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Light-ray tracing (RT) and the transfer matrix method (TMM) allow detailed optical simulation of
single-junction silicon and perovskite solar cells, which critically aids device design towards record
performance. However, their accuracy is compromised when simulating monolithic perovskite/silicon
tandem devices built from textured silicon substrates, due to the resulting complex top-cell morpholo-
gies. The associated front surfaces of such tandem devices are typically either roughly conformal to the
textured silicon underneath (for thermally evaporated or hybrid-deposited perovskites) or flattened (for
solution-processed perovskites). Here, we develop accurate optical models for each configuration. For
the conformal-like morphology, we apply a texture-on-texture model to accommodate for local imperfect
conformalities. Contrastingly, for the flattened morphology, we develop a multi-subcell model to solve
the limitation that films must be conformal in one-step RT 4+ TMM simulations. We verify our models
with experimental light absorption and quantum efficiency data for photovoltaic cells and modules in both
morphological configurations and identify primary sources of parasitic light absorption. Finally, we extend
our simulations to module-scale optics and find that textured module glass can effectively suppress photon

escape for both tandem-device morphologies, improving their module performance.

DOI: 10.1103/PRXEnergy.1.023005

L. INTRODUCTION

Perovskite/silicon tandem (PST) solar cells have come
under intense research focus in the photovoltaic (PV)
community due to their high power-conversion-efficiency
(PCE) potential (theoretical limit ~45% [1-3] and cur-
rent record of >29% [4—7]) and relative ease of mono-
lithic integration of perovskites with conventional crys-
talline silicon (¢-Si) solar cells. The employed c-Si wafers
for monolithic PSTs mainly fall into two categories,
based on their surface morphology: (i) front-side flat,
rear-side pyramidal textured [4,8,9] and (ii) double-side
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textured [10—16]. A flat-front ¢-Si surface permits sim-
pler integration of solution-processed perovskite films with
the ¢-Si subcell, but leads to higher reflection losses,
and hence, a lower PCE. Consequently, textured c-Si
front surfaces, which require more sophisticated per-
ovskite subcell processing, but come with enhanced opti-
cal gains, have received increased attention from the PV
research community; double-side-textured c-Si wafers are
also standard in industrial single-junction c-Si solar-cell
manufacturing.

Employing double-side-textured c¢-Si subcells also
affects the perovskite top-cell-surface morphology, depend-
ing on the employed perovskite-deposition method. For
instance, one possible surface morphology is relatively
conformal to the textured c-Si bottom cells (with typ-
ical feature sizes on the order of ~5 um), as shown
in Fig. 1(a), and arises from either thermal evaporation
or hybrid deposition of the perovskite [10—12]. Thermal
evaporation uses different sources to coevaporate the per-
ovskite precursors, which, due to the volatile nature of
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FIG. 1.

Air

Structure of hybrid- and solution-processed PST cells, their secondary electron microscope (SEM) images, and the proposed

optical models to simulate them: (a) Hybrid-processed PST cell structure used in this study, and its SEM images with different magni-
fication levels. Thickness of films is detailed in the Supplemental Material [17]. (b) Solution-processed PST cell structure used in this
study and its SEM images. Thickness of films is detailed in Supplemental Material [17]. (c) Illustration of texture-on-texture (TOT)

model. (d) Illustration of multi-subcell (MS) model with two subcells.

the organic cations, requires accurate process control.
In contrast, the hybrid approach largely circumvents this
issue, as it is a two-step deposition combining sequen-
tial coevaporation of the largely inorganic precursors with
deposition of the organic cations from solution. The sec-
ond morphology consists of a largely flattened perovskite

surface, as shown in Fig. 1(b). This morphology results
from the deposition of a perovskite precursor solution
(either by spin-coating or blade or slot-die coating), fill-
ing the valleys of the silicon texture (here with feature
sizes on the order of ~1 um), followed by film crystalliza-
tion [13—16]. We note that practically even hybrid PSTs
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still come with some imperfect conformal features, such as
those present at the rounded pyramid peaks, as shown in
Fig. 1(a).

To investigate the full performance potential of PSTs,
it is critical to model the involved light-device interaction
accurately [18]. Ray tracing (RT) in combination with the
transfer matrix method (TMM) is one of the most widely
used tools to analyze the optical properties of all solar cells.
However, in contrast to single-junction wafer-based silicon
or thin-film-based perovskite solar cells, where, in both
cases, all the film surfaces are conformal either to the sili-
con wafer texture or the glass substrate, respectively, such
absolute conformity is not guaranteed for PSTs built from
textured silicon bottom cells, as stated.

To date, a number of quantitative optical studies of
PSTs using the RT+TMM method can be found in
the literature. Several researchers have simulated PSTs
with a planar silicon top surface, where the RT + TMM
method could be applied accurately due to the ideal con-
formity between top and bottom cells [19-25]. Some
have also studied PSTs with a textured silicon top inter-
face, but none of those studies verified the accuracy
of the RT + TMM method by comparing the simulated
results with experimentally measured device-absorption
and external-quantum-efficiency (EQE) data [15,21,23,

25-27]. Experimental local imperfections, or nonconfor-
mities, as evidenced in Figs. 1(a) and 1(b) were either
neglected or not discussed in their simulations. Notably,
Chen et al. [15] simulated PSTs with a blade-coated per-
ovskite top cell, similar to the solution-processed PSTs
shown in Fig. 1(b), where the flat top surface of the
perovskite does not conform to the underlying silicon tex-
ture, and therefore, is inconsistent with the fundamental
assumption of the TMM, introducing a source of error
into the simulations. In addition, although Jacobs et al.
[25] discussed encapsulated PSTs with a textured silicon
top interface, the verification of the photovoltaic module
simulation through a comparison to the experimentally
measured absorption and EQE was not included in their
study.

Here, by comparing the simulated and measured absorp-
tion and EQE data of both cells and modules, we iden-
tify an important inaccuracy in the RT + TMM approach,
arising from imperfect conformities in both hybrid and
solution PSTs. To accommodate for such a conformity
problem, we introduce a texture-on-texture (TOT) model
at the perovskite interface for hybrid-processed PSTs, and
a multi-subcell (MS) model for solution-processed PSTs,
respectively. After validating the TOT and MS models,
we use the new optical models to analyze the sources of
parasitic absorption, the optical difference between hybrid-
and solution-processed PST cells and modules, and the
potential improvements anticipated from applying textured
glass.

II. EXPERIMENT

We determine the complex refractive indices, real n and
imaginary k, of all the stacked films for the configurations
shown in Fig. 1 by spectroscopic ellipsometry (J.A. Wool-
lam VUV-VASE) at room temperature in the wavelength
range of 280—-1200 nm. We deposit the films either onto
glass (rear side is roughened to avoid rear-side reflection)
or the polished side of a single-side-polished silicon wafer,
depending on which substrate type enables a more uniform
and smoother surface or is more compatible with relevant
device-processing conditions. The samples are measured
within hours after film deposition, minimizing their expo-
sure to ambient air. Note that some of these samples,
e.g., the nanocrystalline silicon (nc-Si) and amorphous sil-
icon (a-Si) films, which are employed as contact layers
in hybrid PSTs [10], are comprised of a film stack rather
than an individual film because the individual films can-
not be deposited directly on glass or silicon without the
presence of underlying layers, acting as growth templates.
In those cases, we can only determine an effective refrac-
tive index of the complete film stack. We use the refractive
index of ¢-Si reported in the literature [28—30]. The » and
k values of the characterized films are summarized in the
Supplemental Material [17].

At the module level (represented by an encapsulated
single-device minimodule), thermoplastic polyurethane
(TPU) is used as the encapsulant material [31]. How-
ever, the TPU after the lamination process is found to
be too thick and rough for ellipsometry measurements.
Therefore, rather than making a film sample on the sub-
strate for ellipsometry characterization, we laminate mul-
tiple layers of TPU by piling them between two flat
Teflon boards. The TPU layers are then melted followed
by solidification during the lamination process, gener-
ating a thick bulk material. The bulk material is then
measured by spectrophotometry (PerkinElmer LAMBDA
950 UV/Vis/NIR), involving reflectance, absorption, and
transmission (RAT) measurements over the 280—1200 nm
wavelength range. The refractive index data of TPU were
then extracted following a published procedure [32]. The
same method is applied to the front glass of our min-
imodules. To assess the accuracy of the optical mod-
els, the RAT of hybrid- and solution-processed PST
cells and modules are experimentally measured using
spectrophotometry within the 280—-1200 nm wavelength
range. The EQE of perovskites and silicon in the hybrid-
and solution-processed PST cells and modules are mea-
sured using a LOANA system from PVtools [33].

We use two metrics to evaluate the agreement between
modeling and experimental absorption and EQE data:
(1) root-mean-square error (RMSE, unit of %), and (ii)
AML.5 spectrum-weighted average difference (SWAD,
unit of mA/cm?; plus or minus sign is determined by
simulation data minus experimental data). The SWAD
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is actually equal to the difference in integrated absorbed
or collected current (if EQE) between simulation and
experiment. Compared to the RMSE, the SWAD high-
lights the difference at those wavelength ranges where a
higher photon flux is present in the incident AM1.5 spec-
trum. While SWAD provides more relevant quantities to
the solar devices’ performance, i.e., generated current, it
may lead to misleading information because a large dis-
crepancy at wavelength ranges with a low photon flux can
be easily compensated for by a small opposite discrep-
ancy at the wavelength ranges with a high photon flux.
Therefore, both RMSE and SWAD are used in this study.

I1II. OPTICAL MODEL FOR HYBRID-PROCESSED
PEROVSKITE/SILICON TANDEMS

With all of the required optical information obtained in
Sec. 1I, we then simulate hybrid PST cells and modules
with SunSolve [34], which applies ray tracing and thin-film
optics to calculate the device’s optical behavior.

We begin by treating the bottom c-Si surface as consist-
ing of random pyramids following an approach discussed
in the literature [35,36], where the pyramids have a base
angle of 52° and a Phong scattering with 100% fraction
using a Phong exponent o 100 (see the Supplemental
Material for details [37]); Phong scattering is generally
introduced in the simulation of random pyramids of a sili-
con solar cell to improve its agreement with experimental
data by emulating the scattering arising from imperfec-
tions in the pyramids [36,38,39]. As shown in Fig. 2(a),
this procedure gives close agreement over the entire wave-
length range between our bottom c¢-Si cell’s simulated
and measured reflectance. The RMSE is 3.42% and the
SWAD is 0.24 mA/cm?. Once the perovskite is deposited,
however, a significant discrepancy (RMSE 6.53%, SWAD
2.23 mA/cm?) arises between simulation and experiment
due to the imperfect conformal nature, as can be seen from
Fig. 2(b).

We address this complication in our simulations by
modifying the facets of the pyramids such that they are
no longer flat but textured, using the spherical-cap model
described in the literature [40-43] (where the spherical
caps are upright rather than inverted). Thus, we now sim-
ulate the surface with a TOT structure, as illustrated in
Fig. 1(c), thereby attempting to emulate the imperfectly
conformal perovskite film that coats the random-pyramid
textured wafer. Due to the complicated nature of creating
this morphology in three-dimensional space, we treat the
secondary texture (the spherical caps) as having zero thick-
ness. That is, when a ray impinges upon a pyramid facet of
the TOT interface, we (i) calculate the ray’s position in
space, (ii) trace the ray through the unit cell of a spheri-
cal cap, (iii) ascribe any film absorption to absorption at
the TOT interface (neglecting any absorption occurring in
the superstrate or substrate of the unit cell), (iv) determine

the direction of the ray upon exiting the spherical cap, (v)
continue tracing the ray using its position from step (i) and
its direction from step (iv). Thus, since the spherical caps
do not change the position of the ray (only its intensity and
direction), they can be considered as having zero thickness.
In this way, the TOT interface behaves like a pyramidal
texture covered by spherical caps. Figures 2(b) and 2(c)
illustrate how this approach allows us to achieve a better fit
to the experimental absorption data of the samples. We use
spherical caps with a characteristic angle (defined in the
literature [40,43]) of 30° for our hybrid PST cells, because
this satisfactorily describes the geometry of the top surface,
as detailed in the Supplemental Material [44].

The simulated and experimentally measured absorp-
tion curves of hybrid-processed PST cells are shown in
Fig. 2(c). As expected, for the hybrid-processed PST cell,
the imperfect conformity, as shown in Fig. 1(a), mainly
happens locally, such as at pyramid apices, so, even when
using standard RT, simulated data show a good match with
experimental data. Discrepancies mainly happen at short
wavelengths, <550 nm. After applying our TOT model,
we can see the discrepancy is reduced, with the RMSE
dropping from 1.86% to 1.26% and the SWAD from 0.49
to 0.04 mA/cm?. We also compare the experimental EQE
and simulated perovskite and silicon absorption data in
Figs. 3(a) and 3(c), showing <3.82% RMSE, which further
attests the accuracy of our optical model.

A similar comparison can be made for hybrid-processed
PST modules. Here, good agreement between the simula-
tion and experiment is found, even without applying the
TOT model. This is mainly because of the presence of the
cover glass and TPU at the front. They are the first two
materials interacting with light and of dimensions much
larger than the local nonconformal features of the ¢-Si tex-
ture. Therefore, the glass and TPU dominate the optical
performance in the short-wavelength range, reducing the
influence of imperfect conformalities.

Having established a reasonable optical model, simula-
tion allows us now to evaluate the wavelength-dependent
absorption within each film or stack for both hybrid-
processed PST cells and modules. The results are pre-
sented in Figs. 3(a) and 3(c). Figure 3(a) shows that, in
our PST device, the front indium zinc oxide (IZO), act-
ing as a transparent conductive oxide (TCO), dominates
the parasitic absorption below 400 nm, whereas Cgg, part
of the electron-transport-layer (ETL) stack of the per-
ovskite, contributes mostly in the 4001000 nm range.
Above 1000 nm, the rear ITO and front IZO are the largest
contributors to the optical losses, followed by the rear
Ag. The corresponding absorbed equivalent photon current
densities of each film (the percentage of total photon cur-
rent densities of 46.46 mA/cm?) are shown in Fig. 3(b),
where photon current densities are the integrated absorp-
tion shown in Fig. 3(a) for the AM1.5 spectrum. Cg( para-
sitically absorbs 3.71% (corresponding to a current-density
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FIG. 2. Optical simulation problem caused by imperfect conformalities in hybrid-processed PSTs and the improvement made
through applying the TOT structure. (a) Comparison between experiment and simulation of the bottom c¢-Si cell where the surface
is conformal. (b) Comparison between the experiment and simulation of the bottom c¢-Si cell capped by 2,2',7,7'-tetra(N,N-di-p-
tolyl)amino-9,9-bifluorene (spiro-TTB) and perovskite where the surface has local imperfect conformal features. Simulations with
and without the TOT structure are both presented. Discrepancy between simulation and experiment in the range of 750 to 1100 nm
is noted, but we do not have a definite explanation for this. It could be due to the differences in the hybrid-processed perovskite’s
properties (n & k) when formed on the planar substrates (measured by ellipsometry) and on the textured bottom c-Si cell (measured by
spectrophotometry). Because perovskite is the first layer that interacts with the incident light in these samples, the simulated absorption
is much more sensitive to a small variation in the perovskite’s optics than in other cases where capping layers exist. (¢) Comparison
between experiment and simulation of hybrid-processed PST cells, both with and without the TOT structure. (d) Comparison between
experiment and simulation of hybrid-processed PST modules, both with and without the TOT structure.

loss of 1.72 mA/cm?) of the incident photons, followed by
the front IZO (3.21%, 1.49 mA/cm?), the rear ITO (2.11%,
0.98 mA/cm?), and the rear Ag (0.32%, 0.15 mA/cm?),
while 3.86% (1.79 mA/cm?) escapes from the cell. The
escaped photons, in the case of monofacial PSTs, include
both those that are reflected externally by the front surface
and those that escape from the front after a few bounces
within the device.

The modeling of the PST module shows a difference in
the short-wavelength (<400 nm) range, when compared
to the unencapsulated tandem cell. While the glass con-
tributes slightly to the optical losses in the 300—350 nm
wavelength range, the TPU film almost completely absorbs

the light for wavelengths <400 nm, as shown in Fig. 3(c),
thereby reducing the photogenerated current in the
perovskite top cell by 1.04 mA/cm? relative to the unen-
capsulated device. This matches the almost-zero EQE at
the module level for this range, as shown in Fig. 3(c).
The current mismatch that would otherwise occur due
to this decrease in the blue response of the top cell is
compensated by an increase in broadband reflectance in
the module from the glass and TPU. However, in the
future, if a UV-transparent encapsulant could be devel-
oped, with the currently employed materials, the silicon
subcell would become the bottleneck for current matching.
The perovskite bandgap may then have to be widened to
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FIG. 3. Detailed optical loss analysis: (a) Simulated stacked absorption of each film for hybrid-processed PST cells using the TOT

model, and comparison between experimental EQE and simulated perovskite (PVK) and Si absorptions. White area indicates the
total escaped light. (b) Distribution of equivalent photon current densities over the wavelength range of 280—1200 nm in hybrid-
processed PST cells. Total incident photon current density for this wavelength range is 46.46 mA/cm?. (c) Simulated stacked absorption
within each film in hybrid-processed PST modules using the TOT model, and comparison between experimental EQE and simulated
PVK and Si absorptions. White area indicates total escaped light. (d) Distribution of equivalent photon current densities over the
wavelength range of 280—1200 nm in a hybrid-processed PST module. Total incident photon current density for this wavelength range

is 46.46 mA/cm?.

maintain current matching within the device. Specifically,
we find for the PST module that Cgg (3.29%, 1.53 mA/cm?)
still contributes most to the parasitic absorption, followed
by TPU (2.80%, 1.30 mA/cm?), the front 1ZO (2.62%,
1.22 mA/cm?), the rear ITO (2.01%, 0.93 mA/cm?), the
front glass (0.37%, 0.17 mA/cm?), and the rear Ag (0.31%,
0.14 mA/cm?).

IV. OPTICAL MODEL FOR
SOLUTION-PROCESSED PEROVSKITE/SILICON
TANDEMS

To the best of our knowledge, a reliable RT + TMM
model for monolithic PSTs built from a textured c-Si sub-
cell, yet with a flattened perovskite surface, such as the
case for solution-processed PSTs depicted in Fig. 1(b), is
not yet available in the literature. For these devices, the top
surface is almost flat and clearly not parallel to the textured
bottom ¢-Si surface, invalidating the conformity assump-
tion inherent to the conventional one-step RT + TMM
method. In Figs. 4(a) and 4(b), we show the simula-
tion results of solution-processed PST devices with three

conventional bottom silicon geometries: front-side planar
and rear-side textured (purple), double-side textured (yel-
low), and double-side planar (light blue). By comparing
their simulated absorption with experimental data, we see
that none of them show good agreement with experimental
data over the whole studied wavelength range. The rele-
vant RMSE and SWAD values are listed in Table 1. The
two cell architectures with front-planar surfaces show good
agreement below 700 nm, but show large deviations for
longer wavelengths, especially for the one with the planar
rear side. In contrast, the double-side-textured geometry
provides relatively good agreement above 700 nm, but a
poor match for shorter wavelengths. This suggests that
for the solution-processed PSTs the short-wavelength pho-
tons interact mainly with the perovskite geometry, i.e., the
front-planar geometry, whereas long-wavelength photons
interact mostly with the ¢-Si geometry, i.e., the textured
geometry.

Here, we propose a general modeling method for non-
conformal PSTs, called the multi-subcell (MS) model. As
shown in Fig. 1(d), the key to this modeling method is to
treat one solution-processed PST cell as two subcells. One
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FIG. 4. Comparison of optical models for simulating solution-processed PST and optical analysis based on the MS model. (a) Com-
parison between experiment and simulation of the solution-processed PST cell using different optical models. (b) Comparison between
experiment and simulation of the solution-processed PST module using different optical models. (c¢) Simulated stacked absorption of
each film in the solution-processed PST cell using the MS model. Comparison between experimental EQE and simulated PVK and Si
absorptions. White area indicates total escaped light. (d) Distribution of equivalent photon current densities for the wavelength range
of 280—1200 nm in solution PST cells. Total incident photon current density for this wavelength range is 46.46 mA/cm?. (¢) Simulated
stacked absorption of each film in solution-processed PST modules using the MS model. Comparison between experimental EQE and
simulated PVK and Si absorptions. White area in the plot indicates total escaped light. (f) Distribution of equivalent photon current
densities for the wavelength range of 280—1200 nm in solution-processed PST modules. Total incident photon current density for this
wavelength range is 46.46 mA/cm?.

subcell is a double-sided planar perovskite cell with top
air medium and bottom perovskite medium, and another
subcell is a double-sided textured silicon cell with top
perovskite medium and bottom air medium. In this case,
RT and TMM can be properly applied to each subcell.
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The rear escaped light of the top subcell is used as the
front incident light of the bottom subcell, and the front
escaped light of the bottom subcell is treated as the rear
incident light to the top subcell. This interaction between
the top and bottom subcells must be iterated multiple
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TABLE I. The RMSE and SWAD of simulations of PSTs.
SWAD

Simulation RMSE (%) (mA/cm?)

hybrid PST cell absorption 1.26 0.04
with TOT

hybrid PST cell absorption 1.86 0.49
without TOT

hybrid PST module absorption 1.06 0.38
with TOT

hybrid PST module absorption 1.33 0.19
without TOT

hybrid PST cell EQE with 3.82 0.47
TOT perovskite

hybrid PST cell EQE with 242 0.22
TOT silicon

hybrid PST module EQE with 2.68 —0.41
TOT perovskite

hybrid PST module EQE with 1.82 —0.47
TOT silicon

solution PST cell absorption 21.75 —4.15
with double-side planar

solution PST cell absorption 7.77 2.21
with double-side texture

solution PST cell absorption 4.30 —0.75
with front planar rear texture

solution PST cell absorption 4.09 0.69
with MS model

solution PST module 21.42 —4.65
absorption with double-side
planar

solution PST module 4.89 2.00
absorption with double-side
texture

solution PST module 5.34 —1.53
absorption with front planar
rear texture

solution PST module 3.35 —0.74
absorption with MS model

solution PST cell EQE with 3.98 0.24
MS perovskite

solution PST cell EQE with 3.15 —0.61
MS silicon

solution PST module EQE 3.64 0.40
with MS perovskite

solution PST module EQE 3.61 —0.55

with MS silicon

times (1000 times in this study) to represent the physi-
cal process that photons keep bouncing within the device
until they are absorbed or have escaped. The simulated
absorption of solution-processed PST cells and modules
are plotted in Figs. 4(a) and 4(b), showing a significantly
reduced mismatch with experimental data, compared to the
one-step simulation using the three conventional architec-
tures, the RMSE and SWAD values of which are detailed
in Table I. Using the MS model, the RMSE and SWAD
drop to 4.09% and 0.69 mA/cm? for the cell and 3.35% and

—0.74 mA/cm? for modules. The simulated perovskite and
silicon absorptions shown in Figs. 4(c) and 4(e) also match
their experimental EQEs well with <4% RMSE, which
further supports the MS modeling method. Please note
that the MS model neglects the coherence effect between
the perovskite and the layers below it, which might con-
tribute to the remaining difference between the simulation
and experiment, but the improvement achieved by the MS
model obviously exceeds its disadvantage.

We then apply the MS model to compute the losses
in each component of the solution-processed PST cells
and modules. The results are shown in Figs. 4(c)-4(f).
For the solution-processed PST cell, the front IZO dom-
inates the parasitic absorption below 400 nm, while Cgy,
as part of the ETL stack, contributes mostly in the
400—600 nm wavelength range. Above 600 nm, the front,
middle, and rear IZOs are the largest parasitic optical
loss sources. More specifically, the rear IZO parasitically
absorbs 3.87% (1.80 mA/cm?) of the incident photons,
followed by the front IZO at 2.54% (1.18 mA/cm?), Cgg
at 1.84% (0.85 mA/cm?), and the middle 1ZO at 1.57%
(0.73 mA/cm?), while 5.43% (2.52 mA/cm?) escapes
from the cell. Compared to the hybrid-processed PST
cell, besides the fact that more TCO layers are present
(three vs two), which cause more parasitic absorption,
the escaped component of the solution-processed PST cell
is 0.73 mA/cm? higher than that of the hybrid-processed
PST cell. This highlights the optical advantage of hybrid-
processed PSTs (with roughly conformal films) against
solution-processed PSTs due to the textured front geometry
of the former.

Similar to the hybrid-processed PST module, after
encapsulation, while TPU cuts off almost all the <400 nm
wavelengths, the increased broadband reflection from
glass and TPU maintains a current match between per-
ovskite and silicon, although it is 1.52 mA/cm? lower
than at the cell level, which is significant. In con-
trast, the cell-to-module current loss for hybrid-processed
PSTs is slightly lower, 1.09 mA/cm?. The 0.43-mA/cm?
cell-to-module current-loss difference between solution-
and hybrid-processed PSTs stems from the significantly
increased escaped component, which is obvious from Figs.
4(f) and 3(d). In solution-processed PSTs, the escaped
photons increase from 5.43% (2.52 mA/cm?) to 11.87%
(5.51 mA/cm?), which is more than doubled after encap-
sulation. This again indicates how a textured geometry
enhances the antireflection properties of devices.

One possible way to mitigate the optically adverse
effect of the planar-perovskite front surface in the solution-
processed PST module is to use textured front glass. Using
the MS model, we simulate the case of a front glass with
a pyramid texture (54.74°, 500-um height; see the Sup-
plemental Material for more details [45]), and the result
is shown in Figs. 5(a) and 5(b). We find that the tex-
tured glass increases the current by 0.87 mA/cm? (such
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FIG. 5.

(a) Comparison between solution-processed PST modules encapsulated with planar and textured glass. (b) Distribution of

equivalent photon current densities over the wavelength range of 280—1200 nm in the solution-processed PST module with textured
glass. Total incident photon current density for this wavelength range is 46.46 mA/cm?. (c) Comparison between hybrid-processed PST
modules encapsulated with planar and textured glass. (d) Distribution of equivalent photon current densities over the wavelength range
of 280—1200 nm in a hybrid-processed PST module with textured glass. Total incident photon current densities for this wavelength

range is 46.46 mA/cm?.

that the cell-to-module current loss is decreased from
1.52 to 0.64 mA/cm?). This textured glass also improves
hybrid-processed PSTs but not to the same extent as the
solution-processed PSTs. As shown in Figs. 5(c) and 5(d),
light escape is suppressed to a level even lower than that
before encapsulation, although the parasitic absorptions of
the film are slightly increased, finally resulting in a drop
of the cell-to-module current losses from 1.09 mA/cm?
when using planar glass to 0.51 mA/cm?, reaching a 0.58-
mA/cm? higher current-matching point between the top
and bottom cells (19.56 mA/cm?, 0.75 mA/cm? higher than
that of the solution PST module using textured glass).

V. CONCLUSION

The accuracy or applicability of RT + TMM is compro-
mised when simulating hybrid- or solution-processed PSTs
with a textured-silicon front surface, due to the imper-
fect (hybrid-processed PSTs) or nonconformity (solution-
processed PSTs) of the perovskite surface to the c-Si
texture. We introduce a TOT model to modify the direction

of the ray as if the surface of the pyramidal facets are cov-
ered by spherical caps. This TOT model improves the sim-
ulation accuracy of hybrid-processed PST cells, decreasing
the RMSE of absorption from 1.86% (without TOT) to
1.26% and the SWAD from 0.49 to 0.04 mA/cm?. It makes
little difference to the accuracy of hybrid-processed PST
modules, however, due to the existence of thick glass and
TPU layers. Prior to this work, we were not aware of
a reliable RT + TMM model for simulating monolithic
PSTs on a textured c¢-Si subcell with a flat perovskite
surface, such as in the case of solution-processed PSTs.
By comparing experiment to simulation of convention-
ally conformal bottom c¢-Si geometries, we demonstrate
that the solution-processed PST structure cannot be accu-
rately simulated by the conventional one-step RT + TMM
method. We propose a MS model for simulating non-
conformal PST devices. This model treats one solution-
processed PST cell as two subcells. In this way, two
nonconformal geometries are simulated separately in two
interactive subcells, while within each subcell the confor-
mity is maintained. The applicability and accuracy of the
MS model is supported by comparing the simulation with
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experiment data for both the cells and modules, whereby
the RMSE of absorption is decreased from 21.75-4.30%
(when using conventional one-step RT + TMM methods)
to 4.09% (using the MS model) and the absolute SWAD
decreases from 4.15-0.75 to 0.69 mA/cm?* for solution-
processed PST solar cells and from 21.42—4.89% to 3.35%
and 4.65-1.53 to 0.74 mA/cm? for solution-processed
PST modules. Based on simulations using TOT and MS
models, it is found that Cgy, IZO, and ITO dominate
the parasitic absorption in the unencapsulated cell, while
TPU is one of the main sources after encapsulation, par-
asitically absorbing almost all photons below 400 nm.
This indicates that replacing Cgy with a more transpar-
ent electron-transport layer and changing 1Z0O, ITO, and
TPU to other less-absorbing materials, or even using an
encapsulant-free technique [46], are likely to be effective
ways to improve the optical performance of hybrid- and
solution-processed PST cells and modules. In addition, it
is noted that the photons escape much more in solution-
than in hybrid-processed PSTs, especially after encapsu-
lation. This suggests the importance of the front-surface
geometry on the antireflection of devices. We also find that
textured glass is a generally effective measure to improve
the modular optical performance of PSTs.
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