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SiO2 multilayers with embedded Si nanocrystals 共Si-ncs兲 were investigated as an approach for
developing highly efficient all Si tandem solar cells. The nanostructured samples, fabricated by
means of a reactive magnetron sputtering, were structurally and optoelectronically characterized
using different techniques. High resolution transmission electron microscopy 共TEM兲 and energy
filtered images in TEM show a high density of Si-nc with uniform sizes below 4 nm, while electrical
characterization indicates high resistance values 共102 k⍀兲 of these samples. In order to develop a
better understanding of the optoelectronical behavior, photocurrent I-V curves were measured,
obtaining variations under “dark” or “illumination” conditions. Recombination lifetimes in the order
of tenths of nanoseconds were estimated by applying the transverse pump/probe technique. © 2010
American Institute of Physics. 关doi:10.1063/1.3309761兴
I. INTRODUCTION

Silicon nanostructures are considered to be among the
most outstanding candidates to spread new applications in
many interesting fields, such as optoelectronic, micro- and
nanoelectronic researches.1,2 For instance, silicon nanostructures have attracted great interest in recent years in the photovoltaic field due to their promising electrical and optical
properties as well as their capability to overcome some classical limitations, such as the bulk Si restricted conversion
efficiency. The quantum effects associated with the size of
the silicon nanoparticles, which permits bandgap tuning, increase the absorption and efficiency, or even enhance the
carrier transport, as demonstrated by third generation photovoltaic cells.3,4 Indeed if Si nanoparticles are integrated in
silicon based matrices, such as SiO2, SiN, or SiC, a completely silicon based cell could be developed, facilitating the
improvement of integrated silicon technology. Some recent
works5–7 analyzed the morphology and optical properties of
these structures, although few works were focused on electrical characterization. Recently different techniques have
been used in order to fabricate silicon nanocrystals 共Si-ncs兲,
such as Si ion implantation, molecular beam epitaxy, laser
ablation, and sputtering or plasma enhanced chemical vapor
deposition.8–11 This work reports on the structural and optoelectronical characterizations of silicon-rich silicon oxide
共SRSO兲 / SiO2 multilayers 共MLs兲 built by reactive magnetron
sputtering. The structural characterizations have been carried
out by means of high resolution transmission electron microscopy 共HRTEM兲 in combination with electron energy loss
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spectroscopy 共EELS兲, while lifetime measurements and I/V
curves under dark and illumination conditions were performed to analyze the optoelectronical properties. The correlation between the optoelectronical and the structural properties will contribute to the achievement of a deeper
understanding of these systems as well as to their spread as
future applications.
II. EXPERIMENTS

The samples analyzed in this work consist of a ML structure grown by reactive magnetron sputtering on a p-type
共100兲-oriented Si substrate. The ML growth process alternates the deposition of stoichiometric SiO2 followed by Sirich SiO2 共SRSO兲, as a function of the plasma 共argon or
hydrogen-rich, respectively兲 used during the sputtering of a
pure SiO2 target at a 0.76 W cm−2 power density.12 The argon and hydrogen partial pressures used during the growth
are 1.5 and 6.0 Pa, respectively. A subsequent annealing at
1100 ° C results in segregation of Si and SiO2 within the
SRSO layer and allows defects in the SiO2 matrix to
repair.13,14 The analyzed MLs, named as M1 to M6, consist
of different numbers and thicknesses of 共SRSO/ SiO2兲 bilayers as indicated in Table I. The thickness of each individual
layer is controlled by the deposition time under Ar or Ar
+ H2 plasma. For samples M1-M2, the SiO2 layer thickness
was held to 3.5 nm, while for the rest of the samples, it was
1.5 nm. The SRSO layer thickness varied from 1.5 to 8 nm.
Different specimens of M1 and M2 MLs were prepared either for plan-view or cross-sectional analysis in the TEM.
For the former, conventional mechanical and Ar+ ion polishing was used, while the latter were prepared by using the
focused Ga+ ion beam 共FIB兲 milling process to achieve electron transparency.
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TABLE I. Number and thickness of 共SRSO/ SiO2兲 bilayers for each ML
investigated 共M1–M6兲.

Sample name
M1
M2
M3
M4
M5
M6

Number of bilayers

Thickness of SRSO layer
共nm兲

120
240
1.5
5.5
3.5
2.5

4
4
8
1.5
3
6

High resolution TEM as well as energy filtered images
共EF-TEM兲 were performed in a TEM JEOL-2010 F operating at 200 kV and equipped with a Gatan energy filter. EFTEM based on the plasmon peaks were recorded using a 5
eV slit in the energy selecting plane of the filter. This technique can also provide chemical information down to the
nanometer scale.15 To estimate the sample recombination
lifetime, which is a direct indicator of the capability on photogeneration, free carrier absorption measurements were performed using the transversal pump and probe technique.16
This method uses a continuous laser beam with a subbandgap energy 共wavelength  = 1550 nm兲 as optical probe
of the absorption coefficient variation induced by the excess
of free carriers generated inside the sample by a laser pulse
with energy greater than the sample bandgap 共pump wavelength  ⬍ 1100 nm兲. The probe beam propagates along the
sample thickness, parallel to the sample surface illuminated
by the pump pulse. The transmitted beam through the sample
detected by means of an ultrafast InGaAs photodiode gives
immediate information about the sample recombination lifetime. After the excitation of the pump beam, the timedependent decay curve consists of an absorption peak followed by an exponential return to the unperturbed
continuous level 共steady state兲. The time-varying slope of
this transient gives a direct measurement of the recombination lifetime.17,18
For the electrical measurements a Van der Pauw method
using a four-probe configuration was employed. I/V curves
were acquired at room temperature in dark or illuminated
conditions by using a Keithley 4200 semiconductor characterization system. Photocurrent experiments were carried out
using different wavelengths generated by light emitting diodes 共LED’s兲 emitting at 375 and 940 nm.
III. RESULTS AND DISCUSSION

Figure 1共a兲 displays a HRTEM image of the crosssectional specimens in which the different piled layers which
form the MLs can be distinguished. These layers present a
good periodicity as well as an average thickness around 3.5
nm. It is not possible, however, to observe the individual Si
nanocrystals 共Si-ncs兲 within the SRSO layer using HRTEM.
This is due either to misorientation of the Si-ncs with respect
to the e-beam or to amorphization generated during the FIB
specimen preparation which requires the use of high energy
Ga+ ions. In order to overcome this limitation and to resolve
the presence of Si nanoparticles in the dielectric matrix, an

FIG. 1. 共a兲 Cross-sectional HRTEM micrograph showing the multilayered
structure corresponding to sample M1. 共b兲 EF-TEM image of the same
specimen where the Si nanoparticles can be identified as bright features.

imaging technique based on EELS was also employed. The
areas of contrast in the EF images 共EF-TEM兲 are directly
related to absorption differences in the plasmon region 共low
energy兲 and are characteristic of the energy loss of electrons
when interacting with the sample.19 Theoretical plasmon
peaks of Si and SiO2 are centered at around 16 and 24 eV,
respectively, permitting the identification of each element in
the analyzed region of the specimens, even in the case of
amorphous material. In this work, EF images were generated
by recording each characteristic signal with an energy slit of
5 eV. It should be noted that EF-TEM images were obtained
in different regions of the samples, leading us to conclude
that the results presented in this work are representative of
the studied structures. Figure 1共b兲 shows a typical EF image
recorded at 16 eV 共Si plasmon peak兲 from sample M1. Similar results were obtained for the sample M2 which contains
more stacked layers. In this EF-TEM image, a bright contrast
is visible 共on the right part兲 associated with the Si substrate
as well as small round individual bright features. These white
dots attest of the presence of Si nanoparticles 共Si-nps兲 within
the SRSO layers. The opposite contrast was observed in the
EF images acquired at 24 eV 共SiO2 plasmon peak兲, not
shown here, which confirms the correct identification of each
phase by this technique. From the study of the EF-TEM images, the distribution, density, and size of the embedded Sinps can be analyzed. These Si-nps appear to be well distributed throughout the SRSO layers and present in a high
concentration. The thickness of the SRSO layers and their
confinement between two SiO2 layers permit to control the
size of the Si-nps which is one of the advantages of the MLs
structure. This effect results in a higher uniformity of Si-nc
sizes 共3.5 nm diameter on average兲, which is an important
parameter for the future optoelectronic devices. The analysis
of the filtered images must take into account that the observed Si-nps could be the result of the projection from different planes resulting from the preparation of the cross sections. That is why MLs were prepared in plan-view
configuration to complete the microstructural study and to
achieve a better estimation of the density and distribution of
Si-nps into the layers. Figure 2 shows a HRTEM image corresponding to the M1 MLs in plan-view observation. Contrary to the cross-sectional images, such an approach allows
the observation of individual Si-nps, as rounded shapes with
an average diameter statistically estimated to be of 3.5 nm.
The concomitant analysis of both plan and cross-sectional
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FIG. 2. Plan-view HRTEM micrograph of sample M1 showing Si nanoparticles embedded in the SiO2.

views leads us to conclude that these Si nanoparticles are
spherical, as expected due to energy minimization. The Si-np
density estimated from the HRTEM images is 4
⫻ 10+12 cm−2 which when factored with MLs structure leads
to a total density of 9 ⫻ 1018 cm−3. Under these conditions
the conductivity is high enough to warrant high efficiency
solar cells. Indeed, according to the images Si-nps are separated from each other by about 1 nm. This distance is favorable for the achievement of good electrical transport properties based on the tunneling probability in a SiO2 matrix, as
referred by Conibeer et al.20 Furthermore, contrary to other
works,21,22 no coalescence between Si-nc or percolation effects were observed, which attest of the quality of the fabricated MLs and the precise control of the excess Si permitted
by the reactive process. The optoelectronical properties of
these samples were investigated, in order to correlate them to
the structural characteristics. The Van der Pauw “four point
probes” technique was chosen in order to evaluate the R䊐
共square resistance兲. As shown in Fig. 3, both M1 and M2
MLs present high R䊐 values 共235 and 302 k⍀, respectively兲 at room temperature, basically due to the dielectric
character of the matrix. However, these values are lower than
those of pure SiO2, which could suggest the onset of conductivity effects arising from the presence of Si-nc. The resistivity at room temperature for each sample can be deduced from
the R䊐 values by taking into account sample thickness 共e兲

FIG. 3. 共Color online兲 I-V curves obtained with the Van der Pauw technique
on samples M1 and M2.
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FIG. 4. Normalized signal of the pump and probe lifetime measurement on
sample M2. The signal is acquired synchronized to the exciting pump pulse,
so that it shows the transient after the pulse is turned off 共pump pulse width
about 7 ns兲.

and the positions of the tips. Values of 77 and 197 ⍀ . cm
were obtained for samples M1 and M2, respectively, similar
to those referred to by Conibeer et al.3 These samples being
similar except for the thickness, the difference of R䊐 values
can therefore be explained either by a possible contribution
from the Si substrate in the case of M1 MLs and/or by a
higher density of structural defects due to higher number of
interfaces for M2 MLs. In this latter case, such defects could
affect negatively the carrier transport process and hence increase R䊐. In order to estimate the photogeneration ability
of these MLs, pump and probe measurements were performed. The characteristics of our setup were such that only
thicker M2 MLs were analyzed avoiding any possible contribution from the Si substrate in the measurement. The recorded data are reported in Fig. 4. A characteristic absorption
peak can be observed once the pulse beam is turned off. The
pulse wavelength is  = 910 nm while its pulse width is
about 7 ns. The exponential constant is a direct measure of
the sample lifetime and was estimated to be about 30 ns by
fitting to the experimental data. Such a fast characteristic
time cannot be ascribed to the silicon substrate, since its
recombination constant is orders of magnitude greater 共microseconds or even more兲. This means that the recombination processes measured within the ML are not influenced by
the substrate. These effects will be taken into account when
analyzing the photovoltaic behavior of this sample. Various
I/V curves were recorded at room temperature on M2 MLs
under dark or illumination conditions with two different
wavelengths. The measurements were carried out using two
microtips placed onto aluminum Ohmic contacts that have
previously been deposited onto the sample. To improve contact quality and to allow the contacts to penetrate through the
surface oxide into the layers, a 15 h bake at 500 ° C in a N2
atmosphere was performed after the Al deposition. The nonuniform spiking of the annealed Al generates a large surface
area of contact, thus achieving a small contact resistance. As
observed in Fig. 5, the current voltage curves show a linear
behavior. The initial results obtained when illuminating under “white light” 关Fig. 5共a兲兴 indicate a decrease 共⬃20%兲 in
the resistance from 48 to 37 k⍀, which can be attributed to
an increase in the charge carriers and hence confirming the

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
147.96.14.15 On: Thu, 27 Aug 2015 09:56:10

064321-4

J. Appl. Phys. 107, 064321 共2010兲

Maestre et al.

FIG. 5. I-V curves recorded on sample M2 under either illumination or dark
conditions 共a兲 or by using different  共b兲.

photovoltaic behavior of our MLs. In order to control the
penetration depth and the photon energy, i.e., to separate the
contributions of the substrate and of the Si-nps present in the
SRSO layers, MLS were illuminated by different wavelengths. The use of UV-blue 共 = 375 nm兲 permits the selective study of the surface area 共including the Si-nc兲, while
using the near IR-red 共 = 940 nm兲 allows the analysis of a
possible contribution of the Si substrate. Electron-hole pairs
in the Si-nps could easily be generated when using UV-blue
excitation, in view of the absorption cross section of Si-nps
and the wavelengths.23 As SiO2 acts as a dielectric, no contribution from the matrix is expected. After illumination under IR-red light, the I/V curve remains similar to the one
corresponding to the dark conditions 关as shown in Fig. 5共b兲兴.
Only a negligible decrease of about 3% of the resistance is
observed. These results confirm that the contribution from
the substrate to the measured conductance can be neglected.
Therefore, the main electrical conduction path is a consequence of the existence of Si-nps within the MLs. When
illuminating under UV-blue light, the I/V curve 关Fig. 5共b兲兴
presents a similar behavior to that obtained under white light
with a corresponding resistance value of 41 k⍀. Using this
experimental approach, we can assume that the photogenerated carriers are responsible of the improvement of the conductivity. The resistance values of our Mls are lower than
those reported recently by other authors such as Rölver et
al.24 This difference can be attributed to the higher crystallinity and the optimized spacing between Si-nps. The size
and density of Si-nps in our MLs demonstrate the presence
of small Si-nps interspacing 共1–2 nm兲 which favors conduction mechanisms through the tunnel effect. Green et al.25
stated that Si-nc should be separated less than 2 nm in order
to exhibit photovoltaic effects, in agreement with the Si-np
distribution observed in our layers. The R共⍀兲 deduced from
I/V curves performed under UV light on thinner MLs 共M3–
M6兲 are reported in Fig. 6. The result analyze demonstrates
that the photovoltaic effect is dependant on the Si-np size.
Reducing the Si-nps allows an increase in conductivity under
illumination. For Si-nps with a diameter greater than 5 nm,
no photocurrent effect is observed which is attributed to the
loss of quantum efficiency in Si-nps. As observed previously
for the M1 and M2 MLs, I/V characteristics are not modified
by IR illumination. This result is a good proof that the optoelectronic and photovoltaic behavior of Si-nc arises as a consequence of its gap value close to 1.7 eV. A photovoltaic
effect is clearly observed.

FIG. 6. R共⍀兲 acquired on samples M3–M6 under illumination or dark
conditions.

IV. CONCLUSIONS

The structural and optoelectronical properties of Si
nanoparticles in Si-rich SiO2 / SiO2 MLs fabricated by reactive magnetron sputtering have been analyzed. The size and
uniformity of these nanoparticles are well controlled by the
layer’s thickness and the reactive process as evidenced by
HRTEM and EF-TEM images. The microstructural analysis
has demonstrated the spherical shape of the Si nanoparticles
as well as their high density with value close to
10+19 np cm−3 reached. The electrical experiments performed on the MLs have shown a low recombination lifetime
value of about 30 ns and high resistivity of about 102 k⍀.
Photovoltaic effect depending on the Si-np size has been
observed when MLs are illuminated with different monochromatic blue and UV light sources 共wavelength: 405 and
375 nm兲. This is a clear demonstration that quantum confinement of the carrier plays a role in the photocourant process.
Such a result seems suitable for the implementation of Si
nanoparticles in all Si tandem solar cells.
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