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S1. Incorporation and uniformity of Cs and Br elements within CsPbBr;-

incorporated FAPDI; perovskite film.

Perovskite/SnO,
interface

Fig. S1 Time-of-flight secondary ion mass spectrometry of Cs™ and Br results of

FTO/SnO,/KCIl/1.0 mol% CsPbBr;-FAPDI; perovskite (target).
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Fig. S2 X-ray photoelectron spectroscopy (XPS) of the control and target perovskite

films.
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Fig. S3 The top-view SEM image and energy dispersive X-ray (EDX) mapping of the

1.0 mol% CsPbBr;-FAPbI; (target) perovskite film.
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Fig. S4 The cross-sectional SEM image and energy dispersive X-ray (EDX) mapping

of the 1.0 mol% CsPbBr;-FAPbI; (target) perovskite film.
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S2. Statistics of device performance.

Table S1 Photovoltaic parameters of perovskite solar cells fabricated with different

amounts of CsPbBr; measured under one sun illumination (AM 1.5G, 100 mA c¢cm™2).

Molar ratio? Vocb (V) JscP(mA cm?2) FF® (%) PCE® (%)
0% 1.089+0.009 25.63+0.15 82.59+0.72 23.05+0.21
0.5% 1.111£0.006 25.52+0.24 85.41+0.38 24.21+0.26
1.0% 1.131£0.008 25.46+0.17 85.78+0.40 24.71+0.19
2.0% 1.136+0.007 25.394+0.22 84.92+0.80 24.49+0.25

2 The molar ratio of CsPbBrj relative to Pbl; in the perovskite precursor solution.

b Averaged 30 devices fabricated independently.
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Fig. S5 Device statistics for Voc a, Jsc b, and FF ¢ and PCE d for the devices with

different amounts of CsPbBrs;.

Table S2 Photovoltaic parameters of the devices without and with pre-crystallized

CsPbBr; and PbBr,/CsBr powder, respectively.

Additive Voc* (V) Jsc* (mA cm?) FF* (%) PCE? (%)

w/o 1.074+0.011 25.60+0.28 83.73£0.96  23.02+0.29

1.0 mol% CsPbBr; 1.12940.004 25.54+0.13 85.6040.60  24.69+0.11
1.0 mol% PbBr,>+CsBr ~ 1.107+0.007 25.57+0.24 84.1940.98  23.83+0.31
1.0 mol% PbBr*+CsBr  1.12140.005 25.56+0.25 84.76£0.84  24.28+0.29

a Averaged 10 devices fabricated independently.

b The same to the PbBr, used to synthesize CsPbBr; crystal.

¢ High purity PbBr, (Alfa Aesar, 99.999%).
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Sample Information

Sample Type Perovskite solar cell
Quantity 1

Serial No. 39-20
Measurement Item I-V characteristic

23.942.0°C, 41.5+5.0%R.H

mono-Si, WPVS, calibrated by NREL (ISO 2045)

Measurement of |-V characteristic
Reference cell PVM1124
Reference cell Type
Calibration  Value/Date  of

il ol 144.9mA/ Aug. 2021
Measurement Conditions

Measurement Equipment/ Date

STC, linear sweep based on IEC 60904-1:2006

IV test system (ADCMT 6246) / April. 2021

Steady State Solar Simulator (YSS-T155-2M) / May.2021

of Calibration SR Measurement system (CEP-25ML-CAS) / April.2021
Mismatch Factor SMM=0.997514
Serial Scan Area"i®) Isc Voc Pmax FF Eff
Number Mode (em?) (ma) 4 (mw) (%) (%)
Iscto Voc | 0.0905 2.32 1128 223 | 85.23 | 2466
39-24
Voctolsc | 0.0905 2.32 1121 223 | 85.46 | 24.59
Supplementary inf *(da), Designated ill area

Test results listed in this measurement report refer exclusively to the mentioned test sample.

The results apply only at the time of the test, and do not imply future performance.

Report No.21TR102501

JEATDX
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Date: 25™ October, 2021 Date: 25™ October ,2021

Data No: IV_211025_33-26 D  Data No: IV_211025_39-20_R
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Fig. S6 The certified performance of the target device measured at SIMIT. The device
exhibits a certified PCE of 24.66% (under forward scan: Voc = 1.128 V, Jgc = 25.64
mA c¢cm?, FF = 85.23%) and 24.59% (under reverse scan: Voc = 1.121 V, Jgc = 25.67

mA cm?, FF = 85.46%) with negligible hysteresis.
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Fig. S7 J-V curves in reverse and forward scans of the control and target devices.

Table S3 Detailed photovoltaic parameters of the J-V curves in reverse and forward

scans for the control and target devices.

: S Jsc (mA

Devices dire"ci?on Voc (V) SCCH(:?) FF (%) PCE (%) HI (%)
Reverse 1.060 25.78 82.44 22.53

Control -2.5
Forward 1.086 25.76 82.53 23.09
Reverse 1.121 25.67 85.46 24.59

Target -0.3
Forward 1.128 25.64 85.23 24.66

a HI: hysteresis index. HI = (PCEgevyerse - PCEporward)/PCEReverse

S11



30 35

b5 ] Jsc ~24.40 mA cm2@1.013 V 30
= PCE ~24.72% o
O L 20 S
< 151 L
g L15 O
© 10 - o

-—.J '10

51 L5

0 r T ' T r 0

0 50 100 150 200 250 300

Time (s)
Fig. S8 The stabilized photocurrent and power output of the target device measured at

the maximum power point.
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S3. Comparison of FF and PCE obtained in this work with those reported in

literatures.

Table S4 Comparison of FF and PCE of devices obtained in this work with those

reported in literatures with PCE exceeding 24.5%.

Device structure ;/3; (m:sccm'z) (l;/f) I()OCA’])E Ref.
FTO/c-TiO,/mp-TiO/FAPbly/spiro-mF/Au 1.164 26.35 809 | 24.82 51
g{g;f};%?p “TI02/FA0sMAo0sPbl/spiro- 1.189 26.35 817 | 25.59 52
;{TS lg%;%g%{/ﬁigfﬁ? Smol% 1.14 26.5 81.77 | 24.66 s3
0TI oo | 10 | n | ms [ an | s
i?g/z:?géij;ﬂ;(FAO.98MA0.02)0.95Pb(10.98Br0.02)3/F 1 ) 1 84 2568 8232 25 0% S5
FTO/c-TiOy/mp-TiOy/FAPbIy/Spiro-OMeTAD/Au | 1.150 25.86 82.37 | 24.50 s6
FTO/c-TiO/mp-TiOy/FAPbly/spiro-OMeTAD/Au | 1.171 26.17 8247 | 2528 s7
FTO/SnO,/ FA,MA ,Pbl;,Br,/spiro-MeOTAD/Ag | 1.176 25.62 83.15 | 25.05 8
I;"i/i)e/izoDz//iSPbI3:3.8mol% MDACI,/spiro- 1189 25.74 %32 255 0
FTO/Sn0,/FA065Cs0.0sPbl3/spiro-OMeTAD/Au 1.144 26.14 83.5 | 24.98 510
FTO/SnO,/(FAPbL3)05(MAPbB3) 05/P3HT/Au 1.15 25.5 83.8 | 246 st
gg;:g%?pmoz/ QD-SnO-/FAPbL/Spiro- 1.176 26.09 83.84 | 25.72 12
Ezza’ggﬁ:h)°-"5(MAPbBr3)°-°5/ (BA)PBL/SP | g5 24.67 8422 | 24.63 s13
gﬁ;z%i/iﬁo.97MAo.o3P bl 91 Brg go/spiro- 1.158 25.25 84.3 24.7 S14
ITO/SnO»/FAMA | ,PblsBr,/spiro-OMeTAD/Au | 1.195 24.9 843 | 251 S5
I;"iz?ZoDiﬁSPbI3:0.8mol% MAPDBr3/spiro- 1194 25.09 %47 254 Si6
I;"i/i)e/;zODZ/ﬁSPbI3: 1.0mol% CsPbBr;/spiro- 1123 2572 26.90 25.09 ‘zgi
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Fig. S9 Comparison of FF and PCE of devices obtained in this work with those reported

in literatures with PCE exceeding 24.5% listed in Table S4. Note that FF values

reported in these literatures are all smaller than 85%.

Table S5 Detailed parameters of GaAs and perovskite solar cells plotted in Fig. le.

Voc (V) | Jsc(mA em?) | FF (%) | FF/FFSQ PCE (%) Ref.
GaAs 1.1272 29.78 86.7 96.9% 29.1 S17
1.189 26.35 81.7 90.6% 25.59 s2
1.184 25.68 82.32 91.2% 25.0% 85
1.168 26.23 82.15 91.5% 25.17 S4
1.171 26.17 82.47 91.7% 25.28 §7
1.176 25.62 83.15 92.1% 25.05 S8
Perovskite
1.189 25.74 83.2 92.7% 25.5 89
1.176 26.09 83.84 93.0% 25.72 S12
1.195 249 84.3 93.5% 25.1 SIS
1.194 25.09 84.7 93.8% 254 816
1.123 25.72 86.9 96.3% 25.09 This work
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S4. Stability data.
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Fig. S10 a Normalized Vo, Jsc, FF and PCE of the control and target devices evolve
with the storage time (stored in a dry box at room temperature and 15% relative
humidity). b Normalized Vo, Jsc, FF and PCE of the control and target devices evolve
with the heating time (heated at 85°C in N, glovebox). PTAA was used to replace spiro-

OMeTAD as the hole transport layer for the thermal stability measurement.
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Fig. S11 J-V curves for the best-performing target devices based on PTAA HTL

measured by forward and reverse scans.
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S5. XRD patterns of FAPbI; films with different amounts of CsPbBrs;.
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Fig. S12 a XRD patterns of FAPDI; films with different amounts of CsPbBr; annealed

at 120 °C for 1 hour. b Enlarged region between 13.6° and 14.4° in (a).

Table S6 The diffraction parameters extracted from the XRD patterns of five samples

1n each case.

xCsPbBr;-FAPbI; 2 Theta at (100) FWHM at (100)
0% 13.959°+0.003° 0.102°+0.001°

0.5% 13.966°+0.007° 0.090°+0.002°

1.0% 13.977°+0.001° 0.086°+0.001°

2.0% 13.986°+0.006° 0.089°+0.003°

a FWHM: full width at half maximum.
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Fig. S13 XRD patterns of FAPbI; films without and with pre-crystallized CsPbBr; and

PbBr,/CsBr powder.

Table S7 The diffraction parameters extracted from the XRD patterns (Fig. S13).

Additive 2 Theta at (100) FWHM at (100)
w/o 13.957° 0.103°
1.0 mol% CsPbBr; 13.973° 0.090°
1.0 mol% PbBr,/CsBr 13.973° 0.092°
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Fig. S14 Photographs of FAPbI; films with different amounts of CsPbBr; additives

immediately after anti-solvent treatment without any thermal annealing.
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Fig. S15 a XRD patterns of FAPDI; (control), 1.0 mol% CsPbBr;-FAPbI; (target) and
1.0 mol% PbBr,/CsBr-FAPbI; immediately after anti-solvent treatment without any
thermal annealing. b XRD patterns of FAPbI; (control), 1.0 mol% CsPbBr;-FAPDI;

(target) and 1.0 mol% PbBr,/CsBr-FAPbI; annealed at 120 °C for 1 hour.
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S6. Geometric illustration of the crystal structure and radially integrated curves

extracted from GIXRD patterns.
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Fig. S16 a Geometric illustration of the crystal structure and preferred orientation of
perovskite film. b Radially integrated curves of FAPbI; (control) and 1.0 mol%

CsPbBr;-FAPDI; (target).
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S7. SEM images of FAPbI; and 1.0 mol% CsPbBr;-FAPbDI; perovskite films.
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Fig. S17 a, b Top surface SEM images of FAPbI; (control) and 1.0 mol% CsPbBr;-

FAPDbI; (target). ¢, d Cross-sectional SEM images of FAPDI; (control) and 1.0 mol%

CsPbBr;-FAPDI; (target).

05 0.4
I Control
5044 —— Fitted oy
c C 0.3
Q Q
= =
o 0.3 o
(T 02
2027 2
© ©
D 01 o 01
x x
0.0 0.04
0.0 05 1.0 15 2.0 0.0

Size (um)

0.5

1.19 ym

1.0
Size (um)

I Target
— Fitted

1.5 2.0

Fig. S18 The statistic distribution of grain sizes extracted from the Fig. S17a and b.
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without and with pre-crystallized CsPbBr; and PbBr,/CsBr powder, respectively.
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S8. TAS at different delay times.
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Fig. S20 TAS of FAPbI; (control) and 1.0 mol% CsPbBr;-FAPbI; (target) films excited

at 400 nm.

Table S8 Transient absorption fitted kinetics parameters for glass/FAPbI; (control) and

glass/1.0 mol% CsPbBr;-FAPbI; (target) films at 775 nm.

Al 71 (pS) A2 7 (pS) Tave (pS)
Control 0.59 286 041 3260 2926
Target 0.57 423 0.43 6815 6329

The results are fitted with the following double exponential equation:S!3

t t
y =y, +Ajexpsi( - —) + A expidi( - —)
T T2

The average decay time is calculated through the following format:

Alrf + Az‘r%

‘[ e —
ave
Aty + Aty
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S9. UV-vis spectra and the plots of (ahv)? vs energy (hv) of the control and target

perovskite films.

—— Control —— Control A
-~ 0.5 mol% CsPbBr, 0.5 mol% CsPbBr, p y
g 1.0 mol% CsPbBr, — 1.0 mol% CsPbBr, g
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2 L
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3 =
= L
(@] " < Bandgap:
0 =
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A —— —_‘____J__
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Fig. S21 UV-vis spectra and the plots of (ahv)? vs energy (hv) of FAPbI; (control)

without and with different amount of CsPbBr; incorporation.
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S10. Enlarged DLTS spectra and Arrhenius plot.

DLTS uses the transient capacitance of p-n junction at different temperature as a probe
to monitor the changes in charge state of a deep defect center. Traps in the device are
filled by carriers through applying a voltage pulse to the device, which changes the
capacitance associated with p-n junction of the device. The types of traps can be
differentiated by the change of capacitance during the discharging process of traps (the
hole and electron traps correspond to negative and positive AC, respectively in n type
films). The defect level is identified from DLTS signal using Fourier deconvolution
algorithm, and Arrhenius plots are obtained from defect peaks in DLTS signal. The
active energy (E,, Ec-E1 or Et-Evy) and capture cross section of electron traps and hole

traps can be calculated by the Arrhenius equations S1 and S2,51%20

Ec-Ep
In (z,v,,N¢) = o nii(X,0,)
B (S1)
E,-E,
In (Tevthle y) = ———— - InfE(X p0p)

where . ,Nc, Nv, Ec, Et and Ev are emission time constant, conduction band state
density, valence band state density, conduction band, trap energy level and valence
band, respectively. vmnp, Xop and oy, represent thermal velocity, entropy factor and
capture cross section for electron and hole, respectively. The E, and ¢ can be extracted
by the slope and y-axis intercept, separately. In addition, the trap density (Nt) could be

obtained by equation S3,51

Ny = 2Nt
T S,
CR

(S3)

where Ng is the shallow donor concentration, Cy is the capacitance under reverse bias,
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while 4C represents the amplitude of transient capacitance.
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Fig. S22 a Enlarged DLTS spectra of the control and target devices in Fig. 3c. b

Arrhenius plot of control device to determine energy and capture cross section.

Table S9 The defect parameters of control and target devices.

Defects Ec-E1?(eV) 6P (cm?) Nr1¢ (cm3) Ng¢ (cm3)
El 0.662 2.263x10°13 1.455%10"3

Control E2 0.734 2.012x10°16 2.278x101  1.36x10"
H1 0.832 5.008x10-1¢ 7.781x10"!
El 0.658 3.291x10°15 4.278x1012

Target 2.08x1015
E2 0.732 1.843x10-16 9.871x10"3

aET .

concentration. 9Ng: shallow donor concentration.
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S11. SCLC analysis.

Electron-only device with a structure of glass/FTO/SnO,/perovskite/[6,6]-phenyl-Cg;-
butyric acid methyl ester (PCs;BM)/Ag and hole-only device with a structure of
ITO/PTAA/perovskite/spiro-OMeTAD/Au was fabricated to determine the trap density
within the perovskite films. The corresponding /-V curves are plotted in Fig. 2g and 2h.
The linear correlation of /-V characteristics at low bias voltage suggesting an ohmic
response. When the bias voltage exceeds the kink point, the current increases
nonlinearly, representing where the trap-states are filled completely, the corresponding
bias voltage at the kink point is defined as the trap-filled limit voltage (¥1g.), and the

trap-state density (7;) can be determined through Equation S4:

2e4€,
ne=— Ve

qL (54)
Where ¢ is the vacuum permittivity, ¢, is the relative dielectric constant of perovskite
(& = 46.9),52! ¢ is the elementary charge of the electron, and L is the perovskite film
thickness (about 750 nm estimated from the cross-sectional SEM images). Vg is the

onset voltage of the trap-filled limit region.
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Fig. S23 J-V curves of the electron-only devices (a)
(FTO/SnO,/perovskite/PCyBM/Ag) and hole-only devices (©)

(ITO/PTAA/perovskite/spiro-OMeTAD/Au) in SCLC region. The log(J)-log(V) plots
of the devices in the SCLC region with a slope of 2 for the electron-only devices (b)

and hole-only devices (d), respectively. The solid lines are fits of the data points.

Table S10 The charge carrier mobilities obtained from the electron-only and hole-only

devices.
Mobility (103 cm? V-1 s1)
Device [TRTI
Electron Hole
Control 5.1 24 2.1
Target 18.7 14.3 1.3
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The carrier mobilities are obtained according to the SCLC regions, the dark current is

fitted by Mott-Gurney law:

9eeg u
VZ

8L3 (S5)

Where the J is current density and u is carrier mobility. According to equation S5, the
calculated uy, are 2.4 x 1073 and 14.3 x 103 cm? V-! s*! for control and target perovskite
films, respectively. And the calculated y. are 5.1 x 10-3 and 18.7 x 10 cm? V-! s°! for

control and target perovskite films, respectively.

S12. EIS analysis.

From the Nyquist plot (Fig. S24), the impedance spectra were fitted with one R-CPE
arcs, which a resistor Ry (series resistance) connects with an R-CPE elements. Ry is
determined by the starting point at the real part of the Nyquist plot. The R (charge
transport resistance) is related to the charge transfer dynamics of devices, CPE is the
non-ideal chemical capacitances. According to the fitting data in Table S11, after
CsPbBrj; incorporating the R, value decreases from 14.21 to 11.31 Q, and R, value also

decreases from 380.7 to 276.7 Q.
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Fig. S24 Nyquist plots of the control and target devices. Inset: the equivalent circuit

model employed for the fitting of the impedance spectra.

Table S11 Parameters employed for the fitting of the impedance spectra of control

and target devices.

Device R, (©2) R (©2) CPE-T (F) CPE-P (F)
Control 14.21 380.7 1.22E-8 0.97
Target 11.31 276.7 1.15E-8 0.99
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S13. Dark J-V curves of the control and target devices.

—a— Control
Target

02 00 02 04 06 08 10
Voltage (V)

Fig. S25 Dark J-V curves of the control and target devices.

S14. FF loss analysis.

Recombination currents and ohmic resistances have a deep influence on the FF of solar
cells. To account for these effects, the two-diode model of solar cells, which includes

two diodes with saturation current densities Jy;, Jo» and ohmic resistors R, R, in series

and parallel to the diodes, is usually used.5?

Jph N JD1 \ J

—0+

g Vo 2R 3&03@, v

)

<«
o
]
mc'—
>

Fig. S26 Schematic of the two-diode model of a solar cell.
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A practical upper limit of fill factor (FFj¢) is determined by assuming the absence of
Rs, Rsh and J()z.

_ qv
J= ]ph_ ]01[exp ]%7 -1] (S6)

At open-circuit condition, J = 0 and V' = V.. At short-circuit condition, J = J, V' = 0.

The equation S6 could be converted into equation S7.

_ ]sc qV 1
I e (qvoc) e (k?) -
exp -
kgT (S7)
FF _ ]01V01
o JsVoc (88)

According to the above equations, the calculated FFj,, are 89.0% and 89.2% for control
and target devices.
Considering the two-diode model at MPP, the terminal voltage and current density will
be related to R and Ry,
Vouop = Vo = JmppRs (S9)
Jonpp =Jo = Vo T JinppR )/ R (S10)
Thus,

2 2
Volo _ Vinpp) mpp +] mpplts + Vingp + JippRs)

Voo s - Voo s Voo s RoiVod s (S 1 1)

2 2
Vmpp]mpp J mppRs (Vmpp +] mppRs)

where Voelsc is the FF. Vodsc is the 2FFrs and RonVodl sc is the A Frsh,

The FF loss due to Jy, recombination can be obtained according to the following

equation S12.

AFF

J02 recombination

:FFJO]._AFFRS_AFFRSh_FF (812)
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R, and Ry, need to be measured to calculate the AFFgs and AFFRsh, After that, three terms
of FF loss could be obtained.

R, at MPP was detemined from the voltage shift at Ji,,, between the one sun J-V curve
and pseudo J-V curve (Fig. 4¢). Pseudo J-V curves were obtained by measuring the J-V
curve at different light intensities and then converting the Jy.-V,. pairs into pseudo J-V
curves using Equation S13,5%3

]filtered(voc)

N

JWo) =I5 1 -

]OTLE sun

sc (S13)

Ry, was determined by the inverse of the slope of a linear fit of the dark J-V in the range
0-50 mV (Fig. S25).

The corresponding values are summarized in Table S12.

Table S12 The one sun J-V data and FF analysis results.

Device Voe (V) Jsc (MA cm?) FF (%) PCE (%) Viapp (V) Jimpp (MA cm?)
Control 1.087 25.75 83.47 23.37 0.952 24.54
Target 1.123 25.72 86.90 25.09 1.014 24.75

R, at MPP AFFg, AFFgg, AFFyq,
Device Ry, (2 cm?) FFj01 (%)

(@ cm?) (% absolute)

Control 1.2 2.8x103 89.0 2.58 1.23 1.72
Target 0.6 6.2x103 89.2 1.27 0.59 0.58
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