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Bandgap Engineering of Two-Step Processed Perovskite Top
Cells for Perovskite-Based Tandem Photovoltaics

Ronja Pappenberger, Alexander Diercks, Julian Petry, Somayeh Moghadamzadeh,

Paul Fassl, and Ulrich W. Paetzold*

For high-performance application of perovskite solar cells (PSCs) in
monolithic perovskite/silicon tandem configuration, an optimal bandgap and
process method of the perovskite top cell is required. While the two-step
method leads to regular perovskite film crystallization, engineering wider
bandgaps (E, > 1.65 eV) for the solution-based two-step method remains a
challenge. This work introduces an effective and facile strategy to increase the
bandgap of two-step solution-processed perovskite films by incorporating
bromide in both deposition steps, the inorganic precursor deposition (step 1,
PbBr,) and the organic precursor deposition (step 2, FABr). This strategy
yields improved charge carrier extraction and quasi-Fermi level splitting with
power conversion efficiencies (PCEs) of up to 15.9%. Further improvements
are achieved by introducing Csl in the bulk and utilizing LiF as surface
passivation, resulting in a stable power output exceeding 18.5% for E, = 1.68
eV. This additional performance boost arises from enhanced perovskite film
crystallization, leading to improved charge carrier extraction. Laboratory scale
monolithic perovskite/silicon solar cells (TSCs) (1 cm? active area) achieve

around 29%,!1 power conversion efficien-
cies (PCEs) of up to 33.7% [*I have been
recently demonstrated for monolithic per-
ovskite/silicon tandem solar cells (TSCs).
Hybrid lead halide perovskite solar cells
(PSCs) are the perfect partner for silicon
bottom solar cells, given favorable optoelec-
tronic properties and a tunable bandgap in
a wide spectral range (1.5 to 2.3 eV).>!

Currently, the vast majority of high ef-
ficiency perovskite/silicon TSCs are fabri-
cated using one-step deposition processes
with antisolvent quenching.[¢19 Although
the one-step method is simpler to operate
even on a laboratory scale, the surface cov-
erage and uniformity of the resulting film
are a major concern as the thin film crys-
tallization is hard to control.'"13] Conse-
quently, processing dense perovskite thin
films using the one-step method is very

PCEs up to 23.7%. This work marks a significant advancement for wide
bandgap two-step solution-processed perovskite films, enabling their effective
use in high-performance and reproducible PSCs and perovskite/silicon TSCs.

1. Introduction

While market-dominating single-junction silicon photovoltaics
(PVs) are approaching their theoretical efficiency limit of
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demanding."" One of the most promis-
ing routes to process uniform and high-
quality perovskite thin films (thickness
< 1 um) is the two-step method.l'>1¢]
This route, comprising the subsequent de-
position of the Pb-containing precursor
materials and the organic cations, was first introduced by Mitzi
et allV’l in 1998 and further developed for PSC application
by Gritzel et al.l'¥!% from 2013 onwards. Due to the top-
down penetration of the organic precursors in the second step,
the two-step method facilitates the conformal coating of dense
and pinhole-free perovskite thin films on silicon bottom so-
lar cells, leading to higher achievable PCEs.['>!¢] In addition,
greater flexibility in perovskite composition, employed solvents
and the capability to process over larger areas using deposi-
tion techniques such as evaporation are key advantages of the
two-step method.!'>""] However, so far, the solution-based two-
step method was almost exclusively used for PSCs with a nar-
row bandgap (< 1.60 eV),2>22] while optical simulations show
that in monolithic tandem configuration wider bandgaps (>
1.65 €eV) are required for an optimal performance.%2-28] By
changing the bromide/iodide ratio in a perovskite composition
(X =1,_,Br,, 0 <y < 1), the bandgap of the perovskite is
tunable.?3%1 While the hybrid two-step method has been suc-
cessfully used to produce wide bandgap PSCs for tandem appli-
cations by incorporating CsBr,*1-**] the incorporation of bromide
in the solution-based two-step method remains a more intricate
endeavor.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of the employed solution-based two-step deposition method for fabrication of the reference perovskite films (labeled
as Ref) and the perovskite films with higher bromide content. The bromide is either incorporated via PbBr, in the first deposition step, via FABr in
the second deposition step or via a combination of PbBr, and FABr in the first and second deposition step (labeled as PbBr,, FABr, and PbBr,+FABr,

respectively).

Two primary strategies exist for incorporating bromide within
the two-step method: First, bromide can be incorporated via
lead bromide (PbBr,) into the inorganic precursor (lead iodide,
Pbl,) solution during the first deposition step. Second, bromide
can be incorporated during the second deposition step, encom-
passing the deposition of organic precursors such as formami-
dinium bromide (FABr) or methylammonium bromide (MABr).
Each strategy has inherent constraints.['>!¢] The incorporation
of bromide in the first deposition step leads to a PbBr, film
with a bulk structure that impedes interdiffusion of organic
cations during the second step, causing incomplete conversion
and residual PbI,.[163536] Consequently, excessive Pbl, residu-
als can induce pronounced hysteresis and diminished stability
in the resultant perovskite film. 3] Additionally, the presence
of undercoordinated Pb ions, serving as non-radiative recom-
bination sites, can result in charge carrier recombination and
ionic motion, which in turn limits the overall performance of
the device.?**] This effect holds particular significance for so-
lar cells in a p-i-n configuration, where the remaining Pbl, layer
can hinder the effective extraction of charges to the underlying
transport layer, possibly resulting in the formation of a counter
diode.**l Incorporation of bromide during the second deposi-
tion step poses a challenge with regard to bromide diffusion
into the lead halide layer, which arises from the elevated acti-
vation energy needed for the migration of bromide anions in
comparison to iodide anions.[*~*’] This increased energetic bar-
rier hinders the formation of the final perovskite material, af-
fecting overall performance. Consequently, the question arises
as to how the optimal amount of bromide can be effectively
controlled and incorporated into the inorganic/organic precur-
sor solution in order to obtain high-quality PSCs with a wider
bandgap.

This work introduces an effective and facile way to incorpo-
rate bromide into the two-step processed perovskite thin films,
thereby increasing the bandgap of the perovskite beyond 1.65
eV. The proposed strategy involves a combined incorporation of
PbBr, (first deposition step, added in the inorganic solution) and
FABr (second deposition step, added in the organic cation solu-
tion). This combination improves the bromide incorporation and
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enhances the bulk properties of the perovskite layer. Utilizing this
strategy and adding CsI in the bulk and using LiF as surface pas-
sivation, p-i-n type wide bandgap (E, = 1.68 eV) PSCs and their
corresponding perovskite/silicon TSCs with high performance
and suppressed hysteresis are achieved with the solution-based
two-step deposition method. Combined bromide incorporation
in both deposition steps via PbBr, and FABr with CsI in the bulk
and LiF as surface passivation facilitates effective interdiffusion
of organic materials, resulting in efficiencies of 18.5% for small-
area (active area of 7.84 mm?) single-junction PSCs and up to
23.7% for monolithic TSCs (active area of 1 cm?).

2. Results and Discussion

The two-step method employed for fabricating the perovskite
thin films in this work is illustrated in Figure 1, which is
based on an established recipe as introduced by Gutierrez-
Partida et al*®l (labeled as Ref). The reference perovskite’s
structural formula is MA,FA,;Pbl; with a bandgap of ~
1.55 eV (Figure S9a, Supporting Information). For reference
PSCs a champion PCE of 19.38% and 18.91% in the back-
ward and forward scan is achieved, respectively (Table S1, Sup-
porting Information). The device architecture of the PSCs con-
sists of the layer stack ITO/NiO, /2PACz/perovskite/Cy,/BCP/Ag
with an active area of 7.84 mm’ and is presented in
Figure 2a.

To investigate the bromide incorporation in the perovskite thin
film, three distinct strategies are benchmarked: 1. Bromide is
added in the first deposition step, replacing some parts of Pbl, by
PbBr, (labeled as PbBr,), 2. Bromide is added in the second depo-
sition step, replacing some parts of FAI by FABr (labeled as FABr)
or 3. Bromide is added by a combination of PbBr, and FABr (la-
beled as PbBr,+FABr) in the first and second deposition step. It
should be highlighted that — in contrast to other reports!'>1¢l —
no further additives apart of methylammonium chloride (MACI)
are employed.

To ensure a meaningful comparison among all strategies ex-
plored to incorporate bromide, the bandgap of all processed per-
ovskite thin films is determined based on the differential of
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Figure 2. a) Schematic of the perovskite solar cell (PSC) structure (p-i-n) used in this study. b) Current density versus voltage (/-V) characteristics, c)
statistical distribution (in total 46 devices) of the open-circuit voltage (V¢), fill factor (FF), short-circuit current density (Jsc) and power conversion
efficiency (PCE), d) external quantum efficiency (EQE), as well as the corresponding integrated Js¢, and €) open-circuit voltage (Voc) as a function of
the perovskite bandgap for opaque PSCs with bromide added via the PbBr,, the FABr or the PbBr,+FABr process. The PSCs in b—d) have a bandgap of

~ 1.68 eV. In e), the bandgap was varied between 1.60 and 1.70 eV.

the external quantum efficiency (EQE) curves near the absorp-
tion edge (maximum of d(EQE)/d(E)) according to Kriickemeier
et al.l*]

Further details on the fabrication method of the PSCs are de-
scribed in the Experimental Section.

2.1. Photovoltaic Performance of Perovskite Solar Cells with
Engineered Bandgap

Targeting high efficiency and reproducibility, the incorporation of
bromide via PbBr, and FABr in the first and second deposition
step is identified as the superior choice for incorporating bromide
in the investigated p-i-n type PSCs.

An enhanced open-circuit voltage (V) and fill factor (FF)
together with a reduced hysteresis of the devices with incor-
porated bromide via PbBr, and FABr in both deposition steps
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(PbBr,+FABr) are noticeable in the current density—voltage (J—
V) characteristics and PV parameters of the best-performing
cells (Figure 2b, Figure S4 and Table S1, Supporting Informa-
tion). These improvements result in a champion performance of
15.85% in the backward scan (15.10% in the forward scan) with
a Voc of 1.19 (1.18) V, a Jgc of 15.85 (15.10) mAcm =2, and a FF
of 76.7% (73.5%) as depicted in Figure S4d (Supporting Infor-
mation). A notable hysteresis effect is observed when bromide
is incorporated via FABr in the second deposition step (FABr,
Figure S4c, Supporting Information). Figure 2c presents the sta-
tistical performance of the PSCs in the backward scan. Upon all
PV parameters, the increase in FF in the devices with combined
bromide incorporation in both deposition steps is particularly
striking in the statistical results. In addition, the V- and the J¢.
are enhanced, increasing the overall performance of the PSCs. It
should be noted that the V- enhancement is not governed by
an increase in the bandgap (Figure S9, Supporting Information).
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Instead, it is associated with the mitigation of non-radiative re-
combination, which will be elaborated upon in the subsequent
discussion. Based on a statistical analysis using the Welch’s ¢ test,
statistically significant deviations are observed in both FF and
PCE between the devices with combined bromide incorporation
in both deposition steps and those with bromide incorporation
in only one deposition step (Table S2, Supporting Information).
The reduced dispersion of the statistical results of the devices
with combined bromide incorporation in both deposition steps
suggests an improved reproducibility of the PSCs.

A wider bandgap - obtained by bromide incorporation —
raises the possibility of halide segregation, detrimental to device
stability.[*®] Nevertheless, the strategies employed for bromide in-
corporation in this study result in stable PSC performance un-
der constant illumination for 5 min at a constant voltage close to
the maximum power point (MPP) (Figure S7, Supporting Infor-
mation). The aspect of long-term stability should be taken into
careful consideration in future studies, as it is the primary obsta-
cle that must be overcome before achieving commercialization
of PSCs.5%

The impact of the different bromide incorporation strategies
on charge carrier extraction becomes evident when examining
the external quantum efficiency (EQE) in conjunction with the
absorption spectra (Figure 2d; Figure S6b, Supporting Informa-
tion). Particularly in the short wavelength range, the EQE shows a
notable decline with the incorporation of bromide in one deposi-
tion step compared to the narrow bandgap reference devices with
integrated Js.’s of 17.9 and 17.6 mAcm~2 for PbBr, and FABr
PSCs, respectively (Figure S6a, Supporting Information). How-
ever, this characteristic can be mitigated if bromide is incorpo-
rated in both deposition steps leading to an enhanced integrated
Jsc of 18.8 mAcm~2. Given that both the device architecture and
the absorption spectra (Figure S6b, Supporting Information) re-
main comparable across all bromide incorporation strategies, the
decrease in EQE can possibly be attributed to constrained charge
carrier extraction in the case of bromide incorporation in only
one deposition step. Thus, it can be concluded that the combined
incorporation of bromide in both deposition steps enables an im-
provement of the charge carrier extraction. Notably, by studying
various bandgaps between 1.55 eV and ~ 1.7 eV, it can be noted
in particular that the augmented EQE reduction due to bromide
incorporation in one deposition step is already apparent for E, >
1.6 eV (Figures S1laand S2a, Supporting Information). This effect
is strongly suppressed for the devices with combined bromide
incorporation in both deposition steps (Figure S3a, Supporting
Information). Impressively, PSCs with incorporated bromide in
both deposition steps demonstrate an improvement in V. for all
studied bandgaps (E, = 1.60 — 1.70 eV) compared to the devices
with incorporation of bromide in one deposition step (Figure 2e).
This behavior is mainly attributed to reduced non-radiative re-
combination losses and an improved energetic alignment with
the charge transport layer and thus reduced recombination at the
interface.[5!

2.2. Material and Photophysical Properties

To quantify the reduction of non-radiative recombination losses
in the perovskite thin films processed by combined incorpora-
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tion of bromide in both deposition steps (PbBr,+FABr), photo-
luminescence quantum yield (PLQY) measurements along with
the determined internal quasi-Fermi level splitting (QFLS) are
employed. From the QFLS one can calculate the ‘implied V.’
(Voc—imp) as described by Stolterfoht et al.*?l and Fassl et al.l**!

Half-stack devices with and without electron transport
layer (ETL) (in this case C,) are prepared. Analysis of
the PLQY and the Vicyy, for the half stack without Cg,
(ITO/NiO, /2PACz/perovskite) allows identification of whether
non-radiative recombination at the HTL/perovskite limits the
Vo of the presented PSCs.[15234] Remarkable are the high av-
erage PLQY (Figure 3a) and V_;,, (Figure 3b) being well above
the obtained V. of all PSCs presented in Figure 2c. This in-
dicates that the perovskite films exhibit a high optoelectronic
quality and that the 2PACz/perovskite interface does not con-
strain the V. of the PSCs. For the films with combined bro-
mide incorporation in both deposition steps, the PLQY is im-
proved and the Vi iy, is enhanced by > 10 mV compared
to the films processed by incorporating bromide in one depo-
sition step, hinting toward improved bulk properties of these
films.

Progressing towards the final device architecture and adding
a C¢, ETL, the PLQY decreases due to pronounced interfacial re-
combination at the perovskite/Cg, interface, consistent with pre-
vious reports.>>>8 However, this fullerene-induced charge car-
rier quenching is not significantly pronounced, with only a minor
reduction in the PLQY (less than one order of magnitude) and
the Voo im, (Figure 3a,b, respectively). It can be concluded that
the perovskite/Cg, interface does not considerably limit the V-
and is already of good quality in contrast to previous reports for
wide bandgap PSCs.I*®! Still, a slightly higher PLQY and Vi iy,
can be observed with the combined incorporation of bromide
in both deposition steps. The dominant contribution responsi-
ble for the enhancement of PLQY originates from the perovskite
bulk, rather than the perovskite/Cg, interface. The observed trend
is in line with that observed for the device V¢, as illustrated in
Figure 2¢, while the absolute values are & 70 meV smaller as com-
pared to Vo iy

To evaluate the impact of reduced trap-state density on the de-
vice performance, intensity-dependent PLQY measurements are
conducted. The calculated Vj¢_;,,, is utilized to extract the inter-
nal ideality factor (n,4), which hinges on the properties of both
bulk and interfacial recombination processes.[®>%>961] First, the
half-layer stacks without C60 are analyzed (Figure S10, Support-
ing Information) and a reduction of ny; from 1.39 for the films
with bromide incorporation in the first deposition step (PbBr,)
and bromide incorporation in the second deposition step (FABr)
to 1.36 for the films with combined bromide incorporation in
both deposition steps (PbBr,+FABr) can be observed. The stacks
with ETL (Cq,) show a very similar trend, with a slight reduction
of the n,; from 1.56 for the films with bromide incorporation
in the second deposition step (FABr) to 1.54 for the films with
bromide incorporation in the first deposition step (PbBr,). The
lowest ny (1.52) can be obtained for the films with combined
bromide incorporation in both deposition steps (PbBr,+FABr).
This result is consistent with the improved FF and V¢ obtained
from the statistical results of the combined bromide incorpora-
tion in both deposition steps (Figure 2c; Table S1, Supporting
Information).
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Figure 3. a) Photoluminescence quantum yield (PLQY), b) the obtained implied Vo (Voc—imp), €) the ideality factor (n;g) extracted from a fit to the
Voc—imp (derived from intensity-dependent PLQY measurements) measured with Cgo ETL, d) the XRD pattern (¢ denotes the Pbl, phase) and e) the
FWHM of the (100) perovskite peak of the perovskite films with bromide added via the PbBr,, the FABr or the PbBr,+FABr process fabricated on

ITO/NiO, /2PACz substrates. a—c) are measured from the HTL side.

X-ray diffraction (XRD) measurements, as well as scanning
electron microscope (SEM) images reveal an improved crystalline
growth and morphology of the perovskite layer with combined
bromide incorporation in both deposition steps. The XRD mea-
surements indicate that all three incorporation strategies result
in perovskite crystals with similar orientation, showing main
diffraction peaks at »13.3° and ~27.6°, corresponding to the
(100) and (200) planes of the cubic-phase perovskite, respectively
(Figure 3d). Upon comparing the peak structures, it becomes ev-
ident that for the incorporation of bromide via PbBr,, a distinct
double peak structure of the PbI, peak at approximately ~12.4°
is observable. The double peak structure indicates a halide phase
segregation and a non-uniform distribution of the bromide in the
final perovskite film.[%2] All three bromide incorporation strate-
gies exhibit a noticeable Pbl, peak, which is more pronounced
compared to the (100) perovskite peak. This is attributed to a
larger amount of unreacted Pbl,, which has been observed in pre-
vious reports!!*%3¢4] ysing the solution-based two-step method.
Examining the full width at half maximum (FWHM) of the (100)
perovskite peak displayed in Figure 3e, a decreased value is evi-
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dent for the combined bromide incorporation in both deposition
steps (0.189°), in contrast to bromide incorporation via PbBr,
(0.209°) or FABr (0.357°). The reduced FWHM value indicates
an enhanced crystallinity and larger grain sizes of the perovskite
film according to the Scherrer equation

D= KA 1)
f cos(0)
where D is the crystallite size, K a constant, 4 the X-ray wave-
length, g the FWHM and O the diffraction angle.[38]
According to the SEM images (Figure S11, Supporting Infor-
mation), all perovskite films (Ref, PbBr,, FABr, and PbBr,+FABr)
exhibit a comparable morphology, yet subtle distinctions are
discernible. The reference films and the films with PbBr, dis-
play more pinholes and present a disorderly appearance in con-
trast to the films with FABr and the films with PbBr, and
FABr. Furthermore, an augmented presence of light grains, at-
tributable to unreacted Pbl,, is observable in line with XRD re-
sults. Enhanced crystalline growth and a more ordered surface
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morphology are obtained for the films with FABr and the films
with PbBr, and FABr. However, the films with FABr display ad-
ditional microwrinkles, resulting in a superior surface quality for
the films with PbBr, and FABr.

In summary, material characterization reveals that the com-
bined incorporation of bromide in both deposition steps reduces
non-radiative recombination losses and results in an improved
film quality of the perovskite layer.

2.3. Toward Highest Power Conversion Efficiency

Compositional engineering and surface passivation are pursued
to further improve the film quality and enhance the [, of the two-
step solution-processed PSC, targeting high PCEs suitable for
integration into a monolithic tandem configuration. Here, wide
bandgap PSCs with combined bromide incorporation in both de-
position steps (PbBr,+FABr, labeled now as Control) are used as
ameans of choice to further advance the PCE. For compositional
engineering, Csl is added in the bulk, while LiF is used as sur-
face passivation.

Employing CsI in the bulk by adding an optimized amount of
CsI in the inorganic precursor solution (7 mol.% Csl) leads to
an increase in the J . by an average of 2-3 mAcm~? compared
to the Control devices (Figures S13a and S13b, Supporting Infor-
mation). This enables improved current matching in monolithic
perovskite/silicon TSCs.[®] However, at the same time the addi-
tion of CsI results in a significant reduction in V,, by an average
of 30-40 mV (Figures S13a and S13b, Supporting Information).
This is consistent with the observed reduction in the PLQY and
Vocoimp (Figures S18a and S18b, Supporting Information). To
counteract the reduction in V. while maintaining the improved
Jsc» 1 nm of LiF is applied as a surface passivation.’®%’] Figure 4a
shows the statistical performance of PSCs without any modifi-
cation (Control) and with 7 mol.% CsI added in the inorganic
precursor solution together with 1 nm LiF as surface passivation
(labeled as CsI+LiF). Using this strategy, the V. is successfully
recovered and even increased by an average of 20-30 mV com-
pared to the Control devices (Figure 4a,b; Figure S13, Support-
ing Information). This leads to an average enhancement of the
PCE from 15.9% for the Control PSCs to 18.5% for the CsI+LiF
PSCs (Figure 4a). The enhancement in V. and FF for the de-
vices with Csl and LiF is also highlighted by the lowest obtained
n,; of 1.44 (Figure S18d, Supporting Information, with ETL in-
terface). It has to be noted that the enhancement in V- does not
correspond to an increase in the bandgap (Figure S15, Support-
ing Information). Performing a Welch’s t test (Table S4, Support-
ing Information) highlights the improvement in J¢ and V. for
the devices with added CsI and LiF, as they differ statistically sig-
nificant from the Control devices. As a result, the PSCs with CsI
and LiF profit from the J. increase from the CsI added in the
bulk and the enhancement in V. via LiF surface passivation.
The champion device exhibits a PCE of 18.54% in the backward
scan (17.42% in the forward scan), a V. of 1.20 (1.19) V, a Jqc
0f 19.80 (19.76) mAcm~2, and a FF of 78.1% (73.9%) (Figure 4b;
Figure S12a, Supporting Information). The summarized -V re-
sults can be found in Table S3 (Supporting Information).

Existing literature suggests that LiF has the potential to serve
as a field effect passivator, likely overcompensating the enhanced
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defect density in the first monolayers of the C60 and thus en-
abling a higher V,,..1”) This in turn leads to an overall improve-
ment in the photovoltaic performance of the device.

As evident from the EQE spectrum (Figure S13c, Supporting
Information), addition of CsI improves the charge carrier extrac-
tion, which is only slightly negatively affected by using LiF as sur-
face passivation (Figure 4c). It is noted that the enhancement in
the EQE spectrum cannot be explained be an increased absorp-
tion (Figure S14, Supporting Information).

The SEM images (Figure 4d,e; Figure S16, Supporting In-
formation) reveal information about the morphology of the
perovskite films. Addition of CsI leads to a slightly lower
density of bright grains that can be related to less Pbl,-rich
crystallites.[®] This assumption is supported by XRD measure-
ments (Figure S17a, Supporting Information), where CsI films
ehxibit an increased ratio of the (100) perovskite peak to the
Pbl, peak. A similar effect has already been reported in pre-
vious studies.[®70 Additionally, the introduction of CsI results
in slightly enlarged grain sizes, enhancing the charge carrier
extraction.l’*72 By incorporating LiF for surface passivation in
films along with CsI added in the bulk, a more structured sur-
face morphology with larger grain sizes emerges, similar to what
is observed in films with only CsI (Figure 4e; Figure S16, Sup-
porting Information).

The addition of CsI and LiF does not impair the short-term
stability as confirmed by MPP tracking for 5 min (Figure S12c,
Supporting Information). However, it is known from litera-
ture that LiF has a negative impact on long-term operational
stability.l®5573] For this reason, alternative surface passivation
strategies that do not impair stability should be the goal of fu-
ture studies.

2.4. Implementation in 2T Tandem Devices

After successfully testing the incorporation of bromide into
single-junction PSCs and thereby increasing the bandgap
up to 1.68 eV, the developed strategy is employed for fab-
rication of planar monolithic perovskite/silicon TSCs. The
device architecture of the TSCs consists of the layer stack
silicon/ITO/NiO, /2PACz/perovskite/Cy,/Sn0O, /IZ0/Ag/MgF,

with an active area of 1.0 cm?. The J—V characteristic and EQE
response of the champion device are depicted in Figure 5, which
exhibits good performance and high voltages. The best tandem
device with an active area of 1.0 cm? exhibits a PCE of 23.73%
in the backward scan (21.89% in the forward scan), a V. of
1.85 (1.82) V, a Jgc of 17.11 (16.97) mAcm~2, and a FF of 74.9%
(71.0%) (Figure 5a). The V is already in the expected range
based on the results for the single-junction PSC and the silicon
cell. The performance is mainly limited by low FF that requires
further investigation and optimization. The J—V characteristic re-
veals a hysteresis index of 7.81% between backward and forward
scan. EQE spectra are employed to investigate the integrated Jq.
of the tandem device (Figure 5b). The J. of the perovskite top
cell (17.71 mAcm™?) is slightly lower than the Jg. of the silicon
bottom cell (17.82 mAcm~2), but are close to current-matching.
The integrated [, of the tandem is in good agreement with the
result from the J—V curve. Short-term stability is confirmed by
MPP tracking for 5 min (Figure S19, Supporting Information).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Statistical distribution of the open-circuit voltage (V¢), fill factor (FF), short-circuit current density (Jsc) and power conversion efficiency
(PCE), b) current density versus voltage (/-V) characteristics, c) external quantum efficiency (EQE), as well as the corresponding integrated Jsc for opaque
perovskite solar cells (PSCs) and d,e) top-view scanning electron microscopy (SEM) images of perovskite films of the wide bandgap PSCs (bromide
incorporated via PbBr, and FABr) without (labeled as Control) and with Csl added in the inorganic precursor solution (7 mol.% Csl) and LiF as surface
passivation (1 nm) (labeled as CsI+LiF).
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Figure 5. a) Current density versus voltage (/-V) characteristic and b) external quantum efficiency (EQE) of the champion monolithic 2T TSC (active
area: 1.0 cm?) with a perovskite bandgap of E; =1.68 eV (bromide incorporated via PbBr, and FABr) with added Csl in the bulk (7 mol.%) and 1 nm LiF
as surface passivation and with 90 nm of MgF, as antireflective coating.
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The results indicate an straightforward implementation of the
elaborated strategy on 2T TSCs.

3. Conclusion

This work presents a novel and effective strategy for the incor-
poration of bromide into wide bandgap PSCs fabricated via the
solution-based two-step method. A combined incorporation of
bromide in both deposition steps via PbBr, and FABr shows a
substantial enhancement in charge carrier extraction and quasi-
Fermi level splitting compared to films with incorporation of
bromide in either the first or the second deposition step. Fur-
ther compositional engineering by adding CsI in the bulk and
using LiF as surface passivation leads to improved optoelec-
tronic properties, pushing the efficiency from 15.9% up to 18.5%.
This improvement in performance is mainly attributed to an
enhanced crystallinity of the perovskite films and therefore en-
hanced charge carrier extraction. To the best of our knowledge,
this is the most efficient p-i-n type PSC with a bandgap of 1.68
eV, which is processed via a two-step spin-coating method. Em-
ploying these strategies in monolithic perovskite/silicon TSCs
(active area of 1 cm?) result in high efficiencies up to 23.7%.
Overall, this work introduces a successful strategy for produc-
ing high-performance and reproducible p-i-n type wide bandgap
(PSCs) and planar perovskite/silicon (TSCs) using a two-step
spin-coating technique.

4. Experimental Section

Materials: 2PACz (TCl, CAS: 20999-38-6), Lead iodide (Pbl,: TCl,
CAS: 10101-63-0), Lead bromide (PbBr,: TCI, CAS: 1003 1-22-8), Formami-
dinium iodide (FAI: Greatcell solar materials, CAS: 879643-71-7), For-
mamidinium bromide (FABr: Dyenamo, CAS: 146958-06-7), Methylam-
monium iodide (MAI: Dyenamo, CAS: 14965-49-2), Methylammonium
chloride (MACI: Dyenamo, CAS: 593-51-1), Cesium iodide (Csl: Alfa Ae-
sar, CAS: 7647-17-8), Fullerene-Cgy (Cgp: Sigma—Aldrich, CAS: 99685-96-
8), Bathocuproine (BCP: Lumtec, CAS: 4733-39-5), Magnesium fluoride
(MgF,: Sigma—Aldrich, CAS: 7783-40-6), Lithium fluoride (LiF: ChemPur,
CAS: 7789-24-4). All solvents including N,N-dimethylformamide, 99.8%
(DMF, CAS: 68-12-2), Dimethyl sulfoxide anhydrous, > 99.9% (DMSO,
CAS: 67-68-5), 2-Propanol, 99.5%, (IPA, CAS: 67-63-0) were ordered from
Sigma—Aldrich. Ethanol (EtOH) absolute anhydrous, > 99.8% was ordered
from VWR Chemicals.

Perovskite Solution Preparation: The reference double cation per-
ovskite solution was prepared according to Gutierrez-Partida et al.[*8] Two
different solutions were prepared. The first solution was prepared by dis-
solving 1.5 M Pbl, (691.55 mg) in 1 mL DMF:DMSO (9:1 volume ratio,
v:v). The organic cation solution was prepared by dissolving FAI (90 mg),
MALI (6.4 mg) and MACI (9 mg) in 1 mL IPA. The inorganic solution was
heated up to 130°C for 30 min to completely dissolve the materials. The
addition of MACI improves the crystallization of the perovskite film but
evaporates in the final annealing step.[#]

The wide bandgap double cation perovskites were prepared differently
depending on the bromide incorporation strategy. In the case of bromide
incorporation via PbBr,, 1.07 M Pbl, and 0.43 M PbBr, were dissolved
in 1 mL DMF:DMSO (9:1 volume ratio, v:v). Here, the reference cation
solution was taken. In the case of bromide incorporation via FABr, the ref-
erence Pbl, solution was used. The organic cation solution was prepared
by dissolving FAI (19.5 mg), FABr (51.3 mg), MAI (6.4 mg), and MACI (9
mg) in 1 mL IPA. For the incorporation of bromide via PbBr, and FABr,
1.275 M Pbl,, and 0.225 M PbBr, were dissolved in T mL DMF:DMSO
(9:1 volume ratio, v:v) The organic cation solution was prepared by dis-
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solving FAI (51.6 mg), FABr (27.9 mg), MAI (6.4 mg), and MACI (9 mg) in
1 mL IPA. All inorganic solutions were heated up to 130 °C for 30 min to
completely dissolve the materials.

In the case of the wide bandgap perovskites with additional Csl, the in-
organic solution was prepared as mentioned before for the PbBr,+FABr
solution (less DMSO, since it was added with the Csl solution) and heated
up to 130°C for 30 min to completely dissolve the materials. After cool-
ing down, 70 uL Csl solution (corresponds to 7 mol.% Csl, 390 mgmL'"
Csl in DMSO) was added to the inorganic solution. The cation solution
remained unchanged.

Single-Junction Perovskite Solar Cell Fabrication: The planar p-i-n type
PSCs with the layer stack glass/ITO/NiO, /2PACz/perovskite/Cg,/BCP/Ag
were fabricated as follows. The glass substrates with 120 nm thick indium
tin oxide (ITO) coating (sheet resistance 15 Qcm™2, Luminescence Tech-
nology, CAS: 50926-11-9) were cut in 16 mm X 16 mm and cleaned in an
ultrasonic bath with deionized (DI) water with glass cleaner, acetone and
IPA for 10 min each. This is followed by 3 min of oxygen plasma treatment
before the deposition of the hole transport (HTL) layer. For the HTL layer,
a 5 nm thick NiO, film was sputtered from a NiO, target using 100 W
power with pure Ar at T mTorr on the ITO substrate. Then, a thin layer of
2PACz was deposited on the ITO/NiO, substrate by spin-coating at 3000
rpm for 30 s and subsequently annealed at 100 °C for 10 min. The 2PACz
precursor solution was prepared by dissolving 2PACz in anhydrous EtOH
with a concentration of 0.375 mgmL". The prepared solution was placed
in an ultrasonic bath for at least 20 min before use. All perovskite absorber
layers were deposited on the substrate with the solution-based two-step
deposition method. The first step was the deposition of the inorganic Pbl,
layer. This was achieved by dropping 60 uL of the lead iodide solution and
spin-coating at 1500 rpm for 30 s. The films were subsequently annealed
at 70°C for 1 min resulting in a yellow-transparent layer. The formation
of the perovskite was achieved by dropping 80 uL of the cation solution
on top of the lead iodide layer and rapidly starting the spin-coating pro-
cess at 2500 rpm for 30 s, which resulted in a red film. This was followed
by an annealing step at 150 °C for 15 min outside of the glovebox under
ambient conditions (at a relative humidity of 20-50%) converting it to the
desired black perovskite film. It had to be noted that the spincoating pro-
cess took place in a N,-filled glovebox. For the second annealing step, a
transport-box was used to transfer the samples out of the glovebox in order
to keep the samples in a nitrogen atmosphere right before the annealing
on a preheated plate (150 °C). As soon as the transport-box was opened,
the crystallization and phase-change process started and a rapid transfer
to the hotplate directly after opening the transport-box was beneficial for
the cell performance.[*3] After annealing, 1 nm LiF was thermally evapo-
rated at an evaporation rate of 0.1- 0.2 As! at a pressure of around 10~°
mbar for the samples with LiF as surface passivation. As electron trans-
port (ETL) layer, 20 nm of Cgy and 5 nm of BCP were thermally evaporated
and deposited using an Angstrom evaporation system at an evaporation
rate of 0.1—-0.2 As! at a pressure of around 10~® mbar. Subsequently, 100
nm Ag was thermally evaporated using a shadow mask to define the active
area to 10.5 mm? and complete the PSCs with four pixels per substrate.

Perovskite/Silicon Tandem Solar Cell Fabrication: ~Before depositing the
HTL layer, the silicon solar cells (25 mm x 25 mm) were cleaned with
acetone and IPA in a spincoater process. For the HTL layer, a 5 nm thick
NiO, film was sputtered from a NiO, target on the silicon bottom cell with
ITO layer. This was followed by a thin 2PACz layer deposited as mentioned
above with a higher concentrated 2PACz solution with 0.475 mgmL-'. The
perovskite absorber layer was fabricated as mentioned above, using 130
ul of the lead iodide solution and 150 uL of the cation solution. After an-
nealing, 1 nm LiF was thermally evaporated as surface passivation. For
the ETL layer, 20 nm of Cgy was thermally evaporated. A 35 nm SnO, layer
prepared by atomic layer deposition (ALD) was used as buffer layer. Subse-
quently, 90 nm sputtered 1ZO from a I1ZO target using 190 W power with
pure Ar and O, at T mTorr was used as a transparent electrode and the
active area of 1.04 cm? was defined by the thermally evaporated Ag elec-
trode (300 nm). In order to reduce the reflection losses, 90 nm MgF, as
an antireflection layer was evaporated on top of the Ag.

Solar Cell Characterization: The J—V characteristics of the PSCs were
measured with a class AAA xenon-lamp solar simulator (Newport Oriel
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Sol3A) with a scan rate set at 0.6 Vs™! using a sourcemeter (Keithley 2400)
with an air-mass 1.5 global (AM1.5G) spectra (100 mWcm~2). The solar
simulator irradiation intensity was calibrated using a certified silicon solar
cell (Fraunhofer ISE) equipped with a KG5 band pass filter. The stabilized
PCE of the PSCs was determined by measuring the photocurrent at the
maximum power point (MPP) by using a perturb and observing algorithm
under continuous AM 1.5G illumination, while the temperature of the de-
vices was controlled at 25 °C by a Peltier element connected to a microcon-
troller during the measurements. For measuring with the solar simulator,
a shadow mask with an area of 7.84 mm? was used for the single-junction
PSCs and with an area of 1.0 cm? for the 2T TSCs. To evaluate the data, a
mismatch factor was determined from the EQE curve and the solar sim-
ulator spectrum and the /—V curves were corrected accordingly. The EQE
was measured using a PVE300 photovoltaic QE system (Bentham EQE
system). A chopping frequency in the range of 560-590 Hz with an inte-
gration time of 500 ms (750 ms for 2T tandems) to acquire the spectra in
a wavelength range from 300 to 850 nm (300 to 1200 nm for 2T tandems)
was used. An illumination spot (0.74 mm for single-junction, 1.5 mm for
2T tandems) was utilized to obtain the average over possible variations in
the EQE spectra. For measuring the EQE, a shadow mask with an area of
1.0 cm? was used for the 2T TSCs. The solar simulator and EQE measure-
ments were performed in a N,-filled glovebox.

Perovskite Film Characterization: SEM analyzes were carried out in a
scanning electron microscope (Zeiss LEO1530) with an in-lens detector
and a aperture size of 2030 um. For cross-sectional analyzes, the cross-
sections were covered with a 3 nm thick platinum layer deposited by sput-
tering to prevent charging. The applied acceleration voltages for surface
and cross-sectional analyzes range between 5 and 10 kV. Transmittance
and reflectance spectra of the perovskite thin films were measured us-
ing a PerkinElmer Lambda1050 spectrophotometry setup equipped with
a double-monochromator and a modulated source. A chopper frequency
of 46 Hz was applied. The crystal structure of the perovskite layers was
carried out utilizing XRD (Bruker D2Phaser system) with Cu-K, radia-
tion (4 = 1.5405 A) in Bragg—Brentano configuration using a LynxEye de-
tector. The XRD was taken from the perovskite layer deposited on the
ITO/NiO, /2PACz substrate to obtain the same perovskite nucleation, as
well as crystallization as in the solar cells. PLQY measurements were car-
ried out using a LuQY Pro setup from QYB. The samples were mounted
inside an integrating sphere and a green laser (4 = 532 nm) was di-
rected into the sphere via a small entrance port. The radiative limit of
the Voc (Voc—rad) and the implied Voc (Vocimp) were determined from
the (intensity-dependent) PLQY measurements as described by Stolter-
foht et al.[®2] and Kirchartz et al.[*?] From the quasi-Fermi level splitting
(QFLS, Ef) one can calculate the ‘implied V' via

AE, kgT
—E = Voo + - In(PLQYi> @
q q JO—md

VOC—imp =
where V¢ .4 is the radiative limit, kg the Boltzmann constant, T the tem-
perature, q the elemental charge, J; the generation current density and
Jo—rad the radiative thermal recombination current density in the dark. The
internal ideality factor (n4) was determined from these measurements as
a fit to the calculated vOC—imp'[SZYSS] All perovskite film characterization
methods were performed in ambient air conditions.

Statistical Analysis: To check the deviation of the statistical results
from each other, Welch’s t test was applied. Welch’s t test is an adaption of
the Student’s t testl’>] and is more reliable when the two samples have un-
equal variances and possibly unequal sample sizes.l’577] These tests are
often referred to as "independent samples” or "unpaired” t tests because
they are usually applied when the statistics underlying the two samples be-
ing compared do not overlap. It is assumed that the sample means for the
two samples being compared are normally distributed.[”>] The ¢ statistic
for testing whether the results differ from each other or not can be calcu-
lated as follows:

t= ——— (3)
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whereas X and Y are the mean values, S, and SY the standard deviations
and n, and n, the sample sizes.

Supporting Information

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