
  

1 
 

DOI: 10.1002/ ((please add manuscript number))  
Article type: Full Paper 
 
 
Tuning the Luminescence of Tin Oxide Low Dimensional Structures in the Near 
Infrared Range by in-situ doping during a Vapor-Solid Growth Process 
 
Miguel García-Tecedor1, Félix del Prado1, Dorcas Torres2, David Maestre1 and Ana 
Cremades1*  
 
Dedicated to Professor Javier Piqueras 
 
1Departamento Física de Materiales, Facultad de Físicas, Universidad Complutense de Madrid, 
Madrid 28040, Spain 
2Natural Science and Mathematics Department, Inter American University, Bayamon, Puerto 
Rico 
 
*E-mail: cremades@fis.ucm.es 
 
Keywords: vapor-solid, tin oxide, cathodoluminescence 
 
Abstract 

Tin oxide low dimensional structures increasingly attract attention due to their wide 
application area. Indeed, by attaining new morphologies and properties the potential 
applications might increase the device portfolio. Furthermore, an adequate combination of 
doped SnO2 nano- and microstructures could enable multi-functionality and totally new 
applications. The latter might be the case of low dimensional tin oxide structures emitting in 
the near infrared range, which is below the energy of the common visible luminescence of tin 
oxide. The ability to obtain near infrared luminescence from tin oxide is tested by doping in-
situ during a vapor-solid growth using Li, Cu and Cr containing precursors in the initial 
mixture with tin oxide or metallic tin powders. Luminescence around 1.5 eV is obtained for 
all the samples with morphologies varying from microtubes to rods and belts depending on 
the specific dopant and the Sn-based precursor. 
 

1. Introduction 

Tin oxide is a wide band gap material with Eg around 3,6 eV which presents applications in 

gas sensors,[1] solar cells,[2] catalysis,[3] batteries[4] or as a diluted magnetic semiconductor 

(DMSO),[5] among others. Many of these applications can be improved by reducing the size 

of tin oxide and by adequate doping. The controlled doping of nanostructures is a difficult 

task in which great efforts are invested, as it is of high relevance for the control of the 

performance of SnO2-based devices. Tin nanostructures such as nanoparticles, belts, plates 
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and wires have been successfully doped with different elements such as the transition metal 

chromium,[6-7] vanadium,[8-9] and manganese.[10-11] Other elements such as rare earths are also 

commonly used to dope tin oxide, being erbium a paradigmatic example.[12-13] Less attention 

has been paid so far to other doping elements such as copper.[14] The interest in doping tin 

oxide with copper is usually based on its behaviour as an oxidative catalyst for hydrocarbons 

to achieve a considerable degree of sensitivity and selectivity, improving the response to H2S 

in gas sensors.[15] Moreover, co-doping with different elements can lead to overcome 

limitations of single-doped SnO2 and widen the applicability of SnO2.[16-17] 

Recently, other low dimensional structures of transparent conducting oxides (TCO) such as 

micro and nanotubes are attracting increasing attention due to their improved performances in 

energy storage, among others.[18] Its fabrication by template-based methods,[19] gives rise to 

polycrystalline and mesoporous, instead of highly crystalline materials. On the contrary, the 

TCO tubes grown by an analogous vapor-solid method used in this work,[20-24] are single 

crystalline and do not need the use of a catalyst. Doping with different elements efficiently 

influences the optical properties of TCO tubular structures, which can be used for different 

applications, for example, as a luminescence material for the visible range or as optical 

resonator combined with wave-guiding behaviour.[23, 25] 

In this work, we have achieved the doping of SnO2 elongated nano and microstructures with 

Cu, as well as the codoping with Li and Cr by a vapor-solid method. The influence of the Sn-

based precursor material and the doping in the size, shape and morphology of the as-grown 

structures is demonstrated, as well as the ability to shift the luminescence of tin oxide into the 

near infrared region, for which the best results are obtained for Li and Cr codoped tubular 

microstructures. The luminescence emission of tin oxide is commonly reported as a wide 

emission in the visible range[26] comprising several complex bands related to intrinsic defects, 

mainly oxygen vacancies. Therefore, the ability to tune the luminescence of tin oxide tubes in 
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the NIR could be useful in sensors and biochemical detection,[27] widening the applicability of 

tin oxide. 

2. Results and discussion 

Undoped tin oxide low dimensional structures have been achieved starting from SnO2 

powders at 1400ºC, by a vapor solid growth as reported elsewhere.[21] The preferential 

morphologies obtained by this method are microtubes, with lateral (110) surfaces and <001> 

growth directions, as determined by electron backscatter diffraction (EBSD) and Raman 

polarized measurements.[28-29] The growth mechanism is based on the anisotropy of the rutile 

tin oxide structure for which the most stable surface is the {110}.[23] These microtubes can be 

doped during growth with Li or Cr by incorporating the convenient element in the powder 

precursors, while maintaining the tube morphology with slight changes.[28-29] In the case of 

codoping with Li and Cr, the surface of the pellet is fully covered by microstructures after the 

thermal treatments performed at 1400 ºC during 10h, as it can be observed in Figure 1a. The 

majority of these structures are microtubes, although there is a small amount of other 

morphologies such as microrods and microplates. The amount of microtubes in the Cr-Li 

codoped samples is higher than in the undoped SnO2 ones. In Figure 1(b-c) some of these 

tubular microstructures can be observed with higher magnification. The microtubes show 

square or rectangular cross-sections with widths between 50 and 200 μm and lengths up to 5 

mm. The co-doping process with Cr and Li in SnO2 introduces some morphological changes 

in the structures as compared to undoped material. First of all, the length of the as-grown 

microstructures was increased with the Cr-Li codoping, as compared with undoped or 

separately Li or Cr doped tubes.  
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Figure 1. (a) SEM image of the aspect of the SnO2:Cr,Li pellet after the thermal treatment. 
(b), (c) and (d) SEM images showing different codoped SnO2:Cr,Li microtubes.  

 
The co-doped samples seem to have simultaneously the morphological influence of both Cr 

and Li dopants. To get a better understanding of this fact, in Figure 2, a comparison of 

undoped and differently doped SnO2 microtubes is shown. 

 

Figure 2. SEM images of (a) undoped, (b) Cr doped, (c) Li doped and (d) Cr and Li co-doped 
SnO2 microtubes.  

 
As it can be observed in Figure 2, different SEM images show the evolution of the 

morphological aspect of the as-grown microtubes by the introduction of different dopants. In 

Figure 2(a) an undoped SnO2 microtube can be observed with square cross-section, no 

angular ending and smooth inner and outer surfaces. In Figure 2(b), a Cr doped structure is 

shown where a characteristic angular four tip-ending can be observed. These four tip-ending 

microtubes were also observed in Cr doped rutile TiO2 microtubes.[20] In Figure 2(c) Li doped 
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SnO2 microstructures are observed, where a snake tail-ending can be observed as it was 

previously reported.[28] Finally, in Figure 2(d), the aspect of a Cr and Li co-doped microtube 

is shown, where a mixture of the four-tip (three in that case because the fourth tip is missing 

in this structure) and the snake tail ending can be observed.  

In order to study the crystalline structure of the as-grown microtubes some of them were 

carefully detached from the pellet surface and analyzed by XRD. Figure 3(a) shows the XRD 

measurements acquired in both undoped and Li and Cr codoped microtubes for comparison. 

XRD measurements confirm that the codoped SnO2:Cr,Li microtubes consist of cassiterite 

SnO2 with tetragonal rutile structure, as the undoped ones. No presence of any ternary 

compounds or any rest of precursor powders has been detected by this technique. The 

preferential crystalline orientations belong to the family planes {110}, in agreement with the 

results for undoped, Cr doped and Li doped SnO2 microtubes.[28-29] Therefore, the doping 

process does not vary the growth direction and the family of planes, which form the lateral 

surfaces of the microtubes.  

 

Figure 3. XRD patterns acquired on undoped and codoped SnO2:Cr,Li samples and (b) EDS 
spectrum from the codoped SnO2:Cr,Li sample. 
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The chemical composition of the microtubes was also analyzed in terms of EDS 

measurements. The EDS spectrum acquired in the codoped SnO2:Cr,Li sample is shown in 

Figure 3(b). Peaks corresponding to Sn and O can be clearly observed. The inset in Figure 4 

shows an enlarged region of the spectrum where a weak peak corresponding to Cr Kα lines 

can be observed, confirming the presence of Cr in the analyzed microtubes. The amount of Cr 

incorporated in these microstructures is below 1% at, as estimated from the quantification of 

the corresponding EDS spectrum. Moreover, Cr is homogeneously distributed along the 

microtubes according to EDS measurements and in agreement with previous works.[7, 29] On 

the other hand, as lithium is a light element it cannot be detected by the EDS technique. 

However, due to the observed morphology modifications similarly to the reference SnO2:Li 

samples, the Li incorporation in the codoped microstructures is assumed to be achieved as 

previously demonstrated by different techniques[28] for the reference SnO2:Li tubes. The 

achievement of simultaneous incorporation of Cr and Li codopants is also supported by the 

variation of the luminescence behavior with respect to the reference samples, as explained in 

detail below.  

 
The temperature window for achieving the growth of elongated microstructures of tin oxide 

depends on the selected precursor. The growth temperature ranges between 1300 and 1400 ºC 

when using tin oxide as precursor. In order to lower the growth temperature to around 600 ºC 

other precursors could be used as metallic tin,[30-31] which also changes the morphology and 

reduces the size of the obtained structures giving raise mainly to the growth of nanowires. 

Alternatively, microstructures could be obtained at intermediate temperatures around 900ºC 

by adding to metallic tin powders a high amount of metallic copper. In this case, copper is 

introduced as a dopant into the tin oxide rutile structure and the final morphology are 

microrods and belts, as shown in Figure 4(a) and 4(b) for a Cu:Sn ratio of 2:1. The highest 
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copper content is obtained in the belts and quantified around 3 cationic % by EDS (see EDS 

Sn and Cu mappings in Figure 4(c-d)). The Cu doped SnO2 microbelts have been 

characterized by XRD, as it is shown in Figure 4(e), which can be indexed with the tin oxide 

rutile structure, as it can be in the shown in the spectrum. Ternary compounds, intermediate 

phases or metallic Cu or Sn from the precursors have been discarded, as an indicative of an 

adequate diffusion of Cu atoms into the SnO2 lattice during the thermal treatment, in good 

agreement with the homogeneous distribution of Sn and Cu along the grown microbelts 

observed in the EDS mappings. 

 

Figure 4. SEM images of the microstructures present in the Cu doped sample: (a) microrods 
and (b) belts, (c)-(d) EDS mapping of elemental Sn and Cu corresponding to the belts of (b), 
respectively and (e) XRD pattern of Cu doped SnO2 samples.  

 
In order to achieve a better understanding of our system, the CL spectra at low temperature of 

the Cu doped and Li-Cr codoped SnO2 microstructures are shown for comparison with the 

spectra of the reference materials in Figure 5(a).  
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Figure 5. (a) CL spectra acquired on the undoped microtubes, (b) Cr doped, Li doped Cu 
doped and codoped SnO2:Cr,Li samples. 

 
As observed in Figure 5(a), the CL spectrum of undoped tubes SnO2 consists of a wide visible 

emission with four different contributions centered at 1.5, 1.98, 2.25 and 2.58 eV, 

respectively. The first emission at 1.5 eV presents a reduced intensity and is scarcely reported 

for undoped tin oxide material. Some authors[32] have attributed this NIR band to a high 

surface density of defects states, which is in agreement with the high surface/volume ratio that 

exhibit the microstructures describe in this work. The orange (1.98 eV) and the green 

emission (2.25 eV) are associated with oxygen vacancies[21] and complex defects involving 

oxygen vacancies,[21] while the blue emission (2.58 eV), is related to surface states.[21, 33] 

The incorporation of Li modifies the CL response by promoting the emission around 1.5 eV, 

as explained by F. del Prado et al.[28] On the other hand, no sharp lines were observed in the 

SnO2:Li spectrum at about 1.70 eV (729.32 nm) corresponding to 2S-2P0
 intraionic transitions 

due to Li+ in other TCO’s such as Ga2O3 or TiO2 as reported by some authors.[34-35] An 

allowed transition, 2P0-2S attributed to Li+ cations,[36] centered at 1.52 eV (815.8 nm) has also 

been reported. However, in our case the broad NIR emission at 1.52 eV is detected not only in 

the Li doped microstructures but also in the undoped ones, as shown in Figure 5(a). 

Therefore, an origin related to Li intraionic emissions can be disregarded in this case. A 
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similar radiative recombination observed in Cu, Co and Fe doped SnO2 films have been 

attributed by Korotcenkov et al.[37] to Sn interstitials. Analogously, in our samples a band at 

around 1.65 eV is induced by Cu doping, although with reduced relative intensity, as 

compared to the Li doping samples. The state of charge of copper incorporated in the tin 

oxide rutile structure is unknown. Preferential incorporation of copper as Cu2+ could be 

presumed, as this ion is more stable than the Cu+ ion, although further direct measurements 

are needed to properly asses this point as well as the probability to find Cu ions in both states 

of charge. For both samples, Li and Cu doped ones, the intrinsic visible bands of tin oxide are 

the main contribution to the luminescence of the structures, although the relative intensity of 

the different visible bands is not the same after the introduction of Li or Cu. Doping SnO2 

with Cr introduces two main differences in the SnO2 CL emission spectra. The first one is the 

emission centered at 1.79 eV associated with intraionic transitions of Cr3+ in octahedral 

positions.[38] The second one is the new emission located around 1.4 eV associated with 

intrinsic defects present in SnO2 and promoted by doping.[29] In the SnO2:Cr doped samples, a 

small contribution from the blue SnO2 emission still remains.  

The CL spectrum of the codoped sample SnO2:Cr,Li consists of a narrow and intense 

emission in the near-IR, centered at about 1.5 eV ( 825 nm), and a weak emission centered at 

around 2.7 eV ( 477 nm). The luminescence has been successfully shifted to the near infrared 

for the codoped samples, which could turn in new applications of tin oxide as for example in 

bio-imaging. The NIR luminescence of the Cr-Li codoped SnO2 samples have been analyzed 

in more detail. The CL spectra acquired in the sample at different temperatures ranging from 

120-300 K can be observed in Figure 6, where it can be appreciated a clear increase in the 

total CL signal as the temperature decreases.  
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Figure 6. (a) CL spectrum acquired on a microtube of a codoped SnO2:Cr,Li sample at 
different temperatures, with an inset showing and enlargement of the visible emission. (b) 
Normalized CL spectra of the NIR region. 

 
At the inset in Figure 8(a) an enlargement of CL visible emission is shown. The main band 

centered at around 2.7 eV is totally quenched as the temperature increases up to 300 K. 

According to the normalized CL spectra shown in Figure 8(b), the maximum in the emission 

of the SnO2:Cr,Li samples appears to be centered at 1.55 eV at low temperatures and a slight 

shift towards 1.42 eV is observed as temperature increases up to 300 K. This result could 

indicate that this emission is a complex band composed by the contributions at 1.4 and 1.6 eV 

from Cr and Li ion respectively which evolve differently with temperature. However, the 

observed behavior with temperature is also characteristic of radiative transitions involving 

charge transfer,[39] and other complex defects involving Li and Cr ions cannot be disregarded. 

Furthermore, Li codoping is a common strategy to enhance efficiency in phosphors[40] and 

several mechanisms could contribute to this effect, among others charge compensation as Li+ 

can compensate the cationic vacancies produced by the incorporation of trivalent or divalent 

ions to phosphor materials and eventually promote more ions incorporating into the host 

lattice.  

In summary, the observed luminescence of doped samples should be tentatively related to the 

effects of the incorporation of dopants into the rutile lattice of tin oxide, which could induce 
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the generation of a complex defect to compensate the charge imbalance due to the substitution 

of tin by Li, Cu, or Cr, respectively. The final peak position seems to be related to the specific 

dopant element, as for Cr doped samples the NIR emission is centered at around 1.4 eV, for 

Li and Cu doping it moves towards higher energies around 1.6 eV, meanwhile for Li-Cr 

codoped samples its position is around 1.5 eV. 

3. Conclusion 

Doping tin oxide during a vapor-solid growth using Li, Cu and Cr containing precursors in the 

initial mixture enables the achievement of near infrared luminescence from tin oxide low 

dimensional structures. The best results are achieved by codoping tin oxide with Li and Cr, 

obtaining single crystalline microtubes by a vapor-solid growth at 1400 ºC. The tubes exhibit 

an intense luminescence at around 1.5 eV with simultaneous quenching of the visible 

emission band of tin oxide. Unravelling the origin of this luminescence band needs further 

research, although our results suggest its relation to intrinsic tin oxide defects generated to 

compensate charge imbalance due to the incorporation of the doping elements into the tin 

oxide lattice. This band seems to be composed by several contributions depending on the 

charge state of the doping element. Although copper doping does not promote the quenching 

of the visible band, it also allows a NIR emission around 1.6 eV, meanwhile the morphology 

variability increases, obtaining rods and belts at lower treatment temperatures.  

 
4. Experimental Section 

SnO2 nano and microstructures were fabricated following a vapor-solid mechanism by 

thermal treatments of SnO2 powders under controlled Ar flow. Doping with Cu or codoping 

with Li and Cr was achieved during the growth by selecting a convenient mixture of the 

following commercial powders as starting materials: SnO2 (Sigma-Aldrich, 99.9%), metallic 

Sn (Sigma-Aldrich, 99%), metallic Cu (Sigma-Aldrich, 99 %), Li2CO3 (Labkem, 99.0%) and 

Cr2O3 (Sigma-Aldrich, 99.9%). After several experiments, a 5 % weight concentration of Li 
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and Cr in the initial mixture with SnO2 powders was chosen for the growth of Li-Cr codoped 

samples, meanwhile for Cu doping the starting mixture contained a weight ratio of metallic 

Cu to Sn of 2:1. The obtained samples are named hereinafter, SnO2:Cu, and SnO2:Cr,Li for 

doped and codoped samples, respectively. Undoped samples and samples doped with only Cr 

or Li are also used in this work as reference materials, and will be named as SnO2, SnO2:Cr, 

and SnO2:Li, respectively. The fabrication and characterization of the reference materials 

have been reported elsewhere.[22, 28-29] 

In order to obtain the precursor material, a milling process was carried out in order to 

homogenize the corresponding powder mixture, by using a mechanical agate ball mill (in a 

Restch S100) during 5 hours at 150 rpm. The homogenized powders were pressed into a pellet 

(7 mm diameter, ~3 mm high) using a MEGA KP-30th mechanical press. Afterwards, the 

pellets were introduced in a furnace under an argon flow. The thermal treatments were carried 

out during 10 hours in a MUFLA RHF Carbolite 1500 with an Ar flow of 1.5 L/min at 

temperatures between 900-1400 °C. Specifically, for the undoped SnO2, SnO2:Cr and 

SnO2:Cr,Li samples the optimized temperature was 1400 °C, whereas for the sample SnO2:Li 

the temperature employed was 1350°C and for Cu doping the temperature was 900 ºC.  

The obtained microstructures were studied by X-Ray Diffraction (XRD) using a Panalytical 

X’Pert Pro Alpha1 diffractometer with the working radiation of Cu (Kα) (  = 1.5418 Å). The 

morphology of the as grown samples was studied by scanning electron microscopy (SEM) in 

a Leica 440 Stereoscan and a FEI-Inspect S at accelerating voltages of between 15-20 kV. 

The luminescence of the samples was also studied at variable temperature by 

cathodoluminescence (CL) in a Hitachi S-2500. Compositional analysis was performed by 

energy-dispersive x-ray spectroscopy in a SEM, using an XFlash 4010 detector. 
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Doping tin oxide with Li, Cu and Cr enables the achievement of near infrared 
luminescence from tin oxide microstructures. In the present work, different doped low 
dimensional structures have been obtained by a vapor-solid method. Luminescence around 1.5 
eV is obtained for all the samples with morphologies varying from microtubes to belts 
depending on the specific dopant and the Sn-based precursor. 
 
 


