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ABSTRACT

The extensive glass facades wrapping the exterior of many large buildings around the world are commonly equipped with solar protection
glazing to enhance the building energy efficiency. Thereby, the peak cooling energy demand is reduced by thin-film coatings that absorb
and/or reflect parts of the incident solar radiation. These films are deposited using vast inline sputter coaters. To unlock the untapped elec-
tricity potential of the facades, we want to enable the glass industry to also integrate photovoltaic functionality into their glazing products
using the existing production lines. To enable this, it is essential to develop a semitransparent fully sputtered solar cell. In this paper, we
show that magnetron sputtered ultrathin germanium absorber layers can be used in thin-film solar cells. We compare the optoelectronic
properties and microstructure of sputter coated germanium absorber layers with reference layers that have been deposited using the usual
plasma-enhanced chemical vapor deposition. By systematically varying sputter mode, power, gas pressure, and substrate temperature, we
identify process conditions that yield sputtered germanium layers with properties comparable to those produced by PECVD. Furthermore, a

sputtered germanium layer fabricated using the optimized conditions is incorporated into a solar cell, achieving a power conversion effi- |
ciency of 2.8%, a short-circuit current of 21.6 mA/cm’, and an open-circuit voltage of 449 mV. These results show that we have established

a sputter process that produces high-quality germanium absorbers suitable for thin-film photovoltaics, which represents a significant step
toward the realization of fully sputtered semitransparent solar cells for window applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0004801

I. INTRODUCTION

Large buildings around the world often use excessive glazing on
their facades. Solar protection glass is used to reduce the solar energy
input into buildings. By utilizing thin metal layers on window
glasses, the optical and thermal comfort of occupants can be
enhanced by regulating the reflection and absorption of the incident
light." The industry uses inline sputter coaters to produce these
metal layers.”" The lack of technical utilization of unwanted irradia-
tion results in untapped energy potential. A long-term goal should
be the energetic utilization of the irradiated solar power, as solar pro-
tection glass currently only reflects or absorbs the incoming light
without putting this energy to any valuable use. The use of transpar-
ent thin-film solar cells instead of solar protection glass is an obvious
choice from an energy utilization point of view. Since sputter coaters
are already used for the production of solar protection glazing,™*
transparent photovoltaics should also rely on these sputter systems.

Sputtering processes for individual layers in the context of
solar cells have already been used in other work. For instance,
Simchi et al. researched the use of molybdenum oxide as a hole-
selective contact material and employed a sputter process for the
deposition.” Various sputter parameters are varied, and the result-
ing layers are examined. Allison and Turner researched the use of a
sputter process for the production of amorphous silicon thin-film
solar cells, where doped silicon layers are obtained by adding gases
to the sputter gas.” However, no functional solar cells are presented.
There is a lack of functional, fully sputtered solar cells for the
described application as photovoltaic windows.

In this work, the possibility of sputtering a germanium absorber
for such an application is investigated. Compared to silicon, germa-
nium has a higher defect density, which impedes the extraction of
charge carriers.”” However, the absorption coefficient of germa-
nium is also significantly higher than that of silicon, allowing for a
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substantially thinner germanium layer as an absorber material.”'’
This reduces the required extraction path for the charge carriers,
thereby diminishing the effect of the higher defect density.

Furthermore, sufficient transparency is required for a later
replacement as solar control glass in window or facade applications.
A potential photovoltaic window with a low transmittance would
be unsuitable for potential use as a window. Therefore, absorber
thicknesses in the range of 10 nm are being researched. It has
already been demonstrated that transparent solar cells can be real-
ized with such thin absorbers.'""'?

The economic potential of this technology is particularly
impressive in the replacement of existing solar protection glass with
a fully sputtered transparent solar cell while retaining existing
sputter deposition methods. This avoids the need to switch to other
or more complex deposition methods.

With regard to solar cells, germanium has already been used
as an absorber material in thin-film solar cells. Steenhoff et al.
present thin-film solar cells with doped silicon layers and germa-
nium as the absorber material.'” These are produced in a PECVD
process. A solar cell with an absorber thickness of 13 nm achieved
an efficiency of 3.6%.

In a paper by Alvarez-Suarez et al., transparent thin-film solar
cells with different silicon absorber thicknesses were investigated."
The use of silicon as an absorber material results in a yellow color
impression of the transmitted light. If color neutrality is important,
for example, for a window application, this technology may not be
able to meet the requirements.

Previous work of our group demonstrated thin-film solar cells
with doped silicon layers and a germanium absorber deposited by
PECVD processes.' ' >'* This knowledge forms the basis for current
research, in which a different production process is investigated in
this first step. Specifically, this work addresses the replacement of the
deposition process for the absorber layer. It investigates and demon-
strates the possibilities of how the germanium absorber can be pro-
duced by a sputter process. The morphological, optical, and electrical
properties of a sputtered absorber are investigated. For this reason,
various parameters of the sputter process are varied, in particular,
the sputter pressure and sputter power, both of which influence the
kinetic energy of the ions during sputtering. This affects layer growth
and, thus, crystallinity."” A selection process is carried out to deter-
mine which sputter parameters yield an absorber with optoelectronic
and microstructural properties as close as possible to those of the
PECVD sample. Finally, a solar cell is produced to test whether the
sputtered absorber with its selected sputter parameters can lead to a
working solar cell.

Il. EXPERIMENTAL DETAILS
A. Sample preparation

Ultrathin hydrogenated, intrinsic germanium layers (a-Ge:H)
were deposited on glass substrates using PECVD and sputter pro-
cesses. The glass used was Schott D263T ECO with a thickness of
1 mm and a size of 10 x 10 cm?. Prior to deposition, the glass was
cleaned in a Miele IR 6002 dishwasher with de-ionized water.
A CS400PS from Von Ardenne with a generator frequency of
13.56 MHz was used to deposit the layers in a PECVD process.
The deposition was done at a temperature of 220 °C. A mixture of
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hydrogen and monogerman was used as the process gas. A flow
of 200 SCCM hydrogen and 1 SCCM monogerman was used. The
generator power during deposition was 20 w."”

A Vistaris 600 sputter tool from Singulus Technologies was
used to deposit the sputtered samples. A planar target with a height
of 600 mm and a width of 100 mm with bonded monocrystalline
germanium with a purity of 99.999% was used. The samples were
coated in a vertical position, with the sample traveling past the
sputtering target on a carrier in a linear and uniform movement.
A mixture of argon and hydrogen was used as the sputter gas.
A DC nonpulse process and an RF deposition process were used.
Different power levels of the plasma generator between 500 and
1000 W were also used. Furthermore, different pressures were
used in the sputtering process in three stages between 0.8 x 107>
and 20 x 10~ mbar. This was realized by changing the flow of the
sputtering gas between 50 and 680 SCCM. Finally, the substrate
temperature at which the sputter process was carried out was varied:
For consistency and comparability with PECVD processes, deposi-
tions were also done at room temperature (RT) and at 220 °C.

Seventeen different samples with individual germanium layers
each with a layer thickness of 10 nm are researched. One sample is
deposited by the described PECVD process, and the others are sput-
tered. Various central coating parameters are changed for the sput-
tered samples. A DC or RF process is used, and the sputtering power
is either 500 or 1000 W. The pressure in the process chamber during
sputtering is 0.8 x 107> or 4.5 x 107> or 20 x 10™> mbar. In addition,
there is also an additional deposition at a temperature of 220 °C for
the sputter pressure of 4.5x 107> mbar; otherwise, the samples are
deposited at room temperature.

The solar cells were produced on glass with a size of
10 x 10 cm® as well. Figure 1 shows the layer stack of the solar cell
and indicates the respective deposition method used. A transparent

conductive oxide ZnO:Al coating was predeposited by the manu- ;
facturer to the glass. The glass was cleaned with de-ionized water in ¢

a Miele IR 6002 dishwasher before the first deposition beside the
already deposited ZnO:Al. All silicon layers produced for the solar
cell were deposited in a PECVD process. In a first process, an
n-doped silicon layer was deposited. The n-doping was achieved
using phosphine. A flow of 200 SCCM hydrogen, 40 SCCM mono-
silane, and 25 SCCM phosphine was used. The generator power

4m Sputtering

Insertion: =
CS400PS pSiH 7 nm } PECVD
i-Si:H 5 nm
Insertion: a-Ge:H 10 nm| 4m Sputtering
Vistaris 600 i-Si:
i i |S|'H5nm } PECVD
_ n-Si:H 7 nm
Insertion: ZnO:Al Cleaned in
CS400PS Glass dishwasher

FIG. 1. Layer stack of the solar cell with the machines and deposition methods
used. The layers are built up from the glass substrate upward, with system
changes listed on the left-hand side.
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during deposition was 15W. An undoped buffer layer of a-Si:H
was then deposited. A flow of 200 SCCM hydrogen and 40 SCCM
monosilane was used. The generator power during deposition was
15W. To deposit the absorber layer, the sample was removed from
the coating system and transferred to Vistaris 600. For this, the
sample was exposed to the atmosphere. The intrinsic germanium
absorber was deposited using the described sputter process. The
sample was then returned to CS400PS (again being exposed to the
atmosphere). Another intrinsic and undoped silicon layer was then
deposited. A flow of 1000 SCCM hydrogen and 2 SCCM monosi-
lane and a generator power of 70 W was used during deposition.
As the last deposition done by the PECVD process, a p-doped
silicon layer was then deposited. Doping was carried out using
diborane. A flow of 1000 SCCM hydrogen, 1.8 SCCM monosilane,
and 1.5SCCM diborane was used. The generator power during
deposition was 70 W. The front contact is reached by mechanically
scribing the layer stack. For contacting, silver back contacts were
deposited through a mask using a sputtering process. The silver
contacts provide an electrical connection to the rear contact.
CS400PS is used for this, which allows sputtering processes to be
carried out in separate process chambers."”

B. Characterization methods

Raman measurements are carried out with a Horiba LabRAM
Aramis. A 532 nm laser with a laser power of 5 mW is used.
An objective with 50x magnification is also used. One hundred
and twenty repetitions are carried out per measurement, with
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Code/Scout version 4.85 from W-Theiss Hard- and Software is
used for the derivation of the optical parameters. A virtual layer stack
of the sample is created in this software. Real measurement data, in
particular, the reflection and transmission data, are assigned to this
layer stack. The software uses the 1D transfer matrix method for
optical simulation. A Tauc-Lorentz model is used to describe the
dielectric function in a range from 250 to 2500 nm.'*"” This model
uses the bandgap energy of the material, the damping, strength,
and the resonance frequency as a fit parameter. For the glass, the
complex refractive index data from the manufacturer are used.
The IV curves are recorded under an AM1.5G solar spectrum at
room temperature with a WACOM dual lamp solar simulator
using a flasher principle with short light pulses.

The atomic force microscopy measurements are carried out
with a Nanosurf Mobile S. An area of 2.5 x 2.5 um? is scanned with
1024 lines and 1024 measuring points per line. A square section
with an area of 1 um? is analyzed for the roughness.

lll. RESULTS AND DISCUSSION

The Raman measurements allow for the determination of
crystallinity of the deposited a-Ge layers.”’ Literature-reported
results have shown that thin-film crystalline germanium has a peak
at 300cm™" in the Raman spectra, while a peak at 275cm™" is
expected for an amorphous germanium layer.”*'

Figure 2 shows the Raman measurements of samples from dif-
ferent sputtering conditions and from a PECVD reference sample.
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FIG. 2. Raman spectra of germanium samples with different sputter conditions and a PECVD Reference. Samples from a DC sputter process in (a) and a RF sputter
process in (b). Additional black vertical reference line for crystalline germanium at 300 1/cm and for amorphous germanium at 275 1/cm.
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All analyzed samples show a peak at the position of the expected
wave number for amorphous germanium at 275 cm™". None of the
samples show a peak at the position of crystalline germanium at the
position of 300 cm™. The curves for all samples show no relevant
drastic differences. This also applies to the sample that was sputtered
at a temperature of 220 °C and the sample from the PECVD process.
The exception (blue triangle) being the a-Ge layers deposited by a
sputter process at a deposition power of 1000 W with a pressure of
20 x 10~ mbar from the DC and from the RF process. The sample
from the RF sputter process (blue triangle, or the middle curve, in
Fig. 2b) in particular shows a slight shoulder on the right-hand side.
The sample from the DC sputtering process (blue triangles in
Fig. 2a) shows a comparable but slightly less pronounced shoulder
on the right-hand side. This indicates that these samples have a
slightly higher crystallinity than all the other samples.

Apart from the two samples mentioned, the crystallinity and
the behavior of the Raman spectra of the sputtered samples are not
different from those of the sample from the PECVD process. This
suggests that by sputtering, a similar microstructure, as with the
PECVD process, can be achieved. Besides that, the Raman mea-
surements do not impose any restrictions on their possible use as
absorbers.

In order to investigate the surface roughness of the deposited
samples, the deposited samples were examined using an AFM.
Figure 3 shows the RMS roughness of a 1um” section of the
samples. There are also error bars for the measured values in the
figure. These represent the standard deviation between square

ARTICLE pubs.aip.org/avs/jva

at a temperature of 220 °C in general seem to have a lower rough-
ness than the samples sputtered at room temperature. Other sput-
tered samples exhibit significantly greater roughness than the
samples sputtered at a temperature of 220 °C or the sample from
the PECVD process. The sample from the PECVD process has a
low roughness compared to the sputtered samples. In conclusion,
a sputtering process can be used to produce a layer with a roughness
similar to that of a PECVD process. However, process parameters
must be selected appropriately for this; otherwise, greater roughness
can result.

The reflection and transmission measurements of the samples
show the optical properties of the samples. A defined transmission
spectrum is particularly important for later use as a transparent
photovoltaic. These data are used to model the dielectric function
of the materials, from which the complex refractive index can be
extracted.

Figure 4 shows the reflectance and transmittance spectra of
the sputtered samples and the sample from the PECVD process.
In addition, a modeled dielectric function is fitted to the measure-
ment data. As described in Sec. II B, a Tauc-Lorentz model is used
for the fit. This fitting is carried out individually for each sample.
The reflection and transmission resulting from the fitted dielectric
function are shown as a solid line.

Figures 4(b) and 4(d) show a step in the transmission data at
a wavelength of approximately 350 nm. The transmission drops
drastically for shorter wavelengths. This is due to the significantly
reduced transmission of the glass for this wavelength.
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FIG. 3. RMS roughness from AFM measurements of samples with different sputter settings from a DC process in (a) and an RF process in (b) and PECVD reference.
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and a PECVD reference. Fitted reflection and transmission behavior from dielectric fit as a line. ®
g
with the samples that were sputtered at a sputter pressure of behavior to the sample from the PECVD process. With regard to the
0.8 x 10> mbar. In terms of transmission, all samples from the DC reflection and transmission behavior of the samples, the sputtered
process, apart from the sample from the sputtering process with a samples with a sputtering pressure of 0.8 x 107> mbar and a sputter-
sputtering pressure of 20 x 107> mbar, show a comparable trans- ing power of 1000 W show the greatest agreement with the sample
mission spectrum. from the PECVD process. This applies to both the DC process and

Among the samples from the DC sputtering process, this the RF process.
sample, processed with a sputtering pressure of 20 x 107> mbar, The fits match the experimental data very closely, except for
shows by far the lowest reflection and the highest transmission. the samples from the sputtering process at the highest pressure

Furthermore, the reflection and transmission curves of all (20 x 107> mbar), in particular, the ones produced at 500 W DC.
samples from the DC sputter process apart from the samples from As seen from the Raman spectra, these samples might potentially
the process with a sputter pressure of 20 x 107> mbar are more  have a greater partial crystallinity and such layer systems can only
grouped than the samples from the RF sputtering process. be poorly described by the selected model.'***

In the RF samples, the sample from the sputtering process The complex refractive index of the materials used is relevant
with a sputtering pressure of 20x 107> mbar and a sputtering for use as a potentially color-neutral window or for achieving a spe-
power of 500 W also shows by far the lowest reflection and highest cific transmission spectrum. For this purpose, the complex refractive
transmission. The sample from the RF setting with a sputtering index of the sputtered samples is derived by measuring T, R and
power of 1000 W, and the same sputtering pressure shows low fitting a model and compared with the PECVD reference sample.
reflection and high transmission compared to the other samples, Figure 5 shows the refractive index and the extinction coeffi-
with the exception of the 500 W 4.5 x 10> mbar sample. cient obtained from the fitted dielectric functions for the germa-

The sample with the lowest sputtering pressure of  nium layers. The data for the sputtered samples and the PECVD
0.8 x 10> mbar also shows a very similar reflection and transmission reference sample are shown. The same grouping behavior as for the
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FIG. 5. Refractive index (a) and (c) and extinction coefficient (b) and (d) of samples with different sputter settings from a DC (a) and (b), and RF (c) and (d) process and

a PECVD reference.

reflection and transmission spectra can be observed. The refractive
index and extinction coefficient of the samples sputtered at the
highest pressure show a clear deviation from the other samples,
especially for the samples sputtered in the DC mode. Their values
for the refractive index are low in comparison with the literature
for thin amorphous germanium.””** Amotchkina et al. reported a
refractive index for germanium about 42% higher than the results
from the sample sputtered at the highest pressure and a power of
500 W and even about 110% higher than the sample sputtered at a
power of 1000 W.”* As mentioned, partial crystallinity could be
present. With the DC sputter mode, refractive indices and extinc-
tion coefficients that are very close to the PECVD reference can be
achieved with every tested sputter setting, apart from the highest
pressure. With the RF sputter mode, the results of the hot deposi-
tion, as well as the deposition with the lowest pressure, both with a
power of 1000 W, are the closest to the PECVD reference in relative
terms and quite close in absolute terms. To summarize, with regard
to the refractive index and extinction coefficient, samples can be
deposited that are close to the PECVD reference sample.

The optical bandgap of the absorber material used is particu-
larly relevant for the efficiency and open-circuit voltage of a solar
cell. The bandgap of the different samples was extracted from the
fit of the dielectric function. In Fig. 6, the bandgap of the sample
from the PECVD process can be compared with the bandgap of
the sputtered samples.

The samples that were sputtered with a pressure of 20 x 10~ mbar
show the largest bandgaps (apart from the sample that was sputtered
with 1000 W and the RF mode). This is also larger than the bandgap
of the PECVD sample. However, the results of the bandgap of the
sputtered samples from the 20 x 10> mbar sputter pressure are not
trustworthy because of a poor fit quality. Because of this, the results
of these samples are marked with bracket in Fig. 6. In addition, the
fit quality for sputtered samples from the 4.5x 10™> mbar sputter
pressure with a sputtering power of 500 W RF is mediocre. All other
samples show a smaller bandgap than the PECVD sample. Their fit
quality is not perfect and shows small deviations. With regard to the
sputtered samples, sputtering with the higher power of 1000 W
always results in a smaller bandgap than that with a power of 500 W.
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FIG. 6. Optical bandgap of samples with different sputter settings from a DC process in (a) and an RF process in (b) and PECVD reference.

Apart from the mentioned outliers, the sputtered samples
have a smaller bandgap in comparison with the PECVD sample.
This shows differences between the samples from the sputtering
process and the PECVD process, which cannot be overcome by the
parameters tested here. This may lead to different behavior in the
solar cell.

One possible reason for the differences in the bandgap
between the sputtered samples and the sample from the PECVD
process may be different pressures during deposition. The sample
from the PECVD process is deposited at a pressure of 1 mbar. This
is significantly higher than for the samples from the sputtering
process. The crystallinity of the samples can also be influenced by
the different pressure during deposition.””

In the following, a sputtered germanium layer with sputtering
parameters selected based on the previous results is tested as an
absorber layer in a solar cell. This solar cell is compared with a
solar cell made entirely from a PECVD process.

The transmission and reflection measurements show that the
samples sputtered at a pressure of 0.8 x 107> mbar or the samples
sputtered at a temperature of 220 °C have the highest similarity to
the PECVD reference regarding the properties tested here. However,
since with regard to an industrial application, a hot sputtering
process for an inline sputtering system requires significantly more
effort, the hot process was disregarded. Furthermore, the sputtering
process with the lowest pressure is at the edge of the possible process
window. At this low pressure, our system has problems with reliable
plasma ignition and with the stability of the plasma. Therefore, it is
not suitable for being used in a complex and error prone device.
Finally, DC plasma generators are mainly used in the relevant indus-
trial environment for sputtering metallic layers.”*™* For this reason,

the DC sputter process with the medium pressure at 4.5 x 10™> mbar
at an output power of 500 W and room temperature is selected for
testing in a solar cell.

Figure 7(a) shows the illuminated IV curve of the solar cell.
An open-circuit voltage of 449 mV and a short-circuit current of
21.6 mA/cm? are achieved with a fill factor of 29%, which results in
an efficiency of 2.8%. Figure 7(b) shows a schematic cell stack of
the deposited solar cell. The light is coming from the bottom.

In Meddeb et al., a comparable thin-film solar cell with a ger-
manium absorber and a layer thickness of 10 nm is presented."”
There, the absorber is deposited by a PECVD process and their solar
cell shows an efficiency of 3.98%. In Fig. 7(a), this IV curve is also
shown for comparison as a brown curve. A direct comparison of the
cells shows a slightly higher short-circuit current of about 3.46 mA
for this work. The open-circuit voltage is similar in both cases.
However, the cell presented here has a lower fill factor of 29% in
comparison with 48% in Meddeb et al'” The reason for this is a
decreased shunt resistance and an increased series resistance.

In comparison with earlier work with a PECVD process, the fill
factor and efficiency are lower."” This is based on a low shunt resis-
tance and a high series resistance, which prevent achieving higher
efficiencies. The low fill factor of the solar cell with the sputtered
absorber could be related to the boundary layers between the
absorber and the layers produced by a PECVD process. Sputter
damage to the underlying n-doped silicon layer can occur. A possible
test for this would be to adapt sputter conditions with a lower
damage potential. Furthermore, during the production of the cells
presented here, two necessary vacuum breaks occurred during depo-
sition. Ambient air, in particular dust or oxygen, can cause damage
or unwanted changes. Vacuum breakage should be avoided, as far as
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possible, to prevent an effect on the results in the subsequent experi-
ments. Exposing the partially completed solar cell to the atmosphere
could also be responsible for a reduction in efficiency.

In Osterthun et al, comparable solar cells with a germanium
absorber from a PECVD process are presented.”” Meddeb et al. also
investigated comparable solar cells with variable germanium absorber
thicknesses.'” Both perform electrical modeling and find a band
offset between the i-SiH layers and the germanium absorber.
Furthermore, it is these interfaces where vacuum breaks occurred in
this work and where the sputtered germanium absorber meets
silicon layers from the PECVD. This further indicates that the ger-
manium/silicon interface should be improved in order to achieve
better efficiencies. The described properties could also change if the
entire solar cell were sputtered, i.e., if there were no longer any inter-
faces between sputtered layers and layers from a PECVD process.

With the equipment described in this work, these vacuum
breaks cannot be avoided with this type of solar cell. However,
under the condition that the final goal is a completely sputtered
solar cell, this vacuum break would no longer be necessary because
the solar cell would not have to leave the sputtering system. Besides
that, the long-term goal is to achieve a fully sputtered transparent
thin-film solar cell. In a next step, the transfer of the charge carrier
selective layers from a PECVD process to a sputtering process
could be tackled. This could ultimately produce a fully sputtered
solar cell. Nevertheless, with regard to these properties, it generally
seems possible to produce a solar cell with a sputtered absorber
layer that shows a reasonable performance. Especially because of
the similar short-circuit current and open-circuit voltage, both cells
have the potential to achieve similar efficiencies. Furthermore, the
solar cell presented here uses a silver back contact. For use as a
transparent solar cell, this would have to be replaced to enable

transmission. It would be possible to use an additional layer of
sputtered ZnO:Al in future work.
IV. CONCLUSION

In this work, the properties of thin sputtered germanium
layers were investigated with regard to their application as an

absorber layer in a solar cell. Various sputter parameters were con- ¢

sidered, and sputtered germanijum layers were compared with a
germanium layer from a PECVD processes. It was possible to iden-
tify a sputtering process whose properties seemed suitable for use
in a solar cell. In a further part, a germanium layer with this
selected sputtering process is integrated as an absorber in a thin-
film solar cell. It was shown that this solar cell with the sputtered
absorber is functional and an efficiency of 2.8% can be achieved.
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