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S1. Incorporation and uniformity of Cs and Br elements within CsPbBr3-

incorporated FAPbI3 perovskite film.

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

FTO/SnO2/KCl/1.0 mol% CsPbBr3-FAPbI3 perovskite (target).

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% CsPbBr3-FAPbI3 (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% CsPbBr3-FAPbI3 (target) perovskite film.



S6

S2. Statistics of device performance.

Table S1 Photovoltaic parameters of perovskite solar cells fabricated with different 

amounts of CsPbBr3 measured under one sun illumination (AM 1.5G, 100 mA cm−2).

Molar ratioa VOC
b (V) JSC

b(mA cm-2) FFb (%) PCEb (%)

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 25.39±0.22 84.92±0.80 24.49±0.25

a The molar ratio of CsPbBr3 relative to PbI2 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 c and PCE d for the devices with 

different amounts of CsPbBr3.

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

CsPbBr3 and PbBr2/CsBr powder, respectively.

a Averaged 10 devices fabricated independently.

b The same to the PbBr2 used to synthesize CsPbBr3 crystal.

c High purity PbBr2 (Alfa Aesar, 99.999%).

Additive VOC
a
 (V) JSC

a
 (mA cm-2) FFa (%) PCEa (%)

w/o 1.074±0.011 25.60±0.28 83.73±0.96 23.02±0.29

1.0 mol% CsPbBr3 1.129±0.004 25.54±0.13 85.60±0.60 24.69±0.11

1.0 mol% PbBr2
b+CsBr 1.107±0.007 25.57±0.24 84.19±0.98 23.83±0.31

1.0 mol% PbBr2
c+CsBr 1.121±0.005 25.56±0.25 84.76±0.84 24.28±0.29
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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, JSC = 25.64 

mA cm-2, FF = 85.23%) and 24.59% (under reverse scan: VOC = 1.121 V, JSC = 25.67 

mA cm-2, 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.

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

Devices Scan 
direction VOC (V) JSC (mA 

cm-2) FF (%) PCE (%) HIa (%)

Reverse 1.060 25.78 82.44 22.53
Control

Forward 1.086 25.76 82.53 23.09
-2.5

Reverse 1.121 25.67 85.46 24.59
Target

Forward 1.128 25.64 85.23 24.66
-0.3
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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
VOC

(V)
JSC

(mA cm-2)
FF
(%)

PCE
(%)

Ref.

FTO/c-TiO2/mp-TiO2/FAPbI3/spiro-mF/Au 1.164 26.35 80.9 24.82 S1

FTO/c-TiO2/mp-TiO2/FA0.95MA0.05PbI3/spiro-
OMeTAD/Au

1.189 26.35 81.7 25.59 S2

FTO/c-TiO2/mp-TiO2/FAPbI3:3.8mol% 
MDACl2/spiro-OMeTAD/Au

1.14 26.5 81.77 24.66 S3

FTO/c-TiO2/mp-TiO2/
(FAPbI3)0.97(MDA0.5Cs0.5)0.03/spiro-OMeTAD/Au

1.168 26.23 82.15 25.17 S4

ITO/PTAA/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3/F
cTc2/C60/BCP/Ag

1.184 25.68 82.32 25.0% S5

FTO/c-TiO2/mp-TiO2/FAPbI3/Spiro-OMeTAD/Au 1.150 25.86 82.37 24.50 S6

FTO/c-TiO2/mp-TiO2/FAPbI3/spiro-OMeTAD/Au 1.171 26.17 82.47 25.28 S7

FTO/SnO2/ FAxMA1-xPbI3-zBrz/spiro-MeOTAD/Ag 1.176 25.62 83.15 25.05 S8

FTO/SnO2/FAPbI3:3.8mol% MDACl2/spiro-
OMeTAD/Au

1.189 25.74 83.2 25.5 S9

FTO/SnO2/FA0.95Cs0.05PbI3/spiro-OMeTAD/Au 1.144 26.14 83.5 24.98 S10

FTO/SnO2/(FAPbI3)0.95(MAPbBr3)0.05/P3HT/Au 1.15 25.5 83.8 24.6 S11

FTO/c-TiO2/mp-TiO2/QD-SnO2/FAPbI3/Spiro-
OMeTAD/Au

1.176 26.09 83.84 25.72 S12

FTO/SnO2/(FAPbI3)0.95(MAPbBr3)0.05/(BA)2PbI4/sp
iro-OMeTAD/Au

1.183 24.67 84.22 24.63 S13

FTO/SnO2/FA0.97MA0.03PbI2.91Br0.09/spiro-
OMeTAD/Au

1.158 25.25 84.3 24.7 S14

ITO/SnO2/FAxMA1-xPbI3-zBrz/spiro-OMeTAD/Au 1.195 24.9 84.3 25.1 S15

FTO/SnO2/FAPbI3:0.8mol% MAPbBr3/spiro-
OMeTAD/Au

1.194 25.09 84.7 25.4 S16

FTO/SnO2/FAPbI3:1.0mol% CsPbBr3/spiro-
OMeTAD/Au

1.123 25.72 86.90 25.09
This 
work
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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. 1e.

VOC (V) JSC (mA cm-2) 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% S5

1.168 26.23 82.15 91.5% 25.17 S4

1.171 26.17 82.47 91.7% 25.28 S7

1.176 25.62 83.15 92.1% 25.05 S8

1.189 25.74 83.2 92.7% 25.5 S9

1.176 26.09 83.84 93.0% 25.72 S12

1.195 24.9 84.3 93.5% 25.1 S15

1.194 25.09 84.7 93.8% 25.4 S16

Perovskite

1.123 25.72 86.9 96.3% 25.09 This work
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S4. Stability data.

Fig. S10 a Normalized VOC, 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 VOC, JSC, FF and PCE of the control and target devices evolve 

with the heating time (heated at 85°C in N2 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 FAPbI3 films with different amounts of CsPbBr3.

Fig. S12 a XRD patterns of FAPbI3 films with different amounts of CsPbBr3 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 

in each case.

a FWHM: full width at half maximum.

xCsPbBr3-FAPbI3 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°
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Fig. S13 XRD patterns of FAPbI3 films without and with pre-crystallized CsPbBr3 and 

PbBr2/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% CsPbBr3 13.973° 0.090°

1.0 mol% PbBr2/CsBr 13.973° 0.092°
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Fig. S14 Photographs of FAPbI3 films with different amounts of CsPbBr3 additives 

immediately after anti-solvent treatment without any thermal annealing.

Fig. S15 a XRD patterns of FAPbI3 (control), 1.0 mol% CsPbBr3-FAPbI3 (target) and 

1.0 mol% PbBr2/CsBr-FAPbI3 immediately after anti-solvent treatment without any 

thermal annealing. b XRD patterns of FAPbI3 (control), 1.0 mol% CsPbBr3-FAPbI3 

(target) and 1.0 mol% PbBr2/CsBr-FAPbI3 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.

Fig. S16 a Geometric illustration of the crystal structure and preferred orientation of 

perovskite film. b Radially integrated curves of FAPbI3 (control) and 1.0 mol% 

CsPbBr3-FAPbI3 (target).
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S7. SEM images of FAPbI3 and 1.0 mol% CsPbBr3-FAPbI3 perovskite films.

Fig. S17 a, b Top surface SEM images of FAPbI3 (control) and 1.0 mol% CsPbBr3-

FAPbI3 (target). c, d Cross-sectional SEM images of FAPbI3 (control) and 1.0 mol% 

CsPbBr3-FAPbI3 (target).

Fig. S18 The statistic distribution of grain sizes extracted from the Fig. S17a and b.
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Fig. S19 Top surface SEM images and statistic distribution of grain sizes of FAPbI3 

without and with pre-crystallized CsPbBr3 and PbBr2/CsBr powder, respectively.
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S8. TAS at different delay times.

Fig. S20 TAS of FAPbI3 (control) and 1.0 mol% CsPbBr3-FAPbI3 (target) films excited 

at 400 nm.

Table S8 Transient absorption fitted kinetics parameters for glass/FAPbI3 (control) and 

glass/1.0 mol% CsPbBr3-FAPbI3 (target) films at 775 nm.

A1 τ1 (ps) A2 τ2 (ps) τave (ps)

Control 0.59 286 0.41 3260 2926

Target 0.57 423 0.43 6815 6329

The results are fitted with the following double exponential equation:S18

𝑦 = 𝑦0 + 𝐴1𝑒𝑥𝑝⁡( ‒
𝑡

𝜏1
) + 𝐴2𝑒𝑥𝑝⁡( ‒

𝑡
𝜏2

)

The average decay time is calculated through the following format:

𝜏𝑎𝑣𝑒 =
𝐴1𝜏2

1 + 𝐴2𝜏2
2

𝐴1𝜏1 +  𝐴2𝜏2
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S9. UV-vis spectra and the plots of (αhν)2 vs energy (hν) of the control and target 

perovskite films.

Fig. S21 UV-vis spectra and the plots of (αhν)2 vs energy (hν) of FAPbI3 (control) 

without and with different amount of CsPbBr3 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 ΔC, 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 (Ea, EC-ET or ET-EV) and capture cross section of electron traps and hole 

traps can be calculated by the Arrhenius equations S1 and S2,S19,20

(S1)
ln (𝜏𝑒𝜐𝑡ℎ,𝑛𝑁𝐶) =

𝐸𝐶 ‒ 𝐸𝑇

𝑘𝐵𝑇
‒ 𝑙𝑛⁡(𝑋𝑛𝜎𝑛)

(S2)
ln (𝜏𝑒𝜐𝑡ℎ,𝑝𝑁𝑉) =

𝐸𝑇 ‒ 𝐸𝑉

𝑘𝐵𝑇
‒ 𝑙𝑛⁡(𝑋𝑝𝜎𝑝)

where τe ,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. υth,n/p, Xn/p and σn/p represent thermal velocity, entropy factor and 

capture cross section for electron and hole, respectively. The Ea and σ can be extracted 

by the slope and y-axis intercept, separately. In addition, the trap density (NT) could be 

obtained by equation S3,S19

(S3)
𝑁𝑇 = 2𝑁𝑆

Δ𝐶
𝐶𝑅

where NS is the shallow donor concentration, CR is the capacitance under reverse bias, 
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while ΔC represents the amplitude of transient capacitance.

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-ET
a (eV)

(eV)

σb (cm2)

(cm2)

NT
c (cm-3)

(cm-3)

NS
d

 (cm-3)

E1 0.662 2.263×10-15 1.455×1013

E2 0.734 2.012×10-16 2.278×1014Control

H1 0.832 5.008×10-16 7.781×1011

1.36×1015

E1 0.658 3.291×10-15 4.278×1012

Target
E2 0.732 1.843×10-16 9.871×1013

2.08×1015

aET : the energy level of defect; bσ: capture cross-sections of traps; cNT: trap 

concentration. dNS: shallow donor concentration.
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S11. SCLC analysis.

Electron-only device with a structure of glass/FTO/SnO2/perovskite/[6,6]-phenyl-C61-

butyric acid methyl ester (PC61BM)/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 I–V curves are plotted in Fig. 2g and 2h. 

The linear correlation of I–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 (VTFL), and the 

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

(S4)
nt =  

2ε0𝜀𝑟

qL2
∙ VTFL

Where ε0 is the vacuum permittivity, εr is the relative dielectric constant of perovskite 

(εr = 46.9),S21 q is the elementary charge of the electron, and L is the perovskite film 

thickness (about 750 nm estimated from the cross-sectional SEM images). VTFL 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/SnO2/perovskite/PC61BM/Ag) and hole-only devices (c) 

(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 (10-3 cm2 V-1 s-1)
Device

Electron Hole
μe/μh

Control 5.1 2.4 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:

(S5)
𝐽 =

9𝜀𝜀0𝜇

8𝐿3
𝑉2

Where the J is current density and μ is carrier mobility. According to equation S5, the 

calculated μh are 2.4 × 10-3 and 14.3 × 10-3 cm2 V-1 s-1 for control and target perovskite 

films, respectively. And the calculated μe are 5.1 × 10-3 and 18.7 × 10-3 cm2 V-1 s-1 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 Rs (series resistance) connects with an R-CPE elements. Rs is 

determined by the starting point at the real part of the Nyquist plot. The Rct (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 

CsPbBr3 incorporating the Rs value decreases from 14.21 to 11.31 Ω, and Rct value also 

decreases from 380.7 to 276.7 Ω.
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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 Rs (Ω) Rct (Ω) 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.

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 J01, J02 and ohmic resistors Rs, Rsh in series 

and parallel to the diodes, is usually used.S22

Fig. S26 Schematic of the two-diode model of a solar cell.
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A practical upper limit of fill factor (FFJ01) is determined by assuming the absence of 

Rs, Rsh and J02.

 (S6)
𝐽 =  𝐽𝑝ℎ ‒  𝐽01[exp ( 𝑞𝑉

𝑘𝐵𝑇) ‒ 1]

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

The equation S6 could be converted into equation S7.

(S7)

𝐽 =  𝐽𝑠𝑐 ‒  
𝐽𝑠𝑐

exp (𝑞𝑉𝑜𝑐

𝑘𝐵𝑇 ) ‒ 1

[exp ( 𝑞𝑉
𝑘𝐵𝑇) ‒ 1]

(S8)
𝐹𝐹𝐽01 =

𝐽01𝑉01

𝐽𝑠𝑐𝑉𝑜𝑐

According to the above equations, the calculated FFJ01 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 Rs and Rsh.

 (S9)𝑉𝑚𝑝𝑝 = 𝑉0 ‒ 𝐽𝑚𝑝𝑝𝑅𝑠

 (S10)𝐽𝑚𝑝𝑝 = 𝐽0 ‒ (𝑉𝑚𝑝𝑝 + 𝐽𝑚𝑝𝑝𝑅𝑠)/𝑅𝑠ℎ

Thus,

 (S11)

𝑉0𝐽0

𝑉𝑜𝑐𝐽𝑠𝑐
=

𝑉𝑚𝑝𝑝𝐽𝑚𝑝𝑝

𝑉𝑜𝑐𝐽𝑠𝑐
+

𝐽 2
𝑚𝑝𝑝𝑅𝑠

𝑉𝑜𝑐𝐽𝑠𝑐
+

(𝑉𝑚𝑝𝑝 + 𝐽𝑚𝑝𝑝𝑅𝑠)2

𝑅𝑠ℎ𝑉𝑜𝑐𝐽𝑠𝑐

where  is the FF.  is the  and  is the .

𝑉𝑚𝑝𝑝𝐽𝑚𝑝𝑝

𝑉𝑜𝑐𝐽𝑠𝑐

𝐽 2
𝑚𝑝𝑝𝑅𝑠

𝑉𝑜𝑐𝐽𝑠𝑐 ∆𝐹𝐹𝑅𝑠

(𝑉𝑚𝑝𝑝 + 𝐽𝑚𝑝𝑝𝑅𝑠)2

𝑅𝑠ℎ𝑉𝑜𝑐𝐽𝑠𝑐 ∆𝐹𝐹𝑅𝑠ℎ

The FF loss due to J02 recombination can be obtained according to the following 

equation S12.

 (S12)∆𝐹𝐹𝐽02 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 𝐹𝐹𝐽01 ‒ ∆𝐹𝐹𝑅𝑠 ‒ ∆𝐹𝐹𝑅𝑠ℎ ‒ 𝐹𝐹
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Rs and Rsh need to be measured to calculate the  and . After that, three terms ∆𝐹𝐹𝑅𝑠 ∆𝐹𝐹𝑅𝑠ℎ

of FF loss could be obtained.

Rs at MPP was detemined from the voltage shift at Jmpp between the one sun J-V curve 

and pseudo J-V curve (Fig. 4e). Pseudo J-V curves were obtained by measuring the J-V 

curve at different light intensities and then converting the Jsc-Voc pairs into pseudo J-V 

curves using Equation S13,S23

 (S13)
𝐽(𝑉𝑜𝑐) = 𝐽𝑜𝑛𝑒 𝑠𝑢𝑛

𝑠𝑐 [1 ‒
𝐽𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑

𝑠𝑐 (𝑉𝑜𝑐)

𝐽𝑜𝑛𝑒 𝑠𝑢𝑛
𝑠𝑐

]

Rsh 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 Voc (V) Jsc (mA cm-2) FF (%) PCE (%) Vmpp (V) Jmpp (mA cm-2)

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

∆FFRs ∆FFRsh ∆FFJ02

Device
Rs at MPP 

(Ω cm2) 

Rsh (Ω cm2) FFJ01 (%)

(% absolute)

Control 1.2 2.8×103 89.0 2.58 1.23 1.72

Target 0.6 6.2×103 89.2 1.27 0.59 0.58
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