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Efficient and Stable Inverted Wide-Bandgap Perovskite
Solar Cells and Modules Enabled by Hybrid Evaporation-

Solution Method

Amir Zarean Afshord, Bahri Eren Uzuner, Wiria Soltanpoor, Salar H. Sedani,

Tom Aernouts, Gorkem Gunbas,* Yinghuan Kuang,* and Selcuk Yerci*

Wide-bandgap perovskite solar cells (WBG-PSCs), when partnered with Si
bottom cells in tandem configuration, can provide efficiencies up to 44%;
yet, the development of stable, efficient, and scalable WBG-PSCs is required.
Here, the utility of the hybrid evaporation-solution method (HESM) is inves-
tigated to meet these demanding requirements via its unique advantages
including ease of control and reproducibility. A Pbl,/CsBr layer is co-evap-
orated followed by coating of organic-halide solutions in a green solvent.
Bandgaps between 1.55-1.67 eV are systematically screened by varying CsBr
and MABr content. Champion efficiencies of 21.06% and 20.35% in cells
and 19.83% and 18.73% in mini-modules (16 cm?) for perovskites with 1.64
and 1.67 eV bandgaps are achieved, respectively. Additionally, 18.51%-effi-
cient semi-transparent WBG-PSCs are implemented in 4T perovskite/bifacial
silicon configuration, reaching a projected power output of 30.61 mW cm
based on PD IEC TS 60904-1-2 (BiFi200) protocol. Despite similar bandgaps
achieved by incorporating Br via MABr solution and/or CsBr evaporation,
PSCs having a perovskite layer without MABr addition show significantly
higher thermal and moisture stability. This study proves scalable, high-
performance, and stable WBG-PSCs are enabled by HESM, hence their use in
tandems and in emerging applications such as indoor photovoltaics are now

1. Introduction

Perovskite solar cells (PSCs) have recently
established a pivotal role in photovoltaics
research community due to their high
absorption coefficient, long carrier diffu-
sion lengths, and bandgap tunability.’*!
The rapid increase in their power conver-
sion efficiency (PCE) from 3.8% to 25.7%
has positioned them as a potential rival to
compete with conventional photovoltaic
materials.” Additionally, the bandgap tun-
ability makes them suitable candidates
to be utilized in various applications. In
this regard, wide-bandgap perovskites,
enabled mainly by inorganic cations and/
or smaller halides compared to iodide
have drawn significant attention as they
bear great promise for tandem solar cells,
indoor light conversion, and semi-trans-
parent PSCs for building integration.>!
Particularly, PSCs with a bandgap near
1.7 eV are ideal for 2-terminal monofacial
and 4-terminal bifacial tandem solar cells

within reach.

when coupled with silicon bottom cells.[®*]
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In this regard, efficiencies as high as 19.1% have already been
reached for a perovskite with 1.74 eV bandgap.!! Despite the
improved device performance, stability, and bandgap tunability,
wide-bandgap perovskite solar cells (WBG-PSCs) achieved by
Br incorporation often suffer from light-induced phase segrega-
tion of iodine- and bromine-rich domains when the bandgap
is above 1.69 eV.''12 Such issues can be circumvented by
detailed compositional optimizations and/or additive engi-
neering.3 For example, introducing inorganic CsX (X = Br, I)
into perovskite improves cell photostability and carrier lifetime,
and reduces carrier recombination.® The amount of intro-
duced Cs is critical; while it can stabilize the perovskite phase
by reducing Gibbs free energy,'®l lower trap states density,"!
and enhance photogenerated carrier lifetime,® excess Cs could
result in increased defect density and phase segregation.[1:2%
Also, methyl ammonium salts, such as MACI and MABz, are
crucial additives to enhance perovskite film crystallinity thus
resulting in improved performance and more importantly
phase stability.l?!

To date, the most efficient PSCs have been prepared by the
spin-coating technique.?>?3l Despite the ease and success of
spin-coating in demonstrating proof-of-concept studies on effi-
cient PSCs, it is not considered a scalable technique mainly
due to its sensitivity to processing conditions and size limita-
tions.?Yl Furthermore, it is not straightforward to use this tech-
nique for conformal and uniform film deposition on textured
surfaces.! In contrast, vacuum deposition showed uniform and
precise control on film thickness, representing compatible dep-
osition with scalable fabrication on rough surfaces.?>! However,
the performance of evaporated multi-cation perovskites lags
behind the solution-processed counterparts due to the compli-
cations that arise from varying vapor pressures of multiple dif-
ferent source materials that result in complexity in tuning dep-
osition rates.’! Nevertheless, sequential vacuum deposition,
where inorganic (PbX, and CsX) precursors are evaporated
followed by organic precursor evaporation, is proved prom-
ising to fabricate uniform and large area solar cells with high
reproducibility, high efficiency and stability*)' An alternative
approach is the hybrid evaporation-solution method (HESM),
where the inorganic components (PbX, and CsX) are vapor-
deposited, followed by solution-processing of multi-organic
counterparts.?®2’l The perovskite layer is formed by the volume
expansion of evaporated inorganic compounds via introducing
the organic solution, which results in uniform and pinhole-
free perovskite films.3%32 This method is thickness-controlled
and compatible with tandem cells with textured bottom Si cells
as the first layer is vapor-processed.?®33-361 Additionally, the
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composition can be controlled with ease and accuracy thanks to
the solution-based second step. The flexibility of the precursor
introduction via vapor or solution step provides a large window
of parameters for bandgap tunability and structural control.
Recently, Tan et al. reported 24.3% efficient and stable perov-
skite solar cells and 16 cm? mini-module with PCE of 20.0%
using a sequential vapor-solution method in nip configura-
tion.’”] Another combined sequential approach is the solution-
vapor method, where inorganic precursors are spin-coated,
followed by evaporated organic components. Wang et al. have
reported MA-free nip perovskite with sequential solution-vapor
method, where inorganic precursors are solution deposited, fol-
lowing vapor-deposited FAI, and achieved over 24% of PCE and
high moisture stability.®®!

Here, we report a systematic study involving 35 sets of
perovskite compositions aimed at achieving efficient, stable,
and scalable wide-bandgap PSCs by the HESM. PbI, and
CsBr were co-evaporated and followed by spin-coating a solu-
tion with formamidinium- (FA) and methylammonium (MA)-
halide to form perovskite films. We optimized CsBr rate and
MABT concentration and achieved champion small-area opaque
PSCs with 21.06% and 20.35% PCE; semi-transparent PSCs
with 18.30% and 18.51% PCE and mini-modules (active area of
15.36 cm?) with 19.83% and 18.73% PCE for perovskites having
bandgaps of 1.64 and 1.67 eV, respectively. A power output of
30.61 mW cm™ is demonstrated by utilizing semi-transparent
PSCs in 4T perovskite/bifacial silicon configuration (industrial
BiFi PERC cell). Finally, we demonstrated that WBG-PSCs in
which Br incorporation was achieved by evaporation of CsBr
can retain over 80% PCE for 2500 h under thermal stress
(85 °C) and 1600 h at =50% relative humidity significantly out-
performing the cells where Br incorporation achieved in solu-
tion phase with MABr. We revealed trade-offs for adding Br
via solution and/or evaporation to achieve high bandgap, PCE,
and stability at the same time. Precise sweeping CsBr evapora-
tion rate and MABr concentration in this hybrid method allows
the fine tuning of CsBr and MABr contents in the perovskite
films, resulting in inverted WBG-PSCs and mini-modules on
bare sputtered NiOx with high efficiency and stability. Also,
high GFF of 96% and minor upscaling losses are demonstrated
for the minimodules, with the module efficiency among the
highest values in the literature with bandgap over 1.60 eV.

2. Results and Discussion

Cs and Br concentrations were controlled toward facilitating
wide-bandgap perovskite compositions by evaporating CsBr
and incorporating MABr into the organic solution together
with FAI and MACI. PSCs with different perovskite composi-
tions were fabricated in the p-i-n configuration with the archi-
tecture of MgF,/Glass/ITO/NiO,/Perovskite/LiF/Cg/BCP/Cu
(Figure 1a, device fabrication details are given in supporting
information). Large monolithic grains from the bottom to
the top of the perovskite films were attained. A representative
cross-sectional scanning electron microscopy (SEM) image
of perovskite deposited at 1.2 A s' CsBr rate is shown in
Figure 1b. The impact of CsBr rates and MABr concentrations
on PCE of PSCsperovskite bandgap and PCE of PSCs, extracted
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Figure 1. a) Schematic of the solar cell structure, b) cross-sectional SEM image of the perovskite layer deposited on NiOx/ITO/glass substrate. Color-

maps of c) perovskite bandgap, and d) PCE.

from Photoluminescence (PL) spectra (Figure S1, Supporting
Information) and J-V curves (Figure S2, Supporting Informa-
tion), are illustrated in Figures 1c,d, respectively. The device
performance parameters are provided in Table S1 (Supporting
Information). For the perovskite films with no MABr addition,
the bandgap steadily increases with the CsBr incorporation,
reaching a value of =1.67 eV at the 1.2 A s™' CsBr rate. Addi-
tionally, cell efficiencies increase with CsBr rate up to 0.6 A s
and slightly reduce thereafter. MABr incorporation enlarges
the bandgap of perovskite for low CsBr rates (up to 0.6 A s7);
however, it does not significantly affect it at higher CsBr rates.
An optimum region for MABr concentration and CsBr rate that
enables high performance (>19%)

PSCs. For CsBr rates of 0.8 A s™' and below, the optimum
MABr concentration is found to be =0.09 M. For higher CsBr
rates, the addition of MABr into the solution has detrimental
effects on the performance of PSCs.

Based on the aforementioned systematic optimization of
CsBr rate and MABr concentration on perovskite bandgap and
device performance, hereafter, we focused our investigations
on the two perovskite compositions: 1) CsBr rate of 0.6 A s
and MABr concentration of 0.09 M provides a champion PCE
of 21.06% at 1.64 eV bandgap (CsFAMA), and 2) CsBr rate of
1.2 A s7' with no MABr enables a PCE of 20.34% at the largest
investigated bandgap of 1.67 eV (CsFA). Fourier transform
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infrared spectroscopy (FTIR) was performed to identify the
chemical identity of these two perovskite layers (Figure 2a).
Both films showed peaks at 1712 and 1354 cm™ belonging to
C=N symmetric stretching and C—H bending of FA* cation,
respectively.3*l Importantly, the bending peak of NHj at
1472 cm™ — representing MA* cation — is only present for
perovskite with MABr addition (CsSFAMA) but not in CsFA,
justifying the abbreviations. It is important to note here that
the solution phase for the preparation of CsFA contained MA
cations (half the concentration of CsFAMA) as MACL The
lack of MA upon MACI addition into perovskite is extensively
discussed in the literature.* X-ray diffractograms of CsFA
and CsFAMA films are nearly identical and represent the
black perovskite phase; yet, CSFAMA has a larger Pbl, peak,
indicating a higher fraction of unreacted Pbl, (Figure 2b).
PL studies revealed relatively long average PL lifetimes
(Equations S1,S2, Supporting Information) are achieved for
both CsFAMA (393 ns) and CsFA (450 ns) (Figure 2c).[3=#!
EQE values for opaque PSCs in the spectrum range of
~400-750 nm are =95% (CsFAMA) and 90% (CsFA), indicating
an excellent charge extraction (Figure 3a). The bandgaps of
CsFAMA and CsFA are found as 1.64 and 1.67 eV from the peaks
of the Gaussian-fitted differentiated-EQE spectra (Figure 3a)
and are consistent with the PL measurements (Figure S1, Sup-
porting Information). The average efficiencies of CsSFAMA and
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Figure 2. a) FTIR spectra, b) X-ray diffraction patterns, and c) Time-resolved PL decay curves for CsSFAMA and CsFA perovskite films.

CsFA PSCs are 20.1740.48% and 19.61+0.37% based on the sta-
tistics (12 cells) shown in the insets of Figure 3b. Small devia-
tions indicate high layer uniformity and reproducibility of the
process. Additionally, the CsFA PSCs possess low hysteresis
indices (HI) (Equation S3, Supporting Information) of 3.8%,
whereas the CsSFAMA PSCs demonstrate a higher HI of 77%,
as shown in Figure 3b and Table S2 (Supporting Information).
The lower HI obtained in CsFA PSCs is due to smaller defect
density and less residual Pbl, revealed by a slightly longer PL
lifetime and slightly narrower XRD peak for perovskite, and a
less intense XRD peak for Pbl,. A relatively large HI is associ-
ated with the lack of a passivation layer on NiOx.[*~#8l Stabilized
cell efficiencies of 20.33% and 19.55% are attained for opaque
CsFAMA and CsFA PSCs, respectively, under continuous illu-
mination after 1800 s. Less than 2% relative efficiency decrease
was observed for both CsSFAMA and CsFA PSCs as shown in
Figure 3c.

To demonstrate the scalability of HESM, we fabricated perov-
skite solar modules (PSMs) with aperture areas of 4 and 16 cm?
(Figure S3, Supporting Information), consisting of 4 and 8
interconnected cells, respectively. A very high geometric fill
factor (GFF) of 96% (Figure S3, Supporting Information) with
PCEs of 19.83% (20.43%) for CsSFAMA and 18.73% (19.09%)
for CsFA PSMs were achieved with an active area of 15.36 cm?
(3.84 cm?) as shown in Figure 3d and Table S3 (Supporting
Information). To our best knowledge, these efficiency values are
among the highest reported for wide-bandgap (>1.6 eV) PSMs
in the literature for their respective areas.*) Remarkably, only
2% absolute PCE loss was achieved upon upscaling from small
area cells to modules of 8 cells.’"

To demonstrate the potential utilization of perovskite
by HESM in perovskite/silicon tandem solar cells, semi-
transparent PSCs with the architecture of MgF,/Glass/ITO/
NiO,/Perovskite/LiF,/Cg,/BCP/ITO were also fabricated and
efficiencies of 18.22% (CsFAMA) and 18.51% (CsFA) were
achieved for the champion PSCs (Figure 3e; Table S4, Sup-
porting Information). While short-circuit current density (J,)
for both perovskites are lower compared to their opaque coun-
terparts as the rear side lacks a metal reflector, no notable fill
factor (FF) and open circuit voltage (V,.) losses were observed.
These results culminated in only 2% absolute efficiency loss
when average PCEs for semi-transparent and opaque PSCs
are compared. Next, we utilized the semi-transparent CsFA
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(due to its higher efficiency and bandgap) in perovskite/bifa-
cial silicon tandem solar cells. Commercial bifacial Si solar
cells with 22.58% efficiency and 779 % bifaciality were uti-
lized. The power output of the tandem device was obtained
based on PD IEC TS 60904-1-2 (BiFi200) protocol and the
method developed by Zhang et al. which is provided in sup-
porting information.’%? In addition to 18.51 mW cm™? pro-
duced by semi-transparent CsFA PSCs, filtered Si BiFi solar
cell generated 12.10 mW ¢cm™2, summing up a power output of
30.61 mW cm? (Figure 3f).

Finally, we performed thermal, moisture, shelf, and phase
stability tests for both perovskite compositions (Figure 4).
For thermal stability test, unencapsulated solar cells with
top ITO contact were kept on the hotplate at 85 °C inside
N,-filled glovebox. Also, for moisture stability test, solar cells
with ITO top contact without any encapsulation were kept in
ambient air with relative humidity of =50%. For shelf-stability
test, opaque solar cells were stored inside N,-filled glovebox
for 1440 h. The -V measurements were carried out inside
N,-filled glovebox for both stability tests. Thermal stability
studies revealed that the efficiency of the semi-transparent
CsFAMA PSCs dropped to 77% of its initial efficiency after
400 h. Notably, CsFA PSCs retained 80% of their initial effi-
ciency (Tgo) after 2560 h (Figure 4a), which is among the
most stable PSCs reported in the literature, especially when
wide-bandgap PSCs are concerned (=1.67 eV). Although rela-
tively faster degradation of PSCs for both compositions was
observed in the humidity test, CsFA still strongly outper-
formed the CsFAMA counterpart. CSFAMA PSCs dropped to
67% of their initial efficiency after 170 h, while CsFA PSCs
retained 80% of their initial efficiency after 1600 h (Figure 4a).
Finally, the phase stability of both perovskites in MgF,/Glass/
ITO/NiO,/Perovskite/LiF,/Cg/BCP device structure under
continuous laser illumination at 532 nm in the ambient
atmosphere (=50% RH) was investigated. As the shape of PL
spectra remains symmetric and unchanged upon laser excita-
tion (Figure S4, Supporting Information), it implies that both
perovskite compositions have a stable phase without halide
redistribution.>3] While the structure with CsFA PSCs does
not undergo a shift or significant intensity change (<10%),
that with CsFAMA exhibits a spectral red-shift (=5 nm) and
substantial intensity change of over 200% (Figure 4b). The
red-shift and increased PL intensity are generally attributed
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Figure 3. a) EQE and d(EQE)/dA spectra, and integrated Jsc, b) Reverse and forward J—V curves and c) Maximum power point tracking PCE versus
time plots of CsFAMA and CsFA solar cells. d) J-V curves of opaque mini-modules on 4 cm? (sphere) and 16 cm? (triangle) aperture areas with 96%
GFF for CsFAMA and CsFA. The inset photograph in (d) shows a 16 cm? opaque CsFAMA perovskite mini-module (glass side view). e) J-V curves for
semi-transparent solar cells for CsFA and CsFAMA. The inset in (e) is a picture of semi-transparent CsFA solar cell (the rear side view). f) /-V curves of
Si and semi-transparent perovskite (CsFA) solar cells under 1-sun, and J-V curve of Si solar cell measured by filter under BiFi 200 condition. The cut-off
wavelengths are extracted from d(EQE)/dA spectra in (a). PCE statistical distribution of 12 pixels cells are given in the inset of (b).

to photoinduced lattice expansion toward enhanced sym-
metry which leads to a reduction of trap density and sup-
presses non-radiative recombination sites.3!

Several seminal works have clearly demonstrated the ben-
eficial and detrimental effects of i) residual PbI, on perovskite
surface,” ii) Cs content,”"! and iii) MA incorporation in
perovskite compositions.’>>”] To elucidate the origin of the
notable difference in thermal and humidity stability between
CsFAMA and CsFA, we performed detailed PL and FTIR
studies (Figure 4c,d). PL spectra of CsSFAMA after thermal and
moisture tests (500 h) revealed a shoulder =720 nm which is
typically associated with halide segregation.’®> PL peaks of
both compositions shift to lower energies upon humidity test,
which can be attributed to the formation of localized traps
due to interaction with water molecules perovskite’s organic
components as films are unencapsulated.®0-%2l PL peaks of
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CsFA remained symmetric and underwent a minimal inten-
sity change, in accord with its superior stability. As no MA*
was detected in FTIR for CsFA (Figure 2a), we performed
FTIR spectroscopy measurement for CsSFAMA samples after
heat and humidity tests (up to 500 h) (Figure S5, Supporting
Information). The intensity ratio of the NH; bending and C—H
stretching bands upon thermal and humidity tests reaches 10%
of the initial value only after 1000 and 10 mins, respectively
(Figure 4d). Thus, we believe phase segregation for CSFAMA is
most probably related to the fast release of MA in this composi-
tion. Here, we successfully demonstrated that the introduction
of MA via MACI in solution and incorporation of Br via CsBr
evaporationl®® decouples the MA introduction (as an additive)
and Br incorporation and is among the best strategies toward
achieving high performance, stable wide band-gap perovskites
for tandem applications.
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Figure 4. a) The evolution of PCE versus time for CsFA and CsFAMA solar cells during thermal (85 °C) in an inert atmosphere and humidity (relative
humidity in the range of =50%) stability tests in air. PCE was traced until it reduced to <80% of its initial value (Tg) and shelf-stability tracking of
solar cells stored inside the Ny-filled golvebox for 1440 h. b) PL spectra of CsFA and CsFAMA in the MgF,/Glass/ITO/NiO,/Perovskite structure upon
excitation. c) PL spectra of CsFA and CsFAMA before and after thermal and moisture stress for 500 h. Peaks are normalized to fresh sample’s peak
intensity. d) FTIR peaks (N-H3/C-H bending vibration) intensity ratio versus time for films with CsFA and CsFAMA perovskite films during thermal

and humidity stability tests.

3. Conclusion

In conclusion, we demonstrated high-performance wide-
bandgap PSCs in the p-i-n configuration with light, thermal,
moisture and phase stability by tuning the CsBr rate in the
PbI,-CsBr co-evaporation, and MABr concentration of HESM.
We achieved 21.06% PCE at 1.64 eV bandgap for CSFAMA and
20.34% PCE at 1.67 eV bandgap for CsFA-based PSCs. We fab-
ricated solar modules with active areas of 3.84 and 15.36 cm?
to prove the scalability and achieved PCEs of 20.34% and
19.83% (CsFAMA) and those of 19.09% and 18.73% (CsFA),
respectively, with <2% absolute efficiency loss compared to
small area opaque champion cells. Semi-transparent PSCs
with PCEs of 18.22% and 18.51% for CsSFAMA and CsFA were
fabricated. Additionally, 30.61 mW cm™ power output was
demonstrated in 4T perovskite/bifacial silicon tandem solar
cell geometry.

Finally, we disclosed that a longer carrier lifetime (450
versus 393 ns), smaller HI (3.8% versus 77%), higher stability
during humidity (80% of its initial PCE (T80) at 2560 versus
400 h) and heat (Tg, at 1600 versus 170 h) tests, and smaller
spectral shift (0 versus 5 nm) with light exposure in PSCs
are attained with perovskites fabricated via Br incorporation
by CsBr-only (CsFA). These superior properties are associ-
ated with less defects, less residual Pbl,, higher Cs content
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and controlled MA incorporation mechanism that together
resulted in better crystallinity.

Overall, Br introduction via CsBr with HESM has been dem-
onstrated to be the key approach for the realization of wide-
bandgap perovskite for tandem solar cells and other emerging
applications such as indoor photovoltaics.
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