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Figure 4. Operational stability at elevated temperature. a) The V¢, b) Jsc, ) FF, and d) efficiency evolution of graded perovskite solar cells measured
under STC after stressing at different conditions. Non-encapsulated graded (MAPbl;:MABr (2.5 mg mL™")) and reference (MAPbI;) devices were kept
at MPP condition under continuous equivalent 1 sun illumination at various temperature for 1 week. White light emitting diodes (LEDs) array was
employed as light source and temperature was controlled and monitored by temperature sensor near the device. The devices were stressed under full
area illumination in 500 mbar N, atmospheres. e) The photographs of graded perovskite (MAPbl3:MABr (2.5 mg mL™")) cell after 1 week stress at 60
and 80 °C. f) The normalized efficiency of graded perovskite cells using FAPbI;:MABr (10 mg mL™") absorbers. Power supply was unintentionally off
during the measurement. g) The J-V curves and h) EQE spectra of graded mixed cations and mixed-halide perovskite (FAPbl;:MABr (10 mg mL™))
solar cells measured before and after 1000 h stress at 60 °C under STC.
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Figure 5. Perovskite-CIGS thin-film tandem solar cells. a) The J-V curves and b) EQE spectra of the perovskite-CIGS thin-film tandem solar cells in

4-terminal configuration.

from previous work by implementing RbF postdeposition treat-
ment.[3%] The J-V curves and EQE spectra of the tandem
subcells are displayed in Figure 5, and the corresponding photo-
voltaic parameters are summarized in Table 1. We started with
a 16.8% perovskite top cell, which absorbs the visible light and
transmits the near-infrared light (as well as part of visible light
due to incomplete absorption in perovskite top cell) into bottom
CIGS cell. The standalone CIGS cell has an initial efficiency of
19.4%, which contributed 5.9% when operating as bottom sub-
cell in 4-terminal tandem configuration after stacking perovskite
subcell on top of it. The mechanism of efficiency improvement
by tandem concept is schematically illustrated in Figure S25 in
the Supporting Information. As the top and bottom subcells
operated at the respective maximum power point, the addition of
top and bottom subcells efficiencies in yields 22.7% efficiency in
4-terminal tandem configuration. This is the best value reported
so far for perovskite-CIGS thin film tandem devices, which is
comparable to the current record efficiency of 22.6% for CIGS
single junction grown at high temperature of =600 °C.*! Impor-
tantly, we achieved an absolute efficiency gain of 3.3% compared
to the highest efficient subcell (19.4% CIGS in this case), this
value is also comparable to the best-performing perovskite/Si
and all-perovskite tandem solar cells.[?223.25:33]

3. Conclusions

In conclusion, we have developed a facile partial ion-exchange
strategy to fabricate compositionally graded perovskite absorber
to simultaneously improve the efficiency and operational

Table 1. Photovoltaic parameters of the thin-film perovskite-CIGS solar cells in 4-terminal
tandem configuration. An absolute efficiency gain of 3.3% is achieved compared to the

highest efficient subcell.

stability in NIR-transparent perovskite solar cells. Spin coating
of organic bromide (MABr or FABr) solution onto starting
MAPDI; or FAPDI; absorber induced halide ion-exchange
and subsequent ions diffusion, which results in a perovskite
absorber with a Br composition gradient as verified by ToF-
SIMS element depth profiling. Incorporating compositional
grading improved charge collection and suppressed inter-
face recombination, enabling us to achieve improved Vo and
Jsc, and a steady state efficiency of 16.8% in NIR-transparent
perovskite solar cells with thick absorber (520 nm). In addi-
tion to improved efficiency, non-encapsulated NIR-transparent
perovskite device with graded absorber retained over 93% of
its initial efficiency after 1000 h operation at MPP condition at
60 °C under equivalent 1 sun illumination. When mechanically
stacked on CIGS solar cells, we demonstrated 22.7% efficiency
in 4-terminal tandem configuration with 3.3% absolute effi-
ciency gain compared to the highest single junction cell (19.4%
CIGS). The PIE approach offers a viable way to tailor the com-
position and morphology of the mixed-perovskite absorbers
which is not easily accessible by other methods, and our results
provide new direction in exploring compositional grading via
partial ion-exchange to perovskite solar cells.

4. Experimental Section

Perovskite Solar Cells Fabrication: Perovskite solar cells were grown on
commercial ITO coated glass (sheet resistance: 8 Q sq.”', Zhuhai Kaivo
Optoelectronics, P. R. China). The ITO glass was washed by hand first
and then subjected to soap and deionized water sonification bath at 85 °C
each for 15 min. The ITO glasses were then dried by compressed nitrogen
gun and used for solar cells processing without
additional ozone treatment. The hole transporting
layer was prepared by spin coating 30 uL of PTAA
(Sigma-Aldrich) solution (5 mg mL™' in toluene
doped with 1 wt% F4-TCNQ (97%, Sigma-Aldrich))
at 6000 r.p.m. for 45 s on 2.5 x 2.5 cm? substrate,

Solar cell Voc VI Jsc FF [%] n[%] MPP[%] Cell area Absolute followed by thermal annealing at 100 °C for 10 min.

[mA cm] [em?] gain Afterward, around 200 nm Pbl, (ultradry, 99.999%,

Perovskite top cell  1.116 19.9 75.7 16.8 16.8 0.273 Alfa Aesar) compact film was thermally evaporated

on rotating PTAA/ITO/glass without intentional

CIGS (standalone)  0.684 36.4 78.2 19.4 19.4 0.213 heating. The deposition rate was controlled

CIGS bottom cell ~ 0.645 .6 78.1 5.9 5.9 0213 within 1-1.5 A 57", and the deposition pressure

) was between 3 and 6 x 10® mbar. After the Pbl,
Perovskite-CIGS 22.7 0.213 3.3%

4-terminal tandem

deposition, samples were transferred into glovebox
for further processing. The mixed-perovskite layers
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were formed by partial ion exchange reaction which contains mainly
three stages. Firstly, the starting absorber, such as MAPbI; (or FAPbI;)
were prepared as follows: 300 UL of MAI (or FAI) solution (65 mg mL™
in isopropanol) was first spread onto Pbl, surface, and then immediately
started the rotation at 6000 r.p.m. for 45 s. The as-deposited films were
annealed at 100 (or 150 °C) for 10 min for MAPbI; (or for FAPbls). The
starting absorber (MAPbI; or FAPbI;) were subjected to spin coating
(6000 r.p.m. for 45 s) of organic bromide (MABr, FABr) to induce the ion-
exchange. Afterward, the absorbers were annealed at 100 °C for 1 h under
chlorobenzene vapor atmosphere. For electron transporting layer, 30 pL
PCBM (PC¢;BM, 99.5%, Solenne BV, Netherland) solution (20 mg mL™
in chlorobenzene) was spin coated at 5000 r.p.m. for 45 s followed by
60 min annealing at 100 °C covered by petri dish with presence of 10 pL
chlorobenzene. After cooling down, 30 uL undoped ZnO nanoparticles
(2.7 wt% (crystalline ZnO dissolved in isopropanol), Sigma-Aldrich) was
spin coated on top of PCBM at 4000 r.p.m. for 45 s. The ZnO nanoparticles
were dried at 100 °C for 60 s to evaporate the solvent. Finally, the samples
were coated with ZnO:Al front contact by RF-magnetron sputtering and
Ni/Al (50 nm/4000 nm) metallic grid by e-beam evaporation. Finally, all
cells were covered with a 105 nm MgF, antireflection coating deposited by
e-beam evaporation and single cells were defined by mechanical scribing
down to ITO back contact.

Deposition of Al:ZnO Front Contact: Al:ZnO layers were deposited in a
high vacuum sputtering system by RF-magnetron sputtering of ceramic
ZnO (containing 2 wt% Al,Os) target (99.995%, Materion). The deposition
consisted of a 5 min deposition ramp up from 0.6 to 2.5 W cm~ and
followed by 3 x 3 min at 2.5 W cm™ under 20 sccm Ar, and 0.29 sccm
Ar/O; (3 mol% O,). There was a 30 min waiting time during each step to
minimize the temperature effect. The sheet resistance of as-deposited film
on glass was around 56 Q sq.”' measured by 4-point probe method.

ToF-SIMS: Depth profiling data were obtained with ToF-SIMS 5
system from ION-TOF. Bi;" ions were used as primary ions and negative
ions were detected. Sputtering was performed using Cs* sputtering ions
with 500 — 1000 eV ion energy, 20-50nA ion current and a 500 x 500 pm?
raster size. An area of 100 x 100 um? was analyzed using Bis* ions with
25keV ion energy.

XPS: The XPS measurements were performed in a Quantum2000
from Physical Electronics using a monochromatized Al Ko source
(1,486.6eV). The measurements were recorded in the fixed analyzer
transmission mode, under an angle of emission of 45° and at an
instruments base pressure of below 5 x 10°mbar. Spectra were
recorded with a pass energy of £, = 29.5eV and an energy step size of
AE = 0.125 eV. Ar* ions and electrons were used to compensate possible
surface charging. The Br concentration was calculated by fitting the data
and using the relative sensitivity factor provided by Multipack software.

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

SEM: The cross-sectional SEM 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 effects.

UV—vis—NIR spectroscopy: The total transmittance (T) and reflectance
(R) spectra were acquired using a UV-vis—NIR spectrophotometer
(Shimadzu UV-3600) equipped with an integrating sphere.

Solar Cells 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~2 using a certified single crystalline silicon solar
cell. The substrate temperature was kept at 25 °C using Peltier element.
The J-V measurements were performed in both forward (form —0.5 to
1.2 V) and backward (from 1.2 to —0.5 V) direction seperately without
any pretreatment (e.g., holding at forward bias for certain time etc.). The
step size was 20 mV and the scan velocity varied from18 to 190 mV s7'.
The external quantum efficiency of the cells was 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 beam size was adjusted to ensure that the illumination area was
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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 was applied to the J-V
measurements based on the EQE current. The Jsc value was obtained by
integrating the 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 adjustsed the applied voltage in order to
reach the maximum power point (perturb and observe algotrithm). The
starting voltage was set to be 0.1 V.

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 was
defined by the mask openning and was 0.213 cm? in all measurements
shown here. The metallic grid in top cell was 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 semitransparent perovskite top cell
(including metallic grid). A spectral correction was applied to the J-V
measurements based on the EQE current.

Supporting Information

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