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Abstract
Fabry-Perot type resonant nanocavities allow for broadband enhancement of light absorption in ultra-thin absorber
layers. By introducing a switchable mirror, these thin film structures can be used as unique optical devices enabling
interesting applications with switchable absorption. We use a thin film photovoltaic layer stack based on an
amorphous germanium absorber layer and combine it with a thin Mg/Pd mirror to create a switchable solar cell. In
this work we demonstrate, how we can switch the light absorption and hence the photocurrent generation of the thin
film solar cell by changing the refractive index of Mg, due to hydrogen absorption. Our results show, how optical
resonances in the absorber can be switched “on / off” by the change of optical properties of the magnesium reflector.
The multi-layer system can be switched from a light absorbing and photocurrent generating state to a transparent
window state with excellent color neutrality. We emphasize our study as an important step towards the realization of
switchable photovoltaic windows, which paves the way for larger scale building integrated photovoltaic applications.
Keywords
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switchable PV windows, as shown recently.32 In this
study, we demonstrate a switchable optical cavity
with broadband enhanced absorption in a 5 nm thick
a-Ge:H layer, with on demand photocurrent
generation. This paves the way towards switchable
photovoltaic windows, as recently introduced by our
research group.33 Our work demonstrates the
realization of such a switchable optical cavity with
photocurrent generation.

For more than two decades, smart windows which
enable dynamic modulation of light transmission are a
subject
of
general
research
interest.1-5
6-8
4
Electrochromic ,
gasochromic ,
and
9-11
thermochromic , as well as liquid crystal12
materials are integrated into glass panes, to produce
window systems for smart shading. Moreover, semitransparent thin film light absorbers are developed to
design photovoltaic windows.13, 14 These windows
absorb a certain fraction of light to generate electric
power, but still remain transparent enough for an
unobstructed view. Several studies have been made
on adaptive window systems with self-powering
photovoltaic layers15-18, where an active layer
generates photocurrent to initiate switching from the
“off” to the “on” state. However, only few switchable
photovoltaic window devices have been realized
which are able to create more photocurrent than
required to initiate the switching process.19-21
Recently, Wheeler et al.20 demonstrated that a photothermal dissociation effect can be used to switch a
perovskite absorber from an opaque to a transparent
state and back. A different approach was developed
by Murray et al.19, using a thin amorphous silicon (aSi) absorber which was combined with a liquid
crystal (LC) layer as switchable back reflector. Both
concepts exhibit an on-demand photocurrent
generation and can be switched between a light
absorbing and a transparent state. A remaining key
issue of switchable photovoltaic windows is to
enhance light absorption without decreasing the
transparency in the solar cell’s “off” state. Therefore,
light trapping, which can be switched “on” and “off”
to achieve switchable absorption, has to be applied. In
this paper, we outline a novel approach for the
realization of switchable photovoltaic windows. We
create a switchable ultra-thin resonant optical cavity
by using thin gasochromic Mg/Pd layers as
switchable mirror22 behind an ultra-thin static
amorphous hydrogenated germanium (a-Ge:H)
absorber layer. Instead of switching the optical
properties of the absorber23, the absorption
enhancement of the cavity is switched by the change
of optical properties of the Mg/Pd layer system.24-26
The refractive index of Mg changes, when hydrogen
is absorbed.27-30 The cavity in our work is based on an
a-Ge:H ultra-thin solar cell31, with the main
advantage to enable the integration of new absorber
materials like transition metal dichalcogenides in

Results and Discussion
The optical and electrical properties of the switchable
device are modeled and experimentally proven in the
following. Local absorption of light is modeled and
compared to quantum efficiency measurements to
evaluate the device as switchable solar cell
Device structure and cavity effect
The device layer stack consists of an electrical front
contact, a p-i-n structure for charge carrier separation
and the switchable rear contact. The device is shown
in Figure 1 (a). The front contact material is
aluminum doped zinc oxide (AZO). N-doped a-Si:H
as well as an intrinsic a-Si buffer layer is deposited on
top of it. Afterwards the a-Ge:H layer for light
absorption, an intrinsic µc-Si:H and a p-doped µcSi:H layer are deposited. This is covered with a thin
buffer layer of MoOx. The last layers are the
switchable rear contact, consisting of 24 ± 2 nm Mg
with a 6 ± 2 nm Pd capping layer to prevent oxidation
of Mg and to catalyze the absorption of hydrogen.34, 35
The MoOx layer is used to improve the band
alignment between the low work function material
Mg36, 37 and p-doped µc-Si. The device is illuminated
from the glass side, meaning the cell is in superstrate
configuration. The optical cavity is established
between Mg and AZO as will be shown in the next
section. The photocurrent is also extracted from these
layers. Figure 1 (b) shows a scanning electron
microscopy (SEM) image of a cross-section of the
layer stack. The p-i-n layers can be clearly seen in in
dark grey, while the front and the rear materials
appear brighter. An enlarged view of the layer stack is
shown in Figure 1 (c). It is evident, that the absorber
forms a closed layer on the substrate. The roughness
of the layer system originates from the structure of
AZO. The crystalline material introduces hills and
valleys into the device. The absorber and rear contact
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follow the roughness of the front contact without
disruption of the layers.

that the parasitic absorption 1-R-T of the layers
increases when hydrogen is incorporated in the
Mg/Pd layers. Switchable absorption in a thin
absorber layer can be achieved by adding a thin (22
nm) a-Ge:H layer on top of the switchable Mg/Pd
mirror. This is the simplest form of the cavity. Figure
2 (c) shows the simulated absorption spectra of this
configuration. The total absorption is compared with
the local absorption in the a-Ge:H layer for both
states. Absorption above 60% of incoming light can
be reached locally in the a-Ge:H layer with metallic
Mg rear contact. This will be referred to as the cavity
“on” state. Light is confined inside the ultra-thin
absorber material due to nontrivial interferences.31, 3942
The internal electric field distribution of the cavity
depends on the phase shift at the interfaces, and the
phase shift caused by the thickness of the layers.23
Broadband interferences emerge in the absorber layer
on Mg and enhance the overall absorption of the layer
stack. It can be seen that the cavity effect is
drastically reduced when Mg is changed to MgH2.
When the reflectivity of Mg is decreased and the
transparency increases due to hydrogen absorption,
the cavity effect is reduced and less light is confined
in the absorber material. This can be seen in the drop
of local and total absorption in Figure 2 (c). With
MgH2 rear contact the local absorption in the a-Ge:H
layer is below 40%, which we will refer to as the
cavity “off” state. This shows that our device is able
to realize switchable absorption with the Mg/Pd
mirror. After hydrogen exposure, the local absorption
decreases significantly compared to the total
absorption at wavelengths above 800 nm. This can be
explained by the parasitic absorption of the
hydrogenated layers, as discussed above. The main
difference between this simplified configuration and
the electrical functioning device is the thick (1 µm)
AZO front contact, which covers the absorber. Figure
2 (d) shows the simulated absorption spectra of this
configuration on a glass substrate. It can be seen that
the absorption changes between cavity “on” and “off”
state. The cavity effect is still evident and the
absorption can be switched. The additional
interference peaks in the absorption spectra may be
attributed to optical resonances within the AZO layer.
In this simulation the roughness of the AZO layer,
which was also seen in the SEM images was not
included. The additional roughness does not decrease
the cavity effect since it is angular stable43, and may

Figure 1: (a) The investigated layer stack. (b)
scanning electron microscopy (SEM) images of a
cross-section of the layer stack milled with focused
ion beam (FIB). (c) higher magnification SEM image
of cavity.
Optical Properties of the Switchable Cavity
Before showing the details of the electro-optical
analysis of the device layer stack, we want to
demonstrate the optical properties of the switchable
cavity with a less complicated layer stack. Figure 2
(a) shows the measured transmission and reflection
spectra of 30 nm Mg / 5 nm Pd / glass, together with
the simulated spectra from the modeled dielectric
function The refractive index data, which was used to
model the spectra, is shown in the supporting
information. Figure 2 (b) presents the results of the
same layer stack after hydrogen uptake. The large
change in reflectivity from values above 80% before
hydrogen exposure to values below 10% after
hydrogen exposure demonstrates the drastic change of
the optical properties, which clearly indicate a
transformation of the refractive index. This induced
change in the refractive index will later allow for
switching of the absorption in the cavity. Figure 2 (a)
and (b) also present the modeled R and T plots for
Mg/Pd on a glass substrate. To match the measured
spectra in the hydrogenated state our model assumes
an absorptive mix layer on top. It includes a Mg–Pd
intermetallic phase as well as partially hydrogenated
material. This phase may originate from the interdiffusion of Mg and Pd atoms during
hydrogenation.38 This layer in the model accounts for
the parasitic absorption of the hydrogenated layers.
From simulation and measurement it becomes clear,

4

even improve the absorption.44 After showing that
switchable light absorption is achieved in a simplified
layer stack, the optical properties of the device layer
stack presented in Figure 1 (a) are studied. We
demonstrate that the transmission and absorption of
the p-i-n solar cell structure is switchable based on the
same principle as shown before and validate our
optical model by comparing it to experimental
measurements. Figure 2 (e) shows the absorption
spectra of the device layer stack in the “on” and “off”
state of the cavity calculated as 1-R-T. It can be seen
that the spectra are again dominated by the
interference pattern of the AZO layer as already
shown in Figure 2 (d). In the visible spectral region
(350 to 800 nm) the absorption in cavity “on” state
reaches values above 70%. Above λ=800 nm the
absorbance of the device in “on” state decreases. Less
light is confined in the cavity, which is a result of the
decreased absorption of a-Ge:H in this spectral
region. This confirms the results from Figure 2 (c).
After hydrogenation, the absorption changes
significantly (blue line). The dielectric properties of
MgH2 shift the modes of the cavity out of the
absorber layer. The absorption drops below 70% for
most of the visible spectral region. At wavelengths
above λ=800 nm, the absorption of the device with
dielectric rear mirror exceeds the absorption of the

device in “on” state. A significant part of the light is
absorbed in the layer mix of Mg and Pd and not
confined to the cavity any more, as will be shown in
Figure 3. The overall high absorption for wavelengths
below 400 nm in both states is due to parasitic
absorption in the AZO layer. The optical model (solid
lines) is fitted to the measurements by adjusting the
layer thickness of the respective layers. The layer
thickness of Mg is changed in the simulation from
24 nm to 29 nm after hydrogen absorption which is an
increase in thickness of 21%. Previous published
studies from different research groups have shown
that a volume expansion of Mg occurs when
hydrogen is absorbed.45-47 This applies also to our
results. The models are in good accordance with the
measurements, especially for wavelengths below
800 nm. A reason for deviations of the model from
the measurements may be inaccuracies in the modeled
refractive indices, as well as differences between
modeled and actual thickness. The results
demonstrate that the absorption of the device is
switchable. Figure 2 (f) and (g) present photographs
of the cell stack in “on” and off “state”. The
transparency increases significantly after hydrogen
absorption. The device in “on” state is only slightly
transparent, showing that not all incoming light is
confined to the cavity.

Figure 2: (a) Measured (dotted) transmittance (T) and reflectance (R) of 30 nm Mg and 5 nm Pd. The solid lines
present the optical model, fitted to the measurement. (b) T and R after exposure to 5 mbar hydrogen in nitrogen for
15 minutes. (c) Simulated absorption for a layer stack of a-Ge:H / Mg / Pd (red), as well as a-Ge:H / MgH2 / mix
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layer (blue) in vacuum. The total absorption of the complete layer stack is plotted with solid lines, while dotted lines
shows only the absorption in the germanium layer. (d) Local absorption in Ge with glass and AZO as realistic front
contact/mirror. (e) measured (solid) and modeled (dotted) absorption spectra (1-R-T) of the solar cell layer stack in “on” and
“off” state. Photograph of the layer stack in “on”(f) and “off” (g) state.

absorption in the mix layer has to be reduced. When
comparing the absorption plots in both states, it
becomes clear, that the cavity is switchable and the
resonant modes are at the desired position inside the
device. For simplification the layer roughness and
thickness variations were not considered in our
model. This means that the cavity effect varies
slightly locally. Nevertheless, the simulations
demonstrate how the cavity effect and with it the
absorption enhancement can be switched “on” and
“off”.

Switchable local absorption in an ultra-thin solar
cell
After validating our model in terms of predicting the
absorption and transmission measurement, we studied
the local absorption in the device, using the same
optical model as shown in Figure 2 (e). Figure 3 (a)
and (b) show the simulated local differential
absorption dA of each layer, starting with AZO, the Si
and Ge layers followed by the MoOx buffer layer and
the switchable back contact. It has to be noted, that
for improved readability only the lower 10 to 20 nm
of the AZO layer are shown in these graphs. Figure 3
(a) presents the device with metallic rear reflector Mg
/ Pd. In this case, the a-Si:H, a-Ge:H and µc-Si:H
layers show significant absorption. However, most
light is absorbed in the a-Ge:H layer, which is the
desired case for our solar cell application. Especially
in the wavelength range between λ=400 and 800 nm
the a-Ge:H layer dominates the absorption of light.
The oscillations in the absorption originate from the
interferences in the AZO. Furthermore, Figure 3 (a)
provides another interesting insight into the system.
Absorption is almost absent in the metallic layers Mg
and Pd, as expected. The absorption in Mg increases
at wavelengths above λ≈700 nm. This effect is
consistent with our optical measurements in Figure 2.

Figure 3 (b) shows that with the hydrogenated MgH2
mirror, less light is confined inside the cavity. It is
interesting to see, that a small amount of light in the
wavelength range between 350 and 450 nm is
absorbed at the interface between TCO and a-Si:H.
This can be explained by a shift of a cavity mode to
this position. In the cavity “off” state, most light is
absorbed in the a-Ge:H layer compared to the Si
layers. The reason for that is the much higher
absorption coefficient of a-Ge:H compared to a-Si:H
and µc-Si:H. Concerning the mirror, almost no
absorption is present in MgH2, though a significant
part of light is absorbed in the mix layer. This
indicates that, to achieve high transparency the

Figure 3: Color maps of the local absorption within
the device layer stack with metallic rear mirror (a)
and with dielectric rear mirror (b). The position
inside the layer stack is shown on the y-axis, while the
x-axis presents the wavelengths. The absorption is
encoded in the color bar.
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smaller than 500 nm. This suggests that the cavity
effect may be better than predicted by simulation for
small wavelengths. This can be a result of the
roughness of the AZO layer, which is not
implemented in the model or a rectifying contact
between Mg and the p-side of the solar cell.

Switchable photocurrent generation
The previous section has presented the optical
properties of the device layer stack. In the following
we want to show the electrical properties and present
in detail how the switching of the cavity influences
the current generation. Therefore, the measured
external quantum efficiency (EQE) for the two states
(“on/off”) are compared to the simulated internal
quantum efficiency (IQE). Figure 4 (a) presents the
EQE and IQE spectra of the switchable device with
the cavity switched “on”. The EQE spectrum reaches
a peak value of 40% at a wavelength λ=450 nm,
meaning that photocurrent is extracted at this
wavelength with highest efficiency. Simulated IQE
results are plotted for a-Ge:H, µc-Si:H and a-Si:H
layers, respectively. The a-Si and µc-Si layers show
an IQE of less than 15%, while the IQE of the a-Ge:H
layer reaches 30% at λ=600 nm. The a-Ge:H layer
contributes significantly more to the photocurrent
than the Si layers. Comparing the three single layer
IQE spectra to the EQE, it is evident that the charge
carriers from the a-Ge:H layer alone are not enough to
explain the measured behavior of the EQE spectrum.
Only the sum of all three IQE spectra (plotted in light
blue) is able to reproduce the measured spectrum at
least at low wavelengths up to λ~450 nm. For
λ>450 nm the sum of the single layer IQE on the
other hand is much larger than the EQE, pointing out
strong recombination or optical loss in that
wavelength range.

As mentioned before, recombination and optical
losses may be responsible for the low EQE at higher
wavelengths. Two additional samples with alternative
back contacts are prepared to study these hypotheses.
To see if the thin Mg/Pd layer is responsible for the
optical loss, the switchable mirror layer is replaced by
300 nm of Mg. This layer is completely opaque and
no light is transmitted through the layer stack. The
results of IQE simulation and EQE measurement are
presented in Figure 4 (c). Similar differences between
EQE and IQE as in Figure 4 (a) can be seen. The EQE
is reduced compared to the IQE for wavelengths
above 500 nm and increased for wavelengths below.
The EQE of the device with 300 nm rear mirror is
slightly improved, showing that optical losses play a
role in the device with thin Mg/Pd. To see if Mg
metal itself causes increased recombination at the
interface to MoOx a device with 300 nm Ag rear
reflector is studied as well. Ag possess a much higher
work function compared to Mg36, changing the band
alignment of the cell stack. The results are shown in
Figure 4 (d). In this case, the measured EQE fits the
simulated IQE much better, with only small
deviations for λ>550 nm. This confirms that optical
losses, as well as recombination both contribute to the
decreased EQE for wavelengths above 500 nm.
Recombination at the interface between Mg and
MoOx and the electron selectivity of Mg48 reduce the
amount of charge carriers extracted from the device.
The overall higher quantum efficiency in Figure 4
shows the potential of the switchable cells to reach
quantum efficiencies above 50%.

A similar effect can be seen in Figure 5 (b), where the
IQE and EQE for the “cavity off” mode are shown.
The comparison of the EQE measurements in both
states shows, that the photocurrent of the nano cavity
can be reduced by switching the rear contact from a
metallic to a dielectric state, as confirmed by
simulation. The IQE of the a-Ge:H layer shows a
strong reduction compared to Figure 5 (a). It is
interesting to see that the measured EQE of the
“cavity off” cell exceeds the IQE at wavelengths
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Figure 4: measured EQE and simulated IQE of the switchable device in “cavity on” (a) and “cavity off” (b) mode.
Measured EQE and simulated IQE of the devices with 300 nm Mg (c) and 300 nm Ag rear mirror (d) replacing the
thin film Mg/Pd layers.

Figure 5: measured illuminated (a) and dark (b) IV curve of cell in “on” and “off” state with single diode fit. Fill
factor (FF), efficiency (Eta) short circuit current (Jsc) and open circuit voltage (Voc) for seven cycles of switching
(c). Measured transmission at for seven cycles of switching (d).Chromaticity plot for color appearance of cell in
transparent mode (e).
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conductivity than pure Mg. The decrease of VOC
might also result from the lower intensity of light
confined in the cell in the “off” state.

Switchable PV window
In order to study the PV performance of the solar cell,
the IV curves of the device were measured in “on”
and “off” state. The cell stack was slightly modified
with a 2 nm thick layer of titanium above and below
the Mg switchable layer, respectively. The Ti layer
between Mg and Pd is known to reduce the
deleterious effects of the alloying of Mg and Pd on
the switching properties of the cell stack.49 Moreover,
the Ti layer might minimize clamping to the
underlying MoOx layer.47 This might reduce the
mechanical stress due to volume expansion of Mg
after hydrogen absorption on the p-i-n structure.50
Figure 5 (a) presents the measured current density (J)
as a function of voltage (V) for both states of the solar
cell under AM1.5G illumination. The characteristic
parameters are extracted by fitting of the single diode
equation to both graphs. In the “on” state the cell
reaches a short circuit current Jsc=6.13 mA/cm² and
an open circuit voltage Voc=500 mV. After 20
minutes of hydrogen absorption the J sc is decreased to
Jsc=4.50 mA/cm², while Voc=481 mV only shows a
small
reduction.
The
fill
factor
reaches
FF(“on”)=57.6% and FF(“off”)=50.8%, which leads
to an overall efficiency of η(“on”)=1.78% and
η(“off”)=1.01%. The most significant reduction of
characteristic values can be found for FF and J sc. The
reduction of Jsc can be explained by the reduced
absorption of light in the Ge layer. Dark IV curves
were measured to study the influence of hydrogen
absorption on the reduction of FF. Figure 5 (b)
presents the dark IV curves of the cell. By fitting the
single diode equation to these measurements, values
for the series resistance Rs can be extracted. The
results are Rs(“on”)=2.0 Ω and Rs(“off”)=5.5 Ω. This
is also comparable to the sheet resitance of the TiMg-Ti-Pd layer stack on glass determined by four
point probe measurements. Here the sample reaches a
sheet resistance before exposure to hydrogen of
R□(“on”)=2.7 ± 0.1 Ω/□
and
of
R□(“off”)=9.7 ± 0.5 Ω/□ after hydrogen absorption.
The increase of the resistance after hydrogen
absorption leads to the reduction of FF and to the
small decrease of Voc. The sheet resistance increases,
because the dielectric MgH2 has a smaller

The degradation of the cell after several switching
cycles is a crucial factor for further applications.
Therefore, the IV characteristics were determined for
several cycles of switching. Hereby, the cell was
exposed to hydrogen atmosphere for 20 minutes at
room temperature to reach the transparent state and
tempered at 50 °C in ambient air for 20 minutes to
return to the absorbing state. The long switching
times were chosen, to guarantee complete switching
of the cell. Figure 5 (c) presents the characteristic
values of one cell for seven cycles of switching. The
difference between “on” and “off” state can be clearly
seen for all parameters. This shows that the switching
effect is present even after several cycles. The change
of Jsc between “on” and “off” state can be directly
attributed to the change of light absorbed by the
device. The change of Voc is partially caused by the
change of light confined to the cell, but also most
probably a result of different band alignment between
hydrogenated Mg and metallic Mg and the cell stack.
The decreased FF in the hydrogenated state has been
studied above and can be found for all cycles of
switching. All three parameters influence the
efficiency of the device which varies from 1.1 to 0.9
in the “on” state and from 0.6 to 0.7 in the “off” state.
It is striking to see that the efficiency, FF, Voc and Jsc
increase slightly during the first five cycles of
switching. This is a result of the decrease of shunt
conductivity from Gshunt=2.4 mS after the first
switching cycle to Gshunt=2.1 mS in the fifth cycle of
switching. The shunt conductivity was also extracted
from the diode model of the curves. A possible
explanation might be that the hydrogen inside the
device does not only affect the Mg layer, but also
leads to an additional hydrogen passivation of the Si
and Ge layers in combination with an annealing effect
of the tempering at 50°C. Further evidence for this
theory might be that the improvement of the cell stops
after five cycles, when hydrogen passivation and
annealing effects reached their maximum impact.
After five cycles of switching, the efficiency and FF
drop to values of η=0.9% and FF=43% in the “on”
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wavelength of 625 nm. In the cavity “on” state the
transmission stays below 2.6% over the complete
visible wavelength range. This means that the
transmittance can be increased by a factor of eight
after hydrogen absorption. Figure 5 (e) presents a
chromaticity plot with CIE1931 spectrum for a
standard observer at almost perpendicular angle of
observation. The point presents the color impression
of the cell in transparent state. The coordinates are
x=0.39 and y=0.39. In the “on” state, the color
changes only slightly to x=0.40 and y=0.40. This
demonstrates color neutrality, which is important for
window applications. The remaining slightly
brownish color stems from the Ge and Si layers of the
cell stack.

state. This can be mainly attributed to the decrease of
Jsc, caused by the degradation of the switchable rear
contact. Further switching reduces the cell parameters
slightly. This leads to the assumption that the
switching of the rear contact and the included
mechanical stress on the interface does not change the
structure of the Si and Ge layers in a detrimental way.
Even after seven switching cycles an efficiency of
0.8% is reached. The decrease of efficiency might
continue until a constant value of efficiency is
reached, when the rear contact lost its switching
capacity. The fact that the cells are not shunted after
the switching process, suggests that the mechanical
stress on the absorber layers upon hydrogenation is
reduced. A volume increase of up to 30% of the Mg
layer would have a disruptive effect on the ultra-thin
p-i-n structure.

The implementation of the here presented switchable
solar cell in a switchable window requires further
improvements, which must be subject to further
studies. First of all, the efficiency of the solar cell
must be improved. This may be reached by improved
electrical band-alignment and the development of 2D
absorber materials. Secondly, the switching process
must be adapted for larger scale applications.
Research groups have already proposed strategies to
implement gasochromic switchable layers into double
glazing windows for improved energy efficiency of
building facades and studied the temperature
dependence of the switching process.5 This could
serve as roadmap for the realization of a switchable
solar cell. Further improvements could be reached by
replacing the gasochromic rear contact with an
electrochromic layer stack.22 It has to be kept in mind,
that the energy cost to use a switchable solar window
must not exceed its gain in electric power. The
presented work tries to be the first step into this
direction.

The degradation of the Mg / Ti / Pd rear contact can
be studied in the light transmission of the device after
several cycles of switching. The transmission of the
device during the first switching cycles is shown in
Figure 5 (d). While the “off” state only shows a small
decrease of transparency, the light transmission is
increased in the “on” state after five cycles of
hydrogen absorption and desorption. The change of
optical parameters is still significant, but reduced
compared to the initial state. This leads to a reduction
of light confinement in the absorber layers and
therefore to a reduced photo current and efficiency.
The fact that the reduction of transmittance in the
transparent state is smaller than the increase in the
light absorbing state, leads to the assumption, that the
capability of loading with hydrogen is much less
affected from repeated switching than the unloading
of hydrogen. This implies, that by improving the
desorption process of hydrogen from the rear contact,
the degradation of the device could be further
reduced. We found that after the fifth switching cycle,
the difference in transparency between “on” and “off”
state decreases linearly and tends to reach zero after
ten cycles of switching. This leads to a decrease in
absorption and therefore to a reduction of the PV
performance and to a constant solar cell efficiency,
independent of the solar cell state. A detailed analysis
of the transmission data can be found in the
supporting information. The highest value of
transmission is reached in the “off” state at a
wavelength of 830 nm with T=21%. In the visible
wavelength the highest value is T=17% at a

Conclusion
We showed that the combination of an ultra-thin aGe:H absorber layer and a switchable rear contact is
able to reach switchable photocurrent generation,
based on switchable absorption enhancement. This
new approach decouples the development of the
absorber layer from the optical switching. Our results
show, that Mg / Pd layer systems are a promising
approach to reach color neutral switchable broadband
absorption. Despite using a non-optimized device we
reached an overall cell efficiency of 1.78%. Guided
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by optical simulations it was shown, that light can be
confined in an ultra-thin a-Ge:H layer for
photocurrent generation and that the confinement can
be reduced by the transition of Mg to MgH2. A
quantum efficiency of 40% was reached in simulation
and experimentally validated. The deleterious effect
of mechanical stress induced to the layers during the
absorption of hydrogen in the Mg layer was reduced
by using a thin Ti interface. The negative effect of
Mg on the p-side of the p-i-n stack may be avoided,
when the structure is transposed. This would result in
Mg being in contact with the n-side of the cell, which
may be beneficial for the cell performance due to the
low work function of Mg. This will be done in a
future work, since the growth of a-Ge strongly
depends on the substrate and requires further
investigation. In conclusion, this study strengthens the
idea that switchable cavities are a promising path to
switchable photovoltaic windows. This research will
serve as a base for future studies, where the durability
of the layers is increased and alternative absorber
layers are studied.

temperature of 200 °C. SiH4 and H2 gas was used to
create a-Si:H and µc-Si:H layers. The a-Si layers
were deposited using 70 W power, while the µc-Si:H
layers were created at 450 W power. The doped
layers were deposited with the addition of B2H6 and
PH3, respectively. For the deposition of a-Ge:H layers
GeH4 and H2 gas was used for deposition at a power
of 700 W. MoOx, Ti, Mg and Pd layers were
deposited by electron beam evaporation in a VTD box
coater at a pressure of 10-6 mbar. The rate was
controlled with a Piezo crystal. The layers were
deposited on commercially available AZO from
Solayer on 3 mm float glass. Thicknesses were
measured with a Dektak 150 profilometer from Veeco
and controlled by fitting of the optical models.
Discrepancies between measurement and fitting of up
to 2 nm were accepted. To establish the front contact,
material was removed by laser scribing with a
microSTRUCTvario Laser from 3DMicromac. The
rear contact material has been deposited through
masks in an area of 1x1 cm². To improve the
electrical contact between the probe heads and the
thin film (24 nm Mg + 6 nm Pd) back reflectors, a
300 nm thick Mg layer with width of 3 mm has been
deposited on the side of the rear mirror. It is deposited
in such way next to the switchable mirror that it does
not influence the absorption of the layer stack and is
not in any contact with the sample light beam. The
front contact is also equipped with 300 nm Mg for
better electrical contact. Images of the sample are
available in the supporting information. Optical
measurements (transmission, reflection) were
performed with a Cary UV-Vis 5000 with an
integrating sphere. Scanning electron microscopy
imaging and focused ion beam milling was done
using a Zeiss Neon Crossbeam. The quantum
efficiency was measured using a RR-2100
measurement system from LOT Oriel that uses LockIn detection of chopped light and a pre-amplifier for
high current accuracy. IV curves were studied with a
Solar Simulator WXS-155S-L2, AM1.5GMM from
WACOM. Switching was done in a custom made setup using Arcal F5 gas from Air Liquide, with 5%%
H2 in N2. The hydrogenated state was reached at room
temperature after 15 minutes of constant gas flow.
The dehydrogenation was done at 90 °C with ambient
air for 15 minutes in an oven.

Methods
Modeling
The software package Scout/CODE by W. Theiss was
used to create models for the transmission, the
reflection and the absorption of the complete device
by 1D transfer matrix method. Dielectric functions of
the respective layers were created by fitting optical
model functions to measured transmission and
reflection data of single layers for near normal
incidence. The refractive index data is shown in the
supporting information. Refractive index data for Ag
was implemented in SCOUT/CODE and obtained
from Palik et al51. Refractive index data for Pd was
used from the optical constant data base implemented
in Scout/CODE. The IQE was simulated by using the
local absorption spectra and assuming internal
conversion efficiency from photons to charge carriers
of one. Single diode curves were fitted to the
measured IV data with the software IVFIT.
Deposition and Characterization
Silicon and germanium layers were deposited using
plasma enhanced chemical vapor deposition
(PECVD) in a Phoebus Lab Coater from Leybold
Optics under a pressure of 1.5 to 4 mbar and a
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