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Abstract

Flexible perovskite solar cells (PSCs) hold great promise for the low-cost roll-to-roll production of lightweight single-
and multijunction photovoltaic devices. Among the different deposition methods used for the perovskite absorber,
the two-step hybrid vacuum-solution approach enables precise control over the thickness and morphology of Pbl,.
However, efficient conversion to perovskite is limited by diffusion of the organic cations in the compact lead halide
layer. Herein, a multistage absorber deposition is developed by thermal evaporation of Pbl, and spin coating of
CH5NHsl (MAI). The process relies on the different types of growth of vacuum-deposited Pbl, onto amorphous and
crystalline surfaces. This approach represents a way to effectively increase the absorber thickness while tackling the
limited MAI diffusion in the compact Pbl, film via a two-step deposition method. The efficiency of flexible PSCs is
improved from 14.2 to 15.8% with multistage deposition. Furthermore, the use of an amorphous transparent
conductive oxide (TCO), InZnO, enhances the mechanical resistance against bending with respect to conventional
crystalline TCO-based flexible devices. Near-infrared transparent flexible PSCs are developed with an efficiency of
14.0% and average transmittance of ~74% between 800 and 1000 nm. Flexible perovskite/CIGS thin-film tandem
devices are demonstrated with an efficiency of 19.6% measured in the four-terminal configuration.

Introduction

Solar cells developed on lightweight flexible substrates
represent an interesting option for future energy genera-
tion applications. The possibility to produce flexible
photovoltaic devices by high throughput roll-to-roll
manufacturing opens up the way towards cost reduction
compared to traditional sheet-to-sheet processes.
Recently, hybrid organic-inorganic perovskites have
emerged as a new generation of low-cost photovoltaic
materials. The high absorption coefficient, high bandgap
(~1.6 eV) and low Urbach energy make perovskites ideal
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absorbers for single- and multijunction devices”. Among
different perovskite-based multijunction technologies™,
all-thin-film perovskite/Cu(In,Ga)Se, (CIGS) tandem
devices have shown an outstanding performance
improvement in the last three years, reaching efficiencies
as high as 23.9%". It has to be noted that the top and
bottom cells in these tandem devices are grown onto rigid
glass substrates. The demonstration of highly efficient
flexible perovskite and CIGS solar cells®” has laid the
foundations for flexible thin-film tandem devices® with
the promise of future roll-to-roll manufacturing of light-
weight perovskite-based multijunction devices.

An interesting feature of perovskite solar cells (PSCs) is
the wide versatility afforded by low-temperature deposi-
tion processes’ ''. Among different deposition techni-
ques, the hybrid vacuum-solution two-step method holds
great potential for control of the Pbl, thickness and
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morphology to obtain compact and pinhole-free absorber
layers'?. Traditional solution-based processes, such as
one- or two-step deposition, rely on the use of dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO)*2.
These solvents are not suitable with low-temperature
deposited efficient organic-based electron transport layer
(ETL) such as Cg'*. On the other hand, thermal eva-
poration of Pbl, followed by CH3NH;I (MAI) spin coating
from isopropanol solution does not damage the very thin
organic charge extraction layer. In a two-step deposition,
the conversion to high-quality perovskite absorbers is
dictated by the diffusion and intercalation of the organic
cations into the inorganic Pbl, layered structure. Once the
organic cation is deposited, the intercalation starts at the
edge-air interface, where organic moieties immediately
form hydrogen bonds with the inorganic sites. The thin
surface layer of CH3NH3Pbls, which is suddenly formed,
hinders further diffusion of MAI cations to the inner lead
sites due to lack of Van der Waals gaps in the perovskite
structure'™!®. For this reason, a finely tailored Pbl, mor-
phology is needed to facilitate MAI cation diffusion and
play a fundamental role in the conversion to the per-
ovskite absorber.

Different approaches have been reported to effectively
engineer the Pbl, morphology, facilitating organic cation
intercalation. Wu et al.'” showed the possibility to retard
Pbl, compact-layer crystallization by coordination with
DMSO molecules, improving the conversion to the per-
ovskite phase. Tu et al.'"® demonstrated solvent substitu-
tion to finely control the Pbl, nuclei growth and
recrystallization process. Zhang et al.'® reported improved
organic cation intercalation and conversion reaction by
pre-expansion of the Pbl, layer using a mixed Pbl,:MAI
precursor. Even if these approaches offer suitable solu-
tions to significantly improve device efficiency, they can-
not be applied when Pbl, is grown by vacuum deposition
methods.

As we observed, in a hybrid two-step vacuum-solution
process, the growth of thermally evaporated Pbl, depends
on the substrate surface®’. A compact morphology is
observed once Pbl, is thermally evaporated onto amor-
phous surfaces due to a preferential growth parallel to the
substrate as a result of minimization of combined surface
and interface energy. On the other hand, a nanoplate-like
morphology is formed onto crystalline substrates due to
both the anisotropic nature of the substrate and interface
energy™.

Here we report a modified two-step hybrid vacuum-
solution deposition method to effectively increase the
absorber thickness. The morphology of Pbl, is tailored by
a multistage deposition, where the first stage is char-
acterized by a compact inorganic layer, and the second
stage, by a nanoplate-like morphology. By careful
screening of the organic cation concentration and
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nanoplate-like lead iodide thickness, we are able to
demonstrate flexible PSC with a steady-state efficiency of
15.8% compared to a 14.2% efficient device prepared by a
traditional two-step hybrid process.

For the transparent conductive oxide (TCO), we use
sputtered InZnO (IZO), which displays high near-infrared
transparency and an amorphous nature. The latter char-
acteristic enables one to obtain highly flexible PSCs with
respect to conventional flexible PSCs based on crystalline
TCO. The devices retain 90 and 80% of the original effi-
ciency after 1000 bending cycles at bending radii of 6 and
4 mm, respectively. Furthermore, the high near-infrared
transparency of the TCO makes it suitable for use in
tandem applications. We are able to demonstrate a NIR-
transparent flexible PSC with a steady state efficiency of
14.0% and average transmittance of ~74% between 800
and 1000 nm. By combining the flexible perovskite top
cell with a flexible CIGS bottom cell, we demonstrate an
efficiency of 19.6% measured in the four-terminal tandem
configuration. Eventually, we present optical loss analysis
to establish future steps towards realization of higher-
efficiency flexible perovskite/CIGS tandem devices.

Materials and methods
Materials

An InZnO target was bought from JX Nippon Mining &
Metals (99.9%). Spiro-OMeTAD was bought from Merck.
Polyethylenimine, 80% ethoxylated solution, 35-40 wt.%
in H,O, 4-tertbutylpyridine (TBP) were bought from
Sigma-Aldrich. CH3NH3I (powder, ITEM# MS101000)
and Pbl, (ultradry, 99.999%, metals basis) were purchased
from Dyesol (Australia) and Alfa Aesar, respectively.
Fullerene carbon 60 powder (Cgp) was bought from SES
Research (purity > 99.5%). All chemicals were used as
received without any further treatment or purification.

Photovoltaic device fabrication

PSCs are grown onto a flexible foil, which is used as
moisture barrier front sheet for encapsulation in flexible
CIGS modules. Then, 5 x 5 cm size flexible substrates are
washed by hand followed by ultrasonic soap and water
baths. The substrates are dried in vacuum for one week and
cut into 4 quarters (2.5 x 2.5 cm). Prior to further proces-
sing, ~200 nm of compact InZnO (IZO) layer is deposited
at room temperature by pulsed-DC sputtering from a
ceramic InggoZng 1,0 target, at 600 W. The sheet resistance
of the as-deposited film on glass is measured to be 18 Q[]
by a four-probe method. Then, the IZO layer is treated for
10 min under UV light for all the samples. PEIE interlayer
(0.1% w/w) in deionized (DI) water is deposited onto the
I1ZO layer by spin coating (5000 r.p.m., 5000 rpms ™" for
60s) followed by annealing at 100°C for 10 min. Then,
~5nm of Cg is thermally evaporated in a N, filled glove-
box. The Pbl, film is thermally evaporated at a deposition
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pressure of 2-6 x 10~ ° Pa. The deposition rate is controlled
within 1.2-1.6 A s', monitored by a quartz crystal
microbalance. The thickness of Pbl, is 140 nm. After the
Pbl, deposition, the samples are subsequently transferred
into a N,-filled glove-box for further processing. The per-
ovskite layer is formed by spin coating of CH3NH;I in 2-
propanol at a concentration of 55 mg mL . The solution is
first spread to cover the whole substrate followed by
waiting for 5s before starting the rotation (4000 rpm,
4000 rpm s-1 for 40 s). The as-prepared films are annealed
at 100 °C for 30 min on a hotplate inside the glovebox. In
the case of multistage deposition, after perovskite
annealing, a Pbl, film is thermally evaporated for the
second time, following the same conditions used for the
first stage. Different thicknesses have been investigated
(80, 100, 120 and 140 nm). Then, CH3NH3;I in 2-propanol
is spin-coated at different concentrations for every Pbl,
thickness, as reported in the Results and discussion sec-
tion. The as-prepared films are annealed at 100°C for
30 min on a hotplate inside the glovebox. After annealing,
the samples are cooled down to room temperature, and
100 uL of a Spiro-OMeTAD solution (78.2mg 2,2',7,7-
tetrakis-(N,N’-di-p-methoxyphenylamine)-9,9’-spirobi-
fluorene (Spiro-OMeTAD), 33 uL of a lithium-bis(tri-
fluoromethanesulfonyl)imide (Li-TFSI) solution (170 mg
Li-TFSI in 1 mL acetonitrile, Sigma-Aldrich)), and 8.2 uL
of 4-tertbutylpyridine (TBP) all dissolved in 1mL of
chlorobenzene (Sigma-Aldrich) are spin coated on top of
the perovskite at 2500 rpm and 2500 rpm s-1 for 45 s. The
devices are finished by evaporating 50 nm of Au through a
metal mask under high vacuum (< 3 x 10~* Pa). The solar
cell area is equal to 0.15 cm?.

For NIR-transparent flexible PSCs, an ~20-nm-thick
MoOy layer is deposited on top of the Spiro-OMeTAD via
thermal evaporation (<3 x 10 * Pa), which is then covered
by ~200 nm of IZO as the transparent electrode (200 W).
Ni/Al grids with a 50 nm/4000 nm thickness are deposited
by e-beam evaporation. The solar cell area is defined by
mechanical scribing.

Characterization

The current density-voltage characteristics of PSCs are
measured under standard simulated AM1.5G illumina-
tion using a Keithley 2400 source meter. The illumination
intensity is calibrated to 1000 W m™> using a certified
single-crystalline silicon solar cell. The /-V measurement
is performed in both the forward (from —0.1 to 1.4 V) and
backward (from 1.4 to —0.1V) direction separately with-
out any pretreatment (e.g., light soaking, holding at for-
ward bias for a certain time, etc.). The scan rate and delay
time are 0.3Vs ' and 10 ms, respectively. The external
quantum efficiency is measured with a lock-in amplifier.
The probing beam is generated by a chopped white source
(900 W, halogen lamp, 260Hz) and a dual-grating
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monochromator. The beam size is adjusted to ensure
that the illumination area is fully inside the cell area. A
certified single-crystalline silicon solar cell is used as the
reference cell. White light bias is applied during the
measurement with ~0.1 sun intensity. The steady-state
efficiency as a function of time is recorded using a max-
imum power point tracker, which adjusts the applied
voltage to reach the maximum power point (perturb and
observe algorithm). The starting voltage is set to be 0.1 V.
The tandem device in the four-terminal configuration is
characterized as reported elsewhere'?.

The bending tests are carried out using metallic cylin-
ders to define the curvature radius. Cylinders with a dia-
meter of 12 mm and 8 mm are used for bending with radii
of 6 mm and 4 mm, respectively. The devices are bent
repeatedly on these cylinders.

X-ray diffraction patterns were obtained in the Bragg-
Brentano geometry by using a X'Pert PRO 6-26 scan (Cu-
K, radiation, A = 1.5406 A) from 10 to 60° (28) with a
step interval of 0.0167°.

The SEM images of the samples were investigated with
a Hitachi using a voltage and current of 5kV and 10 mA,
respectively. A thin layer of Pt (1 nm) was coated on top of
the sample to avoid the charging effect.

The morphology images were acquired using an AFM
Bruker ICON operated in PeakForce QNM mode (based
on PeakForce Tapping technology).

Reflectance and transmittance were measured using a
UV-3600 Shimadzu UV-VIS-NIR spectrophotometer
equipped with an integrating sphere. Ellipsometry mea-
surements were carried out with a Woollam M2000 V-
NIR instrument in a wavelength range of 370-1670 nm at
incidence angles of 50°, 60° and 70°. The refractive indices
of the different layers were determined by processing of
reflectance, transmittance and ellipsometry data using the
RefFit software®’. The dielectric functions were con-
structed as the sums of Lorentz and Tauc-Lorentz oscil-
lators, ensuring consistency with the Kramers-Kroning
relations. The optical propagation in the solar cell was
simulated using the transfer matrix method (TMM)
implemented in the tmm python package®.

Results and discussion

The flexible substrate used in this work is commonly
applied as an encapsulation front sheet for flexible CIGS
solar modules, and it displays ultralow optical absorptance
and water vapor transmission rate, as reported pre-
viously®. The use of this particular substrate opens up the
way to the direct integration of a flexible perovskite top
cell in a traditional flexible CIGS module manufacturing
line. Supplementary Figure Sla shows the optical prop-
erties of the flexible substrate coated with an indium zinc
oxide (IZO) transparent conductive oxide (TCO) layer.
The average absorptance of the flexible substrate/TCO
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layer stack is ~5% between 400 and 1000 nm. The I1ZO
deposited by rf-magnetron sputtering shows a carrier
mobility of 54.8cm?V 's™!, as determined by Hall
measurements. As shown in Supplementary Figure S1b,
from XRD analysis, the TCO layer is found to be amor-
phous, in accordance with other studies®.

A combination of spin-coated poly(ethylenimine)
ethoxilated (PEIE) and thermally evaporated Cg is used to
enhance charge extraction and collection from the
absorber to the anode™*.

The perovskite absorber is deposited using a two-step
hybrid vacuum-solution deposition process'”. Pbl, is
thermally evaporated and converted to CH3NH3Pbl; by
spin coating CH3NH3I (MAI) in 2-propanol solution.
Supplementary Figure S2a shows a cross-sectional SEM
image of the flexible PSC using a two-step hybrid process.
As shown in Supplementary Figure S2b, we are able to
demonstrate a flexible PSC, which shows an open-circuit
voltage (Vo) of 1.07V, a short-circuit current (J;.) of
185 mA cm ™2 and a fill factor (FF) of 72.9% under for-
ward measurement while also showing a V. of 1.05V, J,.
of 18.3mA cm 2 and FF of 72.1% under backward mea-
surement. The cell is tested at the maximum power point
(MPP) under continuous illumination to evaluate the
efficiency under operating conditions. The device shows a
power conversion efficiency of 14.2% (Supplementary
Figure S2c). Supplementary Figure S2d shows the external
quantum efficiency (EQE) of the device, with the inte-
grated J;. value for AM1.5 G determined to be 18.5 mA
cm 2,

Our samples contain residual Pbl, (Supplementary
Figure S2e, ~12.7°), which has been confirmed to be
beneficial for suppressing non radiative recombination®.

In comparison to state-of-the-art of flexible PSCs®, the
main bottleneck in our device is represented by the low J;.
values. One of the main causes for the low current yield is
related to the limited absorption of the thin perovskite
layer (<300 nm) deposited in the two-step hybrid process
(Supplementary Figure S2a). A straightforward solution
would be to simply increase the perovskite absorber
thickness by deposition of a thicker Pbl, layer.

As reported by other studies, for a two-step deposition
method, increasing the thickness of the perovskite
absorber does not result in direct efficiency improve-
ment*®*~2%, Having a thick and compact Pbl, layer hinders
efficient diffusion and intercalation of organic cations. By
increasing the thickness of the lead iodide, higher charge
transport resistance and stronger charge recombination
have been observed®’.

We increased the Pbl, thickness to 200 nm to eventually
obtain a thicker perovskite layer. Different MAI con-
centrations were investigated: 70, 75 and 80 mgmL '
(Supplementary Figure S3). Our results show that an
increase in the inorganic layer thickness does not result in
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efficiency improvements with respect to optimum thinner
absorber thicknesses (Supplementary Figure S2). As the
organic precursor concentration is increased, /. increases,
saturating at higher concentrations, in contrast with an
observed decrease in FF values. A too low MAI con-
centration results in limited conversion to the perovskite
phase. On the other hand, a certain amount of unreacted
lead iodide has been confirmed to be beneficial for device
performance®>*°, For this reason, a too large amount of
MAI must be avoided, considering the detrimental effects
observed due to an excess of uncoordinated MA™ ions™.

To effectively increase the absorber thickness, and
consequently the device efficiency, we believe that the
MALI intercalation needs to be facilitated by appropriate
tailoring of the Pbl, morphology. Figure 1 shows a sche-
matic for the proposed multistage deposition protocol.
Thermally evaporated Pbl, on top of amorphous Cgq
grows in a compact morphology with a root mean square
(RMS) roughness of ~9 nm as measured by AFM. The
isotropic nature of the substrate and interface surface
energy favors a preferential growth parallel to the sub-
strate. Once the organic precursor is deposited and the
film is annealed, a compact perovskite layer forms with a
surface RMS roughness of ~22 nm. The proposed mod-
ified process relies on the vacuum deposition of Pbl, on
top of the perovskite. The absorber displays a crystalline
surface. The anisotropy of both the substrate and interface
surface energy dictates the formation of a noncompact
nanoplate-like PbI, morphology”. This open framework
will facilitate efficient organo-halide diffusion and inter-
calation in the following spin coating step. The nanoplate-
like morphology is verified by SEM, with the RMS
roughness of the inorganic layer deposited on top of the
perovskite found to be ~28 nm. Eventually, the organic
precursor is deposited by spin coating. The absorber layer
obtained via the multistage process shows a compact
morphology without a clear separation between the two
deposition stages. The RMS roughness of the final per-
ovskite absorber is found to be equal to ~37 nm.

As there is an optimum proportion between the com-
pact Pbl, layer thickness and organic cation concentra-
tion, an optimum ratio has to be defined for the
nanoplate-like Pbl, layer thickness as well. It is neces-
sary to provide an appropriate concentration of organic
cations for a given inorganic layer thickness. This con-
centration must be sufficient to break the weak Van der
Waals forces between the layers of Pbl, and convert them
into Pblg octahedral networks. Meanwhile, the con-
centration should not be too high to avoid steric hin-
drance and an excess of unreacted organic moieties.

Different combinations of second-stage nanoplate-like
Pbl, layer thicknesses and MAI concentrations were
investigated and compared. Supplementary Figure S4a
shows multistage deposition with 80 nm of Pbl, as the
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second step. The MAI concentration was changed from 20
to 30 mgmL ™", with an efficiency of 15.3% (under MPP
tracking) obtained for a concentration of 25mgmL .
Supplementary Figure S4b presents the device perfor-
mance with 100 nm of Pbl, and MAI concentrations that
vary from 30 to 40 mg mL ™ ": 35 mg mL ' of MAI leads to
an efficiency of 15.4%. Supplementary Figure S4c shows
deposition with 140 nm of Pbl, and MAI concentrations
varying from 45 to 55 mg mL ™", with the best efficiency of
14.7% reached at 50 mgmL ' The very thick absorber
results in poorer device performance due to limited car-
rier diffusion length in the pure MAPI; perovskite®'.
The optimum proportion is achieved with a 120-nm-thick
of nanoplate-like Pbl, layer (Fig. 2a) and with 45 mgmL "
of MAI in the second stage (Fig. 2b). We are able to
demonstrate a flexible PSC with a steady-state efficiency
of 15.8% (Fig. 2c). The device shows a V, of 1.07 V, J,. of
19.7mA cm > and an FF of 74.0% when measured in the
forward direction and a V.. of 1.06 V, J,. of 19.6 mA cm 2
and an FF of 73.4% when measured in the backward
direction. As can be observed from the EQE measure-
ments (Fig. 2d), a significant improvement with respect to

the two-step hybrid process is achieved at long wave-
lengths, indicating stronger absorption in the perovskite
layer. The final device displays a compact absorber layer
that contains residual Pbl, (Fig. 2e, f).

From an application point of view, mechanical resis-
tance against bending is pivotal to ensure working flexible
photovoltaic devices. The bottleneck of flexibility dwells
in the brittle TCO, which is usually crystalline ITO?, It is
observed that when crystalline ITO is used as the TCO,
flexible PSC performance decreases well below 60% of the
initial value after 1000 cycles at a bending radius of
4mm?®, Different strategies have been proposed to
overcome this problem. Among them, amorphous TCO
films deposited at low temperature have been used to
enhance flexibility in organic photovoltaics. It has been
shown that amorphous films have a robust structure
against external dynamic stresses compared with crystal-
line films>*3°,

In our flexible perovskite device structure, we employ
~200 nm of amorphous IZO as the TCO. To demonstrate
mechanical stability against bending, we tested cells at
bending radii of 6 mm and 4 mm for 1000 bending cycles.
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Supplementary Figure S5a shows stability against a
bending radius of 6 mm. The device displays an efficiency
at 1000 bending cycles that is ~90% of the initial power
conversion efficiency. Stability test against a bending
radius of 4 mm is presented in Supplementary Figure S5b.
The device retains more than 80% of the original effi-
ciency at 1000 bending cycles. These bending perfor-
mances exceed those consistently obtained in the
literature using crystalline ITO as the TCO***, The
achievable robustness to bending is controlled by a
complex interplay among defects, residual film stresses,
cohesive properties, and so forth. Furthermore, the sup-
pression of crystallization is required to obtain a stress-
free or reduced-stress film>*>°,

For application in four-terminal tandem devices, the top
cell requires a near-infrared (NIR) transparent back elec-
trode to guarantee that low-energy photons can reach the
bottom cell. For the transparent electrode, a combination
of MoO, and IZO was used. Figure 3a shows the SEM
cross-section of the NIR-transparent flexible PSC using
multistage deposition. The cell displays an average trans-
mittance of ~74% between 800 and 1000 nm (Fig. 3b). The
device shows a V. of 1.06 V, J. of 18.7mA cm > and an
FF of 69.0% when measured in forward direction and a

Voo of 1.04V, J.. of 18.6mA cm 2 and an FF of 69.4%
when measured in the backward direction (Fig. 3c). The
NIR-transparent solar cell reaches an efficiency of 14.0%
at the MPP under one-sun illumination (Fig. 3d). The
integrated J;. value determined from EQE (Fig. 3e) is
18.7 mA cm 2. We demonstrate a perovskite/CIGS tan-
dem device in the four-terminal configuration, where the
top and bottom cells are grown on flexible substrates.
Figure 4a, b displays the /-V curves and EQE spectra for
the top PSC, CIGS standalone cell and CIGS bottom cell.
Table 1 summarizes the photovoltaic parameters of the
corresponding devices. The flexible perovskite/CIGS
tandem device measured in four-terminal configuration
shows an efficiency of 19.6%, starting from an 18.9%
flexible CIGS solar cell.

It is clear that increasing the absorption of the top cell
results in a lower bottom cell current yield, which could
limit the final tandem device performance. For this reason,
we decided to compare the multistage perovskite deposition
with two-step hybrid deposition for top cell application. The
J-V characteristics of the latter NIR-transparent flexible
PSC show a V,. of 1.10V, J,. of 175 mA cm 2 and FF of
68.1% under the forward scan and a V.. of 1.08V, J,. of
174 mA cm 2 and FF of 68.9% when measured under the
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backward scan (Supplementary Figure S6a). The device
displays a steady-state efficiency of 13.1% (Supplementary
Figure S6b). The NIR-transparent device, developed by the
two-step hybrid process, shows a lower current yield with
respect to multistage deposition. The reason for this is due

to the lower absorption in the long wavelength region of the
EQE (Supplementary Figure S6c). Combining the per-
ovskite top cell with the flexible CIGS bottom cell (Sup-
plementary Table S1), an efficiency of 19.2% is achieved
(Supplementary Figure S6d, e). Although the bottom cell
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Table 1 J-V parameters for each constituent solar cell in the tandem device

Solar cell Vo (V) Joow (MAcm™3?) FF (%) n (%) Nwep (%) Area (cm?)
Flexible CIGS 0.69 36.3 754 189 189 0213
Flexible CIGS bottom cell 0.65 120 716 56 56 0213
Flexible perovskite top cell 1.06 18.7 68.9 13.7 14.0 0.27
Flexible perovskite/CIGS four-terminal tandem configuration 19.6

efficiency is greater (due to the higher absorption in the
CIGS), the tandem device with a multistage top cell still
outperforms the device developed using the two-step hybrid
process due to the higher performance of the top cell.

To assess potential pathways to further improve flexible
perovskite/CIGS tandem solar cells, we carried out optical
analysis of the NIR-transparent perovskite top cell struc-
ture as an example of a low-temperature n-i-p PSC that
can be deposited on flexible substrates (Fig. 5a). The
transfer matrix method (TMM) was used to simulate the
reflectance, transmittance of the multilayer structure and
the absorption spectra of the different layers. The layers
were considered optically flat (no interface roughness was
taken into account). Complex refractive indices were
either characterized in house (IZO front and rear TCO,
PEIE, Cso and MoO,) or taken from the literature
(MAPbI; and Spiro-OMeTAD)*. Supplementary Fig-
ure S7 presents experimental data and best fits to the
transmittance, reflectance and ellipsometry spectra of the
layers used for the determination of the refractive indices.
Supplementary Figure S8 displays experimental and
TMM-based simulations of the reflectance, transmittance
and absorptance of the NIR-transparent perovskite top cell
in the visible range, with the layer thicknesses reported in
Supplementary Table S2. The discrepancies between
experimental and simulated reflectance (and absorptance)
are related to light scattering and to the different sub-
strates considered in the simulations with respect to the
actual substrate (notably, including the encapsulation front
sheet with specific oxide coatings). The optical losses in
each of the layers can be evaluated in terms of the cor-
responding losses in the short-circuit current (Table S2)
using AM1.5G irradiance. As shown in Fig. 5b, the pre-
sence of the IZO front TCO and the ETL (PEIE interlayer
and Cg) leads to the absorption of light that cannot reach
the perovskite absorber. The corresponding J,. losses in
the front TCO and ETL amount to 1.0 and 0.2 mA cm ™2,
respectively. This loss due to parasitic absorption can be
mitigated by using an improved front TCO with com-
paratively lower absorption (our IZO presents non-
negligible absorption in the visible) and by the use of a
more transparent low-temperature ETL (as inorganic
ones). Reflection losses can be observed especially between
450-500 nm, which can be reduced by an appropriate

anti-reflection (AR) coating, such as a transparent layer
with a refractive index intermediate between that of air
and the substrate and/or the substrate and the front TCO.
At longer wavelengths, reflectance can be reduced by
using an AR coating at the rear TCO/air interface. For 1 >
600 nm, the NIR-transparent solar cell presents trans-
mission losses due to the absence of an internal back
reflector typical of opaque devices (metal back contact). In
this region (600—800 nm), the effect on the transmittance
of the layers deposited after MAPDI; is negligible, such
that the photons lost in this wavelength range are effi-
ciently absorbed by the bottom cell, as shown in Fig. 4b.
Lastly, hints to the collection and recombination losses
are obtained by combining the experimental and
simulation data, as described by Armin et al.?, In the case
of our NIR-transparent cell, the sum of the experimental
EQE with the predicted parasitic absorption in the
front layers does not quite reach the level of the experi-
mental absorptance of the device, as shown in Fig. 5b. This
difference is seemingly independent from the excitation
wavelength and is tentatively ascribed to collection losses
and/or to recombination. We believe that these losses can
be mitigated by proper interface engineering and by pro-
cessing of higher-quality perovskite absorbers.

Conclusion

We have demonstrated a modified hybrid vacuum-
solution deposition method to tailor Pbl, growth for
effectively increasing the perovskite thickness. Through
multistage deposition, an improvement in performance
for flexible PSCs, from a steady-state efficiency of 14.2 to
15.8%, was shown. Using an amorphous TCO (IZO), we
were able to demonstrate superior bending stability with
respect to the traditional crystalline TCO used for flexible
PSCs. Flexible devices retained 90 and 80% of the initial
efficiency after 1000 bending cycles at bending radii of 6
and 4 mm, respectively. We have developed a flexible
NIR-transparent PSC with a steady-state efficiency of
14.0%. The devices were grown onto a flexible foil, which
is used as an encapsulation front sheet for CIGS solar
modules. By combining the flexible perovskite top cell
with a flexible CIGS bottom cell, a flexible perovskite/
CIGS tandem cell, with an efficiency of 19.6% measured in
the four-terminal configuration, was demonstrated.
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Through analyses of the optical losses and TMM-based
simulations, we identified the next steps towards realizing
higher efficiency NIR-transparent flexible PSCs.

In this work, we described a method to engineer the
Pbl, layer morphology using vacuum deposition. The
multistage deposition protocol widens the potential for
use of the hybrid vacuum-solution process towards the
realization of highly efficient devices by precise morpho-
logical tuning.
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