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Monolithic Perovskite/Silicon Tandem Solar Cells
Fabricated Using Industrial p-Type Polycrystalline Silicon
on Oxide/Passivated Emitter and Rear Cell Silicon Bottom

Cell Technology

Silvia Mariotti, Klaus Jdger, Marvin Diederich, Marlene S. Hcirtel, Bor Li,
Kdri Sveinbjornsson, Sarah Kajari-Schroder, Robby Peibst, Steve Albrecht, Lars Korte,*

and Tobias Wietler*

Combining a perovskite top cell with a conventional passivated emitter and rear cell
(PERC) silicon bottom cell in a monolithically integrated tandem device is an
economically attractive solution to boost the power conversion efficiency (PCE) of
silicon single-junction technology. Proof-of-concept perovskite/silicon tandem
solar cells using high-temperature stable bottom cells featuring a polycrystalline
silicon on oxide (POLO) front junction and a PERC-type passivated rear side
with local aluminum-p* contacts are reported. For this PERC/POLO cell, a
process flow that is compatible with industrial, mainstream PERC technology is
implemented. Top and bottom cells are connected via a tin-doped indium
oxide recombination layer. The recombination layer formation on the POLO
front junction of the bottom cell is optimized by postdeposition annealing and
mitigation of sputter damage. The perovskite top cell is monolithically integrated
in a p—i—n junction device architecture. Proof-of-concept tandem cells
demonstrate a PCE of up to 21.3%. Based on the experimental findings and
supporting optical simulations, major performance enhancements by process and
layer optimization are identified and a PCE potential of 29.5% for these perovskite/
silicon tandem solar cells with PERC-like bottom cell technology is estimated.

1. Introduction

Silicon solar cells have been the working
horses of the photovoltaic industry for dec-
ades. Continuous technological progress
has led to increases in power conversion
efficiency (PCE) and driven the levelized
cost of electricity (LCOE) down to 1.33
$ctkWh' in sunny regions such as
Chile.™ To continue this success story,
the combination of a silicon bottom solar
cell with a low-cost, wide-bandgap top cell
into a tandem device is perceived as an
intriguing technological path toward cost-
effective multijunction solar cells with
PCEs beyond the silicon single-junction
efficiency limit of 29.5%.”! In particular,
perovskite/silicon tandem solar cells have
triggered impressive research and develop-
ment that peaked in devices with PCEs
approaching 30%.°" However, as of late
2021, the majority of the reported mono-
lithic perovskite/silicon tandem solar cells
with highest PCE results rely on silicon het-

erojunction (SHJ) bottom cells, exploiting SHJ's high open-
circuit voltages (see, e.g., Jost et al. for a recent review).” The
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few reports on monolithic perovskite/silicon tandem solar cells
with silicon homojunction bottom cells use n-type silicon wafers
with different rear side passivation and subcell integration strat-
egies.”™? The highest PCE reported so far for such tandems on
homojunction bottom cells is 23.0%.""

The leading silicon solar cell technology, however, is p-type
passivated emitter and rear cell (PERC) with a market share
of around 75% in 2020.'¥ PERC technology is highly cost
competitive and any (small) efficiency benefit of other c-Si
technologies is roughly halved in a bottom cell for tandem
applications. This results in an even smaller margin for related
higher material costs, higher capital expenditure (CAPEX), etc. in
tandem cells. The perovskite on PERC approach is therefore
economically attractive compared with other perovskite/silicon
tandem cell approaches.' Peibst et al. proposed an integration
scheme that replaces the diffused phosphorous emitter of a
PERC cell by an electron-collecting passivating polycrystalline
silicon on oxide (POLO) junction.!">'®! The integration of highly
doped and at least partly crystalline silicon on oxide layers as
bottom cell front junctions in perovskite/silicon tandem cells
has been demonstrated using p-type silicon layers on n-type
wafers and n-type SiC, layers on p-type wafers resulting in
PCEs of 24.1%"% and 25.1% ,'”! respectively. In the study by
Nogay et al.,'”) a p-type SiC, junction with tin-doped indium
oxide (ITO) and silver layers formed the bottom cell rear contact.
Up to now, the experimental demonstration of a perovskite—
POLO—PERC tandem cell (in the following denoted as “3P
tandem cell”) is still lacking.

Here, we report on a proof-of-concept 3 P tandem solar cell with
a high-temperature stable bottom cell featuring a POLO front junc-
tion and PERC rear side. We implement a bottom cell process flow
that is compatible with industrial, mainstream PERC technology.
In particular, the active device area of our silicon bottom cell fea-
tures all industrially relevant components such as p-type
Czochralski (Cz) saw damage-etched (SDE) base material, in situ
n-type-doped poly-Si layers on a wet chemically grown interfacial
oxide, a fired Al,O3/SiN, rear side passivation, as well as screen-
printed and alloyed aluminum (Al) p* rear contacts. An ITO
recombination layer links the bottom cell to the perovskite top cell,
that is fabricated using a p—i—n device architecture, similar to the
top cell used for tandem devices built on SHJs enabling the high-
est tandem efficiency.l”) First results show a PCE up to 21.3% for
monolithic, 2-terminal perovskite—POLO—PERC tandem solar
cells. We report on the major limitations of our proof-of-concept
tandem device to support further efficiency enhancements as well
as process optimization of this tandem concept. Based on our
experimental findings and optical simulations, we identify major
process enhancements and estimate a PCE potential of 29.5% for
this tandem technology using mainstream silicon bottom cells.

2. Experimental Section

2.1. Bottom Cell Processing and Bottom Cell Characterization

Our bottom cells are fabricated at the Institute for Solar Energy
Research (ISFH) and comprise all components of industrial
PERC cells, except for the substitution of POCI; diffusion
by low-pressure chemical vapor deposition (LPCVD) of in situ
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n*-type p-doped poly-Si. We use p-type Ga-doped Cz wafers with
M2 format (pseudosquare) wafers with 156.75 mm
edge length, a diameter of 210 mm, and a base resistivity of
1.05 Q cm. After saw damage removal, we grow a wet chemical
interfacial oxide using ozone diluted in water. This last step easily
blends into a conventional wet chemical cleaning sequence. We
deposit insitu n*-doped Si on both sides of the wafers by
LPCVD. The formation of the n™ POLO junctions includs crys-
tallization, local oxide layer break-up, and impurity gettering in
the n* POLO layers. It is performed at 840 °C and the final layer
thickness of the n*-doped poly-Si is 55 nm.

The top cell processing is at the moment restricted to an
area of ~1 cm? due to utilization of spin coating on small Si sub-
strates. To match the active area of both subcells, we introduce
two patterning steps of the bottom cell front side. The first one
defines the n* POLO emitter in the active cell area and removes
the n"-doped poly Si on the rear side. Next, stacks of Al,0; and
SiN, are deposited on both sides of the wafer. The rear-side
15nm Al,05/100 nm SiN,, stack serves for passivation just as
in an industrial PERC cell. The front-side 10 nm Al,03/40 nm
SiN, stack passivates the perimeter region around the active cell
area (see Figure 1a). It also serves the rather fundamental
purpose to stabilize the POLO junction passivation during the
subsequent firing process and is therefore removed in the active
area only after firing. The details of both the poly-Si and the
Al,05,SiN, patterning processes are described in the supporting
information together with a cross-sectional schematic of the bot-
tom-cell process (see Figure S1.1, Supporting Information).
Front-side patterning will become obsolete for scaled-up devices
with active areas of both subcells being equivalent to the full
wafer format. In a full-area industrial cell, a sacrificial H donor
layer like the front-side Al,03/SiN, stack could be avoided by, for
example, H plasma treatment after firing. However, firing of
POLO junctions without any degradation is even possible at
low firing belt velocities, which can make additional H supply
unnecessary.!'®!

After local ablation of the passivation stack on the rear side
using a laser with 532 nm wavelength and pulses in the picosec-
ond range, we screen print Al fingers on top of the laser contact
openings. The wafers are fired in a conveyor belt furnace at
810 °C set point temperature with a belt speed of 7.2 m min .

To analyze the quality of the bottom cells, we measure the
implied current—voltage characteristics of the final bottom cells
by injection-dependent infrared lifetime mapping (ILM).*! We
investigate the characteristics of the bottom cells after ITO
sputtering and annealing by current density—voltage analysis
(J-V) and illumination-dependent measurements of short-
circuit current density (Jsc) and open-circuit voltage (Voc),
so-called Jsc Vo measurements.*”! Further details on the device
characterization are given in the supplemental information.

2.2. Top Cell Processing and Tandem Cell Characterization

After shipping the bottom cells to Helmholtz-Zentrum Berlin fiir
Materialien und Energie (HZB), they are treated with HF
(2%, 2min). Afterward, the 20nm-thick ITO forming the
recombination junction between the bottom and the top cell is
sputtered. In an industrial cell process without a hydrogen-

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 1. a) Cross-sectional schematics of the perovskite—POLO—PERC tandem solar cell and b) top-view photograph with an active area of ~1 cm?.
Scanning electron microscopy (SEM) images of c) bottom cell and d) top cell of the tandem device. In (c) the POLO front junction and the rear-side

passivation layer are not visible due to small magnification.

donating layer on top of poly-Si, a thin silicon oxide would
possibly grow on the bare poly-Si surface. In this case, plasma
etching prior to the deposition of the recombination layer or
the hole transport layer (HTL) could be a solution. Here, we adjust
the top device process to optimize the device performance. Since it
is known that sputtering of a transparent conductive oxide (TCO)
on top of poly-Si/c-Si contacts can yield degradation of the passiv-
ation quality,*"** we performe a postdeposition anneal (PDA) of
the ITO recombination junction. We also apply a soft sputtering
deposition technique as another way to mitigate sputtering dam-
age, by reducing the plasma UV radiation on the substrate,
increasing the path length of particles, and reducing the kinetic
energy of the particles hitting the substrate.[?=

The perovskite top cell is fabricated in a p—i—n device archi-
tecture. This architecture is chosen to allow the fabrication of a
perovskite/silicon tandem solar cell with a well-known top-cell
device stack, also used for record perovskite/SH] tandem
devices.’’’ We use the self-assembling monolayer (SAM)
[2-(9 H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) as a HTL.
This SAM efficiently extractes holes from the perovskite and
reduce nonradiative recombination losses at the interface.*’]
Then, we spin coat the perovskite precursor layer, followed
by an annealing step that leads to the formation of the photo-
active perovskite crystal structure. Here, we use a triple-halide
CsFAPb(IBrCl); perovskite composition, similar to that
reported by Xu et al.?* and Lang et al.,!*”! with a bandgap of
1.68 eV. While we use a spin-speed of 5000 rpm for the fabri-
cation of perovskite single junctions, we adjusted the concen-
tration to 1.4M and the spin speed from 3500 to 5000 rpm
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when spin coating on bottom cells, to fine tune the average
thickness of the wrinkled perovskite layer from roughly
560 nm to 470 nm to drive the current density of the top cell
closer to current matching with the planar bottom cell (see
Figure S2.1, Supporting Information). After perovskite anneal-
ing, we thermally evaporate an ultrathin layer of lithium fluo-
ride (LiF) and 18 nm of Cg. In particular, LiF passivate defects
at the perovskite/Cgp interface, whereas Cgq is used as the elec-
tron transport layer (ETL).’) We then use atomic layer deposi-
tion (ALD) to apply a 20nm SnO, buffer layer and sputter a
100nm transparent conductive zinc-doped indium oxide
(IZO) layer. Afterwards, a ring-shaped silver contact forming
the front contact and a LiF antireflective coating are thermally
evaporated. For comparison, perovskite single-junction devices
with the structure glass/ITO/2PACz/Perovskite/LiF/Cgo/
SnO,/Ag are processed in parallel to the tandems.
Figure S2.2, Supporting Information, shows J—V parameters
of these single-junction devices with average PCE of about
19%. Finally, we add a silver (Ag) layer as optical reflector on
the rear side of the bifacial PERC" bottom cell, with the aim
of increasing the bottom cell Jsc. The active area of the tandem
device was 1.01 cm®. The layer stack of the tandem device
together with a photograph of the finished tandem cell and
cross-sectional scanning electron microscopy (SEM) images
for top and bottom cells are shown in Figure 1.

The tandem cells were characterized using J—V, external
quantum efficiency (EQE), and reflection measurements.
Further details of the top cell process and device characterization
are described in the Supporting Information.
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3. Results and Discussion

One major challenge for monolithic perovskite/silicon tandem
solar cells is the recombination junction between both
subcells.”®! ITO has a proven track record as one solution for
integrating perovskite top cells onto SHJ bottom cells.l’]
However, the passivation quality of POLO junctions can suffer
from subsequent sputter deposition of TCO layers. In particular,
this is the case if poly-Si is only a few tens of nanometers
thin.22? A PDA at temperatures around 300 °C can cure this
sputtering damage.*”! Here, we anneal our devices in air after
HF treatment and ITO sputtering up to 300 °C for 10 min.
The annealing step is crucial for the tandem device perfor-
mance, as it helps to restore the bottom cell V. Figure 2a
shows the J—V curves obtained from bottom cells with a
100 nm-thick sputtered ITO recombination layer and an evapo-
rated Ag front contact without annealing and after PDA at 200
and 300 °C. Compared with the tandem devices, here we choose
a thicker ITO layer for the experiments with Si single-junction
cells to enhance the lateral conductivity of the front electrode.
An example for a bottom cell with a 20 nm-thick ITO layer is
shown in the supporting information. From the device charac-
teristics, it is evident that the annealing process is essential to
improve both FF and Voc. The FF increases from 55.2% to
68.4% and Vo increases from 644 to 677 mV after PDA treat-
ment at 300 °C. J—Vand JscVoc measurements on similar cells
after PDA at 350 °C corroborate these findings (see Figure S3.1,
Supporting Information): The Voc reaches 690 mV. From the
JscVoc data, we extract a pseudo-fill factor of 81.3%, much
higher than the FF from the J—V curve. This indicates that
the series resistance caused by the low lateral conductivity of
the ITO layer limits the fill factors extracted from the J—V meas-
urements in Figure 2a and S3.1, Supporting Information.
However, we will not discuss this further, because the lateral
conductivity of this intermediate ITO layer does not limit the
purely vertical transport in the full tandem device. We find
that after PDA at temperatures above 300°C, the bottom
cell becomes brittle and difficult to handle in the following
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NO Ann. «e.n 064 5516 2
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top cell fabrication steps. Thus, we limit the PDA to 300°C
as the highest annealing temperature in this study.

The sputter conditions also strongly influence the device
performance. Sputter damage can occur due to particles with
high kinetic energies impinging on the substrate surface, leading
to defects at the interface or in the shallow bulk.*®*" Plasma
luminescence and deep UV radiation can also introduce damage
even if a thin silicon layer shields the sensitive POLO/c-Si inter-
face from particles.?” Highly energetic particles and radiation
are mainly produced directly opposite to the target's surface,
where the substrate is usually placed. However, by moving the
substrate laterally from the center of the plasma region below
the target, we achieve three beneficial effects. First, the intensity
of plasma luminescence and deep UV radiation on the substrate
are mitigated. Second, only scattered particles arrive on the sub-
strate, which previously collided with molecules of the process
gases and lost part of their kinetic energy thermalizing to lower
energies. Third, the path length between the substrate surface
and target surface is increased, so that the chance of collisions
of the particles is increased, while the mean free path length of
the particles remains unchanged. Indeed, by changing the sput-
tering conditions from the standard process (substrate placed
opposite to the target) to the described “soft” process (substrate
placed laterally), the effect in tandem performance is evident,
though the ITO film thickness is unchanged. The J—V scan
of the soft sputtered device (full pink line) shown in
Figure 2b presents a considerably higher Vo compared with that
made with the standard process. The inset shows the statistical
improvement for both FF and V¢ when using the soft sputter-
ing process: FF increases by 5.5%,,s and Voc by about 60 mV.

The proof-of-principle 3 P tandem devices in this study use
bottom cells with a planar, saw damage-etched front side to facil-
itate spin coating of the top cell. The rear side is also planar and
has a contact layout typical for bifacial PERC™ technology.>*!
This design results in a rather low Jsc around 16.5 mA cm™>
for the tandem devices, which is limited by the current density
JsipqE generated in the bottom cell, as calculated from the EQE
measurements shown in Figure 3a (black dotted line). Texturing

Tandem device
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=
81.66
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20 4 — - —Standard sputtering
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Figure 2. a) J—V curves of a PERC/POLO/ITO/Ag bottom cell device with sputtered ITO (100 nm, recombination junction) as deposited and annealed at
200 and 300 °C, where 300 °C provides the highest FF and V¢, as shown in the inset. b) J—V curves of 3P tandem devices using standard and soft
sputtering of the ITO recombination junction, demonstrating that soft sputtering increases the device Voc and FF.
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Figure 3. a) EQE and 1—R spectra and b) J—V curves of the perovskite—POLO—PERC tandem devices, showing comparison between samples without
and with Ag back reflector and tandem device containing the thinner layer of the perovskite to achieve current matching conditions. c) Analysis of tandem
devices showing importance of being current mismatched for obtaining higher FF values, blue dots correspond to measurement under a blue rich
spectrum, and red data points to a red rich spectrum. d) Pictures obtained by optical microscopy (left) and SEM (right), showing coverage issues (absence

of perovskite layer) at the edges of saw damage marks.

of the bottom cell front and/or rear side is a solution to improve
tandem device performance by increasing the bottom cell's
Jsi,gqe contribution. We consider these options in optical simu-
lations discussed later. To increase the current generation in the
present bottom cells, we deposit 100 nm of Ag as a back reflector,
thus changing from a bifacial to a monofacial cell design. Indeed,
Figure 3a shows that the reflectance increases from 50% to above
70% at 1200 nm. This high reflectance induces a higher EQE in
the bottom cell, in particular in the wavelength range from 930
to 1200nm. Consequently, Js;gqe increases by 0.7 mAcm >
(Figure 3a, purple full line). The corresponding gain in Jsc of
the tandem devices is observed in Figure 3b, which shows the
J—V scans of the same device measured before and after depo-
sition of the Ag back reflector. Next to the higher Jsc, a higher
Voc is measured with Ag back reflector. These values are in
conjunction with a lower FF for the device with Ag back reflector,
which is explained in detail in the next section. Thus, both tan-
dem cell designs show very similar PCE values around 21.3%,
which is the champion PCE of our 3P tandem device until
now and the first reported value for this particular tandem archi-
tecture. Statistics of the device parameters and maximum power
point tracking (180s) of optimized 3P tandem devices are
presented in Figure S2.3, Supporting Information.
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The current density generated by the top cell also strongly
affects the device performance. As mentioned earlier, the perov-
skite absorber used for the fabrication of the 3P tandem solar
cells has a bandgap of 1.68 eV. As its thickness strongly influen-
ces the current density generated in the top cell, adapting its fab-
rication process is crucial to achieve current matching between
the subcells. In particular, the standard spin-coating
recipe uses a spin speed of 3500 rpm, which produces a perov-
skite layer of about 560 nm, resulting in a photocurrent Jpero 5qr
of about 19.0 mA cm 2. However, the bottom cell device only
provides a Js; gqr of 17.0 mA cm 2. To reduce the current mis-
match, we deposit a thinner perovskite layer by increasing the
spin-coating speed to 5000 rpm resulting in a film thickness
of about 470nm. This reduces the top cell Jperorqe to
18 mA cm 2. While the Jsc of the top cell decreases, the Jsc
of the bottom cell obviously increases, reaching also a Js; gqr
of 18 mA cm ™ (see orange dotted line in the EQE analysis shown
in Figure 3a). Therefore, current matching is accomplished in
this case. Figure 3b shows the J—V scan of the current-matched
cell. Despite the increase in Jsc, the device PCE is reduced due to
decreased Voc and FF compared to the other J—V scans shown
in the graph. Figure 3c shows the device FF for different current
mismatch conditions obtained by intentionally modifying the
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light intensities of the incident spectrum in the red and blue
wavelength regions, to influence the current generation of the
bottom and top cells and with that the photocurrent mismatch,
respectively. As reported in the study by Kohnen et al.,**! for
silicon bottom cell-limited conditions, the FF values decrease
when changing from large current mismatch toward the
current-matched situation. Under perovskite top cell-limited
conditions, an increase in FF with increasing current mismatch
is expected. In contrast, the FF of our 3P tandem solar cells does
not show this increase once the perovskite cell becomes limiting
for incident spectra containing less blue light, that is, being rich
in red light. The highest FF value is therefore achieved in
strongly silicon-limited devices, which are the conditions
obtained using thicker perovskite films (560 nm) generating
Jpero.sqe = 19 MA cm~? and Jsipoe =17 mA cm ™2, hence with
2 mA cm™? current mismatch (as shown with the red vertical line
in the mismatch graph in Figure 3c). The FF dependence on the
current matching conditions is also demonstrated in Figure S2.4,
Supporting Information. By changing the UV light intensity and
measuring [—V scans, highest FFs are achieved in strongly
silicon cell-limited conditions, whereas lower FFs are obtained
in current matching or perovskite-limited conditions. The depen-
dence of the FF on the current mismatch condition also explains
why the overall PCE of the device with Ag back reflector is similar
to that of the device without the Ag back reflector (Figure 3b).
While both Jsc and Vo increase when adding the metallic layer
on the back side, the FF decreases as the current mismatch
between bottom and top cells reduces from 2.8 mA cm ™2 without
Ag to 2mA cm™? with Ag.

As mentioned earlier, in Figure 3c, the perovskite-limited part
of the graph shows that moving toward larger current mismatch
conditions does not improve the FF. This behavior points to a
strong FF limitation in the perovskite top cell. To examine this,
we investigate the perovskite layer with optical microscopy and
SEM. The corresponding images are shown in Figure 3d. Optical
microscopy images show defects positioned along horizontal
lines on the surface, which are caused by the silicon wafer sawing
process and remain visible on the bottom cell surface after saw
damage etching. We find up to 3.5 pm-deep and 50 pm-wide
grooves (see Figure S1.2, Supporting Information), which are
still visible once the perovskite and all other layers of the top cell
are deposited. In optical microscopy, we observe that in or at the
border of these deep grooves, some areas show bright areas, sug-
gesting that certain layers may be absent. SEM imaging confirms
that the perovskite film does not uniformly cover these regions.
This could be due to the limited edge coverage of the perovskite
spin-coating process, as the step height on the wafer surface is
much larger than the final film thickness. Another reason could
be an incomplete coverage of the rough surface by the SAM. As
SEM or optical microscopy cannot detect the presence of a SAM,
we test this hypothesis using PTAA as an alternative HTL. In this
case, we find even larger areas that are not covered by the
perovskite. This suggests that it is not the presence or absence
of the HTL that gives rise to perovskite-free regions, but rather
the roughness of the bottom cell surface. In particular, the deep
grooves with their rather steep edges hinder full coverage of the
surface in spin coating of the perovskite. The large perovskite-
free areas induce shunting, which strongly affects the tandem
device performance, mainly by reducing FF and V¢ The reason
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for this still relatively mild loss in FF despite the large areas not
covered with perovskite might be the presence of the SnO, buffer
layer, which is deposited on top of the Cyo ETL. In the shunted
areas, a stack of IZ0O/SnO,/ITO/poly-Si forms the parallel
current path. Considering the energy-level alignment of ITO
and Sn0,,*” it is possible that SnO, hinders carrier (electron)
transport across this shunt path. Further, the high sheet
resistance of the thin I'TO and poly-Si limits the lateral transport
through these layers, also reducing the impact of shunts. A
similar decoupling effect was reported for nanocrystalline
hydrogenated silicon films.*®!

Issues related to incomplete coverage on nonpolished surfaces
can be avoided with conformal deposition methods like coevapo-
ration.*”~** Together with the successful application of SAMs
(specifically, MeO-2PACz), this method has recently been
applied to fabricate perovskite/silicon tandem cells using bottom
cells with textured surfaces.’”) We regard the combination of
conformal deposition methods and bottom cells with the textured
front side as the most promising route toward the industrializa-
tion of the 3P tandem cell.

From the analysis earlier, we identify three major pathways for
improving the tandem device performance: 1) increase the
bottom cell photogeneration current by texturing, 2) optimize
the bottom cell Voc contribution to the tandem Vo, and
3) enhance the top cell FF and V¢ by pinhole-free full coverage
of the top cell absorber layer. In this section, we briefly discuss all
three aspects and estimate their potential impact on the PCE of
the perovskite—POLO—PERC tandem cell.

The bottom cells in this work are only 156 pm thin and have
planar front and rear sides, that is, no light-trapping features.
This limits the achievable Jsc due to reflection losses and
incomplete absorption in the near-IR range. Optical simula-
tions of the absorptance and reflectance match the measured
EQE and reflectance spectra of our tandem cell, as shown in
Figure 4. We provide details on the simulations in the supple-
mental information. The simulated top cell photocurrent
density slightly underestimates the measured Jpero,rqr due to
a slightly lower absorptance in the wavelength region from
400 to 450nm. The simulated bottom cell photocurrent is
slightly higher than the experimental value as the simulated
device has a higher absorptance in the wavelength region from
950 to 1100 nm.

The excellent agreement of the simulated and measured EQEs
shows that the low Jsc in our devices is a result of the abovemen-
tioned optical limitations rather than recombination-induced Js¢
losses, which are not included in the simulations. Starting from
our parametrization for the both sides planar cell, the simulated
data for a tandem device with a textured rear side results in a
photocurrent density gain of 0.86 mA cm™? in the bottom cell,
while the photocurrent density in the top cell remains
unchanged. Fine tuning the current matching would enable a
tandem Jsc of 18.6 mA cm™% Double-side texturing increases
the photocurrent densities in both subcells and yields 19.65
and 19.41 mA cm™? in the top and bottom cells, respectively,
allowing for 19.5 mA cm ™2 matched Jsc. An additional gain in
Jsc is possible by reducing the parasitic absorption. This could
be achieved by more transparent, high-mobility TCO
materials.[*>**

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. a) Measured EQE and (1—R) spectra of a double-side planar tandem cell (black lines). The simulated absorptance and (1—R) of the double-side
planar device (red lines) match the experimental data. The dashed blue lines show the simulated data for a tandem device with a textured rear side. While
the photocurrent density in the top cell remains unchanged, it increases by 0.86 mA cm ™2 in the bottom cell. Results for double-side texturing are shown
with dash-dotted green lines. The photocurrent densities increase to 19.65 and 19.41 mA cm ™2 in the top and bottom cells, respectively. The inset shows
values of Jpero eqe and Jsi eqe for each condition. b) Column graph showing the total tandem current and contribution from top and bottom cell, for the
experimental and simulated options (planar, back textured, and fully textured).

The main limitation for the bottom cell Vo is carrier
recombination at the locally diffused Al-p™ regions. While test
samples without rear contacts show minority carrier lifetimes
of 1 ms after firing, samples with local Al-p™ rear contacts only
achieve 350 ps, as measured on full M2 wafers by ILM. The drop
in minority carrier lifetime can be explained by the rather high
carrier recombination at the local Al-p™ contacts. Haase et al.
investigated the effect of the area fraction of local Al-p* contacts
formed in a similar process.*”! They identified the reduction of
the Al-p™ contact area fraction as an efficient way to improve the
Voc of p-type silicon IBC cells with n*-POLO emitter and Al-p™
base contacts up to 709 mV at an area fraction of 1%. They
reached an even higher Vo of 716 mV after further optimization
of the contact geometry. In a tandem cell, the photocurrent is
roughly halved compared with the situation in the study by
Haase et al.l**), Thus the optimum area fraction when balancing
resistive and recombination losses should be even lower than in
the single-junction application. In tandem operation, the roughly
halved photogeneration in the silicon subcell also reduces the
bottom cell V¢ contribution compared with the 1 sun situation
in the study by Haase et al.l**l, We thus expect that a bottom cell
Voc contribution of 700 mV is feasible for our devices after opti-
mizing the contact area fraction and the Al p* contact geometry.

Perovskite/silicon tandem devices with a very similar layer
stack for the perovskite top cell, including the intermediate thin
ITO layer, can achieve Voc values of 1.9V and FF of 80%, as
demonstrated in champion devices.!’! The analysis of the subcell
Voc in the study by Al-Ashouri et al.’! demonstrates that the
perovskite top cell can contribute 1.2V to the tandem Vi,
Together with the improved bottom cell rear contact geometry
discussed earlier, we consider a Vo potential of 1.9V for a
3 P tandem device. Considering the pseudo-FF values obtained
from the single-junction bottom cell characteristics (see
Supporting Information for details), we expect that the POLO/
PERC bottom cell would not limit the FF of the 3P tandem
devices to values below 80%. Conformal perovskite deposition
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methods like coevaporation and the application of SAMs as loss-
less HTLs enable the fabrication of highly efficient perovskite/
silicon tandem devices using front-side-textured bottom cells.
Combining the Voc of 1.9V and the FF of 80% with the photo-
current generated for the fully textured device in our simulations,
we estimate an efficiency potential of 29.5% for 3 P perovskite/
silicon tandem devices first shown in this study. Note that further
improvements through adjustments in the perovskite thickness
and bandgap are not yet considered here. Messmer et al. found a
maximum PCE of 30.1% in simulations of very similar tandem
solar cells, including these additional optimizations, such as
change of bandgap and layer thickness of the perovskite layer
for closer current-matching conditions.™™*

4. Conclusion

We report on a proof-of-concept perovskite/silicon tandem solar
cell with the high-temperature stable bottom cell featuring a
passivating POLO front junction and a PERC rear side. For
the bottom cell, we implement a process flow that is compatible
with industrial, mainstream PERC technology. In particular, the
active device area of our bottom cell features all industrially
relevant components such as p-type Cz SDE base material, in situ
n-type-doped poly-Si layers on a wet chemically grown interfacial
oxide, a fired Al,O3,SiN, rear side passivation, as well as screen-
printed and alloyed Al-p* rear contacts. The top cell is then
monolithically grown onto an ITO layer, which acts as the recom-
bination junction. It is found that sputter damage is detrimental
for the tandem performance and hence, particular care is taken
during the ITO deposition, using the soft sputtered process and
post-annealing treatment at 300 °C. Then, the perovskite top cell
is fabricated using p—i—n junction device architecture, similar to
top cells used previously for tandem devices built on SHJs.
Integrating this subcell on the PERC/POLO bottom cell yields
proof-of-concept tandem solar cells with up to 21.3% PCE.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Based on our experimental findings and supporting optical
simulations, we identify major process enhancements and
estimate a PCE potential of 29.5%. This work paves the way
for highly efficient perovskite/silicon tandem solar cells utilizing
mainstream bottom cell technologies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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