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ABSTRACT: In this article, we investigated the electro-
deposition of SixGe1−x from 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide containing different molar
concentrations of SiCl4 and GeCl4. Upon the deposition of
SixGe1−x using a 1:1 molar ratio of SiCl4 and GeCl4, a color
change of the deposit from red to green was observed during
the cyclic voltammetric scan. On increasing the concentration
of SiCl4, only a reddish deposit could be seen during cyclic
voltammetry. When the concentration of GeCl4 was increased,
only a black deposit was obtained. Constant potential
electrodeposition showed the formation of SixGe1−x with
varying proportions of Si to Ge on changing the molar ratio in
the solution. To further evaluate the reaction mechanism of
the electrodeposition process, in situ UV visible spectroelectrochemistry was performed. From the changes in the UV spectra
combined with XPS and SEM observations, a layered growth process has been proposed during the formation of SixGe1−x.

■ INTRODUCTION

Silicon, germanium, and their compounds have been intensively
investigated in the fields of electronics and photonics.1−4

Semiconductor nanoparticles of these elements show quantum
confinement effects, which make such materials interesting for
use in opto-electronic devices and quantum computing.5,6

Silicon and germanium form a continuous series of solid
solutions resulting in the formation of SixGe1−x. The alloy offers
variable crystal lattice parameters and bandgaps, leading to
various electrical and optical properties.7 Recently, in addition it
has been shown that both silicon and germanium are excellent
anode materials for Li ion batteries and possess quite a high
specific capacity.8

Thin films of silicon, germanium, and their alloys are mainly
synthesized using chemical vapor deposition (CVD), physical
vapor deposition (PVD) and molecular beam epitaxy (MBE).7

A different, low cost approach to develop thin films without the
use of vacuum and high temperature is electrodeposition. The
viability of electrodeposition of semiconductors from different
ionic liquids has already been demonstrated in a number of
articles.9−13 The electrodeposition of germanium and silicon
has been studied by in situ scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS) techni-
ques.10 For germanium, an underpotential deposition on
Au(111) substrate was reported. STS measurement showed
that the bandgap of the deposit was 0.67 ± 0.2 eV.14 X-ray
photoelectron spectroscopy (XPS) was later used to confirm
the formation of elemental germanium. For silicon electro-
deposition, in situ STM studies showed the formation of silicon

islands, and STS studies showed a bandgap of 1.1 ± 0.2 eV,
which is consistent with the bandgap of bulk silicon.10

Electrochemical quartz crystal microbalance (EQCM) analysis
showed that the silicon deposition occurs by a four-electron
transfer process. However, because of the formation of
solvation layers of ionic liquid on the surface, an error in the
measurement was noted.15 Furthermore, in situ Raman
spectroscopy indicated the formation of silicon subspecies
prior to the reduction process.16 At present, the reaction
mechanism for the electrodeposition of silicon is still not
completely understood.
Template-assisted electrodeposition has also been developed

to achieve 3DOM and nanowire structures of silicon and
germanium.17,18 The 3DOM structure of both silicon and
germanium showed interesting photonic properties. However,
because of fast surface oxidation of these semiconductors,
characterization of these deposits is not trivial. Silicon
nanowires with variable diameters were also achieved by
using a polycarbonate template.19

The electrodeposition of SixGe1−x has been demonstrated.11

It was shown that during the cyclic voltammetry scan, there was
the evolution of colors, which changed from red to orange and
green. The change in colors was qualitatively explained with the
quantum confinement effect.11 In situ UV visible spectroscopy
studies indicated, however, quite a complicated reaction
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mechanism.20 The UV measurements indicated that initially
silicon and germanium nanoparticles are formed, which then
combine during the electrodeposition process to form SixGe1−x.
The quantum confinement effect was also confirmed using this
technique.20

In this article, we describe the influence of changing the
molar concentration of both GeCl4 and SiCl4 on the
electrodeposition of SixGe1−x in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide ([Py1,4]Tf2N). Cyclic vol-
tammetry showed that changing the concentrations of GeCl4
and SiCl4 influences the reduction potential and the formation
of SixGe1−x. Constant potential electrodeposition was per-
formed to identify the changes in the composition of SixGe1−x.
The electrodeposit was characterized by scanning electron
microscopy (SEM), and the composition was determined using
energy dispersive X-ray (EDX) and X-ray photoelectron
spectroscopy (XPS). Further evaluation was performed using
in situ UV visible spectroelectrochemistry.

■ EXPERIMENTAL SECTION

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)-
amide ([Py1,4]Tf2N) was purchased in the highest available
quality from Io-Li-Tec (Germany) and was used after drying
under vacuum at 100 °C to remove the water content to below
2 ppm. GeCl4 (99.999%) was purchased from Alfa Aesar. The

working electrode was a sputtered film of gold on glass. The Au
substrate was cleaned by refluxing it in isopropanol at 90 °C for
2 h. Prior to the experiments, the gold was carefully heated in a
hydrogen flame to reduce any surface contamination. Platinum
wires were used as a counter and a quasi reference electrode,
which gave good stability in the ionic liquid throughout the
experiments. The electrochemical cell was made of Teflon and
clamped over a Teflon-covered Viton O-ring onto the substrate,
yielding a geometric surface area of 0.3 cm2. Prior to the
experiments, the Teflon cell and the O-ring were cleaned in a
mixture of 50:50 vol % of concentrated H2SO4 and H2O2

(35%) followed by refluxing in distilled water.
The electrochemical measurements were performed in an

argon-filled glovebox with water and oxygen contents of below
2 ppm (OMNI-LAB from Vacuum Atmospheres) by using a
VersaStat II (Princeton Applied Research) potentiostat/
galvanostat controlled by powerCV. The entire scan rate
during cyclic voltammetry was 10 mV sec−1. After the constant
potential deposition, the deposit was washed in isopropanol
and acetone to remove any remaining ionic liquid.
For XPS measurements, the sample was fixed on a

molybdenum holder inside of the glovebox and transferred to
the UHV using a specialized transfer chamber to avoid any
contamination as well as possible. The XPS spectra were
obtained using an ultrahigh vacuum (UHV) apparatus with a

Figure 1. (a) Cyclic voltammogram of 0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N. The scan rate was 10 mV sec−1. (b) Cyclic voltammogram of 0.1
M GeCl4 + 0.25 M SiCl4 in [Py1,4]Tf2N. (c) Cyclic voltammogram of 0.25 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N. The substrate was polycrystalline
gold, and the temperature was 25 °C.
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base pressure below 1 × 10−10 Pa. The sample was irradiated
using the Al K alpha line (photon energy of 1486.6 eV) of a
nonmonochromatic X-ray source (Omicron DAR 400).
Electrons emitted were detected by a hemispherical analyzer
(Omicron EA125) under an angle of 45° to the surface normal
with a calculated resolution of 0.83 eV for detail spectra and
2.07 eV for survey spectra. All XPS spectra were displayed as a
function of the binding energy with respect to the Fermi level.
For quantitative XPS analysis, a Shirley-background-sub-

traction was employed.21 Photoelectron peak areas were
calculated by fitting Gauss-type profiles optimized by the
Levenberg−Marquardt algorithm with the CasaXPS software.
Photoelectric cross-sections calculated by Scofield22 and
asymmetry factors calculated by Yeh and Lindau23 as well as
the transmission function of our hemispherical analyzer are
taken into account for calculation of stoichiometry. The
composition of the sample was given in relation to the
deposited layer.
To obtain information on the composition of the underlying

layers, the deposit was etched in several steps with argon ions
from an Omicron ISE 5 ion source. For this process, argon ions
with 2 keV kinetic energy were used resulting in a target current
of 20 μA.
In situ spectroelectrochemical experiments were conducted

with a Cary 5000 UV−vis−IR spectrometer. The spectroelec-
trochemical cell was a quartz cuvette (ALS, Japan) having a
path length of 0.5 cm. A gold mesh (ALS, Japan) was used as a
working electrode. The quartz cell and the gold mesh were
cleaned thoroughly in isopropanol and acetone prior to each
experiment. Pt wires were used as both reference and counter
electrodes and were cleaned in a hydrogen flame. The cell was
assembled inside of the Ar filled glovebox. The setup was then
introduced into the UV−vis-NIR chamber and connected to
the Materials M 510/VersaStat II potentiostat/galvanostat.
Argon was continuously passed into the UV−vis chamber
during the experiment. A background UV scan was acquired for
the electrolyte at open circuit potential and subtracted from
consequent measurements with the solutes. UV−vis spectra
were measured for any applied potential continuously at a scan
rate of 600 nm min−1.

■ RESULTS AND DISCUSSION
Figure 1a−c shows the cyclic voltammetry curves of 0.1 M
GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N, 0.1 M GeCl4 + 0.25 M
SiCl4 in [Py1,4]Tf2N, and 0.25 M GeCl4 + 0.1 M SiCl4 in
[Py1,4]Tf2N, respectively. The saturation concentration of SiCl4
in [Py1,4]Tf2N is about 1 M.9 A similar solubility is expected for
GeCl4. Therefore, the concentration of both GeCl4 and SiCl4
employed here is lower than the saturation concentration. In
the cathodic regime in Figure 1a, we find two prominent
reduction peaks at −1.6 and −2.4 V corresponding to the
formation of Ge (IV) to Ge (II) species and Ge (II) to Ge (0),
respectively. Along with bulk deposition of germanium at −2.4
V, underpotential deposition (UPD) of silicon also takes place.
The shoulder at −2.9 V is correlated with the formation of
SixGe1−x. In the anodic regime, an increase in current was
observed above 0.5 V, which could be the partial oxidation of
the electrodeposited SixGe1−x and of gold.
The CV data in Figure 1a is consistent with the previously

published data.11,20 On increasing the SiCl4 concentration from
0.1 to 0.25 M in the solution, a slight difference in the CV scan
was observed, Figure 1b. Again two reduction peaks at −1.4
and −2.0 V were observed in the cathodic direction, which

correspond to the Ge (IV) to Ge (II) species and Ge (II) to Ge
(0), respectively. However, these peaks are positively shifted
compared to those ones in Figure 1a. Also a shoulder peak
occurs at −2.5 V. Although the Pt quasi-reversible reference
electrode is not a perfect reference electrode for electro-
chemistry, it is unlikely that the shift in the reduction potential
in Figure 1b is due to the shift in the reference electrode as it
was shown to be stable over the entire electrochemical window
in the case of GeCl4 and SiCl4 in different ionic liquids.

12,24 The
shift in the peak and an increase in the reduction current might
be related with the complexation of SiCl4/GeCl4 with the ionic
liquid, which requires further investigation. When the scan is
reversed at −3.2 V, a reduction peak appears at −2.9 V. Such
reduction phenomena in the anodic regime have been observed
during the electrodeposition of silicon and of Si−Ge alloy and
were correlated with the formation of an ionic liquid passivation
layer over the electrodeposit.10,20 The reduction current could
be related to the deposition of silicon. On further scanning into
the anodic regime, two other reduction shoulders are observed
at −2.3 and −1.8 V, which could again be associated with
passivation layers. However, these two peaks were not always
observed and sometimes converged into one broad peak. The
increase in current at above +0.3 V could be related to the
partial oxidation of the electrodeposited product and of gold.
When the GeCl4 concentration in the electrolyte is increased

from 0.1 to 0.25 M (Figure 1c), the CV again differs from the
ones shown in Figure 1a,b. The reduction potential of Ge (IV)
to Ge (II) is shifted to −1.8 V. However, the reduction of Ge
(II) to Ge (0) occurs at −2.4 V. A small shoulder is observed at
−2.6 V. Also, the shoulder is not as prominent as in the cases in
Figure 1a,b. In the anodic regime, a current rise is only
observed above +0.4 V, which could be correlated with the
partial oxidation of the electrodeposited product and of gold.
Furthermore, during the CV scans, colored deposits were

obtained during the formation of SixGe1−x when the molar
concentrations of Ge/Si was 1:1 and 1:2.5. Figures 2 and 3

show the color change as a function of electrode potential
during the CV scan. As shown in Figure 2, we can see that at
open circuit potential (OCP) only the gold substrate is seen.
On scanning in the cathodic direction, a reddish deposit starts
at −2.3 V and changes to an orange deposit at −2.7 V. The
color change from −2.7 to −2.95 V is rapid, and it goes from
orange to dark red, to a mixture of red and green, and finally to
green.
This observation is consistent with previously reported

results.11 However, on increasing the concentration of SiCl4 to

Figure 2. Photographs showing the evolution of colors during the
formation of SixGe1−x from 0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N
on polycrystalline gold.
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0.25 M, mainly the red colored deposit prevailed over the same
potential range as seen in Figure 3. For the case of 0.25 M
GeCl4 + 0.1 M SiCl4, only a black deposit could be observed in
the cathodic regime from −2.3 to −3.2 V. The changes in the
deposit color during the deposition of SixGe1−x suggest that the
dynamics of the process and the nature of the deposit are
influenced by changing the SiCl4 and GeCl4 concentrations.
The potentiostatic bulk deposition of SixGe1−x alloy was

performed at two different potentials from all three electrolyte
solutions. Figure 4 shows SEM images of the electrodeposits
obtained at −2.5 V. The electrodeposition process was
performed for 5 min in order to try to keep the deposit color
observed during CV. Figure 4a shows the deposit from 0.1 M
GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N at a potential of −2.5 V for
5 min. It is evident that the particles are in the nanometer range
with sizes of between 20 and 40 nm. The EDX was performed
at five different points, and the average Ge/Si ratio from EDX
analysis was found to be about 1.5:1. On increasing the
concentration of SiCl4 to 0.25 M and electrodepositing at −2.5
V, the particle size of the deposit increased, agglomerating to

clusters, Figure 4b, with particle sizes ranging between 80 and
100 nm. The EDX analysis showed that the Ge/Si ratio was
almost 1:1.
Figure 4c shows the microstructure of the electrodeposit

from 0.25 M GeCl4 + 0.1 M SiCl4. A clustered morphology is
again observed. However, the particle size appears to be about
60−80 nm. The corresponding EDX of Figure 4c is shown in
Figure 4d. The Ge/Si ratio was found to be 4:1. Besides Ge and
Si, Cl, F, and C peaks are observed, which could be due to the
remaining ionic liquid after washing. The oxygen peak is due to
the surface oxidation of the deposit during handling outside of
the glovebox.
Figure 5 compares the microstructures of SixGe1−x formed at

−2.8 V. Figure 5a shows the microstructure of SixGe1−x from
0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N. It is evident from
the microstructure that very fine nanoparticles are formed,
which is consistent with previously reported data.11

On increasing the concentration of SiCl4 to 0.25 M, the
morphology changes considerably (Figure 5b). A layered type
of deposit is obtained. The region marked A shows the
morphology of germanium nanoparticles as observed pre-
viously in our study.12 The region marked B seems to have
formed on top of the layer A and shows agglomerates made up
of small nanoparticles. In comparison, on increasing the
concentration of GeCl4 to 0.25 M, we again find the
microstructure having a germanium like morphology, Figure
5c. The EDX spectra in Figure 5d represent the SixGe1−x
obtained from 0.1 M GeCl4 + 0.25 M SiCl4 in [Py1,4]Tf2N.
Strong peaks of Si and Ge are observed. Peaks of F, C, and Cl
are likely due to the ionic liquid residue, whereas O is from the
oxidation of the surface layer during handling outside of the
glovebox.
The formation of the layered structure obtained from 0.25 M

SiCl4 + 0.1 M GeCl4 in Figure 5b was further studied using

Figure 3. Photographs showing the evolution of colors during the
formation of SixGe1−x from 0.1 M GeCl4 + 0.25 M SiCl4 in
[Py1,4]Tf2N.

Figure 4. (a) Microstructure of SixGe1−x from 0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N after 5 min of electrodeposition at a potential of −2.5 V,
(b) from 0.1 M GeCl4 + 0.25 M SiCl4 in [Py1,4]Tf2N, and (c) from 0.25 M GeCl 4 +0.1 M SiCl4 in [Py1,4]Tf2N; (d) EDX spectra of panel c.
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XPS. The thickness of the sample was about 250 nm. The
depth profile concentrations of silicon and germanium were
obtained by etching the sample inside of the XPS chamber with
an Ar+ beam. XPS analysis of the sample surface showed the
presence of Si, Ge, and smaller amounts of O, C, Cl, and F
owing to surface contamination and surface oxidation (see
Supporting Information Figure S1). The concentrations of
various elements of the deposit at different etching time are
shown in Figure 6.
From Figure 6, it is evident that in the first three minutes of

etching, the concentration of Ge increases significantly, whereas
the concentrations of F, C, Cl, and O decrease. The F, C, and
Cl are due to ionic liquid traces, and O is due to surface
oxidation during the transfer of the sample to the XPS chamber.
The increase in carbon after three minutes of sputtering might

be due to the presence of some decomposed ionic liquid during
electrodeposition, trapped inside of the porous electrodeposit.
An influence of the anodic decomposition product of the ionic
liquid at the counter electrode on the SixGe1−x electrodeposit
has been shown previously, wherein the electrodeposit was
shown even to redissolve in the ionic liquid.25 An XPS analysis
of germanium and silicon individually deposited from the same
ionic liquid did not show such an effect. Further analysis is
needed to ascertain the exact reason for the increase of carbon
in the case of SixGe1−x. The XPS depth profile analysis of silicon
in Figure 6 showed that there is a decrease in the concentration
in the first two minutes of etching, after which there is a
continuous increase in concentration with etching time. The
increase in germanium concentration with etching could be
related to the formation of the underlayer as observed in Figure
5b (marked A). However, on increasing the etching time
beyond three minutes, the concentration of germanium
decreases and silicon increases until it almost plateaus after
10 min. This indicates that during initial deposition a SixGe1−x
layer is formed with higher concentration of silicon.
Furthermore, the change in the concentrations of silicon and
germanium with etching time indicates that the kinetics of the
reaction changes during the electrodeposition process.
To evaluate further the formation of SixGe1−x and the

evolution of colors during CV, in situ UV visible spectroelec-
trochemistry was performed. Figure 7 compares the UV
absorption spectra from the three different electrolytes at a
deposition potential of −2.8 V. Figure 7a represents the overall
UV−visible spectra during the deposition of SixGe1−x from 0.1
M GeCl4 + 0.1 M SiCl4. A detailed in situ UV visible
spectroscopic study has already been shown in our previous
paper for this system.20 The salient features in figure 7a are the
prominent peaks around 225 and 275 nm. The peak at 225 nm
is the formation of Ge2+ species.26 The peak at 275 nm is the
direct transition at X in the Brillouin zone for the formation of

Figure 5. (a) Microstructure of SixGe1−x from 0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N after 5 min of electrodeposition at −2.8 V, (b) from 0.1 M
GeCl4 + 0.25 M SiCl4 in [Py1,4]Tf2N, and (c) from 0.25 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N; (d) EDX spectra of panel b.

Figure 6. Variation in the concentrations in Ge, Si, C, F, Cl, and O
during etching of the SixGe1−x electrodeposit with an Ar+ beam.
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Ge nanoparticles.27 However, after 7 min of the electro-
deposition process, the absorption starts to decrease, which is
clearly seen around 350 nm, Figure 7a′, whereas the peaks at
225 and 275 nm increase. Beyond 350 nm, another peak was
formed at 595 nm, which blue-shifted by 8 nm (Supporting
Information Figure S2). This decrease in absorption and blue
shift was assigned to the formation of SixGe1−x.

20 On increasing
the concentration of SiCl4, the UV spectra show a peak around
227 nm, which increases with time, Figure 7b. No additional
peak is formed beyond 350 nm. After 7 min of the
electrodeposition, a shoulder peak at 275 nm is observed,
which corresponds to the direct transition at X in the Brillouin
zone for the formation of Ge nanoparticles, Figure 7b,b′.27 On
continuation of the electrodeposition process to 13 min, a 5 nm
blue shift at 227 nm is observed, Figure 7b′. Compared to
Figure 7a′, no reduction in the absorption is observed. This
blue shift might be due to the formation of silicon-rich SixGe1−x
layer. For Si nanoparticles, a Γ25 to Γ2′ transition in the
Brillouin zone occurs at 220 nm,28 thus indicating the
formation of Si-rich SixGe1−x during the electrodeposition
process.
The UV−vis spectra is supported by the SEM in Figure 5b

and XPS in Figure 6, which showed the formation of a layered
structure and the formation of a Si-rich SixGe1−x, respectively.
The UV spectra when electrodepositing from 0.25 M GeCl4 +
0.1 M SiCl4 in [Py1,4]Tf2N in Figure 7c shows a similar
behavior as that in Figure 7a. Initially an increase in absorption
is observed and a peak around 226 nm is formed, which could
be assigned to the formation of Ge2+ species, Figure 7c,c′. A

shoulder peak at 275 nm is also observed corresponding to the
Brilliouin zone transitions in Ge nanoparticles. After 13 min of
the electrodeposition process, the absorption around 350 nm
starts to decrease, whereas the shoulder at 275 nm increases
(Figure 7c′). Also a red shift of 5 nm around 226 nm is
observed. The decrease in absorption around 350 nm and an
increase in absorption at 275 nm could be associated with the
formation of Ge-rich SixGe1−x. The red shift around 226 nm
could be the change in the s to p orbital transition in the Ge2+

species. In the case of solid matrices such as halides and oxides,
it has been shown that the energy of the transitions depend on
the metal and its surrounding matrix.21,29,30 Using the same
analogy, we could say that the s to p transition in Ge2+ was
affected by the presence of Si nanoparticles or subvalent silicon
species. However, as the same phenomena is not observed in
Figure 7a, it suggests that the kinetics of the reduction process
on increasing the GeCl4 concentration is altered giving rise to
difference in the energy transitions.

■ CONCLUSIONS
In this article, we have shown that the concentrations of SiCl4
and GeCl4 in the electrolyte influence the electrodeposition
mechanism of SixGe1−x from the ionic liquid [Py1,4]Tf2N.
During the CV scan in the cathodic regime, colors were
noticed, which changed from red to finally green in the case of
0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N. On increasing the
concentration of SiCl4 in the electrolyte, only the red colored
deposit was observed, whereas only a black deposit was
obtained on increasing the GeCl4 concentration. From constant

Figure 7. (a) Changes in the UV−visible spectra during the deposition of SixGe1−x from 0.1 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N at −2.8 V. (a′)
Magnified UV−visible spectra of panel a between 200 and 350 nm; (b) from 0.1 M GeCl4 + 0.25 M SiCl4 in [Py1,4]Tf2N at −2.8 V. (b′) Magnified
UV−visible spectra of panel b between 200 and 350 nm; (c) from 0.25 M GeCl4 + 0.1 M SiCl4 in [Py1,4]Tf2N at −2.8 V. Each spectrum corresponds
to one minute of deposition. (c′) Magnified UV−visible spectra of panel c between 200 and 350 nm.
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potential electrodeposition, SixGe1−x deposits with varying
concentrations of Ge/Si ratio were obtained. The in situ UV
visible spectroscopy showed that on increasing the concen-
tration of SiCl4 a blue shift at 227 nm is observed, which could
correspond to the formation of SixGe1−x with higher silicon
content and is consistent with the XPS data. However, on
increasing the concentration of GeCl4, a red shift at 225 nm was
observed, which could be due to the change in the s to p orbital
transition in Ge2+ species.
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