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Multijunction devices are an effective way to increase the efficiency of solar cell. However, currently only
expensive III-V technologies utilize the infrared part of the solar spectrum. To tackle this issue, this work explores
the material properties of thin film amorphous hydrogenated germanium deposited by PECVD. It was found that
high Hj dilution rates, deposition temperatures of 275 °C, pressures of 3 to 4 mbar and a power density around
0.20 W/m? can achieve films with bandgaps of around 0.9 eV and activation energies above 450 meV, suggesting

dense films with intrinsic behaviour. Regarding the mechanisms governing this behaviour, the results suggest
that the performance of a-Ge:H is predominantly determined by mid-gap states, which are related to the high
mobility of H during deposition within the a-Ge:H matrix. When small amounts of Si are introduced, the H atoms
are fixed to the Si, reducing the defect density in the material.

1. Introduction

Multijunction devices are a popular and viable way to increase ef-
ficiency of solar cells. Some common examples are III-V technologies [1,
2] or, more recently, the perovskite/c-Si tandems [3,4]. However, many
of these concepts do not utilize the infrared region of the solar spectrum.
To tackle the region of the spectrum between 1200-1500 nm, a low
bandgap material could be used [5]. Other possible applications include
the use of germanium cells within the thermophotovoltaic field [6].
Germanium can achieve a bandgap of 0.67 eV when fully crystalline,
making it an ideal candidate for a bottom cell in a multijunction device.
However, crystalline germanium substrates imply a high material use
and price [7]. Some efforts have been made to reduce the thickness of
the Ge substrates used in these structures [8]. This work proposes an
alternative approach by developing a germanium low bandgap thin film
to utilize as an absorber for the bottom cell of a multijunction solar cell.
Bandgaps between 1-1.3 eV have been reported in literature for thin
film germanium films [9-13]. Plasma enhanced chemical vapour
deposition (PECVD) is a suitable technique to deposit these thin films
and is already used in solar cell production [14-16].

Germanium based thin films are widely used in the semiconductor
industry [17,18]. However, the nature of hydrogenated amorphous
germanium is relatively unexplored, with only a few studies on the
growth of Ge thin films for solar cell applications and the effect of
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deposition parameters on material characteristics [12,19,10,9]. More-
over, the type of reactor used to make these thin films plays a role on the
material characteristics [20,21]. Previous work was done using a
counterflow reactor in which the precursor gases are introduced from
the side of the reactor [9,10]. In this work, films were made with a
PECVD tool using a showerhead configuration, in which the precursor
gases are introduced through the electrode. Since the precursors do not
need to diffuse in the plasma zone and there is a direct relation between
the precursor injection and deposition. This results in more controlled
depositions and better-quality films [22,23].

Finally, this work aims at better understanding the material at a
nanostructural scale, looking at tail states and band states and how the
relate to the optoelectrical properties and metastable defects presents in
the material. Moreover, this work addresses the material tissue structure
with a detailed FTIR analysis. The nature of the volume deficiencies is
determined. Amorphous Ge is known to have more mobile, less stable
volume deficiencies during deposition due to the weak bond between Ge
and H [19,24]. The effect of temperature is studied to anneal these
volume deficiencies out. Moreover, introducing Si as a dopant in these
films can give further information on the nature and effect of the volume
deficiencies in germanium tissue.

The developed films would allow an improvement on the solar
spectrum utilization of all types of multijunction solar cells. The versa-
tility of these materials for integration as a bottom cell on a variety of
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configurations and technologies, including thin film silicon, CIGS, III-V
or even perovskite/c-Si devices. Moreover, the deposition via PECVD
would allow for easy integration within current industrial techniques
while minimizing the material use. Finally, the better understanding of
the material would incentivize further developments and optimization
of these materials.

2. Materials and methods

The films presented here were simultaneously deposited in Corning
XG glass cleaned with acetone and isopropanol; and on n-type Cz pol-
ished monocrystalline silicon wafers. Fourier transform infrared (FTIR)
spectroscopy and XRD measurements were done on the samples on
crystalline silicon wafers. All other measurements were done on the
Corning glass samples. The films were made using a multi-chamber
Electrorava PECVD tool in a showerhead configuration. The electrode
distance was fixed to 10 mm. The precursor gases used were germane
(GeHy), hydrogen (H,) and silane (SiH,). Deposition parameters such as
pressure, power and substrate temperature were varied during this
study.

The films have been characterized using Spectroscopic ellipsometry
(SE), Raman spectroscopy, Fourier-transform infrared spectroscopy
(FTIR) and photo and dark conductivity measurements. These mea-
surements give a comprehensive idea of the material growth, the optical
behaviour and the electrical properties.

Properties such as the optical bandgap, thickness, Urbach energy,
refractive index and absorption coefficient were calculated using a J. A.
Woollam spectroscopic ellipsometer. The activation energy was
measured using an in-house dark conductivity setup. The photocon-
ductivity was measured using a Wacom solar simulator. The FTIR
spectra were measured using a Thermo Fisher Nicolet 5700 spectrom-
eter. The amount of low stretching modes (LSM) and high stretching
modes (HSM) of a-Ge:H are quantified by fitting a Gaussian to the peaks
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at 1875 cm ™! and 1970 cm ™! [25-28], respectively, and normalizing the
area below the Gaussian by the thickness of the film. This metric is
determined as cy gy or cysy, Which represents the vibrating modes of X-H
dipoles, which due to the effective charge and differences of mass
translate into the vibrations of the hydrogen atoms. The LSM and HSM
have thus been linked to the nature of the vacancies and voids in the
material in amorphous silicon [29], and this assumption is extended to
amorphous germanium, with a shift in the position of the peaks asso-
ciated with the change of mass of the dipoles [27,24]. Other tools used
for the characterization of the films include a Bruker XRD setup and a
Reinshaw inVia Raman spectrometer with a 633 nm laser.

3. Results

a-Ge:H has the potential to be a low bandgap absorber in a multi-
junction solar cell. The first step towards this goal is to better understand
the effect of deposition conditions and material characteristics on the
optoelectrical properties. For this purpose, this work first performs a
material optimization of amorphous Ge:H deposited by a PECVD on
showerhead configuration. Then, we look at the material properties and
the underlying physical principles that dominate the optoelectrical
properties. Finally, to better understand the nature of the defect present,
Si doping is introduced as an intentional dopant.

3.1. Optimization of undoped amorphous Ge:H in showerhead
configuration

The main parameters explored in this optimization were substrate
temperature, hydrogen dilution, deposition pressure and RF power
density.

Effect of substrate temperature. Literature has shown that tem-
perature can significantly affect the properties of a-Ge:H films, espe-
cially their density [10]. Fig. 1 shows an agreement with literature,
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Fig. 1. a) Bandgap, refractive index, Urbach energy and b) activation energy as a function of deposition substrate temperature. c) FTIR spectrum and the fitted peaks
at different deposition temperatures (bottom). The peaks were fitted according to [30].
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where the optical bandgap is lower at higher deposition temperatures
and the refractive index, suggesting higher film densities. In addition,
higher temperatures resulted in a higher activation energy, which sug-
gests a more intrinsic, defect-free material. The activation energy shows
a plateau at ~220 °C, after which the maximum E, is obtained (~1/2
Eg). This suggests that after that point, further densification of the ma-
terial does not have a strong impact on the electrical performance, and
the limiting factor for activation energy changes after 220 °C. The
Urbach energy was also determined to gather more information about
the possible defects in the material. The Urbach energy gives an idea of
the dangling bonds present within an amorphous lattice, which create
band tailing [12]. It can also be understood as the level of amorphicity in
a material lattice [29]. The Urbach energy in the samples measured
shows a steady increasing trend with substrate temperature, suggesting
an increase on the amorphous nature at higher temperatures, potentially
due to less inclusion of hydrogen and oxygen bonds within the film,
increasing the dangling bonds density. Considering that this does not
translate on lower activation energies, the results strongly suggests that
dangling bonds are not the main recombination mechanism in the low
temperature films. It has been reported that another important advan-
tage of more dense materials achieved by temperature densification is
chemical stability and resistance to oxidation [10]. FTIR spectra were
measured in as deposited samples at different deposition temperatures
(Fig. 1). Incorporated oxygen was detected at lower temperatures, while
no germanium-oxygen bond was detected by FTIR at 275 °C. The most
likely source of oxidation is post-deposition oxidation, since the PECVD
deposition occurs at vacuum in a multi-chamber system, and the process
includes a conditioning step pre-deposition that would eliminate any
oxygen present in the chamber. Post-deposition oxidation has been
shown earlier in Ref [9]. Looking at the stretching modes in the material,
there is an increase in the LSM and HSM peaks at higher temperatures,
especially at 185 °C. This would suggest that the voids might be too
small to accommodate exposure to oxygen or oxygen precursors, but
large enough to affect the characteristics of the film. Once the temper-
ature is increased further, these voids become smaller and less prevalent,
increasing the density of the film. Overall, considering that a lower
bandgap and higher activation energy would be beneficial for a-Ge:H
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films to be used as a bottom cell absorber, a temperature of 275 °C was
used in following experiments.

Effects of hydrogen dilution. Hydrogen could influence the crys-
tallinity of the samples [9], which is also a documented effect for a-Si:H
and nc-Si:H samples [31]. In this work, the H; flow was kept at 200 sscm,
while the GeH4 was varied between 1 and 5 sccm, resulting in hydrogen
dilution fractions between 97.5 and 99.5 %. Fig. 2 shows that the optical
performance is reduced at higher dilution rates, with higher bandgap
energies and lower absorption coefficients. The density of the material,
illustrated by the refractive index (n140onm), slightly increases at higher
dilution rates, but the effect is relatively small. Regarding the electrical
properties, the best activation energies are achieved at a dilution rate of
98.5 %, with them significantly degrading at higher dilution ratios. It
must be noted that higher dilution ratios result in slightly less control-
lable and thinner layers, which might explain the worsened optoelec-
trical properties. Another important parameter to consider is the
crystallinity, which might change with hydrogen dilution. From Fig. 2b),
it can be seen that for all Raman spectra, no crystallinity peak is seen at
300 cm ™}, confirming that in the hydrogen dilution ranges studied do
not result on any detectable crystallinity.

Effect of deposition pressure and RF power. The effect of pressure
and power are studied jointly since they are interdependent. Fig. 3
shows the effect of both parameters on the bandgap and activation en-
ergy. At pressures lower than 2 mbar the plasma did not ignite, at
pressures between 2 and 2.5 mbar, there were “islands” of plasma
forming, and the bias voltage during deposition was oscillating with
amplitudes suggesting dust formation [32]. At pressures higher than 2.5
mbar, the bias voltage becomes stable, avoiding the dust formation
regime, and the plasma is also visually stable, not flickering or with
“islands” of plasma. Moreover, powers below 0.12 W/cm? do not always
result in a stable plasma, and therefore the samples at lower pressures
and powers could not be characterized electrically. There seems to be a
compromise between the stability of the plasma, which is not achieved
at pressures below 2-2.5 mbar, and too high pressures resulting in a
negative effect on the electrical properties as illustrated by the lower
activation energies. A middle ground of 3 to 4 mbar is recommended.

Looking at the effect of deposition power, it does not significantly
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Fig. 2. a) Optoelectrical properties depending on the hydrogen dilution and b) Raman spectrum at different H, dilutions.
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Fig. 3. Dependence of a) bandgap and b) activation energy as a function of deposition power density and pressure.

change when using power densities above 0.12 W/cm?, being around
0.9-0.95 eV. Electrically, between 0.12 and 0.2 W/cm?, there are rela-
tively inconsistent results and low activation energies, suggesting the
presence of defects in the material that give the material a naturally
doped nature. On the other hand, high power densities above 0.2 W/cm?
result in high activation energies, suggesting that there is enough power
to fully dissociate the GeH, and form more homogeneous films.

Showerhead vs. counterflow reactor. When comparing the ob-
tained results to previous results achieved by a counter flow reactor
configuration [9,10], the achieved materials with showerhead config-
uration have a much higher deposition rate and more intrinsic behav-
iour. On the other hand, counterflow reactors can achieve crystalline
materials while all the films made with a showerhead reactor during this
study were amorphous. These differences could be attributed to the
differences in gas residence time within the plasma zone. The residence
time in the plasma zone in the showerhead reactor is lower than in the
counterflow reactor because the gases are injected directly into the
plasma zone. Since the dissociation rate of GeHy is very high, the
dissociation rate of hydrogen in the plasma zone would be the limiting
factor. In the counterflow reactor, the gases are injected in the back-
ground and need to diffuse to the plasma zone. Since GeHy4 is a much
bigger molecule than Hj, the diffusion of GeH4 would be the limiting
factor for the deposition and could create pressure and gas concentration
differences within the plasma zone. As a result, a showerhead reactor
allows for higher deposition rates and better control over the GeH,/H,
ratio and pressure within the plasma zone, allowing for more intrinsic,
potentially better passivated amorphous Ge:H. However, due to the
faster deposition and limited H, achieving crystalline conditions might
be more challenging [33,34].

3.2. Volume deficiencies and their effect on the optoelectrical properties

A wide variety of a-Ge:H films deposited at different powers and
pressures were characterized to better understand the material proper-
ties and their impact on the optoelectrical behaviour. The films were
confirmed to be amorphous both by Raman and XRD measurements (see
Supplementary Information). The amorphous films produced have
intrinsic behaviour with bandgaps of ~0.9 eV. This study looks further
into the nano structure of the material and defect states by looking into
the Urbach energy and role of the voids. Urbach energies give infor-
mation on the H bonding and dangling bond behaviour related to tail
states. FTIR measurements can give an idea of the nature of the volume
deficiencies inside the material. The Ge-H peak at 550-560 cm ™! is
associated with wagging modes, whereas the peak at 1875 cm ™! is
associated with low stretching modes (LSM) of Ge-H and the peak at
1970 em ™! is associated with high stretching modes (HSM) of Ge-H [10].

In amorphous silicon (a-Si:H), LSM have been related to amorphous (di-)
vacancies, whereas HSM have been connected to larger vacancies up to
nanosized voids [35]. The FTIR measurements of the a-Ge:H samples
from this study presented mostly only wagging modes and LSM, indi-
cating that there is not a significant amount of multivacancies or
nanovoids. This is in accordance to literature, where it has been shown
that RF-PECVD reduces the amount of larger voids present in the case of
amorphous silicon films, as the additional energy supplied by the ion
induced displacement of surface atom enhances the surface mobility of
the silicon or germanium atoms, which move to fill the vacancies during
deposition [29]. This would be particularly relevant when depositing
germanium films, since the GeHy dissociation rate is much higher, and
the deposition rate is almost an order of magnitude higher than that of
amorphous silicon. Previous studies on a-Ge:H films using a counter flow
reactor [10] presented lower deposition rates, higher LSM, and espe-
cially higher portion of HSM peaks, suggesting that the showerhead
configuration used in this study can reduce the amount of vacancies and
nanovoids further.

Fig. 4a and b show the dependence of activation energy to both the
LSM modes in the material and the Urbach energy. c gy is calculated as
the area of the FTIR peak LSM Gaussian at 1875 cm ™! normalized by the
thickness of the film, which gives an idea of the amount of smaller va-
cancies within the material. The Urbach energy, calculated as Ref. [19],
is often associated to the presence of dangling bonds and defect states
near the bands that cause band tails [36,37]. According to Fig. 4a, there
seems to be a relationship between the activation energy and cp gy when
the activation energies are low and deposition rates are low. These re-
sults suggest that at low deposition rates, when the plasma is not stable,
the volume deficiencies incorporated in the material limit the electrical
behaviour. At deposition rates higher than 0.4 nm/s, the LSM volume
deficiencies do not seem to be the dominant factor anymore. Once the
volume deficiencies have been minimized by increasing the deposition
rate, no strong correlation between the activation energy and the
nanostructure of the material could be established (LSM, Urbach energy,
refractive index, Fig. 4a, b, c). This suggests that once the volume de-
ficiencies are reduced to a threshold level, neither the vacancies nor the
amount of dangling bonds are the dominant defect affecting the elec-
trical properties. This might be related with the difficulty of hydrogen
inclusion within the germanium films at such high rates.

Literature shows that hydrogen can be difficult to introduce in
germanium lattices [38]. This might play a role, where the performance
is limited by the dangling bonds. However, data does not show a strong
link between band-tail states and the optoelectrical properties, sug-
gesting that the defects present might be at mid-gap. This is supported by
the relatively high dark conductivities obtained, despite the intrinsic
behaviour achieved (Fig. 4d). However, the overall values have been
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Fig. 4. a) Dependency of activation energy with LSM modes; b) dependency of activation energy with Urbach energy; c) relation between Urbach energy and
refractive index at 1400 nm, d) relation between activation energy and dark conductivity, e) Relation between Urbach energy and LSM modes, and f) relation

between band gap and LSM modes.

reduced with respect to the samples produced using counterflow reactor,
which showed values in the order of 1073 to 10™* S/cm [10]. In Fig. 4d,
there is a region at lower activation energies with low deposition rates,
where there are many volume deficiencies and the dark conductivity is
relatively high. We can conclude that in this region the volume de-
ficiencies are the defects that dominate the electrical properties. When
the deposition rate is increased, the dark conductivity saturates, and the
activation energy would be dominated by other mechanism, such as the
lattice disorder.

Fig. 4e explores the connection between LSM and the tail states,
represented by the Urbach energy. In the Ge:H films studied here, vol-
ume deficiencies have been annealed out using high temperatures dur-
ing deposition, there is no oxidation anymore, and the bandgap is
reduced by lowering the LSM modes or volume deficiencies. Volume

deficiencies put pressure on the tissue, that opens the bandgap. That
effect is reduced when vacancies or volume deficiencies are reduced.
However, the Urbach energy does not show a clear connection to the
LSM states (Fig. 4f), suggesting that a-Ge:H the volume deficiencies do
not control the distribution of stress in the lattice, and therefore are not
the main mechanism controlling the trends observed in the activation
energy.

If we assume that the material behaviour can be comparable to a-Si:
H, according to Ref. [29] a lower bandgap is often associated with a
decrease in the volumetric compression of the a-Si:H tissue caused by
voids. Larger voids (nanovoids or divacancies) result in volumetrically
compressed zones, and increase in the band tailing. On the other hand,
when dangling bonds are passivated by hydrogen, the bandgap in-
creases. This inverse relationship between bandgap and Urbach energy
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has been observed in other materials in literature as well [11,36].

From the analysis performed in these materials, we can conclude that
there is a hidden defect mechanism that determines the intrinsic
behaviour of the a-Ge:H films, but this mechanism could not be con-
nected to the density of the film, the volume deficiencies present or the
Urbach energy. To better understand the effect of hydrogen and mid-gap
defects, Si was introduced as a dopant. It is theorized that the volume
deficiencies in Ge:H are very mobile during the deposition due to the
weak Ge-H bonds. By introducing Si in the lattice, these volume de-
ficiencies are “fixed in place” by the stronger Si-H bond, which allows us
to better understand their role in the material.

3.3. The nature of defects in Ge:H and gesi:h

Maintaining all other conditions the same as the previously devel-
oped a-Ge:H recipe, a SiH4 flow was introduced. The Si concentration in
the film as measured by EDX shows that introducing SiH4 linearly in-
creases the Si content from O to up to 25 %at. in the flow range studied
(See supplementary Information). The resulting optoelectrical and ma-
terial properties are shown in Fig. 5. Introducing Si in the Ge matrix does
increase both the bandgap and activation energy, maintaining the
intrinsic behaviour. The dark conductivity is reduced by at least two
orders of magnitude with respect to the pure a-Ge:H by introducing
silicon. This can be related to the increase in bandgap, but also suggests
a decrease in defect density.

Further investigation with FTIR (see Fig. 6) has been conducted to
better understand the nanostructure changes in the material. The peak
between 500 and 600 cm ~'shifts at higher SiH,. The results suggest that
the matrix is changing to accommodate the Si, creating larger voids in
the lattice, which are both associated to Ge rich areas and Si rich areas.
Hydrogen is more likely to bond with Si than with Ge, therefore reducing
the amount of dangling bonds when Si is introduced [39]. These results
are in agreement with the overall increase of the wagging mode signa-
ture in the FTIR (Fig. 6) between 500-600 em L

Looking at the FTIR results in the region between 1800 and 2100
cm™}, we can gather more information about the nature of the va-
cancies. The peak at 1860 cm™! is associated with the low stretching
modes (LSM) of Ge-H. The peak appearing at 2000 cm ! is associated
with the LSM of Si-H. At 6 sccm, there are two peaks appearing at 1940
and 2065CIII_1, which correspond to the high stretching modes (HSM) of
Ge-H and Si-H, respectively. To better understand the evolution of va-
cancies as Si is introduced, Gaussian curves were fitted to the LSM and
HSM modes, and the areas below them were calculated. Fig. 7 shows the
ratio of the gaussian areas of Si-H versus Ge-H for both LSM modes
(black) and HSM modes (red). The trend shows that the ratio of Si-H
increases with reference to the Ge-H modes, finally arriving to HSM
modes to appear. These results suggest that hydrogen shows preferential
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bonding with Si when compared to Ge, which is in agreement with
previous literature [19]. The volume deficiencies are very mobile during
deposition in the Ge tissue. This is also suggested by the LSM Ge-H peak,
which indicates a change in the Ge-H bonding. The high deposition
temperatures anneal the volume deficiencies in the germanium tissue.
When Si is present, the hydrogen atoms get fixated on the Si atoms and
facilitate a neighbouring volume deficiency. Therefore, introducing Si in
the matrix makes the hydrogen atoms and volume deficiencies less
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mobile, increasing the passivation in the volume deficiency and conse-
quently within the tissue. That decreases the amount of mid-gap states in
the material, which is reflected in the reduction of the dark conductivity
as SiHy flow increases.

From this analysis, we can suggest that the performance of a-Ge:H is
determined by mid-gap states, which are related to mobile H atoms in
the matrix and the associated volume deficiencies. When a small amount
of Si is introduced, those H atoms are bonded to the Si, becoming less
mobile and reducing the defect density in the material, especially
relating to the mid-gap states.

4. Discussion and outlook

To determine the overall quality of the material produced in this
study, it is interesting to look at the relation between the bandgap and
the activation energy, as shown in Fig. 8. Ideally, the activation energy
would be about half of the bandgap energy for an intrinsic material
(dashed line). Moreover, the bandgap should be as low as possible to
accommodate for an effective spectral utilization in a multijunction cell
where the a-Ge:H absorber is in the bottom cell. Compared to films
previously produced by counterflow reactor (black markers for Ge:H)
[9,10], the new films produced during this study (green dots) have a
lower bandgap and a more intrinsic behaviour. This is probably due to
the lower percentage of large volume deficiencies detected, and the lack
of detectable oxidation.

The measured films in this study have a bandgap between 1 and 0.75
eV, which is higher than crystalline germanium (0.67 eV). However, it is
important to note that this is still lower than typical values reported in
literature for similarly deposited a-Ge:H [10,40]. Since these films are
designed to absorb the light in the infrared region, this is a positive
development towards that goal. These results show that a showerhead
configuration can achieve a more isotropic material with less and
smaller vacancies, resulting in a material better suited to be used as a
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Fig. 8. Relation between bandgap and activation energy as an image of how
intrinsic the material is (dotted line). Note that the Background injection data
comes from Ref. [10,9,24].

solar cell absorber.

When looking at the effect of doping, the introduction of Si on the a-
Ge:H tissue makes the bandgap higher while conserving the intrinsic
nature of the material. This could be related to better hydrogen
passivation and other changes in the a-Ge:H structure.

5. Conclusions

This research shows that germanium-based films are a promising



P. Perez-Rodriguez et al.

absorber material for the bottom cell of multijunction solar cells.
Moreover, it shows that PECVD is a suitable technique to fabricate these
films. Using this method, bandgaps between 0.75-1 eV are attained.
Intrinsic materials are achieved without the need to introduce dopants,
with activation energies reaching 450 meV. At higher deposition tem-
peratures the films are densely packed films with, which also makes
them chemically stable. The best deposition conditions are established
to be at 3-4 mbar, 275 °C and at around 0.20 W/cm? achieving ban-
dagps of ~0.9 eV and activation energies of ~450 meV.

When compared with previous films made with a counterflow
reactor [10], the showerhead configuration achieves better optical and
electrical properties. This is related to the different gas residence times
in the plasma zone and the depletion rate of hydrogen.

Looking at the material properties, the performance of a-Ge:H seems
to be determined by mid-gap states, which are related to mobile H atoms
in the matrix and the associated volume deficiencies. Including Si in the
matrix increases the bandgap while maintaining the intrinsic nature.
When a small amount of Si is introduced, the H atoms are bonded to the
Si, becoming less mobile and reducing the defect density in the material,
especially relating to the mid-gap states.

Overall, the achieved properties are compatible with applications as
an absorber material in a low-bandgap solar cell. Since these films were
produced using PECVD techniques, they can easily be integrated in a
solar cell as a proof of concept. Ultimately, they can be integrated as a
bottom cell of any of the common multifunction configurations such as
perovskite/c-Si, III-V, thin film silicon or CIGS technologies. This will
allow for a better spectral utilization in the infrared region, boosting the
overall performance of the solar cell with minimal additional
processing.
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