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Abstract

The ability to grow perovskite solar cells in substrate configuration, where light enters the de-
vices from the film side, allows the use of non-transparent flexible polymer and metal sub-
strates. Furthermore, this configuration could facilitate processing directly on Cu(In,Ga)Se;
solar cells to realize ultra-high efficiency polycrystalline all-thin-film tandem devices. How-
ever, the inversion of conventional superstrate architecture imposes severe constraints on de-
vice processing and limits the electronic quality of the absorber and charge selective contacts.
Here we report a device architecture which allows inverted semi-transparent planar perovskite
solar cells with a high open-circuit voltage of 1.116 V and substantially improved efficiency
of 16.1%. The substrate configuration perovskite devices show a temperature coefficient of -
0.18%/°C and promising thermal- and photo-stability. Importantly, the device exhibits a high
average transmittance of 80.4% between 800-1200 nm, which allows us to demonstrate poly-
crystalline all-thin-film tandem devices with efficiencies of 22.1% and 20.9% for

Cu(In,Ga)Se; and CulnSe; bottom cell, respectively.



Currently, all perovskite solar cells with efficiencies above 20%!' ) are realized in superstrate
configuration (Fig. 1a)™®), which means that the light enters the cells through the substrate.
This limits the choice of substrate to transparent materials. In contrast, the substrate configu-
ration (Fig.1b), where light enters the cell from the opposite side of the substrate (film side)™,
allows novel device structure design since the perovskite solar cells can be grown on sub-
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strates such as flexible polymer films” %), stainless steel!''! and other metal foils!'?. Using

flexible substrates permits roll-to-roll manufacturing, which is expected to lower the produc-
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tion cost considerably!*"'*. Moreover, the perovskite photovoltaic technology developed in

substrate configuration can be directly transferred onto a Cu(In,Ga)Se, (CIGS) or crystalline-

15181 particularly, polycrys-

Si solar cells stack to realize ultra-high efficiency tandem devices
talline all-thin-film tandem solar cells comprising a perovskite top cell and CIGS bottom cell
hold great promise for a variety of applications, including building-integrated photovoltaics
and mobile applications, since they can be manufactured on thin, light-weight, and flexible
substrates in a cost-effective manner. Before such revolutions can happen, it is imperative to
develop perovskite solar cells in substrate configuration with high efficiency and good stabil-
ity.

Compared to conventional high performance superstrate configuration, the deposition
sequence of each layer and related interfaces have to be inverted, which imposes severe re-
strictions on device design and processing, consequently limiting the electronic quality of the
perovskite absorber and charge selective layers. The first substrate configuration perovskite
solar cells were grown on flexible titanium foil using a simple one-step solution processed
perovskite absorber and hand-laminated Ni-mesh transparent front contact'”). The device
showed a low fill factor (FF) of 61% and open circuit voltage (Voc) of 0.98V, which resulted
in a low efficiency of 10.3%!"%). Recently, Werner et al. pushed the efficiency up to 13% by

improving the perovskite quality in n-i-p (deposition order) semi-transparent devices illumi-

nated in substrate configuration®”). However, these devices still suffer from pronounced para-
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sitic absorption in the 2,2°,7,7’-tetrakis-(N,N’-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (Spiro-OMeTAD) hole transporting layer (HTL), and require a certain thick-
ness of MoOj to alleviate the sputtering damage® '\ The additional MoOj5 buffer layer re-

(221 and raised concerns on long-term stability as it can react with io-

duced the transmittance
dine diffusing from the perovskite absorber'>*!. Hence, it is highly desirable to employ a p-i-n
structure in substrate configuration in view of parasitic absorption and stability properties.
More recently, Bush et al. reported inverted p-i-n semi-transparent perovskite solar cells with
superior environmental and thermal stability®”. However, the use of Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as the HTL limited the Vocto
below 1 V, which led to an efficiency of 11.5% illuminated in substrate configuration'**.
Most recently, Chen et al. reported a 16.5% efficiency inverted semi-transparent perovskite
solar cell using ultra-thin metal electrode in superstrate configuration; however, the cell effi-
ciency is only 12.1% when measurend in substrate configuration due to the strong parasitic
absorption of Cu/Aw/BCP contacts.” Moisture diffusion through the metal contacts™** and
the diffusion of Au at elevated temperature® will pose severe challenges to the long-term
stability of the solar cells. Therefore, proper device polarity (p-i-n or n-i-p), structure design
and suitable charge selective contacts and transparent electrodes as well as suitable perovskite
deposition method are essential for developing high performance and stable substrate configu-
ration perovskite solar cells.

Here we report efficient substrate configuration semi-transparent perovskite solar cells
with a planar stack composed of glass substrate/In,O3:H/PTAA/CH3;NH;Pbl;/PCBM/ZnO na-
noparticles/ZnO:Al/Ni-Al grid. Employing suitable front and rear transparent contacts and
charge selective layers, the substrate configuration design enables us to fabricate perovskite
devices with a high Voc of 1.116 V and steady-state efficiency of 16.1% with negligible hys-

teresis. The device also demonstrates a superior temperature coefficient of -0.18%/°C in the

temperature range of 25 — 65 °C with promising thermal- and photo-stability. Despite the high
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steady state efficiency, we observe a reversible light soaking effect and propose that photo-
conductivity changes in solution-processed ZnO nanoparticles upon illumination is responsi-
ble. Most importantly, in addition to high performance, the substrate configuration perovskite
device exhibits a remarkably high average transmittance of 80.4% between 800-1200 nm,
which enables us to demonstrate polycrystalline all-thin-film device in 4-terminal tandem
configuration with efficiencies of 22.1% and 20.9% for Cu(In,Ga)Se; and CulnSe, bottom so-

lar cell, respectively.

Substrate configuration perovskite device architecture

Figure 2a schematically illustrates the device architecture of substrate configuration per-
ovskite solar cells. The multi-layer device is grown on a glass substrate coated with a high-
mobility (> 130 cm” V''s™") transparent crystalline In,O3:H back contact, which was deposited
by radio-frequency (RF) magnetron sputtering. The basic physical characteristics of In,O3:H
films are shown in Supplementary Fig. 1. The perovskite absorber layer, grown by a modified

22:271 is sandwiched by solution processed

hybrid thermal evaporation/spin coating technique
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) hole transporting material and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/ZnO nanoparticles bi-layer electron
transporting materials. The device was completed by deposition of a ZnO:Al front contact by
RF-magnetron sputtering and Ni-Al grid by e-beam evaporation. No anti-reflection coating is
applied. The cell size is defined by mechanical scribing down to the In,Os:H back contact.
More detailed device processing parameters can be found in Methods. We note that the glass
serves as a substrate, and the device is illuminated from the film side as displayed in Fig. 2b.
The scanning electron microscopy (SEM) image presented in Fig. 2¢ confirms the designed
planar structure, and reveals a compact and flat perovskite layer with average grain size larger

than the film thickness. As shown in Supplementary Fig. 2, the chlorobenzene vapor treat-

ment during the thermal annealing process is critical to obtaining the compact and flat perov-
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skite absorber layer with a large average grain size. The use of PTAA and PCBM ensures an
efficient charge extraction and transport. The ZnO nanoparticles employed here not only alle-
viate the sputtering damage but also provide ideal band alignment with sputtered ZnO:Al.
Since both front and back contacts are highly transparent, the total transmittance through the
whole device stack is remarkably high with an average value of 80.4% between 800-1200 nm
as shown in Fig. 2d. The high near-infrared transmittance makes the device an ideal candidate
as a top cell in tandem applications with CIGS bottom cells as it allows more low energy pho-

tons to pass through.

Photovoltaic performance

Figure 3 presents the photovoltaic performance of an inverted planar perovskite solar cell
in substrate configuration measured under standard test condition (25 °C, simulated AM1.5G,
1000 W/m?). The cell was not encapsulated and the measurements were done in ambient air
with relative humidity of 50%. As can be seen from Fig. 3a, there is negligible divergence of
J-V characteristics (generally referred to J-J hysteresis) whether measured in forward (-0.5 V
to 1.2 V) or backward (1.2 V to -0.5 V) directions. Moreover, the J-J curves measured in
backward scan are almost identical regardless of the scan velocity varying from18 to 190 mV
s as shown in Fig. 3b. Maximum power point (MPP) under continuous illumination is meas-
ured to evaluate the power conversion efficiency at operating conditions. The photovoltaic pa-
rameters at MPP as a function of time are plotted in Fig. 3c. The cell reaches a steady-state 77
of 16.1%, Jypp of 17.5 mA/cmz, and Vypp 0f 0.92 V at MPP after 80 min of continuous illu-
mination. The J-V characteristics of the perovskite solar cell with an area of 0.286 cm? illumi-
nated from the film side measured after MPP show a Voc of 1.116 V, a short circuit current
density (Jsc) of 19.1 mA/cm?, and a fill factor (FF) of 75.4%, yielding a power conversion ef-
ficiency (77) of 16.1%. The Jsc value is obtained by integrating the external quantum efficien-
cy (EQE) spectrum over the AM1.5G photon flux as shown in Fig. 3d. If the device is illumi-
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nated from the glass side, a steady-state efficiency of 15.2% is obtained as presented in Sup-
plementary Fig. 3.

The hole transporting layer is critical for achieving high Voc and high performance in in-
verted p-i-n device structure’®®. The widely used PTAA!" and Spiro-OMeTAD™ HTL in su-
perstrate configuration perovskite solar cells are not suitable candidates when using volatile
additive 4-fert-butylpyridine (/BP) and hygroscopic dopant lithium bis (trifluoromethanesul-
fonyl)imide (Li-TFSI)"**!, and will degrade during device processing. Previously most invert-
ed perovskite solar cells employed PEDOT:PSS as the HTL and exhibited a V¢ less than 1 V

.32 . . .
13032 Besides, various promis-

due to the severe charge injection loss at PEDOT:PSS interface
ing HTLs, including PTAA, have also been explored to fabricate efficient inverted perovskite
solar cells in superstrate configuration.** Inspired by these achievements, we minimized the
interfacial loss by using 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ)
doped PTAA as the stable HTL, which was recently introduced by Wang et al. in superstrate

configuration*¥.

Light soaking effect and current limitations

The performance reported in the previous section was obtained after 80 min of white
light soaking (AM1.5G one-sun) at MPP condition. The device shows a reversible light soak-
ing effect as illustrated in Fig. 4a. On initial light exposure, Voc of 1.097 V, Jsc of 19 mA/cm?,
FF of 41.4%, and 7 of 8.6% in backward scan, and Voc of 1.1 V, Jsc of 19 mA/cmz, FF of
42.3%, and 7 of 8.8% in forward scan are obtained. The slightly improved FF and 7 in for-
ward scan are probably due to the light exposure during the backward scan. Upon continuous
light soaking, the MPP gradually increases from the initial state (refer to relaxed state) to the
steady-state (refer to light soaked state) over time (Fig. 4a). After ~80 min of light soaking,
the FF increases substantially while Jsc and Voc remains unchanged, resulting in a significant-
ly improved efficiency of 16.1%. We note that J-V divergence is negligible before and after
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light soaking, and the Vypp can reach steady-state very rapidly (~3 s) in the light soaked state
as shown in Fig. 4b. When the cell is stored in the dark, it gradually relaxes to the initial state.
This process is rather slow and takes usually more than 24 h.

To analyse the origin of the light soaking phenomenon (mainly the change of the fill fac-
tor) in our devices, dark and illuminated current-voltage characteristics were measured in the
relaxed state as well as in the light soaked state from 123 K up to 303 K in steps of 10 K (see
Supplementary Fig. 4). The measurement in the light-soaked state was done by tracking the
MPP at room temperature until a steady state was achieved (~1h light soaking at MPP). Sub-
sequently, the sample was cooled down to low temperature (123 K) while keeping the illumi-
nation on. At this temperature the state of the sample is not expected to change anymore. Dur-
ing sample heating between different temperatures the sample was always kept under
illumination. For the measurement of the relaxed state, the sample was exposed to illumina-
tion only for the time period (< 5 s) needed to measure the illuminated J-V curves.

The series resistance, r,, was extracted using the method proposed by Sites et al.**! and
Hegedus et al.*®! from the respective dark J- curves in the relaxed and light soaked state.
The series resistance is plotted in an Arrhenius diagram in Figure 4c. For a thermally activat-
ed series resistance a straight line is expected. However, as the constant series resistance also
contributes due to the device architecture, deviations from a straight line are observed. There-
fore, the series resistance can be represented by equation (1)

rs= Ro+ c exp(6s/kT) (1)
where R denotes the constant part and the second term, the thermally activated part of the se-
ries resistance. The constant ¢ contains only weakly temperature dependent variables, 6 is the
activation energy, k the Boltzmann constant and 7 the absolute temperature. The fits to equa-
tion (1) are shown as a dashed blue and red line for the relaxed and light soaked state, respec-

tively, and the parameters are summarized in Supplementary Table 1.



First we discuss the constant part of the series resistance Ry. In the relaxed state, the se-
ries resistance amounts to 9.2 Qcm’. In the light soaked state, a significantly lower value of
2.3 Qcm’ is obtained from the fit. The still rather large value in the light soaked state may
originate from the In,O3:H back contact. The observed strong decrease of the temperature in-
dependent series resistance could be attributed to the ZnO nanoparticles. Indeed, previous
studies show an illumination dependent photoconductivity of ZnO nanoparticles”’>"!. Replac-
ing the solution processed ZnO nanoparticles with a sputtered ZnO layer eliminates the light
soaking effect as shown in Supplementary Fig. 5. Also in this case, the device shows negligi-
ble divergence of J-V characteristics if measured in forward or backward direction. However,
the processing still needs further optimization in order to reach comparable device perfor-
mance. We also tried Al doped ZnO nanoparticles to replace undoped ZnO nanoparticles, but
so far we were not able to obtain satisfactory results.

The other two parameters ¢ and 0 describing the thermally activated part of the series
resistance could be related to a barrier blocking of the injection current. The activation energy
Op for the light soaked measurement can be well evaluated as a clear temperature dependence
is observed (see Figure 4c). However, the fitted value in the relaxed state is more difficult to
determine as the overall series resistance is high due to Ry, and therefore masks the tempera-
ture dependent part. Thus, from this evaluation it is not clear yet if the barrier height changes
upon illumination. Nevertheless, with the given values for ¢ and 05 the contribution to the se-
ries resistance at room temperature (300 K) due to the barrier can be evaluated to be 0.5 Qcm®
in the light soaked state. Thus, reducing the barrier would further lower the series resistance
and improve the fill factor in the light soaked state.

In contrast to the injection of carriers, there is no barrier observed for the extraction of
the photogenerated charge carriers, which is shown in Fig. 4d. Plotted is an Arrhenius dia-
gram for the Jgc. Clearly, a linear decrease is observed when measuring at low temperatures,

indicating a limited current transport for the photogenerated carriers. From the slope of a line-
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ar fit the activation energy of the barrier for the photogenerated carriers can be calculated to
be 27 meV and 18 meV in the relaxed and light soaked state, respectively. As compared to the
measured barrier 6 for the injection current (see Supplementary Table 1), a much smaller

value is obtained for the photogenerated current.

Thermal- and photo-stability

Besides the conversion efficiency, the performance stability of the solar cells at operating
conditions is of great importance for wide-spread applications and successful commercializa-
tion. Previously, the majority of stability investigations only reported the shelf stability of de-

[40-42]

vices stored in dark conditions , and very few studies attempted to evaluate stability under

13- 4344 Moreover, even less attention has been paid to the device sta-

continuous illumination
bility under combined illumination and temperature above 60 °C simultaneously, which re-
sembles the real operating conditions!** 2> %], We note that the shelf stability is not a suitable
indicator to ensure a good stability under operating conditions. We observe that a cell with an
initial efficiency of 15.8% shows no degradation after more than 1000 hours storage at room
temperature under vacuum. Here we conducted preliminary stability tests on unencapsulated
cells to investigate the thermal- and photo-stability of the substrate configuration perovskite
solar cells close to operating conditions. To minimize the external influence of moisture and
oxygen, all the measurements are carried out under vacuum (base pressure: < 5x10™* mbar)
with controlled temperature. [llumination in this setup is provided with a halogen lamp and
adjusted such that the perovskite solar cell yields the same Jsc as in standard test conditions.
Previous reports showed that perovskite solar cells tend to degrade rapidly in the first 10
hours during constant illumination without intentional heating!®****]. As can be seen from
Fig. 5a, the Jupp, Vmpp and Pypp of @ 16.1% cell are very stable without degradation during

the 10 hours MPP measurement at 25 °C, suggesting a promising photo-stability of the device.

The slightly lower Vypp and Pyvpp measured in this scenario is due to the spectral mismatch of



the halogen lamp with the AM1.5G spectrum. Similar measurements were performed at 45 °C
and 65 °C substrate temperature as shown in Fig. 5b and Supplementary Fig. 6, respectively.
The device performance remains unchanged during continuous illumination at 45 °C for 9
hours. At 65 °C substrate temperature, degradation of the perovskite solar cell is observed.
Specifically, after more than 60 hours stressing at 65 °C, the device power output is still
above 70% of its original value. This is a very promising result considering the full area illu-
mination on unencapsulated device in vacuum. Meanwhile, as shown in Fig. 5c, the substrate
configuration perovskite solar cells exhibit a superior temperature coefficient of -0.18%/°C
(temperature range: 25 - 65°C, MPP measurments see Supplementary Fig. 6), which is better
than reported value for perovskite solar cells”*", and smaller compared to CdTe (-0.28%/°C,
from First Solar module) and CIGSPY (-0.38%/°C, from Solibro module) thin film solar cells,

and crystalline Si solar cells"® (-0.44%/°C, from Trina module).

Polycrystalline all-thin-film Perovskite-CIGS tandem devices

With such high-performance semi-transparent perovskite solar cells, we demonstrate
mechanically stacked perovskite-CIGS devices in 4-terminal tandem configuration. The per-
ovskite top cell and CIGS bottom cell are individually processed and mechanically stacked
together. In this case, the top cell and bottom cell are optically coupled while electrically de-
coupled?*!, meaning that we can measure the efficiencies of each subcell separately. Besides
the coherent merits of thin film technology, another advantage of CIGS over c-Si is that the
bandgap of CIGS can be easily tuned by varying the [Ga]/([Ga]+[In]) ratio in the absorber to
realize current matching. Here, we demonstrate the feasibility of adjusting the current of the
bottom cell by comparing two different absorbers, i.e., the state-of-the-art CIGS composition
and Ga-free CulnSe, (CIS) with bandgaps of 1.15eV and 1eV, respectively. The fabrication
processes of CIGS and CIS solar cells are described in detail by Chirila et al.l'*) The J-7

curves and EQE spectra of the perovskite top cell and CIGS bottom cell are displayed in Fig.
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6, and the corresponding photovoltaic parameters are summarized in Table 1. The efficiencies
of the CIGS and CIS used have 19.2% and 13%, respectively. Combined with the 16.1% per-
ovskite top cell, efficiencies of 22.1% and 20.9% are measured in 4-terminal tandem configu-
ration, as summarized in Table 1. Absolute efficiency gains of 2.9% (CIGS bottom cell) and
4.8% (CIS bottom cell) are achieved compared to the highest efficient subcell. We note that
the Jsc of CIS bottom cell already reaches a value of 15.3 mA/cm” without an anti-reflection
coating. Further improved collection in the near-infrared region of the CIS cells will enable
current matching monolithic tandem devices to be build without sacrificing the high energy
photons in the top cell. Due to the low temperature processing of the substrate configuration
inverted perovskite solar cells, directly monolithic growth on the CI(G)S bottom cells is fea-

sible.

Flexible perovskite solar cells on polyimide substrate

The low-temperature process, reported here, for inverted substrate configuration perov-
skite solar cells opens new avenues for novel device structure design. High optical transmit-
tance of the substrate material is no longer a requirement and the perovskite solar cells can be
grown on flexible polymer films or metal foils. As a proof-of-concept, we fabricated planar
perovskite solar cells on 50 um thick flexible polyimide film, and the results are shown in
Supplementary Fig. 8-10. The flexible perovskite solar cell grown on polyimide shows a
steady state efficiency of 8% (cell area: 0.293 cm?) under standard test condition with an anti-
reflection coating. Intriguingly, the cell showed higher steady state efficiency of 9% at 80 °C,
particularly both the Vypp and Jypp increased as compared to values obtained at 25 °C. This
could result from a barrier for photogenerated carriers due to unfavorable band alignment
somewhere in the device, which needs further investigation. Most importantly, the devices
demonstrated good stability at 81 °C for 2 hours under continuous simulated AM1.5G illumi-

nation (100 mW/cm?) as shown in Supplementary Figure 10. It is to be noted that the device
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was not encapsulated and the measurements were done in ambient air with relative humidity
of 50%. The observed efficiency gap for the device grown on polyimide originates most prob-
ably from handling issues during spin coating processing. Higher efficiency is expected by

further optimizing the processing procedure.

Conclusions

In conclusion, we have demonstrated 16.1% efficiency inverted semi-transparent planar per-
ovskite solar cells in substrate configuration along with 80.4% average transmittance between
800-1200 nm. The use of F4-TCNQ doped PTAA as stable hole transporting layer and
PCBM/ZnO nanoparticles as electron transporting layers enable fabrication of substrate con-
figuration perovskite devices with negligible divergence of J-V characteristics. The devices
also show a superior temperature coefficient of -0.18%/°C in the temperature range of 25-

65 °C and promising thermal- and photo-stability at operating conditions. We observe a re-
versible light soaking effect in the high performance devices, and suggest that the illumination
dependent photoconductivity of the ZnO nanoparticles might be responsible for this observa-
tion. By using these semi-transparent perovskite solar cells, we further demonstrated efficien-
cies of 22.1% and 20.9% in 4-terminal tandem configuration together with CIGS and CIS so-
lar cells, respectively. The absolute efficiency gains are 2.9% and 4.8% in CIGS and CIS
compared to the highest efficient bottom cell in each case. The substrate configuration perov-
skite solar cells open new avenues for novel device structure design and have potential for ul-

tra-high efficiency polycrystalline all-thin-film tandem devices with CI(G)S as the bottom cell.

12



Methods

Materials:

In,03 (99.99%) and ZnO (99.99%) targets were bought from Plasmaterials (US), and Al
doped ZnO (containing 2 wt% Al,Os) target was bought from Materion (99.995%). PCBM
(PCs1BM, 99.5%) was bought from Solenne BV (Netherland). PTAA (702471 ALDRICH)
and F4-TCNQ (97%, 376779 ALDRICH) were bought from Sigma-Aldrich. CH;NH;I (pow-
der, ITEM# MS101000) and Pbl; (ultra dry, 99.999%, metals basis) were purchased from
Dyesol (Australia) and Alfa Aesar, respectively. Undoped ZnO nanoparticle ink (793361
ALDRICH, Synonym: Nanograde N-10, 2.7 wt.% (crystalline ZnO dissolved in isopropanol),
particle size: 10-15 nm) was bought from Sigma-Aldrich. All chemicals are used as received
without any further treatment for purification.

Perovskite solar cell fabrication:

Perovskite solar cells were grown on 1 mm thick soda lime glass (Thermo Scientific) sub-
strates without diffusion barrier. Glass substrates were washed by hand first and then subject-
ed to soap and de-ionized water sonification bath at 85 °C each for 15 min. A 360 nm thick
In,Os:H transparent back contact was deposited by RF-magnetron sputtering at room tempera-
ture. Transparent glass substrates (2.5 cm x 2.5 cm) coated with In,O;:H were annealed at
200 °C for 20 min in N; filled glovebox before use. The hole transporting layer was prepared
by spin coating 25 ul of PTAA solution (5 mg/ml in toluene doped with 1 wt% F4-TCNQ) at
6000 r.p.m. for 45 s, followed by thermal annealing at 105 °C for 10 min. Afterwards, a 200
nm Pbl, compact film was thermally evaporated on rotating PTAA/In,O3:H/glass without in-
tentional heating. The deposition rate was controlled within 1-1.5 A s, and the deposition
pressure was between 3 - 6 x 10™° mbar. After the Pbl, deposition, samples were transferred
into glovebox for further processing. The perovskite layers were formed by spin coating of
CH;NH;I (MALI) solution. Specifically, 250 pl of MAI solution (75 mg/ml in isopropanol)
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was first spread on Pbl, surface, and then wait 5 s before starting the rotation at 2000 r.p.m.
for 45 s. The as-deposited films were annealed at 100 °C for 60 min on glass petri dish on
hotplate. After 5 min annealing, 10 ul chlorobenzene solution was added at the inner edge of
petri dish which was then covered by slightly larger petri dish lid. For electron transporting
layer, 25 pl PCBM solution (20 mg/ml in chlorobenzene) was spin coated at 4000 r.p.m. for
45 s followed by 60 min annealing at 105 °C covered by petri dish with presence of 10 pl
chlorobenzene. In addition, 25 pl undoped ZnO nanoparticles was spin coated on top of
PCBM at 4000 r.p.m. for 45 s to form bi-layer electron transporting materials. The ZnO nano-
particles were dried at 100 °C for 60 s to evaporate the solvent. Finally, the samples were fin-
ished with ZnO:Al front contact by RF-magnetron sputtering and Ni-Al (50 nm/4000 nm) me-
tallic grid by e-beam evaporation. No anti-reflection coating is applied in this study unless
otherwise stated. The glass substrate is substituted by polyimide (50 um) film for flexible
perovskite solar cells.

Deposition of InO3:H back contact:

In,O3:H films were deposited in a high vacuum sputtering system (AJA Intl.) by RF-
magnetron sputtering of ceramic In,Os target at an applied sputter power density of 3.0
W/em?® without intentional heating of the substrate. The reactive atmosphere consisted of a
gas mixture of Ar, O,, and H,O at a total pressure of 0.6 Pa. H,O vapor for H doping was in-
jected via a needle valve with a partial pressure of ~1 x 10 Pa. The deposition time is 180
min, which corresponds to 360 nm In,Os3:H in amorphous structure. The sheet resistance of
as-deposited film is around 11 Q sq.” measured by 4-probe method. The In,Os:H films were
annealed at 200 °C for 20 min in N; filled glovebox to obtain highly transparent and high-
mobility crystalline In,Os:H films.

Deposition of ZnO:Al front contact:
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ZnO:Al layers were deposited in a high vacuum sputtering system by RF-magnetron sputter-
ing of ceramic ZnO (containing 2 wt% Al,Os) target. The deposition consist of a 5 min depo-
sition ramp up from 0.6 W cm™ to 2.5 W cm™ and followed by 3x3 minutes at 2.5 W cm™
under 20 sccm Ar, and 0.29 sccm Ar/O; (3 mol % O5). There is a 30 min waiting time during
each step to minimize the temperature effect. The sheet resistance of as-deposited film on
glass is around 56 Q sq.”' measured by 4-probe method.

X-ray diffraction measurements:

X-ray diffraction patterns were obtained in Bragg-Brentano geometry by using a X’Pert PRO
0-20 scan (Cu-K,; radiation, A = 1.5406 A) from 10 to 60° (20) with a step interval of 0.0167°.
Scanning electron microscopy:

The cross-sectional images of the samples were investigated with a Hitachi S-4800 Scanning
Electron Microscope using 5 kV acceleration voltage. A thin layer (~1 nm) of Pt was coated
on top of the samples to avoid charging effect.

UV-Visible spectroscopy:

The total transmittance (7) and reflectance (R) spectra were acquired using a UV-Vis-NIR
spectrophotometer (Shimadzu UV-3600) equipped with an integrating sphere.

Solar cell performance characterization:

The current density-voltage characteristics of perovskite solar cells were measured using a
ABA class solar simulator and Keithley 2400 source meter. The illumination intensity was
calibrated to 1000 W m™ using a certified single crystalline silicon solar cell. The substrate
temperature is kept at 25 °C using Peltier element. The J-V measurements were performed in
both forward (form -0.5 V to 1.2 V) and backward (from 1.2 V to -0.5 V) direction seperately
without any pre-treatment (e.g.: holding at forward bias for certain time etc.). The step size is
20 mV and the scan velocity varies from18 to 190 mV s™. The external quantum efficiency of
the cells were measured with a lock-in amplifier. The probing beam was generated by a

chopped white source (900 W, halogen lamp, 260 Hz) and a dual grating monochromator. The
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beam size was adjusted to ensure that the illumination area was fully inside the cell area. The
shading effect of metallic grid was taken into account by including middle grid line into the
illuminated area. A certified single crystalline silicon solar cell was used as the reference cell.
White light bias was applied during the measurment with a halogen bias lamp. A spectral
missmatch correction has been applied to the J-V measurements based on the EQE current.
The Jsc value is obtained by integrating the external quantum efficiency (EQE) spectrum over
the AM1.5G photon flux and used to calculate the power conversion efficiency of the solar
cells. The steady-state efficiency as a function of time was recorded using a maximum power
point tracker, which adjusts the applied voltage in order to reach the maximum power point
(perturb and observe algotrithm). The starting voltage is set to be 0.1V.

4-Terminal tandem measurements:

The efficiency of the device in 4-terminal configuration was determined as the sum of the top
cell efficiency determined as described above and the bottom cell efficiency measured as
follows: The perovskite top cell was stacked on top of the CI(G)S bottom cell using a laser
scribed insulating mask to separate the bottom cell from the top cell. The corresponding
aperture area is defined by the mask openning and is 0.213 cm” in all measurements shown
here. A schematic illustration of the measuement configuration can be found in the
Supplementary Fig. 11 in reference 22. The metallic grid in top cell is also taken into account
during the characterization of bottom cells. The measurements of J-V and EQE were carried
out with the methods described above while being illuminated through the complete semi-
transparent perovskite top cell (including metallic grid). A spectral correction has been
applied to the J-V measurements based on the EQE current.

Temperature dependent J-V characterization:

Temperature dependent J-V curves were recorded from 123 K up to 303 K in steps of 10 K in
the dark as well as under illumination in vacuum (base pressure < 5 x 10 mbar). A halogen

lamp was used as light source and the illumination intensity was adjusted to yield the Jsc to
16



match the value obtained under standard test condition. The measurement in the light soaked
state was done by tracking the MPP at room temperature until a steady state was achieved
(~1h light soaking at MPP). Subsequently, the sample was cooled down to low temperature
(123 K) while keeping the illumination on. During sample heating between different tempera-
tures, the sample was always kept under illumination. For the measurement of the relaxed
state, the sample was exposed to illumination only for the time period (< 5 s) of the illuminat-
ed J-V curve. Barriers for the extraction of photogenerated carriers might be present in the de-
vice structure and may limit the current flow at low temperatures. In that case the maximal
current which can surpass such a barrier is proportional to exp(-E,/kT) (see for example Refs.
53-54]). In this work, an Arrhenius plot of the short circuit current density has been carried

and the activation energy is obtained from a linear fit at low temperatures.

Data availability statements
The data that support the plots within this paper and other findings of this study are available

from the corresponding author upon reasonable request.
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Figures and tables

Figure 1. Perovskite solar cell configurations. a, b, Schematic of a perovskite solar cell in
the conventional superstrate configuration (a) and the substrate configuration (b). The arrows
represent the light illumination direction. The ETM and HTM stands for electron transport
material and hole transport material, respectively.
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configuration configuration
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Figure 2. Inverted semi-transparent planar perovskite solar cells in substrate configura-
tion. a, b, ¢, The schematic illustration (a), photograph (b), and SEM micrograph (¢) of sub-
strate configuration planar perovskite solar cells grown on glass substrate. The arrows in Fig.
2a represent the light illumination direction. The substrate size shown in Fig. 2b1s 2.5 x 2.5
cm’. d, The transmittance throught the whole device stack. The average transmittance is
80.4% between 800 to 1200 nm.
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Figure 3 | Photovoltaic performance characterizations. a, The current density-voltage (J-V)
curves in forward (-0.5 V to 1.2 V) and backward scan (1.2 V to -0.5 V) with 20 mV step size
and scan velocity: 190 mV s measured under standard test condition (25°C, simulated
AMI.5G, 1000 W/m?). The device was light soaked at maximum power point (MPP) for 80
min prior to measurements. b, The J-V curves in backward scan direction with different scan
velocity varying from 18 to 190 mV s™. ¢, The steady-state output at maximum power point

of the corresponding cell under continuous simulated AM1.5G one sun illumination. d, The
external quantum efficiency (EQE) spectum. The calculated Jsc from EQE curve is 19.1
mA/cm®. It is to be noted that the device was not encapsulated and all the measurements were
performed in ambient air with relative humidity of 50%. No anti-reflection coating is applied.
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Figure 4. Light soaking effect. a, The reversible light soaking effect of the device shown in
Fig. 3. The device state before and after the light soaking treatment at MPP were referred to
relaxed state and light soaked state, respectively. b, The comparison of Vypp transient for the
relaxed state and light soaked state. ¢, d, The Arrhenius plot of the series resistance 75 (¢) and
Jsc (d) for the relaxed state and light soaked state. The fits in Fig. 4c is based on equation (1)
and the fits in Fig. 4d is decribed in more detail in Methods.
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Figure 5. Thermal- and photo-stability. a, b, The maximum power point measurements for
the substrate configuration perovskite solar cell (initial efficiency of 16.1% under standard
test conditions (STC)) on 25 °C (a), 45 °C (b) substrate temperature. ¢, The temperature coef-
ficient of substrate configuration perovskite solar cell (initial efficiency of 15.3% under STC)
in temperature range between 25 - 65 °C. A linear fits (dashed line) is used to guide the eyes.
The devices were not encapsulated and the measurements were done in cryostat chamber un-
der vacuum (base pressure < 5 x 10™* mbar) with full area one-sun illumination. A halogen
lamp is used as light source and the intensity is adjusted to be one sun. An 3 mm fluorine-
doped tin oxide (FTO, TEC-15) coated glass is put in front of the light source to minimize the
heating effect from infrared light. We note that the Voc and FF values measured in cryostat
chamber are lower than that measured under STC.
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Figure 6. Polycrystalline all-thin-film perovskite-CIGS 4-terminal tandem solar cell. a, b,
the current density-voltage curves (a) and EQE spectra (b) of the perovskite-CIGS in 4-
terminal tandem configuration. ¢, d, the current density-voltage curves (¢) and EQE spectra (d)
of the perovskite-CIS in 4-terminal tandem configuration.
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Table 1 | Photovoltaic parameters of the polycrystalline all-thin-film perovskite-CIGS
solar cells in 4-terminal tandem configuration. Absolute efficiency gains of 2.9% (CIGS)
and 4.8% (CIS) are achieved compared to the highest efficient subcell. (Jsc values were inte-
grated from EQE spectra and then used to calculate the power conversion efficiencies for all
solar cells shown below.)

Voc  Jsc(EQE) FF n MPP (el area

Solar cell 2
V) (mAlm®) (%) (%) (%)  (m)

Perovskite top cell 1.116 19.1 75.4 16.1 16.1 0.286
CIGS (standalone) 0.696 35.6 77.3 192 19.2 0.213
CIGS bottom cell ~ 0.669 12.1 73.6 6.0 6.0 0.213

Perovskite-CIGS
4-terminal tandem

22.1
CIS (standalone) 0.453 39.2 73.1 13.0 13.0 0.213
CIS bottom cell 0.428 15.3 73.1 48 4.8 0.213

Perovskite-CIS

4-terminal tandem 20.9
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Supplementary Figure 1. Physical properties of In,Os:H films. a, The SEM and X-ray dif-
fraction (XRD) patterns of In,O;:H film before and after thermal annealing treatment. b, An-

nealing time dependent carrier density and carrier mobility of In,O3:H films. ¢, The transmis-
sion and absorption of In,O3:H film on glass substrate.
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Supplementary Figure 2. The effect of chlorobenzene vapor treatment on perovskite
morphology. a, b, ¢, The top view (a, b) and cross-section (¢) SEM images of perovskite ab-
sorber without chlorobenzene vapor treatment. The average grain size is small, and the perov-
skite surface is very rough with terrace-like texture. d, e, f, The top view (d, e) and cross-
section (f) SEM images of perovskite absorber with chlorobenzene vapor treatment. The aver-
age grain size increased significantly and the surface became much more even after the chlo-
robenzene vapor treatment. It is to be noted that the Pbl, films are evaporated in the same run,
and all other processing conditions are same except for the chlorobenzene vapor treatment
during thermal annealing at 100°C for 60 min. The observed wide grain boundaries originate
from the electron beam induced decomposition of the perovskite crystals.
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a, b, ¢, The J-V curves (a), EQE spectra (b), and steady state output (c) of the best cell (shown
in Fig. 3) illuminated from the glass side. It is to be noted that the measurements were per-
formed in the light soaked state.
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Supplementary Figure 4. Temperature dependent J-V characteristics. a, b, The illumi-
nated and dark temperature dependent J-V curves in light soaked state. ¢, d, The illuminated
and dark temperature dependent J-V curves in relaxed state.
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Supplementary Figure S. Planar perovskite solar cell with RF-magnetron sputtered
ZnO. a, The schematic device structure of perovskite solar cell with sputtered ZnO (substitute
for solution-processed ZnO nanoparticles). b, ¢, The J-V curves (b) and steady-state output (c)
for device with sputtered ZnO before and after MPP measurement. The negligible change in
J-V curves and short time to reach steady state indicate the absence of light soaking effect in
device with sputtered ZnO electron transporting layer. Intrinsic ZnO films were deposited in a
high vacuum sputtering system (AJA Intl.) by RF-magnetron sputtering of ceramic ZnO tar-
get at an applied sputter power density of 2.4 W/cm?” without intentional heating of the sub-
strate. The reactive atmosphere consisted of a gas mixture of Ar and Ar/O; at a total pressure
of 0.16 Pa. The deposition time is 25 min, which yields 30 nm thick ZnO films.
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Supplementary Figure 6. Device stability at 65 °C under constant one-sun illumination.
a, b, The maximum power point measurements for the substrate configuration perovskite so-
lar cell aging at 65 °C substrate temperature for 5 hours (a) and 60 hours (b). The device

maintained above 70% of its original value after more than 60 hours aging at 65°C. The de-

vices were not encapsulated and the measurements were done in cryostat chamber under vac-

uum (base pressure < 5 x 10™ mbar) with full area one-sun illumination. A halogen lamp is
used as light source and the intensity is adjusted to match Jsc for one sun illumination. A 3

mm fluorine-doped tin oxide (FTO, TEC-15) coated glass was put in front of the light source
to minimize the heating effect from infrared light.
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Supplementary Figure 7. Steady-state output of substrate configuration perovskite so-
lar cells at different temperature. The cell was not encapsulated and the measurements were
done under vacuum. The device was light soaked for more than 1 hour at room temperature to
reach steady-state before each measurement. The measurements were done after the tempera-
ture was stabilized at desired temperature point.
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Supplementary Figure 8. Planar perovskite solar cells grown on flexible polyimide sub-
strate. a, The schematic device structure of the flexible perovskite solar cell. b, Photograph of
50 um polyimide substrate (upper one) and with perovskite solar cell grown on top of it (low-
er one). ¢, The J-V curves of flexible perovskite solar cells measured under standard test con-
dition (STC: 25 °C, AM1.5G, 1000 W m™). Small degree of hysteresis is observed between
forward and backward scan. d. Steady state output at maximum power point (MPP) under
STC. e, The EQE spectra of corresponding cell measured with and without 105 nm anti-
reflection coating. The integrated Jsc from EQE agrees well with value extracted from J-V
scan. The cell area is 0.293 cm” defined by mechanica scribing down to back In,O3:H and an-
ti-reflection coating is applied in this case. The device was not encapsulated, and all the
measurments are conducted in ambient air with relative humidity of 50%.
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Supplementary Figure 9. Device performance of flexible perovskite solar cells at elevat-
ed temperature (80 °C). a, The J-V curves of flexible perovskite solar cell (same cell as
shown in Supplementary Figure 8) measured at 80 °C under simulated AM1.5G one-sun illu-
mination. The hysteresis almost disappeared at high temperature and efficiency improved as
compared to value measured at 25°C. b. Steady state output at maximum power point (MPP)
measured at 80 °C. ¢. MPP measurement for 30 min at 80 °C. The device remains stable un-
der continuous illumination at elevated temperature. The device was not encapsulated, and all
the measurments are conducted in ambient air with relative humidity of 50%.
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Supplementary Figure 10. Performance stability of flexible perovskite solar cells meas-
ured at elevated temperature (81 °C). The measured cell was the same as shown in Sup-
plementary Figure 8-9, but without anti-reflection coating. The cell (without encapsulation)
was kept at MPP under continuous simulated AM1.5G one-sun illumination at 81°C. All the
measurments were peformed in ambient air with relative humidity of 50%. The device did not
show sign of degradation. The steady state efficiency is higher than value obtained at 25 °C.
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Ry (Qcm?) O (meV) ¢ (Qcm?)
Relaxed state 9.2 165 3.6e-4
Light soaked state 2.3 257 2.2e-5

Supplementary Table 1: Fitting results for the temperature dependent series resistance
presented in Fig. Sc.
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