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Loss Analysis of Fully-Textured Perovskite Silicon Tandem
Solar Cells: Characterization Methods and Simulation

toward the Practical Efficiency Potential

Oussama Er-raji,* Christoph Messmer,* Alexander J. Bett, Oliver Fischer,
Sebastian Kasimir Reichmuth, Florian Schindler, Martin Bivour, Oliver Schultz-
Wittmann, Juliane Borchert, Martin Hermle, Jonas Schon, Friedemann D. Heinz,
Martin C. Schubert, Patricia S. C. Schulze, and Stefan W. Glunz

Optimally enhancing the performance of perovskite silicon tandem solar cells
comes with accurate identification of loss origins in the device in combination with
optoelectrical device simulations assessing the respective efficiency gains to pri-
oritize optimization pathways. Herein, various characterization methods, namely,
spectrally resolved photoluminescence (PL), transient-PL, PL-based implied open-
circuit voltage (iVoc) imaging, spectrometric characterization, and Suns-Voc
measurements are combined to quantify current density—voltage (jV) photovoltaic
metric losses of a fully-textured perovskite silicon tandem solar cell (26.7% effi-
ciency). The extracted device characteristic parameters are then used as a reference
for the comprehensive optoelectrical Sentaurus simulation model which precisely
reproduces the experimentally obtained optical and electrical solar cell character-
istics, considering mobile ion dynamics. Subsequently, starting from the current
device design, the authors alleviate one step at a time the loss constraints and show
the impact of each loss channel on the efficiency, the impact of each loss channel on
the efficiency, identifying the three major ones to be at the: 1) perovskite/Cego
interface (—4.6%abs) , 2) the series resistance (—2.9%,y5), and 3) light management
(—2.1%.bs), which limit the Vo, fill factor, and jsc of the device, respectively.
Furthermore, it is demonstrated that a practical efficiency potential of 39.5% can be
regarded as a practical limit for the presented tandem device architecture.

1. Introduction

Perovskite silicon tandem solar cells can
exceed the power conversion -efficiency
(PCE) of traditional silicon solar cells with
only a little additional production costs,
making them a promising candidate for
photovoltaic (PV) deployment.' Over
the past few years, tremendous efforts have
been put into the development of compati-
ble wide-bandgap perovskite absorbers
with excellent bulk and interfacial quality
as well as suitable charge transport layers,
leading to high open-circuit voltage (Vo)
and fill factor (FF) devices.®'® Besides,
the adoption of a textured-front silicon
substrate provided a supplementary boost
in the shortcircuit current density
(jsc),'' 2! culminating in a device record
PCE > 33%.*?) To further improve the
performance of perovskite silicon tandem
solar cells, it is crucial to identify perfor-
mance limitations and localize both global
and local loss mechanisms quantitatively.

Several studies have investigated loss
mechanisms encompassing optical and/
or electrical effects in perovskite silicon tan-
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dem solar cells.'”?*>=%] For instance, Bett et al. used spectrometric

characterization method to analyze jsc losses due to current mis-
match in a monolithic tandem cell and determine accurately the
current matching point.** In a study by Farag et al. photolumi-
nescence quantum yield measurements were carried out to
reveal voltage losses at the interfaces as well as in the bulk of
solution-processed perovskite thin films on textured silicon (with
<1 pm pyramid height).**) To analyze FF losses, Al-Ashouri et al.
used injection-dependent absolute electroluminescence spectros-
copy to reconstruct the individual perovskite silicon subcell jV
curves without the influence of series resistance (Rs), which
enabled estimating the efficiency potential if transport losses
due to Rg can be avoided.l® Furthermore, Boccard et al. imple-
mented a two-diode model describing a perovskite silicon tan-
dem cell and investigated the effects of series resistance, parallel
resistance, and local defects on the device’s FF.”® Similarly,
Zeng et al. followed a comparable methodology but extended
their study to investigate supplemental efficiency-loss mecha-
nisms of the tandem cell via circuit modeling.””) However,
for optimal solar cell development, experimentally identified
loss mechanisms must be coupled with optoelectrical device sim-
ulations to assess efficiency gains and prioritize optimization
pathways.

Furthermore, with the perspective of a future industrialization
of the promising perovskite silicon tandem solar cell technology,
it is crucial to determine the practical efficiency potential on the
device level (i.e., before module integration) and under standard
AM1.5G measurement condition. Here, we focus on the fully-
textured perovskite silicon tandem solar cell architecture, where
the perovskite absorber uniformly coats micrometer-sized pyra-
mids. Due to the fully textured front, this architecture offers the
best light management scheme, thus representing the most
attractive perovskite silicon tandem for future PV deployment.*®!
Nevertheless, to uniformly form perovskite on micrometer-sized
pyramids, standard wet-chemical techniques are not suitable.!""]
Instead, the hybrid evaporation/spin-coating method is the
state-of-the-art.''] With this difference in processing technique
as well as the formation on a highly rough substrate, the
perovskite crystallization is expected to change, and new partic-
ular loss origins arise.

The aim of this work is to evaluate the sources of voltage, cur-
rent, and fill factor deficiency in a fully-textured perovskite silicon
tandem solar cell, and demonstrate its practical efficiency poten-
tial through an extensive simulation model using experimentally
determined solar cell characteristics. By performing absolute and
transient photoluminescence (PL) measurements, PL-based
iVoc imaging, spectrometric characterization, and Suns-Voc
measurements, performance limitations are identified, and the
cell’s characteristic parameters, e.g., pseudo-fill factor, implied
open-circuit (OC) voltage, and series resistance among others,
are extracted. Through this, a comprehensive optoelectrical
simulation study is carried out. The implemented model
(in Sentaurus technology computer-aided design (TCAD)) pre-
cisely reproduced the optical and electrical solar cell characteris-
tics taking into account mobile ion dynamics. With that, the
impact of resolving the device limitations on the tandem’s effi-
ciency is elaborated. We calculated the efficiency improvements
by going step-by-step from the experimentally realized cell with
26.7% to an idealized scenario reaching a practical efficiency
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potential of 39.5% which can be regarded as the upper bound
for the presented fully-textured perovskite-silicon tandem device
architecture.

2. Results and Discussion

2.1. Fabrication of a Fully-Textured Perovskite Silicon Tandem
Solar Cell

The realized tandem solar cell consists of a p—i—n perovskite solar
cell on top of a both-side textured heterojunction silicon solar cell
(Figure 1a). The bottom solar cell features a random pyramid
distribution with an average pyramid height of 1.5 pm as derived
via laser scanning confocal microscope measurements
(Figure S1, Supporting Information). The electrical connection
between the two subcells is ensured via a 20 nm thick indium
tin oxide (ITO) recombination layer. The ~630nm thick
perovskite absorber is based on a double cation double halide
formulation with an estimated FA¢gsCsg.15Pb(lo.78Bro.22)3 com-
position and a ~1.67 eV bandgap. It is processed via the hybrid
evaporation/spin-coating route to ensure a conformal formation
on top of textured silicon.*” The adjacent charge transport layers
are [2-(9H-carbazol-9-yl)ethyl] phosphonic acid (2PACz) depos-
ited via spin coating from a 7 mmol solution and evaporated
Cgo for hole and electron extraction, respectively. On top of
the electron transport layer (ETL), a 20nm thin tin oxide
(SnO,) buffer layer, deposited via atomic layer deposition, serves
as a protection from sputter damage of the subsequent ITO win-
dow layer. Metallization is done using silver (Ag) electrodes
through a nominal 1 cm? shadow mask. Finally, a 100 nm thick
evaporated MgF, layer is deposited to increase light incoupling
into the device.

A cross-section scanning electron microscope (SEM) image
showcases the conformal top-cell on the textured front silicon
bottom solar cell (Figure 1b). The fully-textured perovskite silicon
tandem solar cell delivers a stabilized 26.7% PCE when operated
at a fixed voltage close to the maximum power point (Figure S2,

Figure 1. Implementation of a monolithic fully-textured perovskite-silicon
tandem solar cell. a) Schematic of the monolithic tandem solar cell
architecture. b) Cross-section SEM image of a fully-textured perovskite
silicon tandem solar cell.
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Supporting Information). In contrast to state-of-the-art fully-
textured perovskite silicon tandems, we note that no crystalliza-
tion nor bulk defect passivation agent was implemented in the
perovskite absorber and no additional passivation layer was
implemented between the perovskite/Cqo interface (typically
LiF). As a result, a lower solar cell efficiency is obtained, but a
higher stability can be expected.['*1¢3%31]

2.2. Characterization and Loss Analysis of the Tandem Solar Cell

2.2.1. Open-Circuit Voltage (Voc) Loss Analysis by Absolute PL,
PL-Based iVoc Imaging, and Transient PL

To boost the Vo, voltage losses due to nonradiative
recombination (charge carriers’ recombination at, e.g., bulk or
surface-/interface-related defects) as well as limited selectivity
(resistance experienced by electrons and holes as they travel
through the absorber and out of the contact layers) need to
be reduced. By performing absolute spectrally resolved
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photoluminescence measurements in between different
processing steps of the perovskite top-cell stack, we determine
its iVoc potential and highlight the main origins of carrier
recombination losses (Figure 2a). Following that, we assess
the total iVoc of the perovskite silicon tandem device (from
subcell selective PL-based iVoc imaging) to understand to what
extent carrier selectivity losses reduce the OC voltage from iVoc
to Vo323

Figure 2b shows that before deposition of the ETL, the perov-
skite/2PACz/ITO/textured silicon stack exhibits an iVoc of
(1210 + 2) mV (note here that in this case silicon is not photo-
active and is rather used as a substrate to provide the textured
morphology; similar laser intensity applied for all layer stacks
in Figure 2a neglecting optical influence of added layers).
Given the 1.374V radiative limit of a semiconductor with a
1.67 eV bandgap,”* we calculate a voltage deficit of ~155 mV
attributed to nonradiative recombination losses in the bulk of
the polycrystalline perovskite film and the perovskite/hole trans-
port layer (HTL) interface. As self-assembled monolayers,
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Figure 2. Voltage loss analysis of the established fully-textured perovskite silicon tandem solar cell. a) Top perovskite subcell stacks used for investigation.
b) Implied OC voltage (iVoc) losses due to nonradiative recombination at the perovskite bulk and at the interfaces (via absolute spectrally resolved PL
measurements) of the stacks in (a). c) iVoc images of the perovskite top cell and silicon bottom cell extracted from PL images of the subcells. The bar
graph shows the comparison between iVoc (sum of mean Vo in silicon and perovskite subcells) and Voc of the device (measured directly afterward).
d) Transient PL measurement to extract charge carrier lifetime which is used for electrical simulation (cf. Section 2.3.1. (measurement carried out on stack

Tin (a)).
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particularly 2PACz, have been previously found to induce mini-
mal nonradiative recombination losses at the perovskite/HTL
junction, we ascribe the majority of the determined iVoc drop
to the polycrystalline perovskite bulk.**** Upon addition of
the Cgo layer, an additional drop of (115=+2)mV is observed
compared to the previous stack. Since the evaporation of Cgq
at low rates (0.15 A s™') does not damage the perovskite, we attri-
bute the observed drop to high nonradiative recombination at the
perovskite/Cgo junction, as has been previously reported.?¢>"!
The perovskite/Cqq interface and the perovskite bulk constitute
the largest deficit of voltage in the current tandem stack.
Considering the incorporation of SnO, buffer and ITO window
layers (additional iV loss of ~40 mV), the overall nonradiative
recombination losses in the perovskite subcell amount to
(310 + 3) mV.

Charge carrier selectivity losses in the tandem device, which
cause a voltage drop from internal voltage (also called implied
voltage or quasi-Fermi level splitting over charge) to external volt-
age,l*”) were assessed via subcell PL-based iV imaging.*’!
Figure 2c shows the iV distribution in the active area of the
top and bottom cells. By summing up the average iVoc of
the pixels in the perovskite subcell area (1124 mV) as well as the
silicon subcell area (709 mV) and comparing it to the Vo of the
device (1780 mV), a voltage loss A Voc = iVoc—Voc of 53 mV was
found. This results in a selectivity metric external/internal
Voc-ratio § = Voc/iVoc = 0.97.53%41)

The performed voltage loss analysis concludes that to reach
the full V¢ potential, reducing nonradiative recombination
losses, especially at the perovskite/ETL interface and perovskite
bulk, should be prioritized before tackling the moderate selectiv-
ity losses.

2.2.2. FF Loss Analysis by Suns-Voc Measurements

To estimate FF losses in the tandem solar cell, Suns-Vyc meas-
urements were performed. By varying the illumination intensity
and measuring Vo, a pseudo-jV curve of the tandem solar cell
was derived. As the measurement is conducted in OC conditions,
ie., with no current flowing in the device, the constructed
pseudo-jV curve represents the jV curve of the solar cell without
resistive losses.

By comparing the pseudo-jV curve to the jV curve (ion-
quenched jV curve obtained after 3h under illumination at
OC conditions as will be further described in the simulation
section), we noted a large difference of nearly 10%,,s between
the FF (74.2%) and the pseudo fill factor (pFF = 84%), which cor-
responds to a series resistance (Rs) of ~9 Q cm? (Figure 3). This
shows that the tandem device has an FF potential of 84% if trans-
port losses stemming from: 1) charge transport in the perovskite
absorber; 2) charge transport across interfaces; and 3) series
resistance at different interfaces in the tandem stack are allevi-
ated. Out of the three possible contributions, we suspect the non-
optimal charge transport at the perovskite/2PACz interface to
have the largest impact on the high Rg. In this junction, remnant
PbI, tends to accumulate when using the hybrid evaporation/
spin-coating perovskite processing technique (originating from
a nonoptimal evaporated scaffold to perovskite conversion),
which can hamper charge extraction and lead to an increased
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Figure 3. FF loss analysis performed by comparing the current density—
voltage (jV) and pseudo-jV curve (constructed from Suns-Voc measure-
ments) of the tandem solar cell. The inset indicates the difference between
the FF and pseudo-FF.

series resistance.[*?l X-ray diffractogram measurements of the
perovskite absorber confirm the presence of an additional
Pbl, (001) peak besides the characteristic perovskite cubic phase,
as shown in Figure S3, Supporting Information.

From this perspective, further improving the perovskite crys-
tallization with the hybrid route, to form a Pbl,-free perovskite/
HTL interface, is expected to enhance charge extraction and
ultimately boost the tandem cell’s FF.

2.2.3. Short-Circuit Current Density (jsc) Loss Analysis by
Spectrometric Characterization

Regarding jsc losses, the adopted two-terminal tandem solar cell
configuration dictates that the highest short-circuit current den-
sity can be obtained at the current matching point. If one of the
two subcells delivers a lower photogenerated current, it limits the
Jsc (assuming no significant parallel resistance in the limiting
subcell). Besides current mismatch losses, parasitic absorption
and reflection due to the differences in refractive index of the
tandem stack layers further reduce the jsc potential.

To determine the current matching point, spectrometric
characterization is performed (Figure 4). This method has been
described in detail for ITI-V tandem solar cells by Meusel et al."**!
and was recently also applied for perovskite silicon
tandem devices.?****! In spectrometric characterization, the
spectrum is systematically varied and for each spectral condition,
a jV curve is recorded. Each spectral condition is assigned a
parameter z according to the following equations: j{im = (1 + z) -

top

Jis and jim = (1 — z) - jref. ¥ fiim and j5im are the photocurrents

ref rref

of the top and bottom solar cell, respectively, ji5, and jio
the corresponding currents under the reference spectrum, i.e.,
the Air Mass 1.5 global (AM1.5G) spectrum in this case. 1 +z=1
corresponds to the AM1.5G condition, for 1+ z < 1 the spectrum
is redshifted, and for 1+2z>1 the spectrum is blueshifted
compared to the AM1.5G spectrum. In an ideal case, when the
limiting subcell shows a flat jV characteristic for low voltages,

denote
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Figure 4. Spectrometric characterization of the tandem solar cell. The
current matching (gray lines) is determined by linear fits (colored lines)
to the subcell jsc values depending on the spectral condition. Points close
to the maximum are not considered for the fit and therefore not repre-
sented. Due to dynamic effects in the perovskite, the current matching
was determined from values obtained from forward (dotted lines) and
reverse scans (dashed lines). In both cases, current matching is reached
for redshifted spectra compared to the AM1.5G spectrum (1+z=1),
which means that the silicon solar cell is limiting at the AM1.5G condition.

the photocurrent of the limiting subcell equals the jsc of the
tandem device. However, when the limiting subcell has a low
parallel resistance or a low breakthrough voltage, this is not true
anymore. As for redshifted spectra, the jV curves were not flat for
low voltages (Figure S4, Supporting Information); to analyze
current matching, the subcell current density jscsupcen Of the
limiting subcell is shown in Figure 4. To determine jsc subcen, @
constant voltage of the silicon subcell of 700mV has been
assumed (An exact determination of a subcell V¢ in the tandem
device is difficult. This value is in the range of the measured Vo
of 709 mV, see Figure 2c. Furthermore, a deviation of ~20mV
would not affect the position of the current matching point
significantly). jsc siicon Was then determined at V= Vo andem —
700mV on the tandem jV curve. As for perovskite limitation,
the tandem jV curve shows a hysteresis in V¢, no constant perov-
skite voltage could be assumed, but the values for jsc perovskite Were
taken at V=700 mV (assuming that the dynamic effects leading to
hysteresis are coming from the perovskite while the silicon has a
constant voltage). Considering the jsc supcen Values of the limiting
subcell, the current matching was determined by the intercept of
two linear fits (one to the jsc perovskite Values for the red-rich spec-
tral conditions and one to the jsc siiicon for the blue-rich spectral
conditions, each for the linear part of the jsc supcen values). Points
very close to the current matching point were not considered for
the fits, more details can be found in Figure S4c, Supporting
Information. The current matching points are at 1+ z=0.97
and 1+ z=0.99 when using the jscsupcen values from reverse
scans (Voc to Isc sweep) and forward scans (Isc to Voc sweep),
respectively. Due to dynamic effect leading to hysteresis in the
perovskite, a unique current matching point cannot be determined
from the jV scans. However, current matching is reached for 1+
z < 11in both cases (for values obtained from forward and reverse
scan) which means that the spectrum needs to be redshifted
compared to the AM1.5G spectrum to reach current matching
and thus, the silicon solar cell is current limiting at the
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AM1.5G condition. A strong decrease in hysteresis can be seen
around the current matching point, which cannot be explained
by simple jV curve addition of the subcells. More details can be
found in the study of Messmer et al.*®!

Besides current matching, reflection and parasitic absorption
can further reduce the generated short-circuit current
density. While reflection losses are reduced by implementing
the fully-textured tandem cell design (reduction in reflection
equivalent current from 3.1 to 1.0 mA cm™? for flat compared
to fully-textured tandem design®’)), we assess the parasitic
absorption by performing reflection transmission measure-
ments on the top Cgo/SnO,/ITO contact layers. Out of
the three layers, the absorption spectrum of the ETL Cg is
found to be the main source of curtailment of the useful
light in the perovskite absorber (Figure S6, Supporting
Information).

The performed jsc loss analysis (current matching, parasitic
absorption) concludes that it is possible to achieve a higher cur-
rent by either reducing the perovskite thickness or increasing its
bandgap (for current matching), in addition to minimizing par-
asitic absorption through a reduced Cgg thickness. We note that
increasing the perovskite bandgap would be favorable as it would
lead to a supplemental increase in Vo if the perovskite quality is
preserved (e.g., no halide segregation).

2.3. Optoelectrical Simulation of the Perovskite-Silicon
Tandem Cell

2.3.1. Modeling Approach and Experimental Validation of the
Optical Model

To further analyze the results of the experimental loss analysis, a
comprehensive optoelectrical model of the current perovskite-
silicon tandem cell was set up to show the impact of the present
limitations on the tandem efficiency and to derive the practical
efficiency potential of this device architecture. The optical model
was set up in Sentaurus TCAD*¥ and validated for planar front-
side devices in previous publications.[**** It is based on ray trac-
ing in the crystalline silicon absorber and transfer matrix method
for the top and bottom cell thin-film layer stacks (including the
perovskite). This model was explained in several previous
publications.**>" In this section, we show the adaptations we
made within the scope of this article to obtain an optical model
for fully front- and rear-side textured perovskite-silicon tandem
devices.

Figure 5 shows the results as a comparison between the exper-
imental data (scaled external quantum efficiencies (EQEs), see
dotted lines) as published in ref. [42] and the optical simulation
data (absorption, see solid lines) for the fully-textured tandem
device of Figure 1la. The perovskite thickness was assumed to
be 630 nm which is in good agreement with the targeted and
measured thickness of approximately 630nm determined
by SEM cross-section images of the experimental device
(Figure 1b). The green lines in Figure 5 show the total absorption
(i-e., 1-reflection). The simulation data matches the experimental
data very well despite minor deviations. The reflection caused by
the ~2% metallization area was considered in the simulation
model.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 5. Simulated absorption of the perovskite (blue) and silicon (red) absorber, as well as the parasitic layer losses in each layer of the perovskite-
silicon tandem device as in Figure 1a; the simulated absorption and reflection curves show a very good agreement to the experimental data (dotted lines).

The measured EQE of the silicon bottom cell (dotted red) and
the simulated absorption in the silicon wafer A(Si) (solid red)
show good agreement, except for slight deviations around
950 nm. Overall, the integrated photocurrent density of the
simulated silicon EQE with j,, =20.2mAcm ™ confirms the
current limitation of the tandem device with a measured j;. value
of 20.2mA cm? (as shown in the next subsection).

The dotted blue line shows the measured EQE of the perov-
skite cell EQE(Pero) in comparison with the simulated absorp-
tion within the perovskite A(Pero), shown as a solid blue line.
The experimental EQE was scaled to the height of the simulation
since the experimental EQE of a tandem device is usually only
measurable with a relative height.*? One can see that the simu-
lated A(Pero) describes the shape of the EQE(Pero) quite well,
however, there are minor deviations in the short wavelength
regime. One can see that the simulated perovskite data show dis-
tinct local minima and maxima from 300 to 500 nm which is
characteristic for the optical data of Cg, in this case taken from
the study of Sittinger et al®® In the measured EQE, this
characteristic is visible but much less prominent. This difference
could arise from a Cgp thickness that is lower than the target
thickness of 15nm for the device, as it was used for the
simulation.

Overall, we see a very good agreement between our simulation
model and the experimentally measured data that further under-
lines the validity of our model. Moreover, Figure 5 highlights the
respective parasitic absorption losses in each layer as derived
from the simulation model. One can see that the dominant par-
asitic losses are given by the Cjo, the front, and rear ITO layers,
with a parasitic loss in photocurrent of about 1.1, 0.3, and
1.5 mA cm ™2, respectively. To estimate the practical efficiency
potential of this device architecture, we will adapt the actually
present optical properties, as shown in Figure 5. The aim is
to increase the tandem photocurrent to an idealized scenario
where layer thicknesses are minimized, but still present (which
will be used as “improved optics” at the end of this section).
The steps are:

Sol. RRL 2023, 2300659 2300659 (6 of 12)

The Cqp layer thickness is reduced from 15 to 5nm which
should be close to the thinnest possible layer that is still electri-
cally functional (only above 5nm we expect a closed film
formation®*).

The more transparent rear-side ITO was implemented
since no lateral conductivity is needed for this monofacial device,
a less conductive, thus, a more transparent ITO composition
was used.

The ITO thicknesses of front and recombination ITO were
reduced from 25 to 15nm, and 20 nm to 10 nm, respectively,
and the SnO, thickness was reduced from 20 to 5 nm.

To achieve current matching between the two subcells, the
perovskite’s bandgap was altered from currently 1.670eV to
now 1.692eV (whereby the last digit would be within the
experimental uncertainty but can be fine-tuned very well in
the simulation model).

Only the active area of the cell is considered without perimeter
losses and without reflection losses due to metallization (instead
of 2% metallization area as in Figure 5). For full-sized wafer-
based tandem cell and modules, we expect optoelectrical
trade-offs when optimizing the front electrode.”

With these optical adaptations applied to Figure 5, the photo-
current of both perovskite and silicon subcell increases to
21.34mA cm™2 (not shown). This result is used as “improved
optics” in the following sections.

2.3.2. Electrical Modeling

The full optoelectrical model used in this article was experimen-
tally validated by Messmer et al.*®! It includes all electrically
active layers that are shown in Figure 1a, and is capable to
describe the perovskite top cell in very sophisticated detail based
on drift-diffusion equations including the mobile anions and
cations within the perovskite (for simulation details, refer to
ref. [46]). As drift-diffusion modeling has a large number of input
parameters; the parameter choices that are relevant for validating
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this TCAD model were made according to the measurement data
as derived from the characterization part of this article. This
ensures that the results derived from the model are based on real-
istic assumptions. However, the origin of loss channels might be
ambiguous and have to be handled with care. Accordingly, this
model was adapted to the experimental device of this work by
implementing the loss channels based on the measured limita-
tions of Section 2.2.

An internal voltage iV of the silicon subcell of about 726 mV
at the illumination equivalent to the AM1.5G spectrum taking
into account the absorption of the top cell by assuming a surface
recombination velocity (SRV) of 100 cm s~ at the silicon heter-
ojunction contacts.

A lifetime within the perovskite bulk of 400 ns, as measured
via transient photoluminescence for the composition of our
perovskite absorber (see Figure 2d).

A surface recombination at the 2PACz layer that lowers
the internal voltage iV,. of the perovskite absorber to about
1.24V, which is close to the measured value of Stack 1 in
Figure 2D.

A conduction band misalignment of the perovskite/Cg inter-
face of about 0.25 eV as based on Menzel et al.** combined with
a SRV of 6:10* cm s~ to achieve an iV, drop of roughly 100 mV
in the perovskite absorber due to nonradiative recombination at
the ETL.

An (external) series resistance of 9 Q cm? which corresponds
to the drop of the pFF (the simulated value is 87% which is a 3%
higher than the measured pFF) to FF, as shown in Figure 3.

The mobile ions of our device were determined to be roughly
6 x 10" cm ™ (not shown here but in an upcoming publication).

Figure 6a shows the “ion-quenched jV curves” for both simu-
lation (orange line) and experiment (green dots). A precondition-
ing of 3h under illumination at 1sun and OC conditions was
performed in both simulation and experiment. Afterward, the
experimental jV curve was obtained by jumping back and forth
between each measurement point (shown in green dots) and OC
conditions. The holding time at OC is significantly longer than at
the measurement point, therefore the ions can be expected to be
kept at their OC conditions. In the simulation, the ion-quenching
was effectively achieved by using a short scan time of 5 s which is
too low for the ions to move from their OC conditions. It is worth
mentioning that due to the high ion density of 6 x 10'® cm >, the
device shows significant FF hysteresis when performing “stan-
dard” reverse and forward jV scans. We ascribe this to the incom-
plete perovskite conversion as described in Section 2.2.2. For the
loss analysis carried out in this article, it is however very reason-
able to analyze the losses for what we call “ion-quenched jV
curves,” as for OC-quenching of ions, the anion (cation) concen-
tration at the ETL (HTL) interface is expected to be comparable to
under operation. (Note that the reverse jV scan is almost equal to
the ion-quenched jV curve if the scan speed is sufficiently high,
e.g., smaller than 90s.) One can see that the simulated jV curve
describes the experimental data very well.

Figure 6b shows the band diagram of the simulated
perovskite-silicon tandem device at Vo after 3 h of light-soaking
at OC conditions. One can see the quasi-Fermi level splitting of
both perovskite and silicon absorber, which correspond to their
respective internal voltages. The undesired gradient of the
electron quasi-Fermi level within the perovskite absorber toward
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Figure 6. a) lon-quenched jV curve after 3h of light-soaking at OC
conditions for both measured (green) and simulated (orange) perov-
skite-silicon tandem device showing a very good agreement of the
optoelectrical model with the experimental cell. b) Band diagram of the
perovskites-silicon tandem device at OC after 3 h of light-soaking. The
(undesired) gradient of the electron quasi-Fermi level is highlighted in
red, causing a voltage drop of -Voc = iVoc—Voc.

the Cgo transport layer is highlighted in red, causing a voltage
drop of AVoc=iVoc—Voc=>56mV. This matches very well
the measured AVoc value of 53 mV, shown in Figure 2c.

2.3.3. Toward the Practical Efficiency Potential of Perovskite
Silicon Tandem Devices

Finally, taking Figure 5 and 6 as optical and electrical starting
point, respectively, which represents the current status of our
tandem device, we now elaborate for each loss channel on
how the tandem efficiency would be enhanced when each corre-
sponding electrical limitation would be completely resolved. In a
real cell, this would only partly be possible, so that the values
should be regarded as an idealized scenario. As from an optical
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point of view, the parasitic absorption would be best for no con-
tact layers at all, which is why we do not refer to an “ideal” optics,
but only to an “optimized” optical scenario as introduced before.
While the Shockley-Queisser (SQ) limit®® is unambiguously
defined (and can be calculated to be 45.2% for this device featur-
ing a 1.12 eV bottom cell bandgap), the definition of a “practical
limit” of perovskite-silicon tandem devices is much more ambig-
uous as it depends on the choice of technological boundary con-
ditions. There are several attempts in the literature to assess a
“practical potential” for multijunction solar cells.>?>>]
Futscher et al. modeled the performance limitations of perov-
skite silicon tandem solar cells under realistic operating condi-
tions and calculated that for an optimized scenario, perovskite
silicon tandem solar cells “could reach efficiencies above
38%”".17 More theoretical approaches, like Almansouri et al. cal-
culated a “best efficiency limit” for perovskite silicon tandem
solar cells of 40.6% based on SQ limit extended by incorporating
further assumptions on optical and electrical losses like complete
absorption within the perovskite due to finite film thickness or
reflection from the glass.*”) However, in this work, we focus on
the R&D on the cell level based on a full optoelectrical model
adapted to a real device based on experimentally characterized
input parameters. By mitigating the previously discussed loss
channels, we showcase the practical efficiency potential for a
fully-textured perovskite-silicon tandem device architecture.
Figure 7 shows the tandem efficiency for cumulatively mitigated
loss channels, chosen in an order that first FF, second Vo, and
third jsc losses are diminished (for a roadmap and experimen-
tally these steps would be tackled in a different order however),
ultimately reaching the practical efficiency potential of this tan-
dem architecture which we assess to be at 39.5%.

The starting point is the current status as presented in this
work (see green star at 1) with a tandem efficiency of 26.7%.

Cumulatively Mitigated Loss Channels

N
[$)]
—T
1

N
o
—T T
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Figure 7. Optoelectronic simulation of the perovskite-silicon tandem cell
and cumulatively mitigated loss channels and their respective efficiency
gains toward the practical efficiency potential of 39.5% as determined
by this work. Most steps are based on the characterization methods
and obtained experimental values as presented in this article (see figure
numbers within the bars).
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Step 2 shows the impact of a lowered ion density in the
perovskite absorber (from measured 6 x 10'°cm™ to lower
1 x 10" cm™3, which is not limiting the FF anymore) which
has positive impact on the FF but also lowers the hysteresis
effects on reverse and forward jV scans (not shown here).
This is due to the fact that a lower anions (cations) concentration
leads to generally lower accumulation at the ETL (HTL) interfa-
ces, which increases the selectivity of the respective contacts. The
efficiency increases to 27.6%.

Step 3 shows the impact of solving the problem of the high
external series resistance of about 9 Qcm? that will improve
the FF up until the pFF, as quantified in Figure 3. This would
be related to a tandem efficiency increase of about +2.9% .,
to 30.5%.

In step 4, we show the improvement by solving the problem of
high nonradiative recombination at the ETL, namely the Cgo. The
simulation model reveals that when undesired energetic conduc-
tion band offset of 0.25 eV is set flat band to the desired value of
0eV for the Cgo/Pero interface, the recombination losses at the
ETL are almost completely resolved, despite the high SRV of
6 x 10*cms™". If SRV is set to Ocms™ ', another 20mV is
gained. One can see that solving the Ec offset at the Cgo/Pero
interface has the overall biggest impact, as it would boost the
efficiency by 4.6%,,s to 35.1%.

In step 5, we show the impact of improving the HTL to reach
the iV, limit that we would expect for ideal ETL and HTL extrac-
tion layers. This was done by increasing the dipole moment of
the 2PACz layer by one order of magnitude which leads to ideal
hole extraction. As the voltage losses for the 2PACz layers are not
as high as for the ETL, we see a smaller increase for ideal HTL
properties of about 0.6%,;,s to 35.7%.

In step 6, we show the impact of a perovskite bulk lifetime of
1ms (which corresponds to a nonlimited lifetime) instead of
400 ns. We see that the efficiency potential would be increased
by another 1.7%,s to 37.4%. (In this step, we also set the silicon
SRV to Ocms ' which makes 0.2%,, out of the total
improvement.)

Going toward step 7, we show the impact of the “improved
optics” as previously discussed. The main effect relates to the
current matching of the subcells. But also the reduced parasitic
absorption due to thinner layers has positive impact on the cur-
rent. This is expected to boost the efficiency by another 2.1%,,; to
39.5%.

We refer to the final 39.5% tandem efficiency as “practical effi-
ciency potential” for this device architecture (see gray dotted line
in Figure 7). Optically, it can be only exceeded when finding dif-
ferent device architecture, e.g., by replacing Cgo with a more
transparent ETL and finding more transparent alternatives to
the ITO layers. Electrically, this practical potential can be seen
as an upper limit, since the resulting jV curve is only limited
by Auger in the silicon bulk and the radiative recombination
of the perovskite bulk leading to an (almost) ideal diode charac-
teristic with a FF of about 90%. Therefore, experimental
perovskite-silicon tandem devices will most likely lie below the
39.5% efficiency potential. Nevertheless, one can see that there
is still a major efficiency gap between the practical potential and
the radiative limit of 45.2% (see yellow star in Figure 3c) as
derived from the SQ limit for a bottom cell with the 1.12eV
bandgap of silicon.*®! However, this is analogous to the single
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junction world, where the 33.2% SQ limit is not reachable with
silicon single junction as Auger recombination is the intrinsic
limiting recombination path in silicon absorbers and these cells
are limited to 29.4% (Niewelt et al.®®)). The practical efficiency
limit would be thus lower for a silicon cell.

Despite the fact that this analysis shows a quite idealized
scenario when solving the device limitations, it is still useful
to assess the “ideal” efficiency boost for each limitation: one
can see that the major issues within the device are first, the
ETL limitation, second, the high series resistance limitation,
and third, the optical improvements (i.e., mainly current match-
ing). Some potential strategies to address these issues can be
improving the Voc by 1, applying a passivation layer such as
MgF, at the perovskite/Cq interface to reduce nonradiative
recombination losses?®® and 2, applying a surface treatment that
lowers the band alignment offset at the perovskite/Cg, interface
by locally changing the perovskite surface work function as has
been previously demonstrated in highly efficient perovskite
single junction solar cells®”; reducing the solar cell internal
series resistance by further improving the perovskite bulk’s radi-
ative quality and eliminating residual Pbl, via, e.g., addition of
Lewis-base crystallization agents in the solution step,/*” as well as
enhancing the electron and hole conductivity at the respective
extraction layers to avoid selectivity losses!®"®?; improving the
tandem jsc by increasing the perovskite bandgap and optimizing
the thickness of functional layers.®®! These problems must be
tackled to reach >35% for a perovskite-silicon tandem solar cell
with a device architecture as presented in this work.

3. Conclusion

This work uses different characterization methods and numeri-
cal simulation to analyze the device losses and derives efficient
pathways for optimization of monolithic fully-textured perovskite
silicon tandem solar cells (where the perovskite film is processed
via the hybrid evaporation/spin-coating route and conformally
coats micrometer-sized pyramids). To do this, in the first step,
a comprehensive loss analysis of a tandem cell is performed.
In particular, high series resistance, current mismatch in the
subcells, and high nonradiative recombination losses as well
as band misalignment at the perovskite/ETL interface were iden-
tified to be the major performance limitations of the FF, jsc, and
Voc of the device, respectively. In a second step, a sophisticated
optoelectrical TCAD simulation model, which precisely reprodu-
ces both optical and electrical experimental observations of the
performed loss analysis, was used to quantify the impact of
the identified device limitations on the tandem jV metrics.
This enabled assessing the efficiency drop due to the major loss
mechanisms: 1) perovskite/Cg interface (—4.6%.ps); 2) the series
resistance (—2.9%.ps); and 3) light management (—2.1%,s). By
reducing the origins of these losses one step at a time, we calcu-
lated the efficiency improvements by cumulatively mitigating the
characterized loss channels, ultimately reaching a practical effi-
ciency potential of 39.5% for this device architecture. In conclu-
sion, by combining various characterization methods to quantify
losses in a tandem solar cell with an optoelectrical simulation
model to assess the efficiency potential, this work provides a
crucial guideline for optimal solar cell device optimization.
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Furthermore, the determined practical efficiency potential of
the solar cell on the device level can serve as a basis for future
research and development studies (e.g., cell-to-module analysis,
investigation of module performance under real-world operating
conditions, etc.) which are needed prior to the commercialization
of the promising fully-textured perovskite silicon tandem solar
cell technology.

4. Experimental Section

Characterization: Optical microscopy of surface texture: a 3D laser con-
focal microscope (LEXT OLS4000, Olympus) was used to characterize the
random pyramids prepared on (100)-oriented crystalline Si bottom solar cells
by an alkaline anisotropic etching solution. The obtained 3D surface texture
was merged in a 2D plan view with a very large depth of field. The pyramid
base area distribution was determined using in-house developed software as
described in (T. Strauch, M. Demant, A. Lorenz, |. Haunschild and S. Rein,
Two Image Processing Tools to Analyse Alkaline Texture and Contact Finger
Geometry in Microscope Images, Proceedings of the 29th European
Photovoltaic Solar Energy Conference 2014, 1132-1137). From the base area
distribution, the pyramid height distribution was calculated using the known
angle between opposite side walls of the pyramids, which is 70.5°.

SEM Measurements: A Schottky emission SEM model Auriga 60 (Zeiss)
device was used to capture cross-sectional and top-view electron micros-
copy images. An angle of 45° was set to take top-view measurements.
The acceleration voltage was set to 5kV.

Spectrally Resolved PL Measurements: A LuQY Pro instrument (Quantum
Yield Berlin) was used to conduct steady-state photoluminescence meas-
urements. A 532 nm laser with an equivalent laser intensity set to approxi-
mately 1 sun (automatically calculated for the selected spot size as well as
Jsc and EQE at 532nm) was used to excite the perovskite absorber
(resolution time to 3's, spot size 0.1 cm?).

PL-Based iVoc Imaging: A measurement system developed at
Fraunhofer ISE and built by Intego GmbH was used for the acquisition
of PL images. The system was calibrated to allow absolute PL measure-
ments that can be converted to iVoc images. The perovskite silicon
tandem solar cell can be excited subcell-selectively using a 450 nm laser
and an 808 nm laser. The PL images were acquired using a silicon charge-
coupled device camera and appropriate optical filters. The samples were
illuminated before the image acquisition to reach stabilized conditions for
measurements on perovskite sub-cells.

Suns-Voc Measurements: The measurements were acquired at the same
setup as the PL-based iVoc imaging measurements were acquired at. The
450 and 808 nm lasers allow a subcell-selective excitation. A source meter
connected to the cell measures the Vo at various illumination intensities
to acquire the pseudo-jV curves.

UV—-vis Measurements: A lambda 950 spectrometer (PerkinElmer) tool
was used to perform reflectance (R) and transmittance (T) measure-
ments. Absorptance (A) was calculated by the formula A=1-R-T.
Measurements were carried out in the wavelength range of
250-1200 nm with a 2 nm step size.

XRD: X-ray diffraction measurements were performed using a Bruker
D8 Advance diffractometer. The tool was equipped with a Cu anode tube
at 40 mA/40kV. Measurements were carried out between 26 =5° and
20 =45°. The step size was set at 0.03° and the time per step 0.1s.
Data analysis was done using the DIFRAC.EVA software.

TrPL: To record transient photoluminescence signals, the sample is excited
with a 515 nm diode laser. The excitation spot size diameter is 7.5 mm. The
pulse width is set to 240 ps ensuring steady state conditions of the charge
carriers. The on/off ratio of the laser is 10° within 1ns. The transient is
recorded during the off time. The laser power during on-time was adjusted
to match the jsc of a perovskite solar cell under 1-sun illumination (AM
1.5G). The PL is registered with a VIS hybrid photodetector which is read
out using single-photon counting device The integration time was set to 300s.

JV Measurements: Current density-voltage measurements were carried
out using a Wacom solar simulator equipped with two filtered light
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sources, a halogen lamp, and a xenon lamp. Prior to the measurement, the
spectral response was measured for the cell. Lamp intensities were then
calculated following the procedure described by Meusel et al.[**! and
adjusted with the help of two filtered WPVS reference solar cells. After cali-
bration, the device was kept in OC conditions under illumination for 3 h at
ambient conditions. Subsequently, jV curves were recorded using a
Keithley 2400 source meter in forward and then reverse direction (range
from —0.1 to 1.85V, scan speed 34 mVs™', step width 20 mV). Between
the single measurement points of the jV curve, the solar cell is under open-
circuit condition. A shadow mask was used to limit light exposure area to
the 1cm? cell active area.

Spectrometric Characterization: Spectrometric characterization was per-
formed on a light-emitting diode-based solar simulator (Wavelabs Sinus
220). The different spectra were calculated according to the procedure
described by Chojniak et al.’®! For the spectrometric characterization, this
procedure was adapted based on the definition of the parameter z accord-
ing to ref. [43]. Before starting the measurement, the solar cell was kept
under light for 3h at ambient conditions. Then, jV curves were
measured in reverse and forward scan (voltage range —0.2-1.9V, 500
measurement points, sweep time 40 s per scan) for each spectrum alter-
nating between redshifted and blueshifted spectral conditions starting
from the AM1.5G condition outward. Before starting the jV scan, the cell
was kept at Voc during 250's for each spectral condition.

EQE: The EQE was measured as described in our previous
publication.*!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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