides can be also formed if needed as a
function of the irradiation conditions. A simple line on the X axis was presented
on Fig.5.15 and a larger cross-like pattern was presented in Fig.5.16. This could be
exploited further to create complex patterns, especially interesting to create arrays
of p/n type junctions, for sensing purposes, for example, in which the formed p-n
junction could led to higher sensitivities.

The exact mechanism which promotes the transition could not be attributed
to a single effect[233]. Competing mechanism such as thermalization or photon
absorption by the sample as well as carrier diffusion and thermal diffusion could
be considered, as well the interaction with adsorbed oxygen on the surface. The
combination of such effects enhances the oxidation of SnO, which interacts with
adsorbed oxygen and creates SnO2.

Photoluminescence study was carried out for the undoped and doped SnO
powders. The PL spectra with low irradiation energy was presented at Fig.5.18.
Even using the lower energy density in which photoluminescence can be observed,
these results had to be carefully interpreted. SnO bandgap is between 2.4-3.5 eV,
therefore, the high energy emission represented as violet band in Fig.5.18(b) which
will be increased with irradiation, is probably related with SnO2. Differences can
be observed between doped and undoped samples, similarly what we have observed
for SnO2 luminescence; Li doped sample presents the main contribution slightly
red-shifted as well as there is an absence of the band close to 3 eV. Before the irra-
diation, PL spectrum acquired with 0.1·I0 is characterized by two main emissions
centered at around 2 and 2.3 eV. These emissions could be due to high defective
SnO2 although the presence of SnO, not detected by Raman analysis, cannot be
completely disregarded as some authors reported emissions from SnO around 2 to
2.3 eV due to defects such as Sn vacancies and O vacancies and at ∼3 eV related
to band-edge emissions[215,223]

For the PL spectrum acquired with the highest laser intensity (I0), the dom-
inant emission is centered at around 2.25 eV as shown in Fig.5.19. Additionally,
a shoulder at about 3 eV up to 3.5 eV, can be observed. This spectrum can be
attributed to SnO2, as this material normally shows characteristic emissions at
1.94 eV and 2.25 eV associated with oxygen vacancies-related defects, ∼2.50 eV
due to surface defect states[99] and ∼3 eV due to transitions involving VO levels as
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explained in subsection 3.2.1.
Li-doped SnO Fig.5.19(c) presents the highest intensity on the PL signal and

Ni-doped samples present a contribution ∼ 3 eV. These results are in agreement
with the photoluminescene spectra shown on subsection 3.2.1, where we observed
that Li doped samples presented a high concentration of oxygen vacancies, with a
symmetric-band centered around 2.25 eV. Meanwhile, Ni-doped samples presented
not only weaker luminescence, as well as to a contribution related to STE towards
higher energy. A main difference is observed on the after irradiation spectrum which
should resemble the PL spectra of doped SnO2. This locally-induced transition
is similar to some extent to the thermally-driven transition to SnO2 but when
it is induced with the laser locally it seems that the PL resembles pure SnO2.
Luminescence of both undoped and Li doped SnO present a substantially increase
after laser irradiation as opposed to Ni doping which is increased, but less. Note
that spectra are normalized.

Fig.5.19(b),(d),(f) present the CIE diagrams of undoped and doped samples
with the different filters. Substantial differences are observed between the samples.
Luminescence in any case is a wide band that covers the visible range and tends
to shift from red-yellow-ish towards yellow-green-ish but differs on the coordinates
position for each irradiation energy, both on the position for the maximum energy
(I0) and the path followed by the previous irradiation energies. This is clearly ob-
served for Li doped which up to the maximum irradiation energy presents a green
luminescence greatly shifted compared with the other emissions. In any case this
shows a wide variability on the emission wavelength of these doped samples which
is probably related with the formation of intra-gap levels induced by Li doping.

SnO electrical properties had not been notably studied neither as pressed particles
or monocrystalline SnO. Some researchers have measured 2D SnO layers, obtaining
conductivity values of stoichiometric SnOx ranging from of 10−1 − 103 S·cm-1[213].
Very few works such as Krishnkumar et al.[234] have obtained SnO nanoplatelets
conductivity of ∼ 10−3 S·cm-1 which is similar to our observations. Stannous oxide
has intrinsic p-type conductivity due to the presence of both tin vacancies (VSn)
and oxygen interstitials (Oi), being the former the most abundant due to low form-
ation energy which creates acceptor defects near the VBM. However, first principle
calculations attribute the p-type behavior to other defects such as intended im-
purities of VSn-H complexes or the introduction of dopants which act as shallow
donors[235]. However, SnO could posses an ambipolar nature which can be under-
stood in term of its electronic configuration. SnO posses an ionization potential of
approximately 5.8 eV which is similar to other p-type materials but with an elec-
tron affinity comparable to n-type semiconductors[213]. This shows the complex
behavior to understand changes on this oxide conductivity.

It must be pointed out that as far as our concern, there are almost no research
literature on the topic of doped SnO nanoparticles or other hierarchical structures,
especially regarding electrical or optical characterization, as on section 1.4 it were
mentioned a few works dealing with doped SnO and its magnetic properties. Higher
conductivity was obtained for the Li those samples which could be attributed to
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the effect of the dopant. Li doping has been studied for other p-type oxides such
as NiO[236], in which increasing Li content lead to higher conductivity mainly due
to two different effects. Firstly, the incorporation of lithium on the lattice cre-
ated oxygen vacancies which may result in the absorption of oxygen by the lattice
from the surroundings, which increases the hole concentration and therefore, the
conductivity. Secondly, the incorporation of Li+ ions by substitution of the Ni2+

in the case of NiO (and Sn2+ in our case), increases the hole density, which also
increases the overall conductivity.

5.5. Conclusions

In this chapter, undoped and Li or Ni doped SnO nanoparticles (and other nano-
structures) have been synthesized via a co-precipitation method based on hydro-
lysis. A characterization of morphological, structural, compositional, electrical,
and optical properties has been carried out. Particularly, their stability under tem-
perature, storage and UV irradiation has been analyzed, focusing on the possible
oxidation from SnO to SnO2.

• Crystalline SnO nanoparticles and platelets have been synthesized via a hy-
drolysis method which allows to achieve large amount of SnO powders avoid-
ing an atmosphere-control during the synthesis. The nanoparticles dimen-
sions range from 4 to 22 nm as confirmed by TEM observations. XRD meas-
urements confirm the minor oxidation and stability of the as-synthesized SnO
stored at room conditions during up to 24 months. Other geometries such as
platelets appear altogether with nanoparticles. The reaction yield allows to
obtain a significant amount of SnO nanostructures.

• The oxidation from SnO to SnO2 have been promoted by thermal annealing
or by controlled laser irradiation. Temperatures at least above 300°C are
required to initiate the oxidation from SnO to SnO2 which is completed at
temperatures near 800°C following a nucleation and growth process with
minimum formation of intermediate SnOx, as confirmed by thermodiffraction
measurements.

• By UV or red laser irradiation the transition from SnO to SnO2 can be con-
trolled, assisted by formation of intermediate Sn3O4, as confirmed by Raman
spectroscopy. Careful attention should be paid during the PL and Raman
analysis, as the use of the laser as excitation source can induce formation of
SnO2 during measuring, thus leading to possible misleading results. Hence,
the evolution from SnO to SnO2 has been studied as a function of the laser
excitation source (UV and red laser), the laser power density (controlled by
using neutral filters) and the irradiation exposure time, in order to achieve
deeper knowledge and control of the oxidation process. The evolution of the
oxidation of the SnO2 towards higher crystallinity promoted by UV laser
irradiation obeys Avrami behavior.
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• Controlled SnO oxidation and a tailored spatial SnO/SnO2 micropatterning
has been developed based on a controlled laser irradiation with the UV laser,
without the use of any mask. This laser-induced micropatterning can be of
potential interest for the fabrication of p-n devices based in all Sn-oxides with
applicability in electronic, optoelectronic and sensing devices.

• Among the undoped and doped nanoparticles, some differences are observed.
Ni-doped SnO presents the most notable differences, as a high presence of
the precursors can be observed in XRD and Raman, and as observed by
SEM micrograph, samples are mostly composed by nanoparticles. Li-doped
SnO nanopowders possesses higher conductivity and similar properties than
undoped SnO powders (regarding morphology and temperature stability). A
slight shift in the luminescence towards higher energies is promoted by Li
doping.
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Chapter 6.
PEDOT:PSS composites based on
SnO, SnO2 or TiO2 nanoparticles for
hybrid Si-solar cells

PEDOT:PSS PEDOT:PSS+ 5%wt DMSO+
+0.1%wt Triton X-100+
+0.5 %wt TiO2
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Abstract: Hybrid p-n junctions based on PEDOT:PSS and n-type silicon
wafers have been fabricated. Different mixtures of PEDOT:PSS have been ana-
lyzed and different spin coating procedures have been used to obtain the optimal
coverage of the silicon surface. SnO, SnO2 and TiO2 were added to PEDOT:PSS
and improvements in the PEDOT:PSS films were achieved leading for enhanced
silicon surface passivation.





6.1. Obtaining PEDOT:PSS thin layers

This chapter includes adapted material from:

• A. Vázquez-López et al., Hybrid Materials and Nanoparticles for Hybrid Sil-
icon Solar Cells and Li-Ion Batteries, Journal of Energy Power Technology,
2021, 3, 2.[155]

• A. Vázquez-López et al., Improved Silicon surface passivation by hybrid com-
posites formed by PEDOT:PSS with anatase TiO2 nanoparticles, Materials
Letters, 2020, 271, 127802.[237]

• A. Vázquez-López et al., Synergetic Improvement of Stability and Conduct-
ivity of Hybrid Composites formed by PEDOT:PSS and SnO Nanoparticles,
Molecules, 2020, 25, 695.[215]

In this chapter some of the results obtained during a 3-month internship at IFE
(Institute for Energy Technology) at Kjeller, Oslo, Norway are presented.

N-type silicon wafers, which properties have been summarized in Table 2.4 on
subsection 2.1.3 were coated with PEDOT:PSS to obtain hybrid p-n junctions with
enhanced silicon surface passivation. This chapter is divided in two sections. In the
first section, we will describe and analyze the main parameters to obtain these thin
PEDOT:PSS layers over silicon. In the second section we will evaluate the use of
the nanoparticles synthesized in the previous chapters to form hybrid composites,
studying their effect on passivation and stability.
Therefore, in the first section, we will compare different candidates mixtures of
PEDOT:PSS with organic additives such as DMSO or EG and evaluate also the
use surfactant Triton X-100. Besides, we will analyze the effect of the removal of
the native silicon oxide layer of the silicon wafer and its effect on the recombination
processes. Secondly, the coating procedure for obtaining thin layers based on spin-
coating is described. Finally, the degradation over time of the different composites
is measured. After this first section we will have obtained an improved method for
passivating silicon surfaces.

On the second part, the results of PEDOT:PSS with the addition of the nan-
oparticles, which were synthesized and characterized in Chapter 3, Chapter 4 and
Chapter 5 are described and evaluated. The main focus on the effect of these
nanoparticles is aimed to improve electrical or optical response, enhanced silicon
passivation as well as obtaining higher stability over degradation with time.

6.1. Obtaining PEDOT:PSS thin layers
The first step to obtain thin layers of PEDOT:PSS over a silicon substrate is to
prepare a mixture with the selected compounds. The flow diagram of the steps
to obtain the desired composites has been described on the experimental part, in
subsection 2.1.3 in Fig.2.4.
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6.1.1. Mixture preparation
PEDOT:PSS was described in the chapter 1 as a conductive p-type polymer con-
formed by two ionomers PEDOT (poly(3,4-ethylenedi-oxythiophene)) and PSS
(polystyrenesulfonate). Nominally, PEDOT:PSS possesses low conductivity which
limits its applicability. Moreover, its stability with respect to high temperatures,
UV irradiation or humidity is questionable. In this thesis, PEDOT:PSS (Clevios,
PH1000, 1.0%–1.3% wt. in water) was combined, in order to enhance conductivity
with additives such as dimethyl sulfoxide (DMSO, Sigma-Aldrich), Etylene Glycol
(EG, Sigma-Aldrich) or Triton X-100.

Different mixtures were evaluated in this part of the thesis. Based on previous
reports, adding 5% wt of DMSO is suggested as the optimal ratio for enhancing con-
ductivity and preventing degradation[238,239]. In our research, adding this weight
percentage did improve the silicon surface coverage, which was also other main
factor to accomplish. To maximize this surface coverage Triton X-100 was also
added in 0.1% wt. This compound is a surfactant which is known to enhance wet-
tability as well as slightly increase conductivity[240]. Both the order and mixing
procedures were evaluated, finding the best results after magnetic stirring for 2 h,
an then filtrated with a PolyEtherSulfone (PES) Millex® membrane (pore size =
0.45 µm) to achieve higher homogeneity via segregating bigger particles out of the
mixture. Steps are schematically shown in Fig.2.4.

From this time on, any sample that is referred as PEDOT:PSS is refereed to
this mixture, as bare PEDOT:PSS was not considered due poor electrical results
as it showed mostly high sheet resistance.

6.1.2. Spin coating
This technique has been described in section 2.1.3. The main idea to assemble
hybrid composites consists in covering a silicon wafer (or a glass substrate) with
a mixture of PEDOT:PSS which is commercially distributed already diluted in
water. Deposition steps to obtain high quality coverage have been described on
Table 2.5. The main parameters to control the quality of the deposition are: spin
speed, spin acceleration (with their respective duration) as well as the deposition
time (which corresponds to the effective time where the liquid is poured over the
sample). Although the step process could be pretty complicated as we could add
the desired number of steps, the main idea was to keep it as simple as possible.
Following manufacturer (CleviosTM) recommendations, spin coating speeds around
6000 rpm allows to achieve thin layers of around 100 nm. To estimate the thickness
of the PEDOT:PSS layers deposited over silicon, samples were introduced into a
SEM chamber an placed at grazing incidence respective to the electron beam, so
the interlayer of PEDOT:PSS/nSi and the electron beam are perpendicular to
each other. To assure that there is no bending of the PEDOT:PSS over the edge
of the silicon wafer or that the thickness is not clear due to an increasing thickness
towards the center of the sample, the sample was cut forming a 1.5×1.5 cm2 square.
Fig.6.1(a) shows a SEM micrograph where we can observe the PEDOT:PSS layer
over silicon which thickness was measured in different parts of the sample. Averaged
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6.1. Obtaining PEDOT:PSS thin layers

thickness of 154 nm was obtained, as shown in Fig.6.1(b) and marked by the red
dot on the box diagram, where each of the measurements is represented by a blue
dot with a blue line which indicates the data dispersion values. It should be noted
that the sample might be ±1-2◦ degrees tilted, so the thickness results have an
inherent uncertainty.

80

120

160

200

240

280

La
ye

r t
hi

ck
ne

ss
 (n

m
)

Average ~154 nm

1 μm

PEDOT:PSS

Silicon

(a) (b)

Fig. 6.1: (a) SEM micrograph acquired at grazing incidence on the silicon substrate
(b) estimated thickness of the PEDOT:PSS layer measured by averaging the thicknesses
observed in different zones. Red dot shows average thickness.

Therefore, AFM was performed to further estimate the layer thickness by pla-
cing the tip near a region where a step was created by removing the PEDOT:PSS
with 2-propanol. As observed in Fig.6.2(a), the cantilever was placed above the
step and an image was obtained where the contrast evidences the strong change
in height (Fig.6.2(b)). The profile image (Fig.6.2(c)) shows that between point A
(over PEDOT:PSS layer) and B (over Silicon substrate) there is a height change of
around 150 nm, which agrees with the SEM observations. Profilometry results (not
shown here) performed on some of the samples show a step size between 100-200
nm, agreeing with these results.

The designed spin-coating process consisted on primarily two steps, in which
initially the substrate started spinning at 2000 rpm during 20 s. After the first
seconds of spinning, a pipettor which contained 70-150 µL of the PEDOT:PSS
mixture, depending on the coating substrate, was placed ∼2 cm over the substrate
and was manually poured through the spinning substrate. This is often referred as
delay/solution dispense time, being the delay time the time period before deposition
while solution dispense time consisted on the time when the deposition takes place.
The substrate then was left spinning at 6000 rpm during 50 s, which creates a thin
homogeneous layer to finally decrease its speed until stoppage.

The substrates where the mixture was deposited by spin coating were silicon
n-type float-zone (FZ) substrates (TOPSIL) as described in[215,237], either without
any treatment or with the oxide layer removed with HF as explained in the next
subsection. Glass substrates were also used when necessary, mainly for optical
measurements. The selected glass substrates were previously treated with isop-
ropanol and boiling water and dried with N2, while some other substrate post-
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Fig. 6.2: (a) Optical image of the cantilever over the step conformed by the PEDOT:PSS
(b) AFM image of the profile and (c) the AFM profile.

treatments (such as thermal treatment to evaporate remaining moisture) were also
performed. Hence, samples were heated in a hot plate for 120°C during 15 min for
each face if the sample was coated by its two faces, or only by one side if only one
face of the sample was coated, with the coating side preferably looking upwards.
The use of higher temperatures could be counterproductive as near this temper-
ature PEDOT:PSS is expected to posses maximum conductivity, which tends to
decrease for higher temperatures[71].

It is important to note that, in this chapter, three different coatings geometries
have been followed, which are considered in Fig.2.4. Their differences are as follows:

• To analyze I-V, Si substrates were coated only from one side. Over this side,
a mask is placed and Ag is evaporated as described in section 2.2.15 and a
full-back silver contact is made on the other side, over the uncovered silicon.
Sides are carefully protected to avoid shortcuts of the sample due to Ag on
the sides of the sample. Substrate size was 1/4 of the circular commercial
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6.1. Obtaining PEDOT:PSS thin layers

substrate, which was ∼78.5 cm2 as described in Table 2.4.

• To measure PL-QSSPC, Si substrates were coated from both sides. If coated
only for one side, the effect of the non-passivated back side could interfere
with the obtained lifetimes measured for the front-side. The substrate used
is the same silicon substrate as for measuring I-V. The other main difference
is that in this case there is no contacts evaporated over the sample.

• To analyze other properties such as optical absorption or Hall effect, de-
position was performed over glass substrates of 2.2×2.2 cm2 to minimize
substrate contribution as the glass substrate is transparent to VIS light as
well as being highly resistive. For measuring Hall effect, front contacts with
either Au or silver paint were used to obtain Ohmic contacts.

Particularly, the two silicon substrates-coating geometries are described on
Table 6.1, in which an average of the thickness of each layer is presented. The
thickness of the oxide layer (SiOx) was measured with ellipsometry (not shown
here). Clearly, if the oxide layer is removed with the processes that will be de-
scribed on the following sections, this layer will be absent.

Table 6.1: Different configurations of the composites.

For I-V measurements
Layer Thickness (nm)

Ag front-contacts 250-290
PEDOT:PSS 120-140

SiOx 1.5-1.9
Silicon wafer (280-300)·103

Ag back-contacts 250-290

For PL-QSSPc
Layer Thickness (nm)

PEDOT:PSS 120-140
SiOx 1.5-1.9

Silicon wafer (280-300)·103

Composite 120-140

6.1.3. DMSO vs EG
The first decision was whether to use DMSO or EG and observe if Triton X-100
modified the PEDOT:PSS properties. As a first step, mixtures with DMSO and EG
adding Triton X-100 were prepared and deposited over silicon and glass to analyze
their differences. It was observed that adding Triton X-100 improved the surface
coverage. Absorbance spectra of the different layers coated onto glass substrates are
shown in Fig.6.3(a), which was obtained from measurements of transmittance as
the ones of Fig.6.3(b) and reflectance (not shown here). High transparency (around
90%) is observed in the visible spectral range, as an inset in Fig.6.3 for the three
samples. As observed in Fig.6.3(b), the transmittance of the films were 86.23%,
87.58% and 85.14% for DMSO+Triton X-100, EG and EG+Triton X-100 at 550
nm, respectively. No major differences were observed using either EG or DMSO in
the same weight percentage of 5% and Triton X-100 in 0.1% wt. We observe that
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the use of Triton X-100 increases the absorption on the NIR range (DMSO) or VIS
range (EG) Fig.6.3(b). The glass substrate spectrum did not show any absorbance
on the visible range, see Fig.6.3(a). However, it shows a very similar spectrum on
the NUV range. In this thesis and concerning solar cell applications, we will focus
only on the VIS range.
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Fig. 6.3: (a) Absorption spectra of PEDOT:PSS with either DMSO+Triton X-100, EG
or EG+Triton X-100, where inset shows detailed region on the visible range and (b)
transmittance spectra of the same samples.

The optical bandgap of the three samples was calculated from the absorbance
measurements shown in Fig.6.3(a) and represented on Fig.6.4(a) using the Tauc
relation:

αhν = A(hν − Eg)n (6.1)

where α is the absorption coefficient; ν is the frequency; h is the Plank’s constant,
A is a constant; Eg is the energy band gap and n is a parameter which can be
1
2 if the transition is direct and allowed and 2 if the transition is indirect and al-
lowed[241,242]. α can be calculated from α = 2.303·A

t
[243] where A is the absorbance

of the film and t is the thickness. This allows to determine the optical band gap
of the samples. Again, similar results around 3.6 eV are obtained for the three
samples and summarized on Table 6.2, showing the lowest value for EG+Triton
X-100 and DMSO+Triton X-100. This, alongside with the good coverage of the
surfaces pushed the decision of using DMSO and Triton X-100.

To estimate the value of the refraction index n(λ), equation 6.2 was used fol-
lowing the process used in different works[243,244]:

n(λ) =
[

4r
(r − 1)2 − k

2
] 1

2

− r + 1
r − 1 where k = αλ

4π (6.2)
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6.1. Obtaining PEDOT:PSS thin layers

Table 6.2: Calculated optical band gaps from PEDOT:PSS layers.

PEDOT:PSS samples
Sample Eg (eV)

DMSO+TRITON 3.59 ± 0.05
EG 3.60 ± 0.05

EG+TRITON 3.59 ± 0.05

where r and t are obtained from the dependent equations:

r = 2R
1 + t2 +

√
(1 + t2)2 − 4t2R(2−R)

and t = 2T
(1− r)2 +

√
(1− r)4 + 4T 2r2

(6.3)
where n refers to the refraction index, R, and T are the values of reflectance and

transmittance for each wavelength. The iterative method to solve these equations
was implemented using Matlab R2019b.
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Fig. 6.4: (a) Tauc-plot obtained from the absorbance spectra and (b) simulated refractive
index n(λ).

Fig.6.4(b) shows the simulated refractive index n(λ) of the different samples.
PH1000 PEDOT:PSS refraction index has been reported between 1-1.6 depending
on the characteristics of the PEDOT:PSS, the use of additives and the PEDOT:PSS
ratio[245] (chapter 1).

From this time on, as pristine PEDOT:PSS is not considered for high efficiency
solar cells, the mixture and process chosen is PEDOT:PSS+ 5% DMSO +0.1% Tri-
ton X-100, and these samples will be hereinafter referred to simply as PEDOT:PSS.
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6.1.4. Etching vs no etching

The interface between Si/PEDOT:PSS is a matter of study for Si-passivation[22,62]

as it plays a major role on its performance. To assess its influence on the passivation
effects, the native oxide layer was etched and compared with the substrate without
any etching. First, the silicon wafer was introduced into a mixture of HF and
distilled water (1:8) during 30 s. Right after it was rinsed with water. A second
step consists on the use of a solution of sulfuric acid (H2SO4) and hydrogen peroxide
(H2O2) mixed into a beaker, commonly refereed as Piranha solution, with a ratio of
4:1 (1L of sulfuric acid per 250 mL of hydrogen peroxide). The reaction is strongly
exothermic and abruptly rises to boiling temperature, a hot plate was used to
maintain the temperature constant at 100◦C. Each silicon wafer was introduced on
the beaker for 30 min. Finally, it was rinsed with water and carefully dried with a
flow of nitrogen gas.

(a) (b)
Lifetime (µs) Lifetime (µs)

Fig. 6.5: PEDOT:PSS over FZ wafers PL-QSSPC of (a) untreated FZ-substrate and (b)
Piranha-treated substrate. Note that the scale is different between the two images.

PL-QSSPC results for both PEDOT:PSS/nSi over FZ substrates without piranha
treatment and with piranha treatment are shown on Fig.6.5(a) and (b) respectively.
Color bars besides the PL images indicate the charge carrier lifetime values, which
were calculated from the corresponding QSS-PC curves as a function of the in-
jection level. It is important to point out that for measuring correct PL-QSSPC
imaging, reflectance of each sample was measured at λ = 808 nm and used as a
correction factor. As seen in Fig.6.5, lifetime strongly decreases from ∼300 µs to
∼150 µs with the removal of the native silicon oxide with Piranha treatment of the
surface. This is an indicator that removing the oxide layer is not the best approach
to obtain better silicon passivation as the native oxide appears to be more stable on
the passivation effects leading to higher lifetime. It is important to mention that
the position of the sample to be measured over the QSSPC coil may vary between
each measurement. Other parameters such the ambient light or humidity could af-
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fect the measurement. To avoid misunderstanding results, each measurement was
repeated and the results presented are the best within the uncertainty inherent to
these measurements.

6.1.5. Degradation over time
One of the main issues of the organic compounds is their stability over time and
under certain conditions of humidity, temperature or irradiation among others.
PEDOT:PSS is known to degrade in presence of humidity, temperature or oxidiz-
ing atmospheres[246,247]. This degradation is accompanied with a decrease of the
conductivity and the charge carriers lifetime values.

Some of the samples which were spin-coated on FZ- Silicon substrates either
with or without piranha treatment were stored at room temperature and laboratory
conditions of humidity during the period of three months. During that time, PL-
QSSPC measurements were performed.

As seen in Fig.6.6 lifetime values of both samples decrease during the period
of three months. Fig.6.6(a) shows both the images of PL-QSSPC acquired during
the day of the synthesis and up to 60 days for the sample without piranha pre-
treatment and 70 days for the sample with piranha treatment. On the right the
pixels with the corresponding carrier lifetime values are presented as an histogram.
Similarly, the results from the substrate treated with piranha are presented on
Fig.6.6(b). Fig.6.6(c) shows a comparison between both samples as well as other
similar sample of PEDOT:PSS/FZ without treatment over a longer period of time
of 400 days, which has been also shown in our work[155]. Over this longer period
it can be observed that lifetime values reach a steady value of ∼ 75 µs, within the
uncertainty of the measurement. Both samples (with or without treatment) show
similar degradation over time following an exponential decrease over time.

In sight of these results, it was decided to not perform any etching of the silicon
oxide. Not only it decreased the lifetime values of the charge carrier recombination,
it is an additional hazardous step for obtaining these hybrid p-n junctions. There-
fore, PEDOT:PSS/nSi from this time on refers to the previously higher-quality
mixture of PEDOT:PSS+5% DMSO+0.1%Triton X-100 deposited over n-type FZ
silicon without treatment of the surface previous to the deposition.
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Fig. 6.6: PL-lifetimes degradation over time measured for an injection level of ∆n=1015

cm-3 corresponding to the samples deposited over FZ n-type Si (a) without treatment and
(b) with Piranha treatment. On the right of both images an histogram corresponding to
the distribution of pixels near the center of the sample. Figure (c) shows detailed lifetimes
for each samples on different periods of time and as compared with[155] where lifetime of
PEDOT:PSS/FZ-without treatment is measured over a time period of over 400 days.

6.2. Characterizing PEDOT:PSS thin layers

At this point, we have obtained PEDOT:PSS/nSi junctions with the highest life-
time values. For a more in-depth study of the PEDOT:PSS thin layers, morphology
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and composition of these were also analyzed through the use of various techniques.
To assure compositional homogeneity of the spin coated PEDOT:PSS samples,

EDS was performed. Low electron beam intensity and voltage were used (500pA-
1nA, 10-12 kV) as PEDOT:PSS could be easily damaged under the electron beam
irradiation.

There is clearly an homogeneous distribution of the different elements compris-
ing PEDOT:PSS throughout the sample which indicates that the use of DMSO or
Triton X-100 avoids the agglomeration of the different atomic species Fig.6.7. Table
6.3 shows the elemental quantitative analysis from EDS. Carbon is clearly over-
estimated as H is not measured with this technique. Normally PEDOT presents
around 2% at H[248].

SE C

O S

40 μm

Fig. 6.7: EDS mapping of PEDOT:PSS/nSi with its corresponding element mappings
labeled on each image (Secondary Electrons, Carbon, Oxygen and Sulfur). On the right
the EDS spectrum of the sample is presented.

Table 6.3: Elemental quantification from EDS.

Element % at
Sulfur 1.34 ±0.1

Carbon 69.99± 1.5
Oxygen 26.66 ± 0.9

An optical image corresponding to a PEDOT:PSS/nSi layer can be observed in
Fig.6.8(a). The morphology observed is in agreement with previous works in which
they attribute the observed topography to the conformation of PEDOT domains
surrounded by insulating PSS chains. Fig.6.8(b) shows an AFM image showing
surface homogeneity as well as a profile in Fig.6.8(c) corresponding to the line
marked in Fig.6.8(b). Based on AFM profiles, a reduced average height of 2.3 nm
is measured as a clear indicator of local sample homogeneity.
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Fig. 6.8: (a) Image from PEDOT:PSS sample deposited over a glass substrate obtained
with an optical microscope (b) AFM image of the same sample and (c) height profile
image on the line marked in blue on image (b).

Electric measurements were also performed on these samples and are summar-
ized on Table 6.4. PEDOT:PSS (with the additives) presents high carrier concen-
tration and a high value of conductivity ∼ 189 S·cm-1 due to solvents addition.

Table 6.4: PEDOT:PSS Hall effect measurements performed with I = 0.1 mA.

Sample
Charge Carrier Concentration

(cm-3)
Resistivity

(Ω·cm)
Conductivity

(S·cm-1)

PEDOT:PSS (7.37 ± 1.38)·1021 (5.30 ± 0.03)·10−3 (1.89 ± 0.01)·102

Raman spectra were acquired from PEDOT:PSS mixture deposited on Si, using
as excitation source a red laser (λ = 633 nm), and different pinhole sizes of 200-
900µm and a D1 filter (0.1·I0). The reason behind using different pinhole size, as
well different filters, has been taken in order to obtain variable irradiation densities
and collection of light to observe differences on the modes upon laser irradiation,
besides to determine any possible the degradation induced by the laser as a function
of time.

As shown in Fig.6.9(a) the complete set of Raman modes can be attributed to
to PEDOT or PSS ionomers or to the Silicon substrate, as a Raman spectrum from
bare Si is also shown in Fig.6.9 as a reference. Silicon Raman spectrum shows an
intense peak peak at 520 cm-1 which corresponds to the transverse optical(TO)[249]

mode, a broad peak which can be attributed to the longitudinal acoustic (LA) mode
at 300 cm-1 and other broad peak at 920-1000 cm-1 attributed to Si-O bonds[249]
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Fig. 6.9: Raman spectra of the PEDOT:PSS mixture and bare silicon substrate (n-
type FZ) acquired with a red laser (λ =633 nm) and pinhole of (a) 200 µm or (c) 900
µm. Images (b) and (d) show deconvolutions to Gaussian-Lorentz functions of the region
between 1200 cm-1 and 1800 cm-1 which correspond to images (a) or (c), respectively.

or to the second transverse optical phonon model (2TO)[250]. Remaining Raman
modes, mostly attributed to PEDOT:PSS are listed on Table 6.5. Note that for
most of the literature, the laser used for measuring PEDOT:PSS may vary, which
explain shifts on the measured and literature values.

Fig.6.9(a) shows that the main modes of PEDOT:PSS measured with the red
laser (λ=633 nm) and pinhole of 200 µm, are concentrated on the region between
1000 cm-1 and 1800 (shown in Fig.6.9(b). Outside of this region modes are ob-
served ∼ 439 cm-1, ∼ 578 cm-1, ∼ 706 cm-1, ∼ 855 cm-1, ∼ 988 cm-1 which are
at the same positions using pinhole size of 900 µm, which is shown on Fig.6.9(c).
The positions of the observed modes using the pinhole of 200 µm or 900 µm are
summarized on Table 6.5. Modes on the region of 1000-1800 cm-1 are sensitive to
pinhole size as it can be clearly observed on inset on Fig.6.9(b)-(d), as they vary in
position up to ∼ 9 cm-1. The most notable difference among both spectra is that
the main contribution using pinhole 200 µm was peaked at 1420 cm-1 (yellow) with
a subtle contribution at 1400 cm-1 (grey) and for 900 µm the main contribution is
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placed at 1400 cm-1 whereas the other maxima appears as a shoulder appears at
∼1430 cm-1 and, most notably, a new contribution is observed at 1500 cm-1.

Table 6.5: Raman modes of PEDOT:PSS mixture between 1200 and 1800 cm-1 observed
with the VIS red laser (λ = 633) nm where (†) represents measurements obtained with
a pinhole and 200 µm and (‡) represents pinhole of 900 µm. Position of the vibrational
modes reprinted from the scientific literature are shown for comparison, which were ac-
quired with wavelengths of (λ = 632 nm, He-Ne laser)[251,252], 532 nm[253], 785 nm[254] or
unspecified[68].

Wavenumber cm-1

This work Literature Attributed origin

578 578[254] PEDOT Oxyethylene ring deformation
706 699[254] PEDOT Symmetric C–S–C deformation
988 988[254] PEDOT Oxyethylene ring deformation

1120†,1111‡ 1097[254],1100[68] PEDOT C–O–C deformation or PSS
1257†, 1254‡ 1269[253],1253[68], 1270[251] Cα-C

α
′ interring stretching,Cβ-H bending

1363†,1365‡ 1368,1369,1366, 1370[68,238,251,253] single Cβ-Cβ stretching
1400†,‡ - associated with Cα=Cβ

1424†, 1429‡ 1424[253],1431[254],1435[68] Cα=Cβ symmetric stretching vibrations
1499‡ 1508[238],1504[252], 1490[68] Cα=Cβ symmetric stretching vibration

1534†, 1530‡ 1530[251],1532[68],1540[238] arises from the splitting of the
Cα=Cβ asymmetric vibrations

1568†, 1561‡ 1568[238,252],14576[253] Cα=Cβ asymmetric stretching vibration

PEDOT:PSS/nSi samples were also measured using the UV laser (λ = 325
nm). It was observed a rapid degradation of the samples due to the irradiation
which is shown in Fig.6.10(a). This rapid decrease on the Raman relative intensity
was monitored by measuring the decrease of the Raman modes most notably for
the mode ∼ 1608 cm-1 for each of the available laser energy densities as shown in
Fig.6.10(b). Note that the Raman spectra observed in Fig.6.10(a) due to the UV
irradiation is very different from the Raman spectra shown until this moment, due
to the use of the different excitation source. With this irradiation source, main
Raman modes are observed at ∼1370, 1452 and 1608 cm-1.
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Fig. 6.10: (a) Quenching of the Raman spectra acquired with the UV laser (λ=325 nm)
with pinhole of 200 µm using different laser irradiation energies (0.1, 0.25, 0.5 and I0)
over exposure time, (b) Decrease of the relative intensity of the peak at ∼1608 cm-1 using
different laser irradiation energies (0.1, 0.25, 0.5 and I0) over exposure time.

Similarly, Raman was acquired after the irradiation but this time with the VIS
laser as it possesses more well-defined Raman modes for PEDOT:PSS. In this case,
as shown on the inset on Fig.6.11(b), different spots were irradiated using the UV
laser with each energy density (from upper row left to right 0.1, 0.25, 0.5 and I0
and viceversa for the second row) during 8 s and acquired with the VIS laser and
pinhole of 900 µm, which Raman spectra is depicted in Fig.6.11(a). As observed
with short UV irradiation some of the modes (mainly those situated at ∼1499,
1530 cm-1) increase their relative intensity.
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Fig. 6.11: (a) Raman spectra acquired with the VIS laser (λ=633 nm) after short time
UV laser (λ=325 nm) irradiation with the different UV laser intensities. (b) Increase
upon laser irradiation intensity on the relative intensity of the peaks at ∼1499, 1530 cm-1

due to UV irradiation with variable irradiation energies acquired with the VIS red laser
and pinhole of 900 µm. Inset shows optical image from the irradiated spots.

6.3. PEDOT:PSS composites with SnO, SnO2 or
TiO2 nanoparticles.

After the previous study of the bare PEDOT:PSS films, the optimal composition
was selected. Thus, in this section nanoparticles were added to the organic mixture
in order to fabricate hybrid composites as shown in Fig.2.4. From the previous
section, we have concluded that the best results were obtained using non-treated
FZ n-type silicon wafers with a thermal treatment at 120◦C for 15 min.

The procedure to add the nanoparticles and conform the composite consisted on
adding the desired quantity of the nanoparticles (mostly in 1% wt, while for some
of the composites 0.5% wt or 2% wt were also used) respect to the mixture of the
PEDOT:PSS and organic solvents described for the bare PEDOT:PSS. Different
approaches were considered obtaining the best results by introducing the vessel with
the PEDOT:PSS mixture and the nanoparticles into an ultrasonic bath for 15-20
min and subsequently, using an ultrasonic probe during ∼1 min with ultrasonic
pulses dispersing the nanoparticles (10% power to avoid PEDOT:PSS damage).

6.3.1. PEDOT:PSS and SnO composites
The SnO nanoparticles used were described previously in chapter 1 and chapter 5.
Fig.6.12 represents the composites with the nanoparticles. Firstly, the effect of
incorporating SnO nanoparticles was studied, as this material has not been studied
embedded into PEDOT:PSS polymer for these applications.

Composition of the composite was observed via EDS as shown in Fig.6.13.
According to the chemical mapping acquired with the Sn signal, SnO nanopowders
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PEDOT:PSS

SiOx

Nanoparticles
(SnO, SnO2 or TiO2)

100 nm

Fig. 6.12: Representation of the composites with nanoparticles. As observed, there is a
certain size dispersion of nanoparticles in the sample.

were spin-coated homogeneously over the substrate. Variable agglomerate sizes can
be observed from µm to dozens of nm.

SE C Sn

O S
200 μm

Fig. 6.13: EDS mapping of PEDOT:PSS+SnO with the corresponding element mappings
labeled on each image (SE: Secondary Electrons, C: Carbon, Sn: Tin, O: Oxygen and S:
Sulfur). A representative EDS spectrum of the sample is also shown.

Raman spectra from the hybrid composite acquired with the VIS laser and vari-
able laser intensity are shown in Fig.6.14(a). The characteristic peaks in the region
between 1100-1800 cm-1 are observed at the same positions that for PEDOT:PSS
layers, with higher relative intensity which may be related to the deposition of a
thicker layer. Inset shows detailed region with higher acquisition time (20 times)
in which we can observe the characteristic modes corresponding to SnO, B1g (or
Eg) and A1g, showing the presence of the SnO nanopowders in the sample.

Contrary to the results from PEDOT:PSS, the Raman spectra of PEDOT:PSS+
1% wt SnO nanoparticles shown in Fig.6.14(b) exhibit no remarkable variations on
the Raman signal as a function of the UV laser irradiation intensity, contrary to
the changes described for bare PEDOT:PSS as show in the inset of Fig.6.14(b),
which demonstrates the improved stability of the polymer under UV illumination
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by adding SnO nanoparticles. It should be considered that UV irradiation could
promote SnO oxidation to SnO2. However, peaks from SnO2 were not observed
after UV illumination, which can be related to the fact that the PEDOT:PSS
matrix prevents SnO oxidation to SnO2. The addition of SnO nanoparticles, even
in a low concentration (1% wt.), induces slight variations in the Raman signal from
the hybrid composite in comparison with bare PEDOT:PSS, as shown in the inset
of Fig.6.14(b). Some other authors also reported changes in the properties of the
polymer by adding low amounts of nanoparticles[255].
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Fig. 6.14: (a) Raman spectrum acquired with the VIS laser corresponding to SnO
composites. Inset shows detailed region between 80-240 cm-1 acquired during a longer
period of time (b) Raman spectra acquired with the VIS laser after irradiation with the
UV laser with the different irradiation energies (0.1, 0.25, 0.5 or I0). Inset shows Raman
spectra from bare PEDOT:PSS and SnO composite after UV irradiation with I0.

A clear decrease in the relative intensity of the vibrational modes at 1430 cm-1,
1500 cm-1, and 1540 cm-1 that after UV irradiation for the PEDOT:PSS composite
were enhanced, can be distinguished in the SnO composite, which can be due to
structural changes in the polymer related to interactions between the polymer and
the SnO nanoparticles. Actually, some authors propose conformational changes
in the polymer coils due to electrostatic interactions with embedded nanoparticles
showing charged surfaces[26]. These changes can affect the vibrations of specific
functional groups, which leads to variations in the Raman signal.

Electrical characterization of the samples was performed by Hall effect measure-
ments. Averaged values of charge carrier concentration, resistivity, and conduct-
ivity are shown in Table 6.6. Bare PEDOT:PSS shows good p-type conductivity
with averaged values of 1.9 ·102 S·cm-1, similar to Data Sheet results provided by
the manufacturer taking into account a 5% addition of DMSO, in our case due
to the addition of DMSO and Triton-X-100. Hybrid SnO composite exhibits im-
proved conductivity as compared with the bare polymer, reaching averaged values
of about 6.3 ·102 S·cm-1 and high charge carrier concentration values around 1.4
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·1022 cm-3.

Table 6.6: SnO, PEDOT:PSS and PEDOT:PSS+SnO Hall effect measurements per-
formed with I=0.1 mA.

Sample
Charge Carrier

Concentration (cm-3)
Resistivity

(Ωcm)
Conductivity

(S·cm-1)

SnO (2.98 ± 0.66)·1015 (5.49 ± 0.12)·101 (1.82 ± 0.21)·10−2

PEDOT:PSS (7.37 ± 1.38)·1021 (5.30 ± 0.03)·10−3 (1.89 ± 0.01)·102

PEDOT:PSS+1% wt SnO (1.41 ± 0.27)·1022 (1.58 ± 0.02)·10−3 (6.33 ± 0.01)·102

PL imaging and QSS-PC values of charge photocarrier lifetimes were also ana-
lyzed. Fig.6.16(a) shows PL images from the tested samples, where color bars
indicate charge carrier lifetime values (τ) in µs. The corresponding QSS-PC curves
under an injection level of 1015cm-3 are included on Fig.6.16(b). Averaged carrier
lifetime value around 410 µs was estimated for bare PEDOT:PSS, while the hy-
brid composite shows slightly lower, but still good, lifetime value around 297 µs.
The hybrid composite shows good transparency in the visible range and a slight
improvement of the absorption in the range 350–450 nm, as compared with bare
PEDOT:PSS, due to the addition of SnO nanoparticles, see Fig.6.16(c). The wide
optical band gap from SnO can explain the slightly improved absorption in the
hybrid composite.
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Fig. 6.15: (a) PL-QSSPC imaging of SnO composite and (b) the corresponding QSSPC
curve and (c) absorption spectra of the samples. Inset shows detailed region on the visible
range. QSSPC and absorption data include spectra from PEDOT:PSS for comparison.

6.3.2. PEDOT:PSS and SnO2 composites

SnO2 composites were as well fabricated following the same procedure described for
the SnO composites, by adding the SnO2 nanoparticles, in this case with variable
weight percentages: 0.5, 1 or 2% wt, to observe changes due to nanoparticles
percentages.

PL-QSSPC images show a decrease of the carrier lifetime Fig.6.16(a)-(c). This
behavior is clearly observed in the QSSPC curves in Fig.6.16(d). When SnO2
nanoparticles were added to the composites actually lower passivation behavior
was observed as the concentration of SnO2 increases. Despite this drawback, UV-
VIS shows good transparency to visible light Fig.6.16(e) where the addition of 2%
presents lower absorption in the high VIS range and higher on the NIR which
differs with 0.5% as it presents the opposite behavior. Adding 1% wt of SnO2
shows similar absorbance compared with PEDOT:PSS.

Hall effect measurements of the composites with SnO2 shows that both con-
ductivity and charge carrier concentration are increased with the addition of SnO2
(Table 6.7). Precisely, the charge carrier concentration is slightly decreased with
0.5%wt but it within the high uncertainty values from bare PEDOT:PSS compos-
ites. Addition of SnO2 in 1 or 2% wt percent increases the carrier concentration
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Fig. 6.16: PL-QSSPC images of the SnO2 with (a) 0.5%wt (b) 1%wt (c) 2%wt composites
(d) its corresponding QSSPC curve (e) UV-VIS spectra.

up to 1022 cm-3. Conductivity values increases with the addition of SnO2. The
highest conductivity value was achieved for 0.5% wt which is almost 5 times higher
than without the addition of nanoparticles.

Table 6.7: PEDOT:PSS+SnO2 nanoparticles in different concentrations Hall effect
measurements performed with I=0.1 mA.

Sample
Charge Carrier Concentration

(cm-3)
Conductivity

(S·cm-1)

PEDOT:PSS (7.37 ± 1.38)·1021 (1.89 ± 0.01)·102

PEDOT:PSS + 0.5 %wt SnO2 (5.79±0.78)·1021 (8.47±0.01)·102

PEDOT:PSS + 1 %wt SnO2 (1.41±0.27)·1022 (6.33±0.01)·102

PEDOT:PSS + 2 %wt SnO2 (3.22±0.56)·1022 (7.84±0.01)·102
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6.3.3. PEDOT:PSS and TiO2 composites

The addition of anatase TiO2 nanoparticles was carried out following the same
procedure than previously reported in this thesis. The percentage of nanoparticles
(0.5, 1 or 2 %wt) was added to the vessel of the mixture and introduced to an
ultrasonic bath 20 min (slightly more time than SnO nanoparticles) as these nano-
particles were more difficult to disperse. Then it was placed on an ultrasonic probe
1 min with less than 10% power. Finally it deposited over FZ silicon on both
sides (for PL-QSSPC measurements) and over glass (For Hall effect and absorp-
tion measurements).

EDS mappings shows that TiO2 is homogeneously distributed throughout the
sample. In this case the size of different particle agglomerates are similar and about
a dozen of nm. The presence of Ti on the sample is further confirmed with the
EDS spectrum shown in Fig.6.17.

SE C Ti

O S

40 μm

Fig. 6.17: EDS mapping of PEDOT:PSS+TiO2 with its corresponding element mappings
labeled on each image (SE: Secondary Electrons, C: Carbon, Ti: Titanium, O:Oxygen
and S: Sulfur). On the right a representative EDS spectrum of the sample is shown.

Table 6.8 shows Hall effect results acquired with I=0.1 mA. Higher concen-
tration of nanoparticles increases the carrier density up to 1022 cm-3 as well as
the composite conductivity, with the highest value observed for 2% wt however
this composite shows the lowest charge carrier concentration as compared to the
composites including Sn based compounds.

PL-QSSPC images and QSSPC injection curve are observed on Fig.6.18(a)-(d).
High carrier lifetimes around 0.5 ms were obtained with the addition of DMSO
and Triton X-100 to the PEDOT:PSS for an injection level of 0.5·1015 cm-3. This
lifetime value can be slightly increased (τ ∼520 µs) for the composites with TiO2
nanoparticles in 0.5 wt%, which also improves the conductivity of the composite
(Table 6.8). However even higher concentrations of nanoparticles decreases the
averaged lifetime values (τ ∼400 µs).
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Table 6.8: PEDOT:PSS+TiO2 nanoparticles in different concentrations Hall effect meas-
urements performed with I=0.1 mA.

Sample
Charge Carrier Concentration

(cm-3)
Conductivity

(S·cm-1)

PEDOT:PSS (7.37 ± 1.38)·1021 (1.89 ± 0.01)·102

PEDOT:PSS + 0.5 %wt TiO2 (2.99±0.71)·1021 (2.33±0.03)·102

PEDOT:PSS + 1 %wt TiO2 (1.24±0.38)·1021 (1.92±0.05)·102

PEDOT:PSS + 2 %wt TiO2 (1.30±0.49)·1022 (4.39±0.03)·102
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Fig. 6.18: PLQSSPC images of TiO2 composites with different weight percentages (a)
0.5% wt, (b) 1% and (c) 2% and (d) its corresponding QSSPC curves and (e) shows
absorption spectra of the TiO2 composites where inset shows detailed region of the visible
range.

6.3.4. IV- curves
Current-voltage (I-V) measurements are a relevant tool for solar cell characteriz-
ation. Dark IV examines the diode-like properties without any light contribution
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to determine the rectification behavior expected on a solar cell p-n junction. I–V
curves were obtained with a Keithley 4200 Semiconductor characterization system.

Illumination results were obtained under standard test conditions, i.e irradiance
on the solar cell is 1000W/m2 with a spectrum resembling AM1.5 and the solar
cell kept at a constant temperature of 25°C.
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Fig. 6.19: I-V Curves corresponding to PEDOT:PSS samples (a) treated with Piranha
(b) non-treated.

Fig.6.19 shows the comparison of the I-V curves between Piranha treated and
untreated FZ substrates. Si substrates without etching posses Voc=0.365 V and
Isc=1.35 mA whereas piranha treated substrates leads to values of Isc= 0.652 mA
Voc=0.104 V with similar FF of 33%.
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Fig. 6.20: I-V Curves corresponding to PEDOT:PSS with 1% wt of (a) SnO2 or (b)
TiO2.

Dark IV curves of some representative samples are observed in Fig.6.20. The use
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of undoped TiO2 or SnO2 samples preserves the diode behavior of the composites.

6.4. Discussion
Photovoltaic material technologies have grown non-stop over the last 50 years.
Actually, solar cell technologies currently at the 4th generation, are also known
as inorganics in organics, which combines the low cost/flexibility of polymer thin
films with the stability of novel inorganic nanostructures[21]. Among this genera-
tion, hybrid silicon solar cells, which combine silicon and organic material, stand
out as remarkable technology. Silicon technologies have been dominating PV mar-
ket (1st and 2nd generation) since the past second half century, so it is a reasonable
idea aiming to combine organic materials with silicon, which can bring properties
inherent to organics (flexibility, light weight, low cost, transparency). The use of
organic polymers could overcome some of the issues of traditional P-V technolo-
gies[28]. This is because the combination of inorganic materials such as Si with
organic materials, involves advantages of large-area process ability, leads to low-
assembly temperatures and competitive prices.

This chapter deals with the ideas of fabricating organic/inorganic composites
and the search for enhancement of silicon passivation to obtain hybrid-Si im-
proved solar cells. The main idea behind passivation is that in solar cells and
especially for silicon-based technologies, one on the main factors which limits the
efficiency is the carrier recombination, where the generated electrons and holes by
the photoelectric effect may recombine before they can be collected and contrib-
ute to the photogenerated current. There are mostly three types of recombina-
tion on a bulk semiconductor: radiative recombination, Auger recombinations and
Shockley–Read–Hall (SRH) through defect recombination. However, when redu-
cing the cell thickness surface passivation arises as a main contributor to the loss
of photogenerated current. This is due to the abrupt end of the atomic lattice at
the surface, which introduces band gap defect levels. Those surface states may en-
hance the electron hole recombination affecting the other mentioned recombination
transitions. The total recombination is given by the sum of the different transitions
Ub = Urad + UAug + USRH , which correspond to a life time values as seen in 6.4:

1
τbulk

= 1
τrad

+ 1
τAug

+ 1
τSRH

→ 1
τeff

= 1
τbulk

+ 1
τsurf

(6.4)

In the case of silicon, τrad is often neglected and Auger recombination is only
considered when there is a strong dependence of doping and defects.

The recombination process could happen on bulk and on the two surfaces,
therefore we can rewrite Equation 6.4, for a thin cell:

1
τeff

= 1
τbulk

+ 2S
W

(6.5)

Where W is the sample thickness and S is Surface recombination Velocity (SRV),
which equals the surface recombination rate (Us) divided by the excess carrier con-
centration at the surface (∆ns), ∼ 1/τsurf . Hence, what is going to be referred as

189



Chapter 6. PEDOT:PSS composites based on SnO, SnO2 or TiO2
nanoparticles for hybrid Si-solar cells

passivation consists on different methods to reduce the presence of surface states.
There are two main strategies to pursuit this objective: chemical passivation and
field-effect passivation. As the recombination rate is proportional to the interface
defect density one can reduce the number of defects at the interface to enhance
passivation. This is achieved by chemistry methods such the growth/removal of a
native oxide layer by chemical etching, which reduce the number of states i.e the
number of unsaturated Si bonds with atomic O or H of the material. In this work,
we have seen that removing the oxide layer with HF has a clear impact on the pas-
sivation. In our recent work,[155] we have reported that the best approach is not
only, as considered in this thesis, to maintain the native oxide layer, instead it has
been observed that growing a thicker oxide layer after the removal is more effect-
ive, which has been supported by other authors with controlled growth of SiOx

[256],
Al2O3 or the addition of different compound such as sorbitol[257]. The most com-
mon materials for surface passivation of silicon, especially c-Si, are not only SiOx
or Al2O3 which are indeed the most recent materials to get attention as passivation
layers, as the most well known are a-SiNx:H or a-Si:H. Silicon nitride is the most
important film passivator as it presents a tunable refractive index, good chemical
stability and a large charge density suitable for passivation. However, its main
drawback is not only a low effective SRV of 4 cm/s, but also its synthesis by ex-
pensive methods such as Plasma-Enhanced Chemical Vapor Deposition (PECVD),
similarly to amorphous silicon which is deposited using rather low temperatures
200-300◦C but by the same PECVD method[86]. Field-effect passivation consists
on the reduction of the concentration of the charge carrier at the interface by ap-
plying an internal field. This field is often obtained by doping or by the presence
of a dielectric layer. A review on the different mechanisms of passivation on bulk
defect in silicon can be found in[258].

In the literature it has been pointed out that PEDOT:PSS is a good pasiva-
tion layer for Si[28,62,258–260]. Chen at al.[259] demonstrated that the passivation
of the Si surface is mostly due to the oxidation at the PSS/Si interface which
can be controlled by electron transfer. This effect is further impulsed by light,
where electron-hole pairs are created and separated by the internal electric field
which transport the holes to the PEDOT:PSS/nSi interface reducing defect states
and increasing minority carrier lifetime. Oxygen and humidity could also diffuse
throughout the material and led to an oxidize Si surface. PEDOT:PSS/nSi form a
p-n junction dominated by the diffusion of minority charge carriers[22,62]. Jäckle et
al.[62] reported that using a passitavion layer based on silicon (a-Si) for PEDOT:PSS
mono-crystalline n-type silicon (c-Si) solar cells, increased power conversion efficien-
cies up to 14.8% with high open-circuit voltages exceeding 660 mV. But not only
the results of PEDOT:PSS as a passivation layer of silicon are remarkable, also
PEDOT:PSS possesses p-type electrical conductivity and good procesability which
can establish a good anti-reflectant VIS transparet coating. These properties and
its chemical stability can be improved with the addition of dopants.

PEDOT:PSS, as discussed on section 1.5, has been used as HTL in PeSC or
transparent electrode in PSC. In particular, recent studies show remarkable results
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on the field of hybrid silicon solar cells[28,261], reaching efficiencies up to 14.8%[62].
PEDOT:PSS has reached even higher efficiencies used as back contact in Si-solar
cells what is called Back-PEDOT concept surpassing the limit of 20%[260] and
showing Voc values up to 663 mV. One of the main advantages is that PEDOT:PSS
can be dispersed in water what allows low-expensive methods to deposit cheaply
over large area surfaces such as spin coating, which differs with of other methods
such as Plasma Vapor Deposition (PVD) or CVD.

Still, even reaching efficiencies close to 18%, there are mechanism which can
push the boundaries of high efficiency such as different devices structures, surface
texturing, interlayer engineering, secondary doping and composite formation[28].
However, PEDOT:PSS exhibits low electrical conductivity, besides its degradation
under certain conditions of temperature or irradiation, which limits its applicabil-
ity. To enhance its conductivity, many efforts have been made so far. In this thesis
we have studied both the secondary doping and the composite formation, via the
addition of organic solvents such as DMSO[68,238,239] and EG[243], which are the
most commonly employed, among many others[26,252]. These compounds improved
the quality of the deposited layer as well as enhanced its electrical properties. It
is fair to say that this has been established as a primary method to improve PE-
DOT:PSS conductivity. Nonetheless, many other compounds have been used such
as DiEthylene Glycol (DEG), sorbitol as well as different approaches based on the
treatment of the film via immersion on the aforementioned solvents rather than
the addition of the compound on the mixture,[26] and treatments with different
acids[262]. Some reports also use a two-step process of addition of the solvent and
a post-treatment afterwards[263]. The effect of DMSO on the PEDOT:PSS is at-
tributed to the removal of excess PSS which facilitates a phase separation leaving
conductive PEDOT:PSS grains behind, reducing the layer thickness[22]. Also these
solvents are believed to reduce the ionic interaction between PEDOT and PSS,
which facilitates phase separation as well as a conformational change of PEDOT
from benzoid to quinoid and increasing crystalline packing.

Our findings over the particular FZ-100 Silicon and PH1000-PEDOT:PSS type
used, initally demonstrated a poor wettability. To overcome this issue the idea of
using one surfactant additive has been also found to enhance electrical conductivity
due to its amphiphilic nature weakening ionic bonds on PEDOT:PSS, which plays
a similar role than solvent additives[25,240]. Different surfactants are used, such
as Zonyls, Dynols, and Triton X-100. Adding Triton X-100 has discussed on the
scientific literature,[24,69,240] which has been found to improve surface wettabillity.
In our case, our approach was conservative with the use of surfactant to preserve the
chemical composition of PEDOT:PSS and its possible chain composition controlled,
0.1% wt of Triton X-100 was used at it has been reported a reduction of film
thickness of about ∼8%[240].

After the mixture of PEDOT:PSS, DMSO and Triton X-100 different proced-
ure were tested as well as the process for mixing these compounds. The best
results were obtained after magnetically stirring during 2h and after filtering the
PEDOT:PSS mixture through a PES(polyethersulfone) membrane with 0.45 µm
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pore size to discard any possible PEDOT:PSS agglomerates (Fig.2.4). Two differ-
ent substrates were tested in this work, FZ-n type silicon and glass (cover glass
substrates). Regarding the spin coating process, the steps were tested and optim-
ized taking into consideration the manufacturer recommendations. In our case a
three-step process was selected, firstly a low speed of 2000 rpm when the 70-150µL
of the samples were manually deposited over the spinning substrate at a constant
rate and with the help of a pipettor, which was placed ∼ 2 cm over the sample,
as discussed on section 2.1.3. Following, a second step of 6000 rpm was used to
assure an homogeneous distribution and a final thickness of near 120±20 nm, as
observed with profilometry, SEM and AFM to finally decrease its speed until stop
on a final step. Similar steps and spin speeds (between 2000-6000) rpm can be
found through the references mentioned in this text[22,259], but mostly low speed
are used[238,264]. In our case increasing the speed demonstrated to improve surface
covering. It should be mentioned that in this work substrate size of the silicon
was substantially large, as the complete covered area was 78.5 cm2. Normally,
substrates used on the literature are around 1.5x1.5 cm2 which are insufficient to
test large scale manufacturing. After deposition, substrates were submitted to a
thermal post treatment to homogenize the surface and evaporate remaining water
or other undesired volatile solvents, while the organic solvents remain unharmed
as their boiling point is higher (Table1.4). Annealing temperatures between 120-
130°C for 15 min have been widely used on the literature[22] whereas other authors
suggest even higher temperatures close to 160°C[24] which also are expected to in-
crease conductivity. The stability under temperature was assured during Raman
measurements, where the PEDOT:PSS substrates were heated over 20 min at differ-
ent temperatures up to 160°C and no changes were observed on the Raman spectra.

The first characterization step was aimed to decide the use of either DMSO
or EG and asses the effect of Triton X-100 on the VIS spectra via UV-VIS spec-
troscopy. Fig.6.3 shows minor changes with the DMSO or EG respective to the
use of Triton X-100 which was necessary for the deposition on the Si substrates
and also used for the glass substrates. The absorption spectra show slightly im-
proved absorption with the use of EG respective to DMSO but as shown in the
estimated optical bandgap values the change was slight, see Fig.6.4(a) and Table
6.2. The UV-vis spectra resembled what was expected for PEDOT:PSS. There is
a high absorption on the UV range which drastically decreases near 400 nm as it
is transparent on the visible range (Fig.6.3(b)). One fingerprint of doping PEDOT
chains may induce the formation of polarons which effects could be observed on
the absorption spectra at different wavelengths: the neutral polymer chains show
absorption around 600 nm; chains in the polaron state show absorption around 900
nm and chains in the bipolaron state show broad absorption in the near infrared
region[263]. In our case, not much can be said about the transition for PEDOT:PSS
to either polaron or bipolaron state as those absorption range are out of the range
of our equipment.

The refraction index of a thin layer can be determined via different approaches,
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such as ellipsometry[62], Swanapoel method from UV-VIS modulations or photolu-
minescence optical resonances. In our case, we decided to estimate its value with
UV-VIS performing an iterative calculation based on the single oscillator model
developed by Wemple and DiDomenico. This method has been used for different
organic compounds such as poly(vinyl alcohol)[244], ethylene[265] and also for PE-
DOT:PSS[241]. In particular we only focused on the calculation of the refraction
index but with this method many optical parameters can be calculated such as the
plasma resonance frecuency or the dispersion energy.

The observed n(λ) value close to 1.15 (see Fig.6.4(b)) is in accordance with pre-
vious reports using ellipsometry PH1000 PEDOT:PSS[245], although minor changes
were obtained with the use of EG or DMSO in this work. Other works have shown
an slight increase of the refractive index by adding EG[241] which is clearly attrib-
uted to their observed changes on the absorbance. In our case, as well as in other
reports, the addition of DMSO increases the absorption in the NIR and increase in
the visible region[245]. We also observe that the use of Triton X-100 also enhances
the absorption on the VIS-IR of PEDOT:PSS, most likely due to a better coverage
of the substrate.

Returning to silicon substrates, we have discussed that other factors may in-
terfere on the passivation behavior. The control of the native SiOx layer has been
also tested as a possible method to improve lifetime values. The interface between
n-Si/PEDOT:PSS has an impact on the final solar cell product. When fabricated,
normally silicon substrates posses numerous chemical free bonds with different spe-
cies such as -H or -OH that generates native oxide growth. This oxide layer has
been also measured on the scientific literature with the employ of Hard X-Ray, and
it was observed that its thickness increase even after the synthesis and during in
operando measurements[22]. Our approach was testing the lifetime values of PE-
DOT:PSS deposited over commercial silicon substrates with a native oxide layer of
few nm and to remove that layer with an acidic bath of HF and Piranha solution.
As observed by PL-QSSPC images on Fig.6.5, lifetime values with the removal of
the oxide lead to lower lifetime of ∼ 170 µs which was almost half of the values
obtained without removing the oxide layer. Recombination lifetime values of ∼ 350
µs obtained without the removal of the Si oxide are competitive values[27]. Other
recent works of our collaborators have shown that removing the oxide layer and
regrowing the same layer which ends on a thicker oxide layer may increase lifetime
values[87,155]. To obtain a more environmental friendly and easy fabrication, the
oxide layer was not removed in this work.

To create an efficient solar cell it has to be stable over time, as it is inten-
ded to be used over variable conditions (temperature, humidity and under UV
light). As commercially water diluted, it is clear the attraction between water
and PEDOT:PSS. PEDOT:PSS possesses an hygroscopic nature, so it is expec-
ted to humidify if not adequately stored. In this work, lifetime measurements
were performed on PEDOT:PSS/nSi using both piranha treated and non-treated
substrates. Initially the non-treated substrate shows homogeneity as well as high
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lifetimes of ∼280 µm. Note that the substrate of PEDOT:PSS used as reference
showed higher values as it was obtained after optimizing the process. During the
period of 90 days (see Fig.6.6) both samples degrade following a similar behavior.
The observed lifetime values lay very close to the observed in our of latest works,
in which it was measured over 400 days, and as observed the degradation tends to
stabilize after 150 days[87,155]. In those works,[87,155] degradation was also tested
by placing the wafers at low temperatures or inside a desiccator with a N2 atmo-
sphere. The wafers inside the desiccator show lower degradation but still carrier
lifetime decreases. It is clear that degradation over time is an unsolved issue and
is commonly ignored on the research literature. There are works which deal with
studies of the changes over time of sheet resistance or conductivity values[71] but
none regarding the recombination lifetimes, to the best of our knowledge. It has
been reported the use of TiO2 as a solution for long-term stability[44], which also
spiked interest for this research.

Electronic, optical and morphological characterization of the PEDOT:PSS/nSi
and composites with nanoparticles were also tested in this work.

Both optical microscope and AFM images are observed in Fig.6.8. Optical mi-
croscopy (Fig.6.8(a)) shows apparently the presence of small grain-like domains
on the sample. This could be due to the PSS encapsulating PEDOT as a res-
ult of the use of both Triton X-100 or either a topography effect on the sample.
AFM, Fig.6.8(b)-(c), further asses the idea of the topography of the sample being
presenting small steps as expected. The sample presents a mean roughness near 2
nm which is in good agreement with values from literature. It is widely accepted
that DMSO-treated PEDOT:PSS exhibit a grain-like structure of ∼20-30 nm large
conductive PEDOT:PSS grains surrounded by PSS[22,266].

In this work we have performed an in depth-study of PEDOT:PSS composites.
Raman spectra of PEDOT:PSS presents multiple modes on the region between
1200-1800 cm-1, and were summarized on Table 6.5. Main Raman vibrational
modes from PEDOT:PSS, observed with the 900 µm pinhole, are placed at around
1254 cm-1 related to C-C interring stretching,[253] 1366 cm-1 due to single Cβ-Cβ
stretching,[238,254] 1400 cm-1 associated with Cα=Cβ , 1429 cm-1 due to Cα=Cβ
symmetric stretching vibrations, and 1500 and 1561 cm-1 due to Cα=Cβ asymmet-
ric stretching vibrations related to the carbons on the thiophone ring in PEDOT in
the middle and the end of the chains, respectively[252] The peak around 1530 cm-1

arises from the splitting of the Cα=Cβ asymmetric vibrations and it is normally
unseen, depending on the conditions.
Peaks at 1400-1500 cm-1 were clearly enhanced when the pinhole of 900 µm was
used. Usually, contribution ∼1430 cm-1 can be divided into two regions originating
from benzoid and quinoidic structures. The benzenodic form appears at ∼ 1440
cm-1 and quinoidic appears at ∼ 1410 cm-1 which increases with increasing DMSO
content[68] and are associated, respectively, with coil-like conformation or linear
conformation of the PEDOT:PSS chains. Considering this, it is possible that the
Raman signal from PEDOT:PSS acquired with higher pinhole size is more sensitive
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and thus, small changes can be detected. Other option could be that the Cα=Cβ
are more sensitive to a higher volume of laser irradiation, as well. Notice that
in the reprinted scientific literature in some cases there is no specification on the
laser conditions used to acquire some of these measurements as well as the DMSO
content, which might differ from 5%.

Few works can be found in which they use an UV laser for the Raman acquisition
as PEDOT:PSS is clearly photo-affected by UV light, as seen in Fig.6.10. Raman
spectra intensity decreases upon laser irradiation (Fig.6.10(a)-(b)), in which ini-
tially three main modes are observed, 1370, 1452 and 1608 cm-1 being the latter
the most intense. Lin et al[267] used a 532 nm laser and the reported Raman spectra
of PEDOT:PSS +(1, 3 or 5%) EG resembles the spectra presented in Fig.6.6(a).
Between 1200 and 1400 cm-1, peaks are assigned to C–C stretch vibrations, and
between 1400 and 1600 cm-1to C=C stretch vibrations. As shown in Table 6.5, Du.
et al[253] also used the same laser but in this case they observe peaks at 1356, 1431
and 1583 cm-1. However, their origin is not correctly explained as they use rGO,
GO or graphene quantum dots, which presents modes very close to the C-C modes
attributed to PEDOT:PSS. Toto et al.[70] showed that PEDOT:PSS is specially
sensitive to UV-C damage and that after prolonged irradiation a shift of the main
peak of PEDOT:PSS toward higher wavenumber was detected and attributed to
the shortening of the conjugation length of the neutral parts due to the UV irra-
diation. They did not comment that there is a shift of the set formed by all the
Raman modes as well of an increase of the Raman mode near 1500 and 1530 cm-1,
very similar to our findings (see Fig.6.11(a)). As observed, modes ∼1499, 1530
cm-1 tend to increase upon laser UV irradiation (Fig.6.11(b)) and a clear change
on the structure was observed on the inset, which shows an optical image after the
controlled irradiation. This rather counter-intuitive behavior shows higher stability
to UV light than expected as the energy density used in our equipment is rather
high. Nonetheless, prolonging the exposure time will quench the intensity of the
Raman signal.

Nominal conductivity for PH1000 PEDOT:PSS is expected at around 0.2-1
S·cm-1, and with the addition of 5%wt DMSO > 800 S·cm-1 as explained in
chapter 1 which is close to our results. In this work, we have also added 0.1
%wt Triton X-100. In previous reports[69] it has been shown that it also improves
the conductivity but mostly for 2.0% wt or higher values. With 0.1% wt, film con-
ductivity was reported around 1 S·cm-1 without addition of DMSO or EG. Thus
probably our enhancement of conductivity is mostly due to the addition of DMSO.
Best results were obtained by adding 5% wt of DMSO as some previous results
suggest 5% is the perfect ratio for enhancing conductivity and preventing degrada-
tion reaching > 10 S·cm-1[238] but multiple results varying from 1-1000 S·cm-1 have
been reported[24,26]. Observed values of carrier concentration are in agreement with
the literature as PH1000 usually increases carrier concentration from 1017 up to
1021 cm-3 after film treatment[262]. The increment on the conductivity is mostly
related to the change on the chain like structure of PEDOT:PSS. In the case of
the addition of the nanoparticles, based on ouir results, there could be a coulombic
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interaction between the PEDOT chain and the charged particles.

Secondary doping has been mainly focused on the use of organic solvents or
surfactants. However, nanoparticle addition has shown some preliminary results
preventing PEDOT:PSS degradation as it has been recently studied that the ad-
dition of inorganic materials can enhance its performance. In addition to the use
of metallic nanostructures such as Ag or Au in the hybrid composites[268], the use
of semiconductor nanomaterials as counterparts is gaining increased attention[253].
Previous research has been made on the use of either TiO2 or SnO2 nanoparticles
for different purposes such as gas sensing[242], organic photovoltaics[76] but only a
few can be found which aim to solar cell passivation[27]. In 2015, Liu et al.[264]

achieved 15.5% efficiency through the use of titanium dioxide (TiO2) as a reflective
layer. SnO has not been studied yet most probably due to its inherent instability.

Herein we have tested the use of SnO, SnO2 and anatase TiO2 nanoparticles
with PEDOT:PSS to produce hybrid composites deposited over n-type silicon.
Firstly, p-type SnO composites composed with 1% wt of SnO show a higher stabil-
ity under laser irradiation as observed in Fig.6.14. After UV irradiation almost no
changes were observed on the Raman spectra, contrary with the bare PEDOT:PSS
composites for which we have observed an increase on the modes at 1499 and 1535
cm-1 upon laser irradiation. Besides, these composites presented an increase of
the bulk concentration up to 1.4 ·1022 cm-3, even when the conductivity of SnO
nanoparticles shows low values around 1.8 ·10−2 S·cm-1 as discussed on the pre-
vious chapter. Some authors reported that, when the surface of the nanoparticles
embedded in the polymer is positively charged, the negatively charged PSS chains
can be electrostatically attracted, leading to changes in the PEDOT:PSS chains’
configuration, which can enhance the electrical conductivity[74]. Rearrangement
of the PEDOT:PSS can lead to better pathways for charge transport. Actually,
an expanded-coil configuration is usually associated with improved conductivity.
It should be noted that both PEDOT:PSS and SnO presents p-type conductivity.
Despite those promising results, the use of SnO decreases the lifetime values ob-
served by PL-QSSPC in Fig.6.15. At the injection level of 1015cm-3 lifetime of the
carrier levels of this composite is 296.8 µs which is 1.4 times lower than for bare
PEDOT:PSS. Hence, in this case, synergy between the counterparts in the com-
posite leads only to improved electrical performance. It should be mentioned that
the particles of SnO embedded on the polymer matrix presented a higher stability
under laser irradiation, as its transition to SnO2 was hindered. The synergetic
effect between SnO and PEDOT:PSS was observed by measuring Raman spectra
with the UV laser with 0.1·I0 and monitor its decay over time, as observed on
Fig.6.21. It can be observed that, as compared with PEDOT:PSS, the decay is less
pronounced.

Secondly, n-type SnO2 composites were tested, in this case in different weight
concentrations to assess the effect of the nanoparticle concentration. Lifetime val-
ues decrease by increasing the concentration of SnO2. In this case, the injection
level is lower than 1015 cm-3 (Fig.6.16). Despite this, electrical measurement shows
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Fig. 6.21: (a) Irradiated zone corresponding to the composite of PEDOT:PSS+ 1% SnO
with the UV laser with 0.1·I0 (b) Decrease of the relative intensity of the peak at ∼1608
cm-1 comparison for PEDOT:PSS and PEDOT:PSS+ 1% SnO composite.

improved electrical conductivity with increasing SnO2 content.

Finally, n-type anatase TiO2 composites were fabricated with the same weight
percentages as for SnO2. PL-QSSPC results show the best results for the use of
0.5% TiO2 as observed in Fig.6.18, which is close to the values obtained without
the use of nanoparticles, but it is increased with low injection levels close to 1014

cm-3. A charge-assisted passivation mechanism due to the presence of nanoparticles
with positively charged surfaces, mainly due to hydroxyl groups, can be considered
in the understanding of the observed passivation behavior of some of the compos-
ites[27]. The lifetime values obtained in this work are competitive as compared with
classical lifetime values reported for SiNx:H or a-Si deposited which involve high
temperature and expensive techniques.

As well as the recombination rates and the surface passivation, to obtain a high-
efficiency solar cell is necessary to obtain a rectification behavior when measuring
I-V. For that purpose, both dark and light photocurrent were measured. As ob-
served in Fig.6.19, the results were analyzed and compared to the values obtained
for FZ n-type Si without and with piranha treatment. Low values of VOC could be
affected due to the lack of a back surface passivation. To obtain the value of the
current density, J , it is tentative to apply a correction factor mainly due to the fact
that the silver contacts over the samples, in which different patterning were tested
to see the most suitable geometry, bring a disadvantage as most of the surface is
shaded by the presence of Ag and does not work as effective surface which may
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interact with light, as suggested in[87]. Our fill factor of 33% is below the most re-
cent advances, but this is mostly due to the non-optimized grid, contacts and high
coverage surface, hence still there is room for improvement. The FF could reach
values close to 70% without the removal of the SiOx layer and via the correction
of the J-V curves considering the shading due to the silver grid[87].

Finally, the focus on this chapter has been the study of PEDOT:PSS as a
candidate for hybrid silicon solar cells. However, we have mentioned during the
introduction that PEDOT:PSS is commonly used as a transparent conductive elec-
trode. Having obtained composites based on nanoparticles and PEDOT:PSS it is
worth to quantify its possible use as electrodes. Transparent conductive electrodes
are often evaluated by the Figure of Merit (FoM). The value of FoM is influenced
by film transmittance and sheet resistance[239,262,269]:

T =
(

1 + Z0σop
2RSσdc

)−2
(6.6)

where T is the transmittance, RS is the sheet resistance, Z0 = 377 Ω is the imped-
ance of free space, and σop and σdc are the optical and dc conductivities, respect-
ively.

For transparent electrodes, transmittance higher than 90% and sheet resistance
less than 100 Ω/�[262] with a combined FoM of σdc · σ−1

op > 35 is considered the
minimum commercial standard. In our case we have tested PEDOT:PSS in com-
bination with organic solvents and nanoparticles as a proof of concept and we do
not fulfill this criteria. However, closer inspection on Table 6.9 shows that SnO
composites increase the FoM as well as diminishes the sheet resistance to almost
100 Ω/�. Notice that the size of the cells as well of the procedure performed in this
work could be easily improved and if the tendency when using SnO nanoparticles
is preserved, this composite could be used not only for hybrid silicon solar cells but
also it would be useful as a cell electrode. TiO2 does also decrease sheet resistance
of the composite, with the lowest value of 226.33 Ω/� for 2% wt. This effect could
be mostly due to film quality. Previous reports obtained increasing sheet resistance
with increasing nanoparticle content[242], which is a possible approach to consider.

Table 6.9: Sheet resistance, Transmittance and σdc ·σ−1
op variations of PEDOT:PSS films

from the different composites of this work.

Sample
Rs

(Ω/�)
Transmittance

@550 nm σdc · σ−1
op

PEDOT:PSS 644.40 0.859 3.69
PEDOT:PSS+1% wt SnO 159.67 0.858 14.89

PEDOT:PSS+ 0.5%wt TiO2 487.31 0.879 5.79
PEDOT:PSS+ 1%wt TiO2 620.66 0.873 4.32
PEDOT:PSS+ 2%wt TiO2 226.33 0.873 11.86
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6.5. Conclusion
In this chapter it has been successfully designed a method for coating n-type silicon
substrates via spin coating, taking into consideration all the steps in the process:
blending different additives to improve wettability and the electrical and optical
properties of the formed composite, the spin coating parameters and other pre- and
post-treatments of the substrate. In particular, composites have been successfully
obtained by combining the nanoparticles synthesized in the previous chapters with
the PEDOT:PSS. Through the use of the spin coating technique, it is not neces-
sary to use expensive highly complex methods, which greatly reduces the cost of
production that could be extended to medium-large scale, since homogeneity has
been obtained for substrates of ∼100 cm2.

• In this chapter composites based on PEDOT:PSS and nanoparticles have
been assembled. Silicon surface passivation has been successfully achieved by
the deposition of PEDOT:PSS over the silicon surface. The chosen method
was low cost effective as it has been demonstrated that expensive and envir-
onmental unfriendly procedures such as silicon oxide removal with chemical
etching decreases passivation performance.

• Stability over time has been also analyzed and its dependence with the surface
interface between PEDOT:PSS and silicon. It can be concluded that remov-
ing the silicon oxide layer and immediately depositing the mixture containing
PEDOT:PSS provides worse silicon passivation but retains a similar degrad-
ation tendency (percentage wise) over time, which after 400 days seems to
stabilize at ∼ 75 µs.

• Raman spectra has been analyzed with different irradiation energies and
lasers as well as variable pinhole size and variations were observed in the
vibrational modes.

• Following a similar procedure, SnO, SnO2 and TiO2 have been incorporated
to the PEDOT:PSS blend mixture prior deposition, obtaining in the end
hybrid composites formed by the inorganic MOs and PEDOT:PSS.

• SnO/PEDOT:PSS composites presented more than twice the conductivity
and lower sheet resistance of bare PEDOT:PSS as well as improved stability
under laser irradiation. These factors are improved as compared with bare
PEDOT:PSS which, although involving low lifetime recombination, make this
material as a good candidate for both hybrid silicon solar cell as well as trans-
parent flexible electrode. Similarly, it has been observed an synergy effect
between PEDOT:PSS/SnO, as SnO prevented changes with UV irradiation,
observation by the stability of the mode at ∼1530 cm-1.

• TiO2 in low concentrations such as 0.5% wt improves lifetime of the charge
carriers, retaining UV-VIS transparency and silicon passivation. Lifetime
improvement is slightly better with this content, however increasing TiO2
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decreases passivation. P-n junctions of the silicon surface and PEDOT:PSS
have shown rectification I-V behavior but with low FF, probably due grid
shading.
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Chapter 7.
PEDOT:PSS composites based on
SnO, SnO2 or TiO2: thermoelectric
and gas sensing properties
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Abstract: In this chapter, bare PEDOT:PSS and composites conformed by
PEDOT:PSS and SnO, SnO2 or TiO2 nanoparticles were assembled by spin-coating.
Their optical electrical and morphological properties were analyzed by different
techniques such as UV-VIS, AFM, Hall effect or XPS. The possible uses of these
composites in two main applications have been tested: as gas sensors and as ther-
moelectric materials. For that purpose, chemiresistive response of the obtained
composites was tested via the injection of different test gases under variable atmo-
sphere and other conditions such as temperature. Gas sensing properties showed
a sensitive response to a gas analyte, especially enhanced with the use of SnO.
Finally, to measure the thermoelectric properties of the samples under study, an
experimental set-up and data acquisition system was designed based on the use
of two Peltier heating modules and both a voltage and temperature acquisition
system. With this device, it was observed that the thermoelectric Power Factor
could be enhanced with the use of the nanoparticles in the composite.





7.1. Morphological and optical characterization

In this chapter, PEDOT:PSS thin layers were fabricated via spin coating. Sil-
icon or glass substrates were coated with PEDOT:PSS and with mixtures prepared
with the addition of ethylene glycol (EG) and/or the synthesized nanoparticles de-
scribed in the previous chapters.

The process to obtain the composites was described carefully on Fig.2.4. In
this chapter, we are using PEDOT:PSS from Sigma-Aldrich which main properties
are described on chapter 1. Pristine PEDOT:PSS is used to coat substrates for
comparison. Herein, we are going to assess the differences on the electronic and
morphological properties of PEDOT:PSS when EG is used and also when the nano-
particles (SnO, SnO2 or TiO2) are added and the combined effect of both, focusing
on the potential applicability of such composites. Therefore, as seen in the upper
right corner in Fig.2.4 either we use pristine PEDOT:PSS or we add EG, in two
different weight concentrations, 1 or 5%. If added, the mixture was immersed on
an ultrasonic bath for 30 min to assure homogeneity. Secondly, following a similar
procedure than in the previous chapter, if we want to use nanoparticles we will
add their percentage in weight (in this case, 1%). However, in contrast with the
previous chapter, the mixture will only undergo through ultrasonication bath for
other 15-30 min. The reason why the ultrasonic probe is omitted is due to the fact
that the homogeneity of the dispersion without this step was adequate. The next
steps are equal to the previously described: we select the desired substrate (either
silicon or glass) which properties are described in chapter 2 and then spin coated
onto the substrates. The obtained composites present an average thickness of ∼100
nm.

To summarize, the samples studied in this chapter are the following:

• Pristine PEDOT:PSS, labeled as PEDOT:PSS.
• PEDOT:PSS with the addition of ethylene glycol in two weight percentages,

1% and 5%, labeled as PEDOT:PSS +x% wt EG where x=1 or 5.
• PEDOT:PSS with the addition of the nanoparticles (SnO, SnO2 or TiO2) in

1% wt, labeled as PEDOT:PSS+1% wt Y where Y=SnO, SnO2 or TiO2.
• PEDOT:PSS with both the addition of Ethylene glycol(1% wt) and the nan-

oparticles (SnO, SnO2 or TiO2) also 1% wt, labeled as PEDOT:PSS+1% EG
+1% wt Y where Y=SnO, SnO2 or TiO2.

7.1. Morphological and optical characterization

7.1.1. Optical microscopy
The first characterization step of these composites was to observe them under the
optical microscope. Fig.7.1(a)-(b) show composites using SnO without and with
the addition of ethylene glycol, while Fig.7.1(c)-(d) show composites with SnO2
without and with the addition of ethylene glycol. It is clear that the addition of
EG enhanced the dispersion of the nanoparticles observed in the optical images.
In the case of SnO2 composites, agglomerates are avoided and for SnO composites
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(a) (b)

(c) (d) PEDOT:PSS+1%EG+1%SnO2

PEDOT:PSS+1%EG+1%SnO

PEDOT:PSS+1%SnO2

PEDOT:PSS+1%SnO

Fig. 7.1: Optical images corresponding to the PEDOT:PSS composites (a) with 1% SnO
(b) with 1% EG + 1% SnO (c) 1% SnO2 and (d) 1% EG +1% SnO2, obtained with an
optical microscope Leica DFC295.

there is an homogeneous dispersion. This influence is attributed to EG acting as a
surfactant lowering the surface tension between the surface-charged nanoparticles
and the polymer matrix, decreasing the aggregation phenomena.

7.1.2. AFM
The surface topography of the different samples was recorded on a spot size of 1×1
µm2 in different parts of the samples near the center.

Fig.7.2 shows the AFM images of the different samples. The pristine PE-
DOT:PSS film shows a typical phase image in which the bright (positive) regions
refer to conducting rigid PEDOT-rich domains, while the dark (negative) regions
refer to soft PSS-rich areas[269]. The polymer layers are slightly rough and posses
a mean roughness of 1.76 nm, in agreement with values reported on the scientific
literature[22]. The presence of EG eases the PEDOT:PSS structure which tends to
form a grain-like the structure, which can be observed on Fig.7.2(b)-(c) for 1% or
5% EG, respectively. This small plateaus difficult the AFM measurements, which
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Fig. 7.2: AFM images of (a) PEDOT:PSS, (b) PEDOT:PSS+1%wt EG (c) PE-
DOT:PSS+5%wt EG. All images correspond to an area of 1×1 µm2 and were obtained
in contact mode.

creates images of less quality. Moreover, the mean roughness is slightly large as
some areas of the polymer are difficult to measure, being the average roughness
2.77 and 2.15 nm, respectively.

7.1.3. UV-VIS
All films, both doped and undoped present a high transmittance in the visible
range between 400-600 nm, as depicted in Fig.7.3(a)-(c). Fig.7.3(a) shows the
comparative spectra of PEDOT:PSS and with 1% or 5% EG. It has been reported
that transmittance decrease with EG content[269–271], similarly to our observations,
where the transmittance decrease at 550 nm from 87.84% to 86.56 % with 1% EG
content and further to 86.01 % with 5% wt content.

Fig.7.3(b) shows the transmittance from composites containing the nanoparticles,
which also decreases upon nanoparticle addition, most notably for TiO2 and SnO2
where transmittance at 550 nm reaches values of 86.10% and 86.07%. Transmit-
tance shape also changes, most notably in the NIR range. For both TiO2 and
SnO2 addition, a slight improvement of the transmittance in the NIR region is
observed. Conversely, adding SnO nanoparticles does not increase transmittance,
the shape of the transmittance signal is almost identical to pristine PEDOT:PSS.
Composites containing both EG and nanoparticles are presented in Fig.7.3(c). The
contribution of the nanoparticles in all cases improves the transmittance as com-
pared with adding solely EG. This could indicate that the transmission changes
due the presence of EG are compensated with the nanoparticles presence. The
highest transmittance at 550 nm is observed for the composites containing 1 wt%
EG and SnO2 reaching 90.59%.
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Fig. 7.3: Transmittance spectra of PEDOT:PSS composites (a) with variable EG con-
tent, (b) with different nanoparticles and (c) with both EG and nanoparticles. Pristine
PEDOT:PSS transmitance spectrum has been included as a reference.

7.2. Electronic characterization by XPS

Synchrotron radiation X-ray photoelectron spectroscopy (XPS) measurements have
been performed at the CNR Beamline for Advanced diCHroism (BACH) of the
Elettra synchrotron facility in Trieste, Italy. The photoelectron spectra were ac-
quired using a Scienta R3000 electron energy analyzer. Core levels were centered
at corrected positions using the Au(4f) core level. Under these conditions, PE-
DOT:PSS remained stable under the beam continuous irradiation. To obtain these
measurements, PEDOT:PSS mixtures were spin-coated over Si substrates. After
Shirley background correction peaks were fitted to Voigt functions. Three main
core levels have been studied: S(2p), C(1s) and O(1s).

The S(2p) core level presents two main regions, one between 162.0-166.5 eV
and another in the range between in 166.5-172.0 eV attributed to sulfur atoms
in PEDOT and sulfur atoms in PSS, respectively. Both regions posses a clear
spin-orbit doublet splitting into 2p3/2 and 2p1/2. The S(2p) contributions of bare
PEDOT:PSS are observed on 168.79, 167.64, 164.79 and 163.66 eV, as observed in
Fig.7.4(a). The separation between doublet peaks of 1.1 eV is the expected value
for S(2p)[89,247]. The deconvolution of each of the contributions has been attributed
to only one band, however other works usually add other contribution in the peak
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Fig. 7.4: S(2p) core level normalized spectra corresponding to the samples (a) PE-
DOT:PSS, (b) PEDOT:PSS+1% EG, (c) PEDOT:PSS+1% EG+1% SnO2 and (d) PE-
DOT:PSS+1% EG+1% TiO2. All combined spectra without normalization are shown in
figure (e).

of 164.79 eV[269]. Minor changes are observed in both shape and position except
for the S(2p) of pristine PEDOT:PSS for which the ratio of the 2p contributions is
clearly different.
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Fig. 7.5: C(1s) core level normalized spectra corresponding to the samples (a) PE-
DOT:PSS, (b) PEDOT:PSS+1% EG, (c) PEDOT:PSS+1% EG+1% SnO2 and (d) PE-
DOT:PSS+1% EG+1% TiO2. All combined spectra without normalization are shown on
figure (e).

The C(1s) core level spectra are depicted in Fig.7.5(a)-(e). Two main contribu-
tions are observed, a main contribution centered at 284.58 eV which is attributed
to the aromatic C=C of PEDOT bonds and other contribution at 286.6 eV which
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is attributed to C-O bonds. As observed, the addition of EG does not change the
spectra substantially but with the addition of also TiO2 another contribution at
∼285.1 eV appears which could be attributed to C-C bonds of the PEDOT:PSS
chains[253].
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Fig. 7.6: O(1s) core level normalized spectra corresponding to the samples (a) PE-
DOT:PSS, (b) PEDOT:PSS+1% EG, (c) PEDOT:PSS+1% EG+1% SnO2 and (d) PE-
DOT:PSS+1% EG+1% TiO2. All combined spectra without normalization are shown on
figure (e).

O(1s) core level spectra are presented in Fig.7.6, with the presence of a main
contribution at ∼532.2 eV and a small contribution at 530.9 eV for pristine PE-
DOT:PSS. Some authors have attributed the contribution at lower binding energy
to PSS and the higher binding energy to PEDOT[266]. With EG addition an in-
crease of the peak at higher binding energy is also reported. In our case, we observe
that a shoulder appears at ∼531.3 eV which is increased with EG addition. With
the nanoparticle addition, the core level shape changes the most. When using
SnO2, a contribution at higher binding energy appears at 533.9 eV with low relat-
ive intensity. The sample containing TiO2 not only presents these contributions,
but their relative intensity is substantially increased. These peaks clearly show
the presence of C-O or -OH bonds as well as Sn-O, Ti-O bonds present due to
nanoparticle addition.

7.3. Electrical characterization by Hall effect

As explained in chapter 1, PEDOT:PSS was purchased in this case from Sigma-
Aldrich (1.1% water, Ω/�). This product possesses lower conductivity than Ossila
PH1000. Therefore in this chapter, although we are not aiming for the highest
value reported, our analysis will be focused on the study of the relative variation
on the conductivity upon nanoparticle or solvent addition.
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Table 7.1: Hall effect measurements performed with I=0.1 mA for the different PE-
DOT:PSS composites.

Sample
Conductivity

(S·cm-1)
Charge Carrier Concentration

(cm-3)

PEDOT:PSS (1.41± 0.29)·10−1 (5.83±0.67)·1018

PEDOT:PSS+1% wt SnO (5.48±0.20)·10−2 (1.38±0.11)·1019

PEDOT:PSS+1% wt SnO2 (8.35±0.72)·10−2 (6.26±0.17)·1018

PEDOT:PSS+1% wt TiO2 (8.42±0.37)·10−2 (1.08±0.55)·1019

PEDOT:PSS+1% wt EG (6.75±0.03) (3.29±0.69)·1020

PEDOT:PSS+1% wt EG+1% wt SnO (1.65±0.45)·101 (1.00±0.59)·1021

PEDOT:PSS+1% wt EG+1% wt SnO2 (1.42±0.26)·101 (3.20±0.26)·1021

PEDOT:PSS+1% wt EG+1% wt TiO2 (3.44±0.27) (1.61±0.36)·1020

PEDOT:PSS+5% wt EG (4.03±0.26)·101 (3.34±0.59)·1020

Table 7.1 shows the conductivity results for the complete set of samples car-
ried out at room temperature with a current of I=0.1 mA. As observed, for bare
PEDOT:PSS the obtained conductivity is low, 0.141 S·cm-1. This is in agreement
with previous reports in which without the addition of any solvents PEDOT:PSS
exhibits low conductivity around 0.2-1 S·cm-1[26]. By mixing PEDOT:PSS with
the nanoparticles the conductivity is not improved, in fact it diminishes down to
0.0548 S·cm-1 for SnO2.

By combining PEDOT:PSS with EG the conductivity is enhanced as the EG
content is increased. With 5% EG the conductivity has increased two orders of
magnitude, reaching 40.3 S·cm-1. With the lowest content of 1% EG conductivity
increases up to 6.75 S·cm-1. With the addition of nanoparticles, there is a notable
increasing of the conductivity when not only 1% EG but also SnO nanoparticles
(1% wt) are added to the composite, reaching 16.5 S·cm-1.

7.4. Applications

7.4.1. Gas Sensing

To measure the resistance change with the presence of a gas inlet, over each layer a
thin deposition of approximately 40 nm of Au was evaporated, leaving one strip of
around 0.5 cm uncovered as shown in chapter 1 in Fig.2.4. In this work, different
parameters have been tested as the use of N2 or synthetic air (composed by 79%
N2 + 21% O2) as carrier gases, different analytes as ethanol (Ethanol 96%v/v
pure pharma grade PanReac AppliChem) or water vapor (from distilled water),
working temperatures such as 28◦C (RT) or 50◦C, different gas concentrations
parts-per million (ppm) and different cycle times (300, 480 and 600s). The system
has a delay time of 10 s which is considered throughout this section calculations.

One of the main parameters considered to analyze the gas sensing properties of
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a material is the sensitivity, (S)i, which is defined for this case as[5,23]:

S = Rg −R0

R0
[%] (7.1)

where Rg and R0 are the resistances of the sensor when exposed to the testing
gas (ethanol, water vapor) and without gas (only exposed to the gas used to push
the bubbler which is the carrier gas, in our case dry air or N2), respectively. Both
parameters have a significant relationship with the surface reactions. This formula
is often reformulated and only considered as sensitivity the ratio between the sensor
output signal and the amount of analyte bound to the sensor surface[242,273]. Other
parameters to determine the working properties of a gas sensor are response time
and recovery time, being respectively the time required for a sensor to reach 90%
of the total response of the signal and the time required for a sensor to return to
90% of the original baseline.

Fig.7.7 shows the behavior of PEDOT:PSS samples under the ethanol exposure.
In this case, during 900 seconds the sample was left with a constant flow of N2 gas
of 3.5 l/min and 1 bar of pressure, controlled with a Mass Flow Controller (MFC)
which equals to an estimate gas of 200 ppm. At 900 s the valve configuration was
changed so that the nitrogen flow passes through a bubbler filled with ethanol. This
ethanol (g) passes through the chamber containing the PEDOT:PSS samples. The
resistance is heavily increased when the flow containing ethanol is allowed. After
that 600 s, the flow of ethanol is closed and the resistance decreased as observed in
Fig.7.7. It can be observed that the resistance change occurs a few seconds after
the valve is opened.

To study the dependence of different parameters on the sensing properties of
PEDOT:PSS towards ethanol, firstly two working device temperatures were tested
at RT (28◦C) and 50◦C, as observed in Fig.7.8(a). This is because, commonly,
gas sensors work more efficiently at high temperatures, especially for MOs gas
sensors[5]. Very similar results are observed, with sensitivities of 1.93% and 2.10%.
In the first cycle, it appears that the response is faster when measured at 50◦C. It
should be pointed out that in these graphics there is no background subtraction, as
removing background for gas sensing measurements is a controversial topic, which
does not allows to easily calculate response or recovery time. The original relative
resistance is recovered after the up/down cycle only for a few of the samples tested,
which allows to determine the value of the response and recovery times but not for
all the samples tested in order to assess the effect of moisture on the surface. Be-
sides, the study of the effect of different sensing temperatures, the use of previous
thermal treatments was also tested (Fig.7.8(b)). A PEDOT:PSS sample deposited
over a substrate was immediately used for sensing while other two samples were
prepared by the same method and treated during 20 min at 130◦C or 160◦C, before

iThe definition of sensitivity (S) is ambiguous, clearly is an indicator which is related to the
ratio between the sensor output signal and the analyte effect on this material: some authors as
Wang. et al define Sensitivity as R0/Rg for reducing gases and Rg/R0 for oxidizing gases. Other
authors consider on the numerator the change of resistance, ∆R[242,272].
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Fig. 7.7: Resistance change vs time using N2 as gas carrier and ethanol as analyte. Blue
line marks the moment when ethanol valve is opened and closed.

recording the measurements. As expected, resistance decreases as the layers were
more conductive after removing moisture, during the thermal treatments.

The gas analyte was changed to water vapor as observed in Fig.7.9(a) to check
the effect over PEDOT:PSS. In order to compare both analytes under the same
conditions, the same sample was used (note that in this case the concentration was
higher than 200 ppm as the N2 was increased up to 4 l/min, therefore the results
of ethanol in Fig.7.8 differ from Fig.7.9). PEDOT:PSS possesses a slightly higher
sensitivity of 5.56% vs 5.43%, for H2O as compared with ethanol, respectively.
PEDOT:PSS hygroscopic behavior could justify this results, as under water vapor
exposure, H2O will be absorbed by PEDOT:PSS while the PSS layer would decrease
its relative thickness. Similarly, in Fig.7.9(b), air was tested as carrier gas and
compared with nitrogen. A faster response also was observed but with very similar
profile than for the use of N2 at any working temperature. However, all results
were presented at room temperature and using N2, for simplicity.

Samples with the addition of EG (1% and 5%) were also tested as observed in
Fig.7.10, where broad changes were observed. When the EG content was high (5%)
the gas sensing response showed and anomalous behavior. On one hand, for both
pristine PEDOT:PSS samples and 1% EG, an increase of the resistance with the
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the chamber, using N2 as carrier gas and measured at RT and (b) room temperature
measurements using ethanol as analyte and either N2 or air as carrier gas.

ethanol flow is observed. On the other hand, for the sample with 5% EG resistance
decreases with the ethanol flow, which is not the expected behavior for a p-type
material. Sensitivity also decreases upon EG content, from 0.20% to 0.12%.
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Fig. 7.10: Resistance change vs time for PEDOT:PSS samples with the addition of 1%
or 5% EG. The carrier gas is N2, the gas analyte is ethanol and the measurements were
recorded at room temperature.

To asses the effect of the addition of nanoparticles on the sensing mechanism,
the same conditions were used for each of the composites. Fig.7.11(a) shows com-
posites with PEDOT:PSS +1%wt of each type of nanoparticle and Fig.7.11(b)
shows composites conformed by PEDOT:PSS +1%wt EG as well as +1%wt of
each nanoparticle type. To summarize these results, the same cycles were repeated
and the sensitivity for each cycle has been calculated and shown Fig.7.12 as a box
diagram, in which each point represents one measurement and the central line on
the box represent the median which goes from the first quartile to the third quartile
of data. Each whisker goes from the maximum to the minimum value recorded.

Without the use of EG very similar results were observed, as shown in Fig.7.12(b),
where the best result observed correspond to SnO composites. However, Fig.7.12(b)
clearly shows that the best sensitivity was observed when using both EG and SnO
nanoparticles.
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Fig. 7.11: Resistance change vs time for the samples containing (a) PEDOT:PSS +1%
wt of either SnO, SnO2 or TiO2 and (b) PEDOT:PSS +1% EG+1% wt of either SnO,
SnO2 or TiO2. For all measurements, the carrier gas is N2 while the gas analyte is ethanol.
Measurements were recorded at room temperature.
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Fig. 7.12: Box diagram showing sensitivity values obtained from PEDOT:PSS compos-
ites (a) Containing nanoparticles (b) containing EG+nanoparticles.

7.4.2. Seebeck effect

7.4.2.1. Measuring and data acquisition device: design and testing

The Seebeck coefficient (S), was measured with a homemade setup in a room with
relative humidity ranging from 35-38%, which is schematized in Fig.7.13(a). The
designed setup consists of two Peltier modules (TEC1-12706, 12V) with a maximum
∆T of 65◦C, one of them placed with the hot face facing up and the other facing
down. Both Peltier modules were connected to a variable voltage source with
two channels to apply different temperature to a single or both Peltier modules,
establishing a temperature gradient between them. To dissipate the heat which
might be generated on the cold side, both peltier modules were placed over two
aluminum heat-sinks (thermal conductivity coefficient, κ ∼1.5 W(mK)-1). Over
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both Peltier modules, a small piece of very thin copper (d <1 mm) was glued with
thermal paste (Boron nitride, Akasa AK-456, κ ∼1729 W(mK)-1). Both Cu thin
layers were placed separated by 0.5 cm and over them the sample was placed, in
such a way that physical contact was assured between the sample and Cu layer. The
layers were deposited over glass substrates. Two K-type thermocouples were placed
on the surface sample and connected to a temperature acquisition card (Adaptative
Junior Controller ADJ-48-450-UR) to measure the temperature difference (∆T)
and two thin Cu cables were welded with two drops of a Sn/In (95%/5%) alloy
(see chapter 1, Fig.2.4) connected to a Keithley 2000 multimeter to measure the
voltage difference (∆V). If the thermocouples were apparently not making physical
contact with the sample, both were gently pressed over with a cover glass, fastened
with two pressure clamps.

To increase/decrease the Peltier module temperature, a power supply working
between 0.0-5.0 V was used. Through the use of only one of the Peltier cells, a
temperature difference of ∼ 30◦C between the cold and hot junction was induced,
as observed in the thermal image of the equipment, shown in Fig.7.13(b). This
temperature difference was clearly smaller when measured over the sample due to
heat losses attributed to heating of both the copper thin metal plate and most
notably, the glass substrate, which thermal conductivity were estimated around
κ ∼400 W(mK)-1 and κ ∼0.8 W(mK)-1, respectively. The maximum difference of
temperature over the sample was always less than 40◦C. If we inspect Fig.7.13(b)
we can see how the heat is transferred to the substrate and how the right side of
the sample is heated.

(a)

(b)

Fig. 7.13: (a) Design of the equipment to obtain the Seebeck coefficient and (b) Top
view-thermal image of the equipment when the right Peltier module is heated to the
maximum temperature difference.

The measured thermovoltage due to Seebeck effect is shown in Fig.7.14(a).
Peltier module was heated until reaching a constant temperature (represented by
the plateaus on the graph). As observed, the heating occurs fast (60s) and the
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temperature was left unchanged during 200s. Some fluctuations were measured on
the voltage during this plateau constant temperatures, of around 7 µV which is
less than a 10% error. This error is non-negligible but in average the error is much
smaller when the temperature is more stable. This will be considered during the
analysis.

The S value was estimated from the slope of the linear relationship between
thermoelectric voltage and the temperature difference of the two probes (i.e. S =
−∆V/∆T ). In practice, the sign of the Seebeck coefficient was not taken into
consideration. First, to test the validity of the setup, the same measurement was
made by using as cold side the left Peltier module and hot side the right hot Peltier
module and switched after. This is possible as in a Peltier module one of the face
increases its temperature while the other face decrease it (due to Peltier effect). The
approach of this setup was to use one module facing up and the other down, so the
cold junction could be decreased at temperatures under room temperature. Still,
to test the validity of the setup, both of the modules were placed with the heating
side up. These results are shown on Fig.7.14(b) where it is clear that switching
the setup brings the same results. The left side of the image was acquired using
the left Peltier module as hot junction (i.e increasing its temperature while the
right Peltier module was left at room temperature) and vice-versa. It was observed
clearly that the slope of the line is the same using either the left or right module
as hot junction. So, for the rest of the measurements, the right module was heated
and the left module was left at room temperature (cold junction).
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Fig. 7.14: (a) Example of the voltage measured for a sample containing PE-
DOT:PSS+EG when the temperature was increased and maintained constant represented
by the plateau on the graph and (b) voltage measured respective to the temperature dif-
ference on the cold and hot junction, where cold and hot junction were reversed.
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7.4.2.2. Seebeck effect results

Seebeck coefficient values of PEDOT:PSS whitout and with the addition of EG
are shown in Fig.7.15. Seebeck coefficient decreases upon EG addition, decreasing
from the pristine value of 22±2 µVK-1 until 14.5±2 µVK-1. This value is reason-
able compared with the literature which for pristine PEDOT:PSS ranges between
12-25±2 µVK-1[63,182]. For the pristine PEDOT:PSS sample, the corresponding
Power Factor (PF), which is defined as PF = S2 · σ[µWm-1K-2], and it is an im-
portant parameter to determine the thermoelectric properties, are represented in
red in Fig.7.15(b). Low value of of 7.07·10−3 µWm-1K-2 was estimated for the
PEDOT:PSS sample, close to the common value of 0.01 µWm-1K-2 for organic
polymers[182]. Upon ethylene glycol addition, its conductivity increases as pre-
viously discussed, which however, decreases the Seebeck coefficient. In terms of
power factor, the best result of 0.84 µWm-1K-2 is obtained for 5% EG addition.
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Fig. 7.15: (a) Seebeck and electrical conductivity of the pristine PEDOT:PSS and with
1% wt or 5%wt EG and (b) comparison of the corresponding Power Factor, Seebeck
coefficient and electrical conductivity of the samples.

Results on composites without the addition of EG and only composed by PE-
DOT:PSS and the nanoparticles are summarized in Fig.7.16. Seebeck coefficients
are very similar in this case, showing a slight improvement with the use of either
SnO or TiO2 with S values of ∼ 27 and 31 µVK-1, respectively. Recalling conduct-
ivity from these samples, when nanoparticles are added the conductivity decreases
down to σ ∼ 10−2 S·cm-1 being the lowest for SnO. Therefore, very similar values
within the uncertainty range are observed for each sample.

Finally, composites composed by PEDOT:PSS without and with the addition
of 1%wt EG and the nanoparticles in 1% were analyzed. In this case there are
substantial changes. For each of the composites, Seebeck coefficient decreases.
However, conductivity suffers major changes, reaching the highest value of 16.5
S·cm-1 for 1% wt SnO, which corresponds to a PF of 0.23 µWm-1K-2 which, com-
pared with PEDOT:PSS+1%wt EG value of 0.17 µWm-1K-2, is clearly higher even
for the high uncertainty of the measurement. This improvement can be attributed
to the presence of SnO in the composite.
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Fig. 7.16: (a) Seebeck and Electrical conductivity of the pristine PEDOT:PSS and with
the addition of 1%wt of either SnO, SnO2 or TiO2 (b) comparison of the corresponding
Power Factor, Seebeck coefficient and electrical conductivity of the samples.
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Fig. 7.17: (a) Seebeck and Electrical conductivity of PEDOT:PSS with 1% EG and with
the addition of 1%wt of either SnO, SnO2 or TiO2 (b) comparison of the corresponding
Power Factor, Seebeck coefficient and electrical conductivity of the samples.

7.4.3. Miscellaneous applications: Multi-layers
Finally, in this thesis other structures have been studied. Multilayers are thin films
deposited subsequently over the previous layer creating heterojunctions. In this
case, PEDOT:PSS layers were coated over previous deposited PEDOT:PSS. For
that purpose, the spin coating program was readjusted and before each spin coating
the layer or layers were thermally annealed. The thickness of each layer is expected
to be around 100 nm. As a proof of concept also TiO2 thin layers deposited via
spin coating were also spin coated over PEDOT:PSS and vice-versa.

As a first approach, stacks were formed by the deposition of PEDOT:PSS layer
one over another. A single layer was compared with multi layers formed by either
2 or 3 layers. As shown in Fig.7.18(a), as the PEDOT:PSS thickness increases
the layers become more opaque, which is attributed to a higher absorbance on the
visible spectra, which is in fact observed in Fig.7.18(b). This is also clear in the
Raman modes (Fig.7.18(c)), as due to the thicker layer the signal corresponding to
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the PEDOT stretching modes become more intense. The electrical measurements
of the layers are shown in Table 7.2 and Fig.7.18(d). Increasing the layer number
and therefore, the final thickness, the sheet resistance decreases meanwhile the
electrical conductivity increases.
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Fig. 7.18: (a) Optical image, (b) absorption spectra, (c) Raman spectra and (d) Hall
effect results of PEDOT:PSS samples formed by either 1, 2 or 3 layers.

Table 7.2: Hall effect measurements performed with I=0.1 mA corresponding to the
PEDOT:PSS multilayers.

Sample
Conductivity

(S·cm-1)
Charge Carrier Concentration

(cm-3)
Rsheet
(Ω/�)

1 layer (1.41 ± 0.20)10−1 (4.89 ± 0.11)1018 (7.63 ± 0.11)105

2 layers (2.85 ± 0.12)10−1 (2.05 ± 0.11)1018 (3.85 ± 0.21)105

3 layers (6.52 ± 0.33)10−1 (1.83 ± 0.29)1018 (1.57 ± 0.07)105

Thermoelectric properties of these layers have also been tested, as shown in-
Fig.7.19(a). As the electrical conductivity increases, there is a decrease on the
Seebeck coefficient. However, the decrease on the Seebeck coefficient does not
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affect the Power Factor, which is increased upon layer stacking (Fig.7.19(b)).
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Fig. 7.19: (a) Seebeck and Electrical conductivity of samples formed by 1, 2 o 3 layers of
PEDOT:PSS and (b) comparison of the corresponding Power Factor, Seebeck coefficient
and electrical conductivity of the samples.

The process of enhancing layer conductivity can be complex and depends of
many factors, either the proper morphology of the layers as well as the secondary
doping. Decrease upon high secondary doping has been reported[239] which is ac-
companied by a decrease on the sheet resistance. Electrical conductivity has been
reported to increase with thicker PEDOT:PSS layers while the Seebeck coefficient
increased with decreasing thickness. Obtaining the balance of the thickness with
improved electrical conductivity, while mantaining the Seebeck coefficient as high
as possible, which is regarded as the most limitant factor for high PF thermoelec-
tric, should be taken into account.

Similarly, the possibility of obtaining thin layers of the nanoparticles synthesized
on the previous chapters was explored. To obtain layers using TiO2 nanoparticles
the first step was to grind them manually until a fine powder was obtained. Dif-
ferent solvents were tested (distilled water, 2-propanol, acetone and ethanol). The
best results on terms of dispersion homogeneity were obtained by using 2-propanol
(PanReach, AppliChem).

The mixture of the desired nanoparticle concentration was introduced on an
ultrasonic bath for at least 30 min. These layers were successfully obtained over
both silicon and glass substrates, as observed in Fig.7.20(a)-(c), following the spin-
coating steps explained in Table 7.3. It is worth mentioning that, instead of meth-
ods for obtaining thin layers such as sputtering or CVD, spin-coating has been
also proposed but only for sol-gel techniques. In this case, the product is depos-
ited over the selected substrate rather than, after a synthesis procedure to obtain
nanoparticles, dispersing them into a liquid mixture. Either way, the spin-speed re-
ported on the bibliography ranges from 1500-4500 rpm, while the substrates should
be heated at temperatures ranging from 250-900◦C[274–277], to assure homogeneity.
Fig.7.20(d)-(e) shows the absorption and Raman spectrum of the obtained layers,
which correspond to anatase TiO2 which absorbance reach ∼17% at 550 nm.
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Fig. 7.20: (a) SEM image and (b) optical image of TiO2 layers deposited over silicon
and (c) deposited over glass substrates, (d) absorption spectra and (e) Raman spectra of
the TiO2 film. Optical images were obtained on a Leica DFC295 microscope.

Table 7.3: Thin layer deposition steps and parameters for TiO2.

p = 0.08 bar
Speed
(rpm)

Acceleration
(rpm/s)

Time
(s)

Deposition
time(s)

Delay
time(s)

Display
time(s)

3000 1000 5 5 2 3
3000 1000 30
4000 1000 20

221



Chapter 7. PEDOT:PSS composites based on SnO, SnO2 or TiO2:
thermoelectric and gas sensing properties

7.5. Discussion
In the previous chapter we have discussed the conductivity mechanism of PE-
DOT:PSS as well as the motivation for its improvement and reduction of the sheet
resistance aiming for high performance solar cells. In this chapter, we have focused
our attention on two very different PEDOT:PSS applications.

As we have mentioned in Chapter1, PEDOT:PSS (and its based composites),
has not been limited to been used in solar cell technologies, two other main applic-
ations stand out over the last years: as thermoelectric materials and gas sensors.
On one hand, TE are materials, which allow the conversion of heat to energy, are
considered as a potential energy source for the near future. To do so, they make
use either of the Seebeck or Peltier effect to transform heat in electricity or vice-
versa. They posses multiple advantages as they do not have moving parts as other
devices, which allows to longer operation times and easily scalability[63]. The per-
formance of TE materials is often evaluated with by the dimensionless parameter
figure-of-merit ZT. This is because the limit on the energy conversion efficiency
is determined by the Carnot cycles, which is related to the figure of merit. This
parameter is given by ZT = S2σT/κ, where S, T, σ, and κ stand for the Seebeck
coefficient, absolute temperature, electrical conductivity, and thermal conductiv-
ity, respectively. For simplicity, much works deal with the calculation only of the
product of the square of S and σ which is known as Power Factor,PF. This assump-
tion is reasonable for certain materials such as polymers, including PEDOT:PSS,
as their value of κ is poor and it also does not change significantly with inorganic
additives or dopants (0.1 − 0.3 W·m-1K-1)[63], which is a key factor for high ZT-
thermoelectrics. Within this low variation of κ, PF is studied rather than ZT. A
higher PF is the fingerprint of better thermoelectric behavior, which increase is not
trivial, since sigma and S are related. Taking a look into the Mott formula[278]:

S = 8π2k2
B

3eh2 ·m
∗ · T ·

( π
3n

) 2
3 (7.2)

where n, e, µ, kB , h,m∗ are the carrier concentration, electron charge, carrier mo-
bility, Boltzmann constant, Planck constant, and effective mass of the carrier, re-
spectively. And comparing with the following expression:

σ = n · e · µ (7.3)

Is clear that S is inversely related to σ.
The most known TE materials have been inorganic fillers, most notably Te, Bi

or Sb-based semiconductors (e.g Bi2Te3) and oxides (e.g. SrTiO3) with some of
them exhibiting outstanding ZT∼1[64,278] which have several limiting factors most
notably, toxicity or poor mechanical flexibility. These materials can be considered
as critical materials from the point of view of sustainability, as not only their in-
herent toxicity, but also their synthesis method, generates a high amount of waste.
Their scarcity creates the necessity of replacing these materials in their present
applications. Instead, PEDOT:PSS-based thermoelectrics can be easily synthes-
ized by low cost effective methods such as electrochemical polymerization[67,279]
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and easily assembled in form of thin layers employing different techniques such as
inkjet printing, screen printing, doctor blade, spray deposition or spin-coating[60],
which are regarded as sustainable processing methods. The main objective for
polymer TE is the difficulty to achieve a large Seebeck coefficient in combination
with a large electrical conductivity. S is almost constant or increases steadily for
different PEDOT:PSS based materials, while σ can increase strongly, up to 4 orders
of magnitude. Engineering the electronic structure of polymers to have a favorable
density of states and Fermi level is the key to solving the problem[280]. In this
sense, the use of dopants could affect the density of states and allow to develop
high efficient thermoelectrics.

On the other hand, the detection of harmful gases on low concentrations has
become crucial due to security reasons. There are several types of sensors such
as electrochemical sensors, biosensors or chemiresistive sensors. Chemiresistive
sensors are probably the most used ones due to their simplicity, fast response,
scalability and low cost. Their working principle is based on the change of two-
point resistance due to chemical reactions induced by the analyte at the surface of
the sensor. For the case of polymers such as PEDOT:PSS, the resistance is meas-
ured in two points of the sample while a target gas (analyte) passes through the
material. This may induce changes due to the caption of electrons via reduction
processes or other chemical reactions at the sensor surface, which translates into
a resistance change which can be monitored. Resistance change is the primary
measurement for calculating the sensor response[281]. MOs are regarded as the
main chemiresistive sensors[5], due to their stability and good chemical response,
but high operating temperature is their main limitation in gas sensing application.
High working temperatures not only raises the power consumption, it also reduces
the effective sensor lifetime. Organic materials bring novel properties and balance
the energy-efficiency ratio. Not only it is possible to create flexible and scalable
sensors, they also are fabricated by low cost methods. Thus, it is necessary to find
the balance between energy-efficiency and performance. These chemosensors can
be easily deposited over substrates and contacted to measure the changes on the
resistance. Polymers such as PEDOT:PSS possess a resistive response to a wide
variety of gases. PEDOT:PSS can be blended with different functional materials
such as metal oxide semiconductors through solution processes and the obtained
composites could improve their performance[279].

In this chapter the assembly of PEDOT:PSS composites and its possible im-
plementation as thermoelectric materials or gas sensors has been presented. The
samples used in this chapter have been therefore, pristine PEDOT:PSS, PEDOT:
PSS with the addition of the nanoparticles (SnO, SnO2 and TiO2) as well as PE-
DOT:PSS with Ethylene glycol and with the addition of the same nanoparticles in
the same concentration (1% wt). The intention is to observe the changes obtained
with the addition of nanoparticles and EG all together as well as separately.

Unlike in the previous chapter, where our study was limited to PEDOT:PSS
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containing DMSO, herein we will study both pristine and EG-doped PEDOT:PSS.
Understanding the possible topography changes due to the addition of different
concentrations of EG is important to recognize its effect on the final thin layer elec-
tric behavior. It is well known that the structure of PEDOT:PSS, especially after
secondary doping, posses a granular-like structure, at is has been widely reported
for EG[243,266,269,282] and for DMSO[22,68,272] by AFM results. This morphology is
generally described as being composed of a PEDOT-enriched core and a polyanion
(PSS-) shell[64]. Pristine PEDOT:PSS presents an amorphous-like structure, as ob-
served in Fig. 7.2, generally exhibiting a small surface roughness which is increased
upon EG content, mainly to the creation of the grains, creating topography-height
steps. Cui et al.[269] attribute to EG the favorable phase separation of PEDOT:PSS
films, which creates a continuous conductive pathway in the film. This is similar to
observations. The use of certain techniques such as Polarized Optical Microscopy
(POM) by Bubnova et al.[283], confirms the amorphous structure of PEDOT:PSS
thin layers. Concerning PEDOT:PSS structure, Grazing Incidence Wide-Angle X-
ray Scattering (GIWAXS) is particularly suited to probe the crystal structure of
thin films on molecular length scales and has been proven highly successful in char-
acterizing PEDOT:PSS[283,284], which shows that PEDOT:PSS may be formed by
separated PSS domains, with preferably orientation of the π-stacking out-of-plane.

These composites present similar transmittance spectra. The addition of EG
decreases the transmittance by 1%. This change is not a relevant drawback as
it still preserves nearly ∼ 90% transmittance, which we have discussed it is man-
datory for high performance optical devices. It should be noted that from AFM
measurements, thin thickness has been always considered ∼ 100 nm. This is for
the most part true as with the selected coating procedure, thin films should be
close to this expected thickness (±40 nm), also induced by the small size of the
coating covered glasses (1.5×1.5)cm2. Although this is true with the use of pristine
PEDOT:PSS, the use of 6% EG has shown an improved transmittance at 550 nm
near 93%[271], but also this layer shows different thickness. The changes on the
thickness due to the addition of EG, which allows a better dispersion on the sub-
strate, could affect the transmittance. This thickness plausible error interval has
been considered when calculated some thickness related quantities, such as sheet
resistance.

Composites were deposited over silicon substrates and to asses differences with
EG addition, XPS measurements had been performed. The S(2p) core spectra was
observed in Fig.7.4. As previously mentioned, the spectra are divided in two main
regions, one between 162-166 eV and a higher energy contribution at 166-172 eV.
The contribution at lower binding energy is often attributed to sulfur atoms in the
PEDOT and the contribution at higher binding energy is attributed to the doping
ions PSS-H+ or the S atoms in PSS[262,266,285]. Different authors[262,266,285,286]

have indicated that the evolution of the corresponding S-peak of PEDOT with
increasing EG content, is an indicator of changes on the PEDOT:PSS conformation
and removal of PSS, which enhances conductivity. In our case this increment is
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observed relative to the PSS -S- peak. The addition of EG has been reported to
remove PSS from PEDOT:PSS[26,262] as the addition of EG or DMSO[284] modifies
the intensity ratio of the S(2p) relative to PEDOT, which increases with content.
In our observations, PEDOT/PSS ratio changes from 1:1.83 to 1:2.93 with EG
addition. Nanoparticle addition of respectively, SnO2 or TiO2, changes the ratio
to 1:3.16 and 1:2.47. TiO2 appears to affect PEDOT:PSS the most, which is in
agreement with both C(1s) and O(1s) observations.

O(1s) core level shows major changes with the nanoparticle addition. Initially
for PEDOT:PSS a major contribution at ∼532.2 eV is observed and upon EG addi-
tion a shoulder at ∼531.3 eV increases. Some authors,[286] attribute the first peak
to C=O bonds and the peak at higher energy to C-O bonds. With the addition of
nanoparticles other contribution appears at ∼533.9 eV, which is strongly increased
for the TiO2 samples, which can be attributed to the formation of bonds within
the Ti-O and the polymer.

Hall effect measurements have shown the electrical conductivity and the charge
carrier concentration of the different samples summarized in Table 7.1. EG addi-
tion has shown an increase of the conductivity, as it has been reported up to 103

S·cm-1[26,269,287] depending on the EG concentration as well as on the properties of
the initial PEDOT:PSS, with 5% wt EG being expected to give an increase of 3 or-
ders of magnitude[282]. PEDOT:PSS posses p-type conductivity which is preserved
and enhanced upon EG doping, given by the sign on the carrier concentration
which is also enhanced upon doping.

EG-doped films conductivity enhancement is mainly attributed to the creation
of a large number of charge carriers in the polymer backbone with the addition
of EG. Additionally, the elongation of polymer chain length and the ease with
which charge carriers (polarons/bipolarons)ii hop between the conducting PEDOT
and insulating PSS chain could result in improved conductivity[272]. Moreover,
it has been proposed that the EG favors the formation of monolayers of either
PEDOT or PSS which also enhances conductivity, due to an screening effect[272].
UV-vis results also give a hint about the presence of bipolarons, as it has been
reported that the disappearance of a contribution near 850 nm is related with the
formation of bipolarons (enhanced with doping)[288]. On the previous chapter we
have discussed that some authors[263] pointed out that the neutral polymer chains
show absorption around 600 nm. In that region we observed differences with the
addition of nanoparticles, which may interact with the polymer and enhance the
number of charge carriers. Morphology of the layers is directly related with their
electric properties. Lin et al.[267] reported that increasing EG content increased
root-mean-square (Rrms) which means that the total number of particle boundaries
(for a given volume) increases, and, therefore there are an increase number of energy
barriers for charge conduction, which increases the inter-chain hopping resulting in
inferior charge transfer between PEDOT chains

In this dissertation, the addition of 1% EG enhances the conductivity by a
iiA polaron corresponds to a positive charge on a unit and a bipolaron corresponds to two

positive charges that are delocalized over several units.
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factor of 40 being 6.75·101 S·cm-1, and the use of 5% wt by a factor of 285, reach-
ing 4.03·101 S·cm-1. The use of MOs nanoparticles has been gaining interest,
despite that some reports have pointed out that the use of TiO2 increased sheet
resistance[76]. Lin et al.[289] have introduced ZnO, which improved conductivity
and was attributed mainly to the enhancement of carrier mobility. The temper-
ature dependence showed that the mobility was dominated by tunneling at low
temperatures and hopping at high temperatures for bare PEDOT:PSS but with
the introduction of ZnO the temperature dependence is increased, dominated by
tunneling which was attributed to weak electron-phonon coupling and changes
on the chemical structure of PEDOT:PSS. Their observed improvement was by
adding only 0.09% wt or 0.18% wt of ZnO, which are low dopant concentrations,
as followed in this work. However, the mixture containing ZnO also contains a
well-known secondary dopant, methanol, which could be the responsible for the
conductivity enhancement. This would agree with our observations when 1% of
nanoparticles (a concentration 10 times higher) does not increase conductivity, on
the contrary it is decreased up to 10−2S·cm-1. This was avoided with the use of EG
which also acts as a surfactant for the nanoparticle dispersion. SnO nanoparticles
with EG provide the maximum increase in conductivity which is 117 higher than
the observed for pristine PEDOT:PSS, 1.65·101 S·cm-1, which is also superior than
the obtained when only EG is used, which was 6.75·101 S·cm-1. Therefore the
addition of the nanoparticles increases the conductivity related with the use of EG
by a factor of 2.5.

PEDOT:PSS has been regarded as a high sensitivity sensor with appropriate
selectivity[23]. The most important parameters in a chemiresistive sensor are sens-
ibility, selectivity[242], response and recovery time to characterize any gas sensor.
In our setup the gas flow was maintained to a constant concentration of 200 ppm
on the chamber with a mass flow controller at the exit. Most of the literature
dealing with gas sensors based on PEDOT:PSS combine this material with carbon
allotropes such as graphene to detect NH3

[290] or reduced graphene to detect ni-
trogen, NO2, CO or ammonia[291]. Pristine PEDOT:PSS doped with EG has been
used to detect methane, butane[272] and fewer works detail the detection of ethanol
or water vapor[279]. To our knowledge, SnO2 or SnO had not been tested in com-
bination with PEDOT:PSS for gas sensing applications. However, PEDOT:PSS
has been tested in combination with TiO2 for different gases such as NO2

[273] or
NH3

[242]. Nonetheless, in those cases TiO2 is used in form of nanofibers or other
hierarchical structures. Our approach using nanoparticles shows also novelty. The
idea behind this approach is that the used nanoparticles are well known gas sensor
devices, as well as the polymer matrix.

Although the main focus was the effect of the nanoparticle addition on the
sensing properties, firstly a study of the different sensing conditions for pristine
PEDOT:PSS were tested. It has been reported that for certain gas concentra-
tion sensitivity increases linearly with EG content. Firstly we have observed the
chemirresistive behavior of PEDOT:PSS with the ethanol gas. As PEDOT:PSS
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possesses p-type conductivity, exposed to a reducing analyte such as ethanol, its
resistance is expected to increase[281]. In fact, the resistance increases in presence
of the gas showing a reduction behavior between the ethanol and PEDOT:PSS.
The resistance does not reach a maximum due to the low gas concentration of 200
ppm and short time of the gas passing through the chamber.

Four main parameters were tested: time, carrier gas, analyte and temperature.
Increasing sensor temperature increases its sensitivity reaching 2.10% at 50◦C.
Fig.7.8(a) compares this particular cycle with the measured at room temperature
for which a sensitivity of 1.93% is obtained. Other temperature-related sensitivity
factor was the initial PEDOT:PSS thermal treatment, which results are reported
in Fig.7.8(b). Recalling, in this thesis all PEDOT:PSS substrates were treated at
120-130◦C to remove moisture. The presence of clusters of H2O could affect res-
istance measurements. The same sample was tested: first, without treatment and
then after 20 min at 130 or 160◦C, respectively. It has been mentioned on this
manuscript that those temperatures have not been regarded as harmful for PE-
DOT:PSS, for short periods of time[22,24]. Each sensitivity observed was 3.01, 5.45
and 1.88 % peaking at 130◦C: this temperature removes the maximum moisture
which could cover the polymer-conductivity zones which interact with the test gas.
Increasing the temperature, either during the cycle or previously, clearly affects
the resistance measurements. The presence of water (moisture) causes additional
interference to the sensor signal, which has been reported by Gao et al.[279] as a
key factor to take into account, particularly for certain analytes such as NH3 where
the interaction with moisture at high humidity ranges could create other undesired
chemical compounds such as NH4OH, leading to large great fluctuations on the
resistance. The best results are obtained at RT for a sample previously treated at
130◦C, which contribute to the advantages of PEDOT showing a good performance
at RT.

Water or ethanol responses are similar, slightly better for water (5.56% vs
5.43%), as observed in Fig.7.9 and almost identical when used Air or N2 as carrier
gas, showing a faster response for air. When N2 is used, after cutting the gas flow,
resistance peaks and then decreases, which can be attributed to the surface of the
sample being poisoned by trapped gas on the chamber, which takes a few seconds
to dissipate. This effect is not observed by using air, as the chamber is not sealed
at vacuum, and when the air flow is closed, there is still air on the chamber.

Nanoparticles effects were summarized in Fig.7.11 and Fig.7.12. SnO with or
without EG showed the best values on sensitivity. Considering different cycles
obtained in similar conditions (300, 480 or 600 s), for these composites the sens-
itivity reached ∼5% which is considerably higher as compared with the rest of
composites. The reaction mechanisms to understand PEDOT:PSS sensing beha-
vior are complex. Commonly, on a p-type material, before the analyte arrival to
the chamber, the oxygen molecules of either the test gas or atmospheric oxygen
as the chamber is not at vacuum, could be initially chemisorbed on the surface,
which causes the electrons to be removed from the conduction band. These oxygen
are converted to single or double oxygen ions (O2

-), which are ionsorbed on the
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surface (O2,ads + e– O–
2,ads). The electron loss increases the number of holes

(h+) which are the major carrier on p-type materials. This behavior leads to a
reduction of the resistance. However, when a reducing gas (such as ethanol) reacts
with this ionosorbed (O2,ads

-), electrons are donated to the conduction band of
the p-type material, which reduces the hole concentration due to electron-hole re-
combination resulting on a resistance increase[281]. The chemical decomposition of
ethanol, which is a reducing agent, and therefore donate electrons produced after
the chemical decomposition over the sensor surface follows the following reaction:

CH3CH2OH(g) + O–
ad CH3CHO(g) + H2O(g) + e– (7.5.4)

It should be noted that other chemical species could be created such as CO2,
which could donate more electrons to the sensor surface.

However, the behavior of a polymer matrix (and particularly with embedded
particles) can be more complicated and several mechanism has been proposed to
understand the reduction reaction between the analyte and the polymer[272,290],
which are mostly redox-reactions or charge transfer between polymer-analyte and
polymer swelling.

• The reaction between analyte and polymer could be a reduction reaction
where the oxygen is chemisorbed over the exterior surface on the PEDOT:PSS
or PEDOT:PSS EG region, which have shown p-type behavior. This could
be a primarily mechanism as at low-temperatures such as room conditions
and under 100◦C, O2,ads

- is the predominant chemisorbed specie and it also
could be trapped on the surface between PEDOT:PSS and for example, the
nanoparticles. This oxygen blocks charge carrier hopping which, could be the
major reason for increasing the resistance.

• The resistance changes could be related also with indirect or direct charge
transfer mechanism where the molecules gas (e.g ethanol) are adsorbed onto
the surface of PEDOT:PSS via physisorption, which generates delocalizated
π electrons. Dopants enhance the surface area and improves its π − π links,
improving sensing performance.

• Swelling process of the polymer, in which the interaction with the analyte
causes that the interchain of the short PEDOT chains increases. This PE-
DOT chains tends to have a shorter interchain distance than PSS and hopping
processes between PEDOT chains are the main electron conduction mech-
anism of this material. Therefore, swelling may induce an increase on the
resistance, which returns to its original value as soon as the analyte exits the
chamber, which reduces the polymer swelling.

Remarkable is the anomalous behavior, which is in fact opposite to the expected
for a p-type semiconductor, observed for the sample containing 5% EG. This could
be attributed to the presence of competitive mechanism, in which one mechanism
decreases the resistance and the other increases, as expected, the resistance. The
mechanism which could decrease the resistance could be the physisorption of the
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ethanol molecule over the PEDOT:PSS surface, which could trap electrons on the
surface and therefore, will decrease the resistance. This effect should be considered
for energy bonds of low energy in the order of 0.01-0.1 eV and caused by forces
of electrostatic nature. It should not be neglected that under water or ethanol
exposure the PEDOT:PSS film thickness could decrease, which can also alter its
conductivity. We can assume that the most likely configuration of PEDOT:PSS is
composed by grains of PEDOT wrapped inside PSS chains, as it has been widely
notable under EG or DMSO influence,[22,68,243,266,269,272,282] in agreement with
our AFM measurements. It is likely that the water-soluble PSS gets removed
first from the surface, thus inducing a posible thickness reduction. This effect
is competitive with the overall thickness decrease (lower thickness equals lower
resistance). However, the insulator nature of PSS will increase conductivity and,
therefore, lowers the resistance.

The proposed mechanisms which could lead to an increase or a decrease on the
resistance of the p-type sensor are depicted on Fig.7.21.

(a) (b)

Fig. 7.21: (a) Sensing mechanism of p-type PEDOT:PSS due to ethanol reaction by
decomposing the ethanol molecule into acetaldehyde and water (b) physisorption of an
ethanol molecule over the surface, which catches an electron.

The differences on the sensing mechanism of composites containing nanoparticles
respond to two different effects: polymer-behavior changes due to nanoparticle ad-
dition, related to conformational changes on the PEDOT backbone (i.e increase of
conductivity due to SnO addition or EG easiness of the chain stiffness) and proper
MOs sensing mechanism.

MOs sensing principles have been studied in the last 50 years. In this case, an n-
type MOs such as TiO2 or SnO2 will posses surface states which behave as electron
donors or acceptors at the surface. These states cause an exchange of electrons
within the bulk of the semiconductor forming a space layer close to the surface.
The target gas will interact, with higher success if the surface presents porosity,
and if the gas is reductor the MO will get oxidized resulting on electrons returning
to the conduction band, which reduces the space charge width proportionally to the
analyte concentration. This results on a conductivity increase (resistance decrease)
for a reducing gas for n-type semiconductors. On the case of p-type semiconductors
such as SnO, the behavior is the opposite and the resistance increases upon the
presence of a reducing gas, which gives electrons to the conduction band, reducing
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the number of holes. This behavior could explain the reason of higher sensitivity
in SnO doped PEDOT:PSS where there is no competing mechanism in presence of
the reducing gas.

Similarly, changes on the PEDOT:PSS structure can be due to the interac-
tion with the nano-size nanoparticles, which via Couloumb interaction will react
with the polymer chain (as well as for EG addition) strongly changing the chain
conductivity. This interaction could shorten PEDOT paths which would enhance
hopping, therefore lowering the resistance. The region between nps/PEDOT:PSS
is expected to be complex and mostly conformed by Schottky barriers, which does
not differ much with the similar contact between grains on MOs semiconductors.
The improvement of SnO upon the rest of MOs studied could be attributed to the
enhancement of the charge carrier upon SnO doping.

Regarding the sensitivities, competitive values have been obtained in this work.
For most of PEDOT-based devices, at 100-200 ppm sensitivity ranges around
∼1%,[281] which is close to our observations. It should be considered that the over-
all performance of chemiresistive sensors is a consequence of several factors such as
the sensing material or the device geometry. Particularly, electronic chemosensors
are often based not only on conductive sensing materials directly deposited onto
the substrates, rather on simple Interdigital Trasducer (IDT) which due to its low
size and cost are commonly used for monitoring humidity and gas chemicals[279].
Optimizing the uncovered surface to interact with the sensor may led to higher
sensitivity.

The second application that has been evaluated in this chapter are the ther-
moelectric properties of the PEDOT:PSS based composites. TE properties of
PEDOT:PSS have been widely discussed on the literature[287,292] in recent years.
Pristine PEDOT:PSS presents low TE properties mainly due to its poor conductiv-
ity (σ ∼ 0.1− 1 S·cm-1) and limited Seebeck coefficient (S ∼ 15 µV K-1)[293] which
leads to poor PF. Low S coefficient for PEDOT:PSS is attributed to the fact that,
by recalling Mott’s formula, S is proportional to [d(ln(N(E))/dE)]E=EF where the
DOS (represented by N(E)) at the EF does not vary much, as confirmed by UPS
results[283,294], which explains the low Seebeck coefficient. However, doping could
change the behavior of the PEDOT:PSS chain, which could be at bipolaron state.
In this state, the EF is in a slowly varying region of the DOS, which could indicate
a better thermoelectric properties.

In the literature, many different methods to improve the conductivity have
been reported so far, as mentioned on the previous chapter, chapter 6. Some of
the methods involve acidic treatment or organic solvent dipping[295]. These post
treatments enlarge the charge carrier concentration, and bipolaron are the main
charge carriers. However, this high doping level results in a small Seebeck coef-
ficient (S) of PEDOT:PSS because of the extra charge carriers[296] and a shift
on the Fermi level to the edge of the conductor[278]. Particularly, EG is used to
improve the conductivity up to 103 S· cm-1[26,269,287]. However, the Seebeck coeffi-
cient has been reported to not to change saliently reaching PFs of 25-30 µWm-1K-2.
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Before discussing Seebeck coefficient values, it was necessary to design a system
to measure it experimentally. Seebeck coefficient measurements are most com-
monly realized in homemade setups due to simplicity[285,296–298]. Frequently, the
designed setups for measuring Seebeck effect can be divided in two-probe or four
probe schemes, with thermocouples clamped to the material to determine the tem-
perature gradient. Other methods to more precisely estimate the value of the
Seebeck coefficient could be quasi-steady-state differential methods[297]. Our ap-
proach to measure PEDOT:PSS Seebeck coefficient was described in Fig.7.13(a).
The main objective was to design a simple, low-cost and reliable equipment, based
on two Peltier modules with only one of them used as hot junction whereas the
other has been left at room temperature. The temperature from the left Peltier
module used as cold junction could be decreased up to 3-5◦C under room temper-
ature. Reaching lower temperatures (which nominally are possible with attending
to the Peltier module specifications) was not possible, as the heat produced from
both its other face (hot side) as well the other Peltier module, as they are connected
through the sample. The hot junction could reach temperatures as hot as 94.5◦C, as
observed in the thermal image presented in Fig.7.13(b). The validity of this setup
was measured with different samples, times and approaches. As proof-testing step,
the same temperature until the steady state was reached, was placed and the val-
ues obtained over time were compared. It was observed that the uncertainty was
always below 10%, as shown in Fig.7.14(b). This was reasonable with the setup
itself. To diminish this error, the measurements were repeated and averaged, and
the stage was also isolated with a glass container from vibrations and room humid-
ity. It was also observed that current could flow through the thermocouples so the
measurements were repeated and measured over the same conditions. Fig.7.13(b)
shows the same thermovoltage obtained over pristine PEDOT:PSS samples when
the cold-hot junctions were reversed under the same conditions. Therefore the V/T
line could be extended to pursuit a better fitting. Determining the exact uncer-
tainty derived from this equipment was not trivial, as there are oscillations of the
measured voltage as well as other uncertainty factors, which mostly are nullified
by repetition and averaging. A conservative approximation was rounded to a 10%
error. This equipment does not measure in-situ conductivity which is obtained
via Hall effect. To estimate Power Factor, the conductivity can be more simply
obtained from 4-point probe measurements[296] from ex-situ measurements, either
by Hall effect or even from sheet resistance measurements.

Regarding our results the use of EG improves PF mainly because there is a
small decrease of the Seebeck coefficient from ∼22.4 to 16.0 and 14.5 µVK-1 ac-
companied by the previously discussed increase on conductivity, upon EG doping.
Composites combining nanoparticles and PEDOT:PSS did not improve conduct-
ivity, similar to what has been reported with the use of Au nanoparticles[299].
This behavior contradicts what was observed in the previous chapter when the use
of nanoparticles improved conductivity. However, in the present case no second-
ary dopant is used which properties also increments wettability and might act as
surfactants. Optical images clearly showed poor dispersion of the nanoparticles.
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Despite that, Seebeck coefficient remains similar and is increased with the use of
TiO2 nanoparticles reaching a value of ∼ 31.6 µVK-1. Composites which comprise
EG and nanoparticles exhibit upgraded properties. With the addition of SnO con-
ductivity reaches the maximum value observed (with 1% EG) of 16.5 S·cm-1 with a
Seebeck coefficient of ∼ 12.0µVK-1, causing a PF of 0.23 µWm-1K-2. This is ∼1.4
times higher rather than using only EG and ∼34 higher than pristine PEDOT:PSS.
These results are less appealing than discovering a PF> 20, yet it should not be
forgotten that conductivity of the pristine PEDOT:PSS used is 104 lower than
PH1000 PEDOT:PSS which most likely will replicate the same PF improvement
up to SnO+EG doping. Relative improvement of 34 times is competitive with
the best results obtained upon nanoparticle doping. As an example, during the
redaction of this thesis, a first work has been published on the use of SnOx

[284] to
create PEDOT:PSS/SnOx, which increased PF between 7 and 28 times depend-
ing if they used DMSO or not. In our case, this enhanced performance of TE is
mostly attributed to the enhancement of conductivity as the Seebeck effect tends
to decrease. For reader’s perusal, PF is not the definitive indicator than the TE
properties are enhanced. ZT is much more reliable which are also related with
the thermal conductivity coefficient. We are not neglecting that κ could change
upon nanoparticle addition as previous reports have indicated an increment within
0.16-0.5 of different Bi, Se nanoparticles compounds[63] and within 0.2-0.4 with
carbonaceous fillers. Relative small changes are observed as compared with the
wide range of orders of magnitude of the Seebeck coefficient and mainly electrical
conductivity, so it could be expected that PEDOT:PSS thermal conductivity is not
the limiting factor for thermoelectric applications. The specific effect of the SnO
nanopowders over PEDOT:PSS could be also understood with a modification on
the crystal structure of PEDOT. This has been recently suggested by GIWAXS
measurements by Dong et al.[284] where the overlapping on the PEDOT packing
modes can suggest that the driving force is conformed by a dedoping process of
the SnOx-nps and the PSS-. In our case, we have observed that the addition of
nanoparticles such as TiO2 appears to affect the surface ratio of PSS, as observed
via XPS.

To put our results in perspective, it is illustrative to compare our results with
the literature. From different reviews on the topic[63,292], we observe a variety of
reported PF ranging from 0.1 to ∼320 µWm-1K-2. To obtain high PF, it is not
enough to increase conductivity, as the Seebeck coefficient ideally should be also
improved or at least remain constant from the value of pristine PEDOT:PSS, which
is low due to the p-type nature of the polymer. The main approaches to increase the
thermoelectric abilities could be divided in two groups: modifying PEDOT:PSS by
secondary doping, chemical de-doping and post treatments or create composites,
most commonly: with inorganic, carbonaceous or other fillers. Some of the most
notable results are presented on Table 7.4. In this table not only the enhanced
PF values are given, as also the value given by the authors of the pristine material
before their treatment is indicated, and so the relative improvement of the PF is
calculated. Therefore, as some values are not explicitly given by the authors, they
have been obtained from the figures, which may be ±2 µW m-1K-2 off.
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Table 7.4: Improvement factor of the PF before and after different approaches followed
on the references presented. Note that PF is given in its common unities,(µWm-1K-2).
Marked in red are our results, which are among the highest relative increments.

Treatment/
Material PEDOT:PSS Compounds

PF
before

PF
after

Increase
factor Ref.

PEDOT:PSS
Secondary

doping
PH100 DMSO and PEO 0.25 156.45 631.87 [294]

Sigma-
Aldrich EG 0.01 0.85 119.83 This work

Dedoping Synthesized hydrazine/
DMSO 54.9 115.5 2.10 [300]

Post-
treatments

PH1000 TMF acid/
MeOH 0.02 133.48 6244.92 [298]

PH1000 Hydrazine 39.63 93.72 2.36 [296]

PH100 DMSO 0.001 44.97 38932.48 [301]

Composites

Carbonaceous
fillers

PH500 SWNT 9.80 78.40 8.00 [302]

PEDOT rGO 1.44 5.14 3.57 [303]

Sigma-
Aldrich

GO
0.25

0.44 1.73
[253]GQDs 1.62 6.40

rGO 0.68 2.68

TE inorganic
fillers

PH1000 Bi2Te3 46.57 131.00 2.81 [280]

PH1000 Ag2Se NW 12.22 327.15 26.77 [278]

PH1000 Au 37.34 51.26 1.37 [299]

Oxide
fillers

PEDOT TiO2/ZnO 0.44 1.29 2.95 [304]

PH1000 SnOx 0.03 0.43 14.34 [284]
DMSO/SnOx 6.00 122.20 20.37

Sigma-
Aldrich

EG/SnO 0.01 0.24 33.45 This workTiO2 0.01 0.01 1.19

On one hand, creation of composites can enhance the TE properties of PE-
DOT:PSS. A reasonable idea is using materials with high Seebeck coefficient, as
Zhang et al.[280] who used Bi2Te3 powder composites with PEDOT:PSS, obtaining
power factors ∼40 µW m-1K-2. In this approach they create a layer of PEDOT:PSS
over Bi2Te3 as well as analyze the use of DMSO in different concentrations and
the use of p-or n-type Bi2Te3. However, neither the relative improvement is out-
standing and, most notably, the approach of combining a high-ZT toxic material
with PEDOT:PSS misses one of the main reasons of using polymers: low tox-
icity. In this regard, even that the use of Ag2Se-NanoWire (NW) led to great
relative improvement[278], the low toxicity premise is still broken. Similarly as ob-
served with their applications in solar cell technologies, the first approach was the
use of Ag nanoparticles which nonetheless did not improve notably the electrical
conductivity[299], which led to a poor increment on the final PF. The family of
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carbonaceous materials led to various results. Moriarty et al.[302] et al. added 95%
of Single-Walled Carbon Nanotubes (SWNT) on a different approach of embedding
materials into a PEDOT:PSS thin layer TE, focusing their study on the thermal
conductivity and Seebeck coefficient of the SWNT. Other carbonaceous allotropes
(GO,rGO,Graphene Quantum Dot(s) (GQDs))[253] give a modest increase on the
PF, most notably for the use of GQDs. Oxides had led to great results. The use
of combined TiO2/ZnO composites with PEDOT increased PF from 0.44 to 1.29
µWm-1K-2[304]. Aa aforementioned, recently, a first work has been published on
the use of SnOx

[284] to create PEDOT:PSS/SnOx but in this case the formation
of composites were deposited through a diffusion mode and focused on the im-
provement on S and σ during exposure time, which is different to our approach
with SnO nanoparticles/nanostructures. The relative improvement from the power
factor was ∼15 respective from the initial value. However, our results lead to some
of the highest relative increased, as marked in red (Table 7.4). The use of both EG
and SnO leads to an increase of by a factor of ∼34, which is among the highest
relative improvement on Table 7.4.

On the other hand, treatments on PEDOT:PSS have been discussed widely in
this dissertation, not only the use of DMSO or EG has been studied, other many
different materials such as poly(ethylene oxide) (PEO)[294] had led to great results.
Dedoping films, which is to some extent similar to the use of acidic treatments,
had also shown remarkable results[263,300]. However, the greatest improvement
has been observed with the use of acids such as tri-fluoromethanesulfonic acid
and methanol (TFMS–MeOH)[298] which gives one of the most notable relative
increment one of the PF reported until this date, as for our knowledge. Xiong et
al.[301] tested a variety of compounds (water, ethanol, isopropyl alcohol, EG), with
remarkable results. Nonetheless, they did not measure the conductivity of pristine
PEDOT:PSS and rather use the value given by the manufacturer, which may be
the reason of this relative increasing on the PF, which might be not interpreted in
this way. A considerable advantage of this method is that is often a complementary
approach for increasing TE of PEDOT:PSS, which might be interesting to push
the boundaries of high PF on other composites obtained by different approaches.
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7.6. Conclusions
In this chapter, PEDOT:PSS composites based on the addition of the nanoparticles
and/or EG have been assembled and characterized. However, in this case their pos-
sible implementation as gas sensors and thermoelectric materials has been explored.

• Composites based on PEDOT:PSS with SnO, SnO2 and TiO2 have been
obtained via spin coating, consisting of thin layers of ∼ 100 nm of thickness.
Composites presented homogeneity especially when EG is used which acts as
a surfactant and improves nanoparticle dispersion. This method of obtaining
composites is extremely simple and low-cost effective as compared with recent
works based on evaporation methods[284]. Composites containing any of the
studied nanoparticles (in 1% wt) decrease their electrical conductivity which
reaches∼ 10−2 S·cm-1, most likely due to the agglomerate formation and poor
interaction between the nanoparticles and the polymer matrix. Nonetheless,
when 1% EG is added the dispersion of the nanoparticles is enhanced, and
so does the electrical conductivity reaching the maximum value of 1.65·101

S·cm-1 for the SnO+EG composites, 2.5 higher than when only EG was used.

• Regarding the composite applications, these materials have been tested as
possible gas sensors based on the resistance changes with different target
gases, in specific ethanol and water vapor. Pristine PEDOT:PSS responds
better when the sensing device temperature is increased to 50◦C, but present
similarly behaviors when using a carrier gas flow of nitrogen gas or dry air. A
mild previous thermal treatment of the composite could increase the sensitiv-
ity due to the reduction of moisture in the samples. PEDOT:PSS composites
without EG showed similar sensitivity to ethanol, but slightly increased most
notably for SnO composites. With the addition of EG the greatest sensitivity
is observed for SnO+EG composites, which is close to 5 times higher than
the relative to pristine PEDOT:PSS. All these results have been obtained at
RT, which assures that PEDOT:PSS-based sensors are comparable to other
sensor sensitivities observed on the literature, but are less cost-effective. As
effects involved in this enhanced gas sensing performance, the p-type beha-
viour of SnO, the composite increase of charge carriers, as well as the phase
boundaries acting as scattering centers have been considered.

• A simple device for measuring the thermovoltage generated on the PEDOT:
PSS composites have been designed, assembled and error proofed. This
device, primarily based on two Peltier modules, allows to obtain precise
voltage measurements obtained from Seebeck effect (i.e when the substrate is
subjected to a temperature gradient). This setup allows to not only establish
a voltage difference up to 30◦C but also to measure thermovoltage error with
an error always below 10%.

• Seebeck measurements shows that composites comprising by PEDOT:PSS+
1% EG and SnO nanoparticles show the highest Power Factor with an increase
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of 34 respective to pristine PEDOT:PSS. This is an outstanding increase as
compared to the scarce results reported in the literature. Changes on the
PEDOT chain structure due to coulombic interaction could be attributed to
this improved behavior.
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Chapter 8.
Conclusions

Herein, in the last chapter, the most relevant conclusions obtained during the course
of this PhD thesis are summarized, divided into different sections corresponding to
each chapter. Along the review of the main results, a critical analysis is made.

SnO2 nanoparticles doped with Li or Ni
• By means of a hydrolysis method, we have obtained SnO2 nanoparticles of

small size (averaging 10 nm) both doped and Li or Ni doped. XRD, TEM and
Raman studies have shown that either doped or undoped SnO2 nanoparticles,
present the characteristic properties expected for rutile SnO2. However, sig-
nificant variations in the SnO2 vibrational modes were observed despite the
low doping concentration in some of the probed samples. Substantial differ-
ences on the final dopant concentration was obtained, as Ni doped samples
presented 0.5 and 3.8 % at and Li doped 0.06 and 0.95 % at, respectively, for
the lowest and highest initial dopant concentration. High Ni doping induces
an increase in the concentration of defects, while variable Li incorporation
induces changes mainly in the A1g and Eg modes, which can involve variable
dopant incorporation in substitutional or interstitial sites in the SnO2 lattice,
depending on the Li content.

• PL spectra from the nanoparticles consist of a wide emission centered around
2-2.5 eV. In this case, an increase in the oxygen vacancy concentration can
be induced in the SnO2 nanoparticles with higher Li content, while high Ni
doping involves a luminescence quenching due to the formation of a large
amount of non-radiative recombination centers.

• XPS measurements confirm the presence of only Sn4+ in the Sn(3d) core
levels for all the samples. Contrary to other previous works, bands related
to reduced oxidation states (Sn2+) were not observed in this case. Changes
in the Li(1s) signal could be related to the coexistence of interstitial and
substitutional Li, being the latter promoted in the SnO2:Li0.3 samples. Mixed
Ni2+/Ni3+ states can be estimated from the analysis of the Ni(3p) core levels,

237



Chapter 8. Conclusions

but the information of this core level is insufficient to attribute a possible
mixed valence of Ni. The analysis of the valence band regions shows a lower
n-type character for the samples with higher doping content, mainly for the
SnO2:Ni0.3. Finally, Hall effect measurements were performed, and only for
low lithium doping, an increase in the conductivity was observed, whereas for
the rest of the samples, a decreasing conductivity and carrier density were
measured.

• These nanoparticles were used as anodes in LiBs showing high capacity
values and significant cyclability over 150 cycles. In particular, SnO2 and
SnO2:Li0.3- based anodes exhibit promising capacity values over 560 mAhg-1

after 100 cycles. Based on these results, the defect structure associated with
the Li or Ni doping, variable Li incorporation as interstitial and substitutional
sites, mixed Ni oxidation states, and the lack of Sn2+ confirmed by XPS could
retard some of the intermediate reactions occurred in the LiB, which can be
related to the improved cyclability and electrochemical response observed in
this work.

TiO2 nanoparticles doped with Li or Ni
• By means of an hydrolysis method based on co-precipitation, anatase TiO2

nanoparticles, both undoped or doped with Li or Ni have been obtained
presenting high crystallinity and average crystalline size of 6 nm. Doped nan-
oparticles present a similar dopant concentration despite of different starting
dopant precursor weight percentage, which has been confirmed via XRD,
TEM, ICP-OES or EDS.

• Raman spectroscopy presents characteristic effects of low dimension nano-
particles as well as differences with commercial nanoparticles. Dopant ad-
dition modifies the contribution of the mode at ∼ 850 cm-1 which, together
with the Eg mode presents the most notable changes directly related to the
dopant presence, as well as being sensitive to UV laser irradiation.

• CL and PL results show the characteristic emission at the visible range ex-
pected for TiO2. Ni doping enhances the emission at ∼ 2.9 eV, which is
attributed to self trapped excitons, which are the most notable difference
among doped and undoped nanoparticles luminescence. PL results as func-
tion of temperature shows that Ni-doped sample can be fitted using only one
activation energy, which clearly shows the difference among the undergoing
processes on the luminescence of undoped and Ni-doped samples.

• XPS confirms that Ti is present on the sample as Ti4+ even after dopant
addition. Ni effect on the valence band is evident as it approaches the Fermi
level to the valence band, which indicates a higher p-type behavior. The effect
of Ni on the band structure was further addressed by DFT, which showed
that in fact Ni creates a variety of mid-gap states as well as diminishes the
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band gap, in presence of high concentration of oxygen vacancies, which is
clearly our case in sight of the previous results. Li(1s) not only reassures
the presence of Li on the samples, the high relative area of the core level as
compared with Ti(3s), which has similar cross section, is a clear indicator
that Li is present substantially on the surface, as compared with the ICP-
OES results. This may indicate that Li migrates towards the surface, which
also could explain the slight higher size of these nanoparticles.

• The absorption edges obtained by XAS corresponding to Ti(2p) L2,3 and
O(1s) K-edge allow the study of the crystal field (10Dq) and tetragonal dis-
tortion (‖δ1‖) parameters for the complete set of nanoparticles. It is observed
that increasing the dopant concentration led to small variations of those para-
meters, which are associated with changes on the unit cell structure.

• RPES results show that for Li doped samples a small resonant peak appears
at ∼ 1 eV which normally is mostly related to the transition Ti(3p)→Ti(4s)
or to an effect directly related with lithium core levels. In this case, XPS,
PL, Raman aim to speculate that Ti3+ is not present in those samples, which
could indicate that this small resonance peak, in sight of the CIS plots, is
related to Li. Meanwhile, Ni doping enhances a shoulder ∼ 2.5 eV which
is related to the Ni(3d) states. This is further confirmed by first principle
calculations based on DFT, where Li does not change significantly the DOS
while Ni induces the creation of mid-gap states.

• As a proof of concept, undoped anatase TiO2 and Li-doped based anodes
have been prepared with high stability over 200 cycles and higher specific
capacity for the anodes based on TiO2:Li0.3, which could be attributed to
the higher conductivity of these nanoparticles.

• Via two different approaches, by thermal annealing and UV-laser irradiation,
the ART was promoted. By thermal annealing, for undoped TiO2, this trans-
itions starts at 740 ◦C while Li or Ni doping accelerates this transition which
starts at either 620 or 700◦C, mainly due to the high presence of defects
(mostly oxygen vacancies) due to the dopant incorporation. The possible
break of Ti-O bonds during both the doping and annealing process, could be
centers of re-growth of these bonds for rutile. Via laser irradiation with the
UV laser, it is observed that some modes are very sensitive to its influence, as
the Eg mode. By monitoring this peak as well as the position of the formed
A1g of rutile, we can observe the transition from anatase to rutile. This is a
fast transition under the conditions used in this work for both undoped and
Li-doped samples, however Ni seems to attenuate it. In contrast with the
thermal annealing, many different properties should be taken into account
to understand this transition, such as the thermal conductivity, morphology
and surface of the particles affect the UV-induced transition, which in sight
of previous characterization of Ni-doped samples, could explain this different
behavior. This is understandable as in this case we are inducing the trans-
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ition locally on a small volume of the sample, thus the surface properties of
the nanoparticles should not be neglected.

SnO nanoparticles doped with Li or Ni

• Crystalline SnO nanoparticles and platelets were synthesized via a hydrolysis
method that allowed the achievement of a large amount of SnO nanopowder,
avoiding an atmosphere control during the synthesis, as it has been performed
at room conditions. XRD measurements confirmed the minor oxidation and
stability of the as-synthesized SnO nanopowder stored at room conditions
for up to 24 months, which is fundamental for long-term applicability. The
nanoparticles dimensions ranged from 4-22 nm, as confirmed by TEM obser-
vations, but as observed by SEM and TEM, most of the structures appear
to be platelets, which grow interleaved. XRD results shows that, while the
Li-doped sample presents very similar diffraction pattern that undoped SnO
contrary with Ni doped sample which presents a high contribution from the
precursors.

• Testing the limits of existence of SnO can be monitored by enhancing the
oxidation from SnO to SnO2, either promoted by thermal annealing or by
controlled laser irradiation. Temperatures above 300◦C are required to initi-
ate the oxidation from SnO to SnO2 which was completed at 800◦C, following
a nucleation and growth process with minimum formation of intermediate ox-
ides, as confirmed by thermodiffraction measurements. This can be deduced
from the changes on the SnO (101) and the SnO2 (110) diffraction planes. In
particular, for Li-doped samples very close behavior is observed, in which for
both undoped and Li-doped, a clear shift on the SnO(101) is observed, which
shifts toward lower angle up to ∼ 450◦C, and then towards higher angle,
which is a clear indicator on the accommodation of the lattice to a rutile-like
structure. Ni doped samples present a high presence of intermediate oxides
and other precursors, which at ∼ 200◦C tend to disappear, due to the volat-
ile nature of the compounds. This leads to the formation of SnO2 with the
lowest presence of SnO, as apparently Ni-doped SnO structures are not as
stable.

• On the contrary, by using UV or red laser irradiation the transition from
SnO to SnO2 could be controlled, assisted by the formation of intermediate
Sn3O4, as confirmed by Raman spectroscopy. This is clearly observed by
using the highest laser intensities for the VIS laser, which allows to observe
multiple modes attributed to intermediate oxides, while measuring with the
UV laser allows the observation of some of the modes after longer exposure
time and lower irradiation intensity, as the highest irradiation intensity leads
to the observation of the main Raman modes of SnO2, the Eg and A1g.
Careful attention should be paid during the PL and Raman analysis, as the
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use of the laser as excitation source can induce formation of SnO2 during
measurement, thus leading to possibly misleading results and discussion.

• In this work, the evolution from SnO to SnO2 was studied as a function
of the laser excitation source (UV and red laser), the laser power density
(controlled by using neutral filters), and the irradiation duration in order to
achieve deeper knowledge and control of the oxidation process. The evolution
of the oxidation of SnO2, which posses its Raman modes slightly displaced
due to lower crystallinity, is promoted by UV laser irradiation and obeys
Avrami equation. The crystallization of SnO2 obeys a diffusion controlled
reaction in two dimensions.

• Finally, advantage can be taken from the controlled SnO oxidation and a
tailored spatial SnO/SnO2 micropatterning can be developed based on a
controlled laser irradiation. By using minimum exposure time, different
strip/cross-like patternings could be easily produced over the sample, in which
the irradiated area correspond unambiguously to SnO2 and the non-irradiated
zone to SnO, establishing a p-n junction. This laser-induced micropattern-
ing can be of potential interest for the fabrication of p-n devices based in all
Sn-oxides with applicability in electronic, optoelectronic, and sensing devices.

PEDOT:PSS composites based on SnO, SnO2 or
TiO2 for hybrid Si-solar cells

• Via spin-coating, composites based on PEDOT:PSS have been assembled in
order to test their effect on passivation over FZ n-type silicon, as possible
candidates for hybrid silicon solar cells.

• Firstly, a flow diagram of the process was ideated, in which different parts of
the assembly were tested: the substrate both pre- and post treatment, spin-
coating method, and the materials (solvents, surfactants) which could be
used. It was observed that pre-treating the silicon layer with HF+Piranha
to remove the native oxide layer decreased the passivation effects of PE-
DOT:PSS. The use of DMSO (5% wt) and Triton X-100 (0.1% wt) improved
the overall wettability of the silicon substrate and film quality, while minimum
differences were observed in both the absorption spectra and the simulated-
refraction index, via an iterative method. Post-treatment of the assembled
layers at 120-130◦C removed remaining moisture on the samples. These films
showed high transparency to visible light as well as high lifetime carrier re-
combination values of ∼ 350 µs, which are competitive with current values
in these technologies.

• An in-depth study using different laser, filters and pinhole diameters has been
performed. The use of variable (increased) pinhole size has shown that the
contribution ∼ 1400 cm-1 becomes dominant on the region 1400-1500 cm-1,

241



Chapter 8. Conclusions

as well as a new mode appears at 1530 cm-1 which is an splitting associated
with Cα=Cβ vibrations, often neglected on the literature. With the highest
pinhole size used of 900 µm, there is a clear shift on the mode at 1420 cm-1

towards higher wavenumber (1430 cm-1). This shift with increasing pinhole,
difficulties to attribute PEDOT:PSS structure as benzoid or quinoidic struc-
ture. Using the UV laser to obtain Raman spectra makes it obvious the fast
decrease on the relative intensity with increasing exposure time. However,
main modes can be observed which are not extensively disused on the biblio-
graphy, such a mode at 1608 cm-1, most likely due to C=C stretch vibrations.
This mode is used to monitor the degradation of PEDOT:PSS, whose relative
intensity decrease notably under laser irradiation. Nonetheless, low UV irra-
diation enhances modes at high wavenumber, which has been recently pointed
out by Toto et al.[70], therefore showing stability to some extent, under UV
irradiation.

• The stability of these composites was tested over time at room conditions
of moisture and pressure, and it shows a decrease of the carrier lifetime
recombination values to ∼ 75 µs after a long period of 400 days, almost
independently on the use or not of pre-substrate treatment.

• Following the procedure explained on the process diagram, nanoparticles of
SnO, SnO2 and TiO2 were successfully added to the PEDOT:PSS blend and
spin coated over either silicon or glass substrates.

• By adding SnO nanoparticles to PEDOT:PSS, improved stability under the
UV irradiation and electrical conductivity, as well as a weak increase in the
absorption was observed. This composite still exhibits good passivation per-
formance. Synergy effects are observed between both organic and inorganic
counterparts, as the SnO nanoparticles provide stability and improved op-
toelectronic response, while the polymer encapsulates SnO nanoparticles,
hindering the oxidation into SnO2.

• Hybrid composites formed by PEDOT:PSS and TiO2 nanoparticles in a vari-
able ratio (0.5, 1, 2% wt.) were obtained and spin-coated on Si-substrates.
Changes in the conductivity and carrier concentration were induced by a vari-
able incorporation of TiO2 nanoparticles in the polymeric matrix. Enhanced
carrier lifetime values were achieved by addition of 0.5% wt of TiO2 in the
composite.

• Finally, the FoM was calculated in order to check if these composites could
be employed, alternatively, as transparent conductive electrodes. Despite not
reaching the commercial-standard requirement of σdc · σ−1

op > 35, there is a
clear tendency of improved FoM with the addition of the nanoparticles, fact
that should not be overlooked when forming new transparent electrodes.
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PEDOT:PSS composites based on SnO, SnO2 or
TiO2: thermoelectric and gas sensing properties

• Pristine PEDOT:PSS and composites formed with the addition of EG an-
d/or the nanoparticles synthesized on the previous chapters, were assembled
via spin coating. Composites containing nanoparticles (either SnO, SnO2 or
TiO2, in 1 % wt) presented homogeneity on the nanoparticle dispersion, espe-
cially when EG was added as well as high transparency to visible light, which
decreased upon EG content but increase with the addition of EG and the nan-
oparticles. It should be pointed out that in this chapter we have also looked
the pristine PEDOT:PSS properties, in specific, of a lower-conductivity grade
PEDOT:PSS and the concrete effect of the secondary dopant (EG) on the
morphological and electrical properties.

• Hall effect results demonstrate that the addition of the nanoparticles de-
creased the conductivity contrary to the effect observed with EG addition.
The addition of EG incresed the conductivity which was increased even fur-
ther with the addition of both the nanoparticles and EG, showing the addition
of both 1% SnO and 1% EG the best results, increasing by a factor of 2.5
compared with only the use of EG, and by a factor of 117 compared with
pristine PEDOT:PSS.

• Regarding applicability, composites were tested as possible gas sensor devices,
for which different oxidation atmosphere and conditions were evaluated, such
as the use of different carrier gases, different analytes (ethanol and water
vapor), different pre-treatments of the PEDOT:PSS composites and sensing
temperatures. From this study two main conclusions can be obtained. First,
increasing sensing temperature gave an slight improvement on the sensitivity,
as well as a clear recovery of the resistance, which would allow us to correctly
subtract the background of the measurements and to obtain, for example, the
response and recovery times. However, the possibility of having a sensor at
room temperature, which is clearly possible with the use of PEDOT:PSS, is
too attractive which pushed our study on analyzing PEDOT:PSS gas sensors
at RT. Secondly, a thermal treatment of the pre-sensitized samples is im-
portant to obtain a better response in terms of sensitivity. This is because
getting rid of moisture micro-clusters, which can interfere in the correct elec-
trical conduction between the short PEDOT chains, allows a better resistive
response.

• The best results on terms of sensitivity were obtained for the composites
containing SnO and EG, reaching near 5% sensitivity, clearly superior to
any other composite. Understanding the exact sensing mechanism in these
samples can be highly complex due to multiple synchronous effects. The
increase in resistance to a p-type material in the presence of a reducing gas is
reasonable, a fact that can be accentuated due to known effects such as chain
swelling in the presence of the gas. In particular, samples with SnO, a p-type
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MOs, showed the best results. This may be due to configurational changes of
the chain as well as to the nanostructure’s own sensing mechanisms, which
also contribute to the increase in resistance by injecting electrons into the
polymeric matrix. Improving the contact covering of the samples, the device
itself (e.g. by creating an IDT) or the ppm entering the chamber, could
increase this sensitivity, resulting in a highly competitive sensor. However,
the results at RT are remarkable, which assures the potential of PEDOT:PSS
based composites for gas sensing at RT.

• Finally, to test their use as thermoelectric devices both the design of data
acquisition setup to measure Seebeck effect was evaluated and assembled.
This setup consisted mainly on the use of two Peltier modules with a con-
trolled temperature gradient (max 30◦C), which allowed to measure the tem-
perature gradient on the sample as well as of the thermovoltage generated,
obtaining small error not exceeding 10%. This setup shows novelty by using
Peltier modules as heating junctions instead of commonly cylindrical or cir-
cular thermoresistances. Acquiring data is really simple due to the use of a
temperature data acquisition card and a Keithley multimeter.

• The best results in terms of PF were obtained for the SnO and EG composites,
which was increased up to 34 times as compared with pristine PEDOT:PSS.
This results is among one of the most relevant relative improvements by
using oxide fillers as a PF enhancer. With the addition of any of the oxide
nanostructures, as well of EG, it was observed that the Seebeck coefficient
was always within the range of 10-30 µVK-1, while the electrical conductivity
could be enhanced a couple of orders of magnitude (with the EG content).
The use of higher EG concentrations could be the way forward to continue
to increase the PF.
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