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Chemical composition and film quality are two key figures of merit
for large-area high-efficiency perovskite solar cells. To date, all
studies on mixed perovskites have used solution-processing, which
results in imperfect surface coverage and pin-holes generated
during solvent evaporation, execrably influencing the stability and
efficiency of perovskite solar cells. Herein, we report our develop-
ment using a vacuum co-evaporation deposition method to fabri-
cate pin-hole-free cesium (Cs)-substituted perovskite films with
complete surface coverage. Apart from the simplified procedure,
the present method also promises tunable band gap, reduced
trap-state density and longer carrier lifetime, leading to solar cell
efficiency as high as 20.13%, which is among the highest reported
for planar perovskite solar cells. The splendid performance is
attributed to superior merits of the Cs-substituted perovskite film
including tunable band gap, reduced trap-state density and longer
carrier lifetime. Moreover, the Cs-substituted perovskite device
without encapsulation exhibits significantly higher stability in
ambient air compared with the single-component counterpart.
When the Cs-substituted perovskite solar cells are stored in dark
for one year, the PCE remains at 19.25%, degrading only 4.37% of
the initial efficiency. The excellent stability originates from
reduced lattice constant and relaxed strain in perovskite lattice by
incorporating Cs cations into the crystal lattice, as demonstrated
by the positive peak shifts and reduced peak width in X-ray diffrac-
tion analysis.
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Superior stability for perovskite solar cells with
20% efficiency using vacuum co-evaporationt
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Introduction

Hybrid organic-inorganic halide perovskite has been con-
sidered as an attractive candidate for low-cost solar cell appli-
cations due to its high power conversion efficiency (PCE) and
straightforward fabrication process.'™ In just a few years, the
PCE of the perovskite solar cells (PSCs) has been raised from
3.8% to >22%°"'° by improved interface engineering,'"'?
device optimization'>'* and perovskite composition.">'® The
high performance is mainly attributed to the outstanding
properties of perovskite materials, such as large absorption
coefficient, long carrier diffusion length, favorable direct band
gap and high tolerance to defects."”™*°

At present, all high-efficiency PSCs use organic-inorganic
hybrid lead trihalide perovskites with chemical formula ABX;
as photoactive materials, where typically A is methyl-
ammonium (MA) or formamidinium (FA) cations, B is lead,
and X is a halide.”®*" To further improve the solar cell per-
formance, a variety of mixed perovskite materials are devel-
oped. For example, mixed halide was used to tune the band
gap and improve carrier transport to raise open-circuit voltage
(Voe).2>** A few metal cations including Sn, Ge, and Bi are
used to replace lead to generate more environmentally benign
materials.”*® FA has been used to partially substitute the
well-known MA to extend optical absorption further into the
near-infrared range to increase short-circuit current density
(Jse).'7?” Cs-doping is used not only to suppress perovskite
decomposition (exhibiting better stability to moisture), but
also to reduce trap density, leading to improved PSC
efficiency.”®*°

To date, all research on mixed or doped perovskite films
use solution-processing. When the solvent evaporates during
spin-coating and annealing treatment, it often leaves pin-holes
behind, giving imperfect surface coverage. Even though there
have been extensive studies using exotic compounds, such as
Pb(SCN), and PbS, to improve the film coverage and reduce
the pin-hole density,>®" it generates by-products, resulting in
inferior device performance.’**® In addition, the solution-
processed Cs-doping often generates mixed CsX precipitation
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in the perovskite due to limited solubility of CsX compared
with MAX, leading to mediocre solar cell efficiency.**

Vacuum evaporation has been demonstrated as an efficient
method to fabricate uniform and pin-hole-free perovskite films
with complete surface coverage.”>” Herein, we report our
success in fabricating Cs-substituted MA,;_,Cs,PblI; perovskite
films using a vacuum co-evaporation deposition method. The
resultant film is free of pin-holes, and is uniform with com-
plete surface coverage. It is found that the band gap of the
perovskite film can be fine-tuned within 1.605-1.651 eV by
adjusting the Cs content. Detailed analyses show that the
perovskite film has reduced trap-state density and longer
carrier lifetime. Compared with the pristine perovskite without
Cs, the PCE of the PSCs is increased from 15.84% to as high as
20.13% after the Cs substitution, which stands among the
highest efficiency for planar PSCs. More importantly, the
Cs-substituted PSCs using the vacuum co-evaporation method
exhibit extraordinary stability compared with the pristine
perovskite devices.

Results and discussion
Vacuum co-evaporation method

Scheme 1 illustrates the preparation process for Cs-substituted
perovskite films via the vacuum co-evaporation deposition
method. First, the PbCl, and CsCl were simultaneously evapo-
rated on fluorine-doped tin oxide (FTO)/TiO, substrate at
different evaporation rates in a chamber.
Subsequently, a layer of MAI powder was placed on the film of
PbCl,-CsCl mixture. Upon heating to 150 °C for 20 minutes,
PbCl, and CsCl were converted into the Cs-substituted perov-
skite. The color of the sample was changed from transparent
to dark after annealing, suggesting the formation of
MA,_,Cs,Pbl; perovskite. The experimental details are given in
the experimental section.

vacuum

Properties of Cs-substituted perovskites

By controlling the individual rate of evaporation, the Cs-to-Pb
ratio in the deposited film can be regulated. The composition

ﬁuum cham|
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Scheme 1 lllustration of the vacuum co-evaporation method to
deposit the Cs-substituted MA;_,Cs,Pbls perovskite thin film.
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and elemental distribution in the perovskite coating were
measured by X-ray photoelectron spectroscopy (XPS), as shown
in Fig. S1.f It is apparent that the Cs 3d characteristic peak
appears at around 730 eV,*® demonstrating that the Cs cations
are effectively incorporated into the perovskite film. High-
resolution Cs 3d and Pb 4f spectra are shown in Fig. S2,7 with
four peaks identified at 738.5, 724.6, 143.0 and 138.1 eV,
corresponding to Cs 3d3/2, Cs 3d5/2, Pb 4f5/2 and Pb 4f7/2,
respectively.*®*?° Fig. 1a presents Cs 3d peak intensity as a
function of Cs content. The Cs-to-Pb ratio is estimated by the
peak area weighted by atomic sensitivity factors for Cs 3d and
Pb 4f. The calculated details are provided in ESI.} The ratios of
Cs to Pb are 0, 0.11, 0.17, 0.23 and 0.34, corresponding to the
CsCl evaporation rates of 0, 0.3, 0.45, 0.6 and 0.9 A s
respectively.

To gain insight into the Cs substitution on the crystalliza-
tion of the MAPDI; perovskite, a series of perovskite films with
different Cs contents was characterized by X-ray diffraction
(XRD). Fig. 1b shows the XRD patterns for MAPbI; perovskite
films with Cs contents of 0, 0.11, 0.17, 0.23 and 0.37. All
typical perovskite peaks including (110), (112), (111), (211),
(202), (220), (310), (224), (330) and (314) diffractions are clearly
identified, indicating that the Cs substitution does not affect
the crystallization. For clarity, Fig. 1c shows a zoomed-in
version of the (110) diffraction peak for the MA,_,Cs,Pbl;
sample. The 260 value monotonically shifts from 14.14° to
14.36° with the Cs content increasing from 0 to 0.34 due to the
smaller Cs* radius (1.81 A) compared to that of MA" (2.70 A),
which is in good agreement with literature,***° demonstrat-
ing that the Cs cations are effectively integrated into the
MAPDI; perovskite lattice. The Cs cation doping can improve
the stability of the MAPbI; perovskite,’®*! as will be discussed
later.

The impact of the Cs substitution on the optical properties
for the MAPDbI; perovskite was studied using UV-Vis-NIR
absorption measurement. Fig. 1d shows the absorption
spectra of MA,_,Cs,Pbl; perovskite with different Cs concen-
trations. It is found that as the Cs content is increased, its
absorption peak shifts to a shorter wavelength and the band
gap is enlarged, as shown in Fig. S3a.f A larger band gap is
beneficial for attaining a higher V,., even though the J;,. may
be moderated.’® Fig. S3bt shows that the band gap increases
linearly with Cs content, indicating that the band gap of
MA, _,Cs,Pbl; can be fine-tuned via Cs substitution.

To understand the charge recombination and transfer kine-
tics in the Cs-substituted perovskite films, steady-state photo-
luminescence (PL) and time-resolved PL (TRPL) measurements
were carried out. As shown in Fig. 1e, the PL intensity of glass/
MA, _,Cs,PblI; samples is sharply enhanced with the increase
in the Cs content. However, when the Cs content is increased
to 0.34, the PL intensity slightly decreases. Moreover, possibly
due to the excess Cs, a large mismatch between Cs and MA is
created, thus initiating phase separation.”>** It is found that
the PL intensity enhancement is related to reduced trap-state
density in the Cs-substituted perovskite films.** The normal-
ized PL peaks (Fig. S47) display blue-shift from 765 to 759 nm,
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Fig. 1 (a) Cs 3d peak intensity as a function of Cs content. (b) XRD patterns of the MA;_,Cs,Pbls films. (c) XRD zoomed in on (110) diffraction peaks
of perovskite based on various Cs contents. (d) UV-Vis absorption spectra of MA,_,Cs,Pbls films. (e) PL and (f) TRPL spectra of perovskite with

different Cs contents deposited on glass substrates.

which is consistent with the trend shown in the UV-Vis-NIR
absorption spectra.

TRPL characterization is recognized as an effective tool to
monitor trap-state density in the perovskite films. Fig. 1f
shows PL decay time (z;) and amplitudes (4;) of the glass/
MA,_,Cs,Pbl; samples fitted by a bi-exponential decay func-
tion, with key parameters listed in Table S1.f It appears that
the PL decay time of the pristine MAPbI; is 7; = 11.96 ns and
7, = 4.67 ns, with the corresponding amplitudes of 20.24% and
69.76%, respectively. When the Cs content is increased to 0.34,
both 7; and 7, are increased to as much as 135.18 and 15.06
ns, with the corresponding amplitudes changed to 66.76%
and 33.24%. The average recombination lifetime (z,.) can be
estimated using eqn (1):*°

E A,'Tiz
— = 1
Fave ZAiTz‘ ( )

It turns out that while the average lifetime of the pristine
MAPDI; perovskite is only 2.83 ns, it increases to 23.13, 31.73,
115.35 and 128.85 ns when the content of Cs substituted is
gradually increased to 0.11, 0.17, 0.23 and 0.34, respectively.
The long recombination lifetime is ascribed to the reduced
trap-state density in the Cs-substituted perovskite film.*® In
addition, devices with the structure of FTO/perovskite/Au were
fabricated, and the trap-state density was calculated by
measuring the current-voltage (I-V) plot in the dark, as shown
in Fig. S5.17 The device based on x = 0.23 for the MA,;_,Cs,Pbl;
perovskite film was chosen for comparison, and the calcu-
lation results demonstrate that the trap-state density in the
perovskite film decreases from 1.16 x 10® to 3.15 x 10" cm >

12318 | Nanoscale, 2017, 9, 12316-12323

after the Cs substitution, which is in agreement with the pre-
vious observation and deduction that the Cs-substitution is
conducive to lowering trap-state density. The reduced trap-
state density is certainly desirable for improving the solar cell
performance. More calculation details are given in ESIL{

Performance of PSCs based on MA,_,Cs,Pbl; absorber

Given the above advantages achieved from the Cs-substitution
of the MAPDI; perovskite, including reduced trap-state density,
relaxed lattice strain, longer carrier lifetime and tunable band
gap, devices based on the MA,_,Cs,Pbl; perovskite film were
fabricated. Fig. 2a illustrates the cross-sectional scanning elec-

MA, Cs Pbl,

——x=0
—o—x=0.11
—o—x=0.17
—o—x=0.23
—o—x=0.34

-
e
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Fig. 2 (a) Representative cross-sectional SEM view of a complete
device. (b) J-V characteristics of champion PSCs with different Cs con-
tents. (c) J-V curves including reverse and forward scan directions of the
champion PSC with MAq 7,Cs »3Pbls absorber. (d) EQE and the integrated
product of the EQE curve with the AM 1.5G photon flux of MAg 77Csq 23Pbls
champion devices. (e) Photocurrent density and PCE measured as a
function of time biased at 0.92 V for the MAg 7,Cs »3Pbls device.

This journal is © The Royal Society of Chemistry 2017
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tron microscopy (SEM) analysis of a complete device, wherein
the compact TiO, film is used as the electron-transport layer,
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobi-
fluorene (spiro-OMeTAD) as the hole-transport layer, FTO and
gold coating as the bottom and the top electrodes, respectively,
and the MAPbI; perovskite with different Cs contents, fabri-
cated by the vacuum co-evaporation deposition method, as the
absorber. All fabrication details are shown in the Experimental
section. The morphology of MA,_,Cs,Pbl; films is character-
ized by top-view SEM image, as shown in Fig. S6.7 It is clear
that uniform, pin-hole-free perovskite films with good surface
coverage are formed on TiO, substrates regardless of Cs con-
tents. Furthermore, the energy-dispersive X-ray spectrometer
(EDX) analysis (Fig. S71) confirms that the Cs is homoge-
neously distributed throughout the perovskite films.

Fig. 2b shows the current density-voltage (J-V) curves of
PSCs based on various Cs contents under AM 1.5G illumina-
tion at 100 mW cm 2, and the key parameters including Ji.,
Voo, fill factor (FF), PCE, series resistance (R;) and shunt resist-
ance (Rqp) of each device are summarized in Table 1. It is clear
that the PSC performance is significantly affected by the Cs
content. The device parameters related to different Cs contents
are shown in Fig. S8.1 While the control device based on pris-
tine MAPDI; gives a PCE = 15.84%, the PCE is improved to as
high as 20.13% when the Cs content is increased to x = 0.23.
In fact, all key J-V parameters including V., FF and J. are sys-
tematically improved due to the smallest Ry and largest Rgp.
Compared with that of the control device, the drastically
increased V,, is attributed to the widened band gap after the
Cs substitution (Fig. $31)."® While the band gap of perovskite
broadens with the increasing Cs content, the Js. value is sud-
denly enhanced. When the Cs content is increased to x = 0.23,
the J,. and FF values increase to 23.17 mA cm™> and 0.79,
respectively. The FF and J,. values are increased due to the
reduced trap-state density (Fig. S5,F from 1.16 x 10'® to 3.15 x
10" em™ compared with pure perovskite).'**® Overall, the
PCE increases with the Cs content until, when the Cs content
is increased to x = 0.34, the PCE decreases to 17.13% due to
the aforementioned phase separation (Fig. S81).>"* The Cs
content x = 0.23 was found to be the optimum Cs substitution
value. To demonstrate that the phenomenon is reproducible,
more devices have been fabricated. Their statistics distri-
butions are shown in Fig. S9,1 and the key -V parameters are
listed in Tables S2 and S3.1 Compared with that in the control
devices, all J-V parameters using the MA, ;,Cs, »3Pbl; absorber

Table 1 Key J-V parameters of the MA;_,Cs,Pbls devices

Cs Jse Voe PCE R Ren

S
content  (mAcem™?) (V) FF (%) (9] (k)
0 22.40 1.01 0.70 15.84 34.53 5.07
0.11 22.69 1.03 0.76 17.76 29.12 16.64
0.17 22.92 1.04 0.76 18.12 27.36 18.44
0.23 23.17 1.10 0.79 20.13 10.68 26.64
0.34 22.04 1.05 0.74 17.13 28.30 7.13

This journal is © The Royal Society of Chemistry 2017
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give a more narrow distribution, demonstrating that the Cs-
substitution is indeed reproducible.

Fig. 2c shows the J-V curves of the champion PSC based on
the MA, ,,Cs(.,3Pbl; measured at reverse and forward scan
directions. The device displays a PCE of 20.13% with a J,
value of 23.17 mA cm™?, a V.. value of 1.10 V and an FF value
of 0.79 under reverse scan direction, and 15.64% with a lower
Voe value of 0.99 V and an FF value of 0.69 under forward scan
direction, discounted by ~22%. The awful hysteresis is attribu-
ted to ion migration, the unbalanced carrier transport or ferro-
electric effect within the perovskite absorber.””*° Fig. 2d
shows the external quantum efficiency (EQE) and the calcu-
lated Js. values by integrating the EQE curves, which is
22.41 mA cm™?, very close to the -V measurements. In order
to confirm the j-V measurement, the typical stabilized power
output of the photocurrent density for the champion
MA, 7,Cs¢.23Pbl; solar cell was measured as a function of time
when the device was biased at Vy,, = 0.92 V (voltage at the
maximum power point in the J-V plot), as shown in Fig. 2e.
The photocurrent density and PCE stabilize at 21.67 mA cm >
and 19.94%, respectively, extremely close to what is obtained
from the J-V measurement. The maximum photocurrent
density takes over 30 s to reach a steady value, caused by the
hysteresis.>’

Dark J-V and EIS analysis

The dark j-V analysis is often used to reveal the intrinsic
characteristics of the solar cells. We measured the dark j-V of
the champion devices wusing pristine MAPbI; and
MA 77Cs¢.23PbI; absorbers, as shown in Fig. 3a. The dark j-V
plot can be divided into three regions.>! Region A often reflects
the leakage current of the PSCs. It is clear that the leakage
current of the MA, 77Cs, ,3Pbl; device is one order of magni-
tude lower than that of the pristine MAPDI; cell in the reverse
direction, leading to higher J,. and FF.>> Region B depends on
exponential diode comportment, while region C reveals that
the R, value of the MA, ;,Cs(,3Pbl; cell is larger than that of
the control device, which is in good agreement with the
irradiation J-V results. The V,. value can be estimated using
the following eqn (2):*?

Ve :k—TlnG—tJrl) (2)
q 0

where k is the Boltzmann constant, T the absolute tempera-
ture, g the elementary charge, J; the theory of current density
and J, the reverse saturation current density. It is clear that a
smaller J, value would produce a larger V,. value. J, can be
obtained by fitting the dark j~V in region B, which is 2.61 x
10° for MAPbI; and 5.83 x 10° mA cm™> for
MA, 77Cs¢.23Pbl3, further demonstrating that the devices based
on MA, 77Csy »3Pbl; should have higher V. values.

The recombination resistance and transport resistance in
the pristine MAPbI; and MA, ;,Cs, ,3Pbl; solar cells were ana-
lyzed by electrical impedance spectroscopy (EIS). Fig. 3b shows
the Nyquist plots in the dark condition with an applied voltage

Nanoscale, 2017, 9, 12316-12323 | 12319
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Fig. 3 (a) Dark J-V curves of champion devices using MAPbIs and
MAg 77Csp.23Pbls. (b) EIS of PSCs with MAPbI3z and MAg 77Csq »23Pbls; the
inset gives the equivalent circuit for fitting the Nyquist plots.

of V.., and the top-right inset gives the equivalent circuit com-
posed of the Ry and the recombination resistance (Ry.). The
Rrec is assigned to the high-frequency region in EIS.** The
fitted parameters by the equivalent circuit are listed in
Table S4.f The R, values of the pristine MAPbI; and
MA, 57Cs(.»3Pbl; solar cells are 36.27 and 11.75 Q, respectively,
which are very close to the results calculated from the j-V
curves (Table 1). The smaller Ry would facilitate the carrier
transport, leading to larger Ji.” Interestingly, compared with
the control device, the Ry value of the MA, 5,Cs( 3Pbl; solar
cell significantly increases to 1025 from 354 Q, effectively sup-
pressing the charge recombination, and therefore, facilitating
improved device performance.”

Stability of PSCs

Compared with the solution-processed methods, the vacuum
co-evaporation deposition method provides high-quality, large-
area uniform perovskite materials. It is expected that it is more
compact and, therefore, more resistant to moisture, resulting
in better device stability.>> We measured the sustained
irradiation stability of the bare device without encapsulation.
As shown in Fig. 4a, the PCE of the Cs-substituted device
shows a higher stability than the pristine MAPDbI; cell. The
PCE remained at ~63% of its initial value for the
MA, 77Cs(.»3Pbl; device after being irradiated for 36 h, whereas

12320 | Nanoscale, 2017, 9, 12316-12323

View Article Online

Nanoscale

a b)
( )100 ( )
9 <
< 20
w §
o <
'8 60 §15- —o—OneDay‘—o—(‘me Ye?{r
N g J5€ 23.17mAcm” 23.38 mA cm
T 40 @ 10{ V_ 10V 109V
£ e FF 079 075
2 £ s PEIM 1925%
o
0 T 0 T T
20 40 0.0 05 1.0
Time (h) Voltage(V)
() (d) Q-
- @ ' @ -9-
—a— pristine MAPbI, (111) plane )
e Cs-substituted MAPbI,

So-B oD
Cs-doped

o--@"g"@-G'
252 @--G"@—O_G.

(111) plane

Intensity (a.u.)

244 248
20 (Degree) @ Q@0

Fig. 4 (a) PCE stability of PSCs without encapsulation exposed to AM
1.5G irradiation in ambient air. (b) J-V characteristics of champion PSCs
without encapsulation after storing in dark under ambient condition for
over one year. (c) A close-up XRD characteristic centered at the (111)
diffraction peak. (d) Schematic of strain relaxation after Cs substitution.

the PCE of the pristine MAPbI; cell dropped by ~88% com-
pared with its initial efficiency under the same illumination
conditions. A minor increase in the performance at the
primary stage may be ascribed to the oxidation of spiro-
OMEeTAD.® It is very exciting that the bare device without any
encapsulation exhibits extremely high stability though stored
in dark in ambient air for over one year. As shown in Fig. 4b,
after storing the Cs-substituted PSC in dark for one year, the
PCE remains at 19.25% with /. = 23.38 mA cm ™2, Ve = 1.09 V
and FF = 0.75, degrading only 4.37% of the initial efficiency.

The excellent stability of the Cs-substituted PSCs originated
from the high purity of the crystalline phase (Fig. 1b) and the
lower trap-state density (Fig. S5T) of perovskite films, as well as
reduced lattice constant and relaxed strain caused by Cs sub-
stitution.®>*° It is well known that the lattice structure plays an
important role in the stability of perovskite materials.>* Fig. 4c
shows a close-up XRD characteristic centered at the (111) peak.
It is clear that the peak is shifted toward a larger angle after Cs
substitution, indicating that the interplanar spacing is
reduced according to Bragg’s law (nd = 2dyxsin ). As a result,
the lattice constant is reduced to 6.199 from 6.285 A as calcu-
lated in the following equation:

0 dnia 3)
VR RETE

where a is the lattice constant, dj, is the interplanar spacing
of the (hkl) plane, and h, k and [ are the Miller indices.
Moreover, Fig. 4c shows that the (111) peak width, as defined
by the full width at half maximum (FWHM), of the Cs-substi-
tuted sample is significantly narrowed compared with that of

This journal is © The Royal Society of Chemistry 2017
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the pristine MAPbI;, demonstrating smaller strain in the (111)
plane because of the interplanar distance deviation.*’ The
plane strain in the Cs-substituted perovskite framework is
relaxed, as shown in Fig. 4d. We therefore infer that the
smaller lattice and moderate plane strain facilitate the
improvement of stability of perovskite.***!

Conclusions

In this study, we first used the vacuum co-evaporation depo-
sition method to fabricate high-quality pin-hole-free Cs-substi-
tuted perovskite films with uniform crystal grains. The Cs-sub-
stitution brings several advantages including reduced trap-
state density, tuned band gap, and longer carrier lifetime. The
PCE of the device based on MA,;;Cs,,3Pbl; is as high as
20.13%, increased by ~27% compared with the pristine
MAPbDI;-based solar cell, which is among the highest reported
for planar PSCs. Moreover, the Cs-substituted PSCs without
encapsulation exhibit better stability regardless of dark and
continued irradiation. We attribute it to the reduced lattice
parameter and relaxed strain in perovskite caused by Cs substi-
tution, demonstrating that the vacuum co-evaporation
deposition method is an effective technique to manufacture
PSCs with good stability and high performance.

Experimental
Substrate preparation

The FTO glass was cleaned with acetone, isopropyl alcohol,
ethyl alcohol and deionized water successively in a sonication
bath for 30 min and then dried by flowing nitrogen gas,
followed by treatment in an ultraviolet-ozone chamber
(Ultraviolet Ozone Cleaned, Jelight Company USA) for 15 min.
The compact TiO, layers were fabricated according to a
previous report.”” Yellow polyimide tapes were kept at the
front side for the purpose of contact, to ensure that there is no
deposition of TiO, at the edges. The TiCl, (4.49 mL) was slowly
dropped in the ice, and then the solution was diluted to a
concentration of 0.2 mol L™'. The FTO substrates with the
tapes were immersed into the TiCl, solution and kept in an
oven at 70 °C for 45 min. The FTO/TiO, substrates were
washed with water and dried by flowing nitrogen gas. The
thickness of the TiO, film was determined to be ~45 nm by
the Bruker 150 surface profiler.

Device fabrication

The perovskite films were deposited onto the TiO, substrates
using the vacuum co-evaporation deposition method. First, the
PbCl, without and with Cs-substituted films was deposited on
25 x 25 mm® substrates by a thermal evaporation system
(Scheme 1). First, the PbCl, films of suitable thickness were
fabricated at a rate of ~3 A s™' by evaporation at ~350 °C.
During PbCl, deposition, the CsCl was simultaneously evapo-
rated at ~430-445 °C with evaporation rates of 0.3, 0.45,
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0.6 and 0.9 A s™" to obtain the PbCl, films with different Cs
contents. When the ceramic crucible boats for PbCl, and CsCl
were cooled to room temperature after about 1 hour, the
samples were transferred into the nitrogen-filled glovebox. The
MAI powder was placed into a 70 mm X 70 mm aluminum
reactor to form a ~0.5 mm thick uniform and compact thin
film. Then, the samples were placed on a layer of MAI powder,
and heated to 150 °C for 20 min to ensure transformation of
PbCl, and CsCl into perovskite. Finally, the perovskite samples
were transferred into a petri dish, cooled for 30 min, washed
with 50 mL isopropanol, and dried by flowing nitrogen gas.
The thickness of the perovskite film was determined to be
~532 nm by cross-sectional SEM (Fig. 2a). The 90 mg mL ™"
spiro-OMeTAD chlorobenzene solution, with 36 pL ¢-BP and
22 pL of a solution of 520 mg mL™"' Li-TFSI in acetonitrile
added, was spin-coated onto the perovskite films at 5000 rpm
for 30 s. The thickness of the spiro-OMeTAD film was deter-
mined to be ~340 nm by cross-sectional SEM analysis
(Fig. 2a). Finally, an 80 nm Au electrode was deposited using a
thermal evaporator.

Characterization

The J-V curves of the PSCs were characterized by Keithley 2400
Source under ambient conditions. The illumination intensity
was calibrated to 100 mW cm™> by a NREL-traceable KG5-
filtered silicon reference cell. The device area of 9 mm?” was
defined by a metal mask. The devices were scanned from V.
to Js. (reverse) and from Js. to V,. (forward) at a scan rate of
0.1 V s7'. The EQE was carried out using the QTest Station
2000ADI system (Crowntech. Inc., USA). A 150 W halogen tung-
sten lamp was used as the light source, and the monochro-
matic light intensity for the EQE was calibrated using a refer-
ence silicon photodiode. The TRPL spectra were recorded on
the Edinburgh Instruments FLS920 fluorescence spectrometer
using the time-correlated single-photon counting method.
A picosecond pulsed diode laser at 406.8 nm with a pulse
width of 64.2 ps was used as the excitation source. SEM
images were obtained using a field emission scanning electron
microscope (SU8020) under an accelerating voltage of 5 kV.
The XRD patterns were tested using the SmartLab X-ray diffrac-
tion system. XPS spectra were measured on the AXISULTRA
X-ray photoelectron spectrometer using Al Ka as the excitation
X-ray source under a pressure of 5 x 1077 Pa. The UV-Vis
absorption spectra were acquired by the Hitachi U-3900
spectrophotometer.
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