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Experimental Section

Materials

All materials are commercially without purification unless specified. Formamidinium iodide (FAI)
and nickel oxide (NiO,) were purchased from Advanced Electron Technology CO., Ltd..
Methylammonium bromine (MABr) was purchased from Greatcell Solar Materials.
Methylammonium chloride (MACI), cesium iodide (Csl) and 2-Thiopheneethylammonium chloride
(TEACI) were bought from Xi’an e-Light New Material Co., Ltd.1,4-di(methylimidazolium)-butane
dibromide and tetramethylguanidine tetrafluoroborate were purchased from Lanzhou Greenchem
ILs. Co., Ltd. N, N-dimethylformamide (DMF), dimethylsulfoxide (DMSO) were bought from Alfa
Aesar. Isopropanol (Ultradry 99.5%), methanol and ultradry ethanol were purchased from Sigma-
Aldrich. Lead iodide (Pbl,) was purchased from Tokyo Chemical Industry (TCl). (4-(7H-
dibenzo[c,g]carbazol-7-yl)butyl)phosphonic (4PADCB) were bought from Borun New Material. Lead
bromide (PbBr;), C60, and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were purchased
from Xi’an Polymer Light Technology Corp. Chlorobenzene (CB) and anhydrous ethanol were
purchased from Aladdin. Silver grain was purchased from ZhongNuo Advanced Material (Beijing)
Technology Co., Ltd. Poly(methyl methacrylate) (PMMA, Mw=150000) was purchased form Energy

Chemistry.

Preparation of the perovskite precursor
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226.7 mg FAl, 21.0 mg Csl, 7.8 mg MABr, 2.54 mg PbBr, and 661.3 mg Pbl, and 12.0 mg MACI were
dissolved in 1.0 mL mixed solvents (DMF: DMSO = 4:1, volume: volume). The perovskite precursor
was stirred overnight at room temperature. To prepare the precursor solutions with TMGBF, (1,3,

5 mol% with respect to Pbl,), the additive was added to the DMF precursor solution.

Device fabrication

ITO/glass substrates (15 Q sq? purchased from Advanced Electron Technology. CO., Ltd.) were
sequentially ultrasonic cleaned in diluted detergent, deionized water (DI) water, isopropanol (IPA)
and ethyl alcohol for 10 min sequentially and then dried in an oven. The pre-clean ITO glasses were
treated with UV-Ozone for 25 min before depositing the hole transport layer. NiO, dispersion (15
mg/mL in DI water) was sonicated for 6 min and then filtered with 0.22 um polyether sulfone (PES)
filter before usage. Afterwards, 40 pL of the dispersion was spin-coated on the ITO/glass substrate
at a speed of 2000 rpm for 30 s, followed by an annealing at 200 °C for 25 min in air. After cooling,
the substrates were transferred to a nitrogen-filled glove box. Then 4PADCB dissolved in anhydrous
ethanol with a concentration of 0.5 mg/mL was spin-coated on NiO,/ITO/glass at a speed of 3000
rom for 30 s, followed by annealing at 120 °C for 12 min. After that, Bu(MIm),Br, (0.5 mg/mL
dissolved in methanol) was dynamically spin-coated at a speed of 4000 rpm for 20 s, followed by
annealing at 120 °C for 5 min. The perovskite precursor solution was filter by 0.22 um PTFE filter
and then spin-coated at a consecutive two-step process with 1000 rpm for 5 s followed by 4000 rpm
for 25 s. During the second step, 200 pL of chlorobenzene was dropped on the substrate during the
last 11 s of spin coating, and then annealed at 120 °C for 30 min. After cooling down, the substrate
was treated with TEACI dissolved in a mixed solution (IPA: DMSO = 1000: 5. volume: volume, 0.8
mg/mL) at 4000 rpm for 30 s dynamically, followed by heat treatment at 120 °C for 5 min. Then the
PMMA solution (0.5 mg/mL) was dynamically spin-coated on the films at 5000 rpm for 30 s. Finally,
C60 (17 nm), BCP (7 nm) and Ag (80 nm) electrode was deposited by thermal evaporation with a

mask area of 0.04 cm?2.

Device characterization

The J-V curves of the perovskite solar cells were measured with Keithley 2400 source meter under

3
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1 sun (AM 1.5G spectrum) generated from a class solar simulator (Japan, SAN-EI, XES-40S1). The
EQE spectrum was measured using a Solar Cell Spectral Response Measurement System QE-R3011
(Enlitech Co., Ltd.). The light intensity at each wavelength was calibrated using a standard single
crystal Si photovoltaic cell. The stability of the unencapsulation device was tested under AM 1.5G
illumination with light intensity of 100 mW/cm? in different condition. The dark current density was
measured by the semiconductor parameter analyzer (Keithley 2400). The dynamic range
measurements were performed under different intensities of monochromatic light using ThorLabs
metallic coated neutral density filters. Capacitance-Voltage (CV) and Capacitance-frequence (C-f)
measurements were performed with a frequency analyzer module-equipped potentiostat

(PGSTAT302N, Autolab) in dark condition.

Sample characterization

The photoluminescence (PL) spectra and time-resolved (TRPL) were performed with a 532 nm laser
driven by TektronixAGF1062A function generator integrated and a 350 MHz Tektronix MD0O3034
oscilloscope. PL mapping was used in the Laser micro-confocal Raman spectrometer (LabRAM HR
Evolution) with a 325 nm laser. The scanning electronic microscope (SEM) images were obtained
from Apreo2 S Lovac field emission. The XPS and UPS spectra were recorded on ESCALab250Xi
multifunction X-ray photoelectron spectrometer. The UV-vis absorption spectra were measured by
Hitachi U-3010 spectrophotometer. Grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements were carried out with a Xenocs Xeuss 2.0 system with an Excillum etallet-D2 X-ray
source (70 kV, 2.857 mA, 1.341 A) and a DECTRIS PILATUS3 R 1M area detector. The incidence angle
is 0.2°. The °F and 'H NMR measurements were performed on an AVANCE Ill 400M (Bruker). The
surface and bottom roughness and potential were tested using a MultiMode 8-HR Atomic Force
Microscope (AFM, Bruker) with a tapping amplitude modulation mode. Grazing incidence X-ray
diffraction (GIXRD) patterns were acquired in air by using a Rigaku Smartlab with Cu Ka radiation
(A= 1.5405 A). The femtosecond transient absorption measurements were performed on a Helios
spectrometer (Ultrafast Systems) pumped by a Ti:sapphire regenerative amplifier (Legend Elite,
Coherent) operating at 5 kHz with fundamental wavelength of 800 nm and pulse width of ~40 fs.
The film samples were prepared on quartz and were selectively excited using 750 nm excitation at

a fluence of 0.5 W cm~2 pulse, which corresponds to excitation densities on the order of ~1017 cm=3.

4
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The sample for the XPS tests were thinned down by GmbH, which was performed on ION TOF SIMS
5. Ar clusters (10 keV) were used in the sputtering. Bi3* (30 keV) was used to probe the sample

surface in the analysis phase.

Supplementary Note

1. Residual Stress Analysis

The film stress can be calculated according to the Bragg’s Law and generalized Hooke’s Law, the 26-

)
sin"¥ can be given by:!

E_ 7w o 0020
- co
2(1+v)180 °3sinty 1)

where E and u are Young’s modulus (10 GPa) and Poisson’s ratio of the perovskite film (0.3),
respectively. 6 is the diffraction peak for strain-free perovskite crystal plane and 6 is the diffraction
peak for the measured perovskite films. ¢ is the angle of diffraction vector with respect to the

sample normal direction.

2. Williamson-Hall Analysis

We calculated the variation of micro-strains according to the Williamson-Hall equation:2

KA .
B X cos6 =3+4£><sm9

(2)
where D and € represent the crystallite size and lattice distortion of perovskite films, respectively, B
is the FWHM of diffraction peaks, 0 is half of the scattering angle, K is the shape factor (0.9 for a

cubic structure), A is the wavelength of the incident X-rays (1.5406 A)

3. Doping density (N,) and space charge width (W)
The slopes of the C-V plots reflect the carrier concentration and the extrapolated intersection with
the voltage axis yield the built-in voltage. The carrier concentration was calculated from the Mott-

Schottky relation:3
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where &7 is the relative dielectric constant of perovskite (8r= 4/7), and the gq is the dielectric

constant of the vacuum, A is the device area. The space charge width (W) depends on the doping

density and the built-in-voltage V,,; can be calculated by

(4)

where A is the active area, and V is the applied bias.

4. Light intensity-dependent V¢ analysis

nkgT

Voc= In(l) +B

(5)
where kg, T, g, |, Brepresent Boltzmann constant, thermodynamic temperature, the electron charge,
light intensity and constant, respectively. The smaller n is theoretically, the indirect defect

recombination at the interface (SRH recombination, Shockley-Read-Hall recombination) is smaller.

5. Admittance Spectroscopy analysis
The standard C-V and TAS measurements were performed by using was performed with a frequency
analyser module-equipped potentiostat (PGSTAT302N, Autolab) in dark condition. For the standard
C-V measurement, the DC bias was scanning from 0 V to 1.3 V for the perovskite solar cells. The
Mott-Schottky curves were obtained by analysing the data in PIAOS software. For the TAS
measurement, the DC bias was fixed at 0 V and the amplitude of the AC bias was 1.0 V. The scanning
range of the AC frequency was 10 to 10° Hz.
The total trap density of states (tDOS) spectrum was calculated through the equation:>®
Ny (E,) =- ViiwdC 1
W dw qkgT (6)

BT
Ew = kBTln(T)

(7)
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where q is the elementary charge, C is the capacitance, and w is the applied angular frequency. Vy;
and W are the built-in potential and the depletion width, respectively, which can be extracted from

the Mott-Schottky analysis through the capacitance-voltage (C-V) measurement.

6. Activation energy (E,) analysis
E, values calculated by fitting the corresponding Arrhenius plots using the relation:
E
2 a
Wpeqk = BT exp( - —)

kgT (8)

where B is a temperature-related parameter, T and kg are the temperature and Boltzmann’s
constant, respectively. The characteristic transition frequency values (wpeax) were obtained from the

derivative of the capacitance-frequency spectra.

7. FF losses analysis

FFmax =
v, +1 9)
" _ qVOC
oc
with nKgl (10)

where Kz is Boltzmann's constant, T is Kelvin temperature and q is electron charge, n is ideality

factor. The maximum FF is estimated without considering charge transport losses.

8. Calculation of quasi-Fermi level splitting (QFLS) based on the PL quantum yield (PLQY)

To investigate the non-radiative recombination perovskite film with and without TMGBF,
treatment, we calculated the Quasi-Fermi level splitting (QFLS) values by using photoluminescence
guantum yield (PLQY) measurements, which was conducted an FLS980 (Edinburgh Instruments Ltd.)
by a 450.5 nm laser taken from the bottom ITO side inside an integrated sphere. According to the

relation between QFLS and PLQY as the following equation:’

Ja
oFLs = gFLs. BT PLeY) = kBT'ln(PLQY )

rad+ 0,rad

(11)



10

11

12

13

14

15

16

17

QFLS

where rad js the QFLS for the perovskite layer when only radiative recombination is present,

kg is the Boltzmann constant (1.38x10-23 J/K), and T is the temperature (300 K).]G is the generation

current density under illumination, in this case, approximated to the short-circuit current density Js¢

of devices and]0, rad js the dark radiative recombination saturation current density.

According to the detailed balance theory, the]0, rad can be calculated by the following equations:

Jo,raa = QfEQEpV(E)(Z)BB(E)dE
" (12)
_ 2mE’ 1
P =t ( E )
exp|—| -1
kT 3)
EQE

Where q is the elementary charge, PV is the photovoltaic external quantum efficiency, Ejs the

photon energy, Dpp is the black-body radiative spectrum, his the Planck constant, and C is the light

speed in a vacuum. Jo,ad of perovskite filme without (Ref) and with (Target) is evaluated by EQE

curves measured in Figure S26, which was calculated as 1.92x102° mA cm for reference device
and 1.63x102° mA cm for target device, respectively. Subsequently, combined with the PLQY
value, the corresponding QFLS of the samples with and without TMGBF, treatment are 1.209 and
1.204, respectively. Besides, the V¢ non-radiation recombination loss can be obtained by the

following equation:

QFLS,,,— QFLS  kgTIn(PLQY)

ApTon - rad —
o¢ q q (14)



3 Figure S1. Chemical structure of 1,4-di(methylimidazolium)-butane dibromide (Bu(MIm),Br,).
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1 DMF rinse, respectively. (c-d) ITO/4PADCB/Bu without and with DMF rinse, respectively.
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1 Figure S14. Statistics on the performance parameters (FF, Jsc, Voc, PCE) of PSCs with and without

2 Bu@ interlayer obtained from 30 devices for each system.
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Figure S16. The proton nuclear magnetic resonance (a) °F NMR spectra. (b) 'H NMR spectra of

3 TMGBF, when mixed with Pbl,, FAl and MABr.

4
a b NEQ F C *Nag F
| b\NJLN/b ,é\ b\ JL /b 7!'
, N o C AT
—~ [TMGEBF, i a5 b b ~ Sl
5 h =) : =] :
© o 4] 1 ;
— [TMGBF +Pbl, |: A5=0.09 p ' L i
é ; 7 2| TMGBF, 1 >|TMGBF, !
& [TMGBF,+MABr ! A5=0.06 2 e @ b
g :I % 11 A5=0.01 9 I AB=0.01
£ [TMGBF+FAI |} AB=0.07 = = |
' TMGBF ,+Pbl, TMGBF,+Pbl, |
1
150  -149 148 -147 82 80 7.8 76 7.4 35 34 33 32 3.1
5 5 (ppm) 3 (ppm) 5 (ppm)
6
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6 charged mono-valence fragments.
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2 Figure S20. Grain size distribution in the perovskite films with different TMGBF, loadings (0, 1, 3

3 and 5%, mole percent with respect to Pbl,).
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6 Figure S21. XRD patterns of the corresponding perovskite films.
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9 Figure S22. GIWAXS patterns reference and 3% TMGBF,-treated perovskite films.
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Figure S23. (a) Steady-state PL spectra. (b) TRPL spectra of the perovskite films with different

3 TMGBF, additive content (0%, 1%, 3% and 5%) deposited on glass.
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6 Figure S24. The J-V curves of the PSCs with different concentrations of TMGBF, additive. The
7 photovoltaic parameters are summarized in Table S8.
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2 Figure S25. Statistics on the performance parameters of PSCs with different concentrations of
3 TMGBF, (0%, 1%, 3% and 5%) obtained from 30 devices.
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Figure S26. Independent efficiency certification of perovskite solar cells by an accredited institute
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6
A 1o Do
5 Ref 1, = 12.73 s = Ref == 196 s
o 0.8 3% TMGBF, 1, =26.19 us ;_;0.8 3% TMGBF, 7, = 0.63 pis
q’ o
g 5
= 0.6 Los
2 5
o
g 04 T04
2 N
© =
2 © L
g 0 £ 0.2
o
=z
0.0 Z00

o
|

160 260 360 40C i . é
7 Time (us) Time (us)

o



1 Figure S31. (a) TPV and (b) TPC spectra of the reference and the TMGBF,-treated devices.
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4 Figure S32. (a) and (d) The pseudo-color TA spectrum plot of reference and 3%TMGBF,-treated
5 perovskite films. (b) and (e) Delay time-dependent TA spectra (time scale: 0.2-1.5 ps) for reference

6 and 3%TMGBF,-treated perovskite films. (c) and (f) Delay time-dependent TA spectra (time scale:

7 100-7000 ps) for reference and 3%TMGBF,-treated perovskite films.
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10 Figure S33. The bleach recovery kinetics for reference and the TMGBF,-treated perovskite films
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1 following the excitation at probe wavelength at 760 nm.

2

3

4

5 Figure $34. The PLQY measurements and calculated QFLS values of reference and TMGBF,-treated

6 samples.
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9 Figure S35. XRD patterns of (a) the reference and (b) TMGBF,-treated perovskite films at the

10 beginning (Iminute) and ending (70 minutes) time under 150+5°C in vacuum.
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1 Table S1. The calculation data for relative content of hydroxide on different samples.

Samples Hydroxide peak  Lattice oxygen Deficiency Ratio
area peak area area (%)
Initial 2592.32 15515.93 10405.82 16.7
ITO/4PADCB DMF rinse 1102.23 14478.61 7779.13 7.6
Methanol
_ 2035.66 12965.98 7615.73  15.7
rinse
ITO/4APADCB/Bu@ Initial 3477.42 22083.62 12462.69 15.6
DMF rinse 2489.60 16062.38 7082.48 15.5

2

3 Table S2. Time-resolved PL data of perovskite films.

Samples T1(ns)  A%) T(ns)  Ay%) Tavg (NS)

Glass/ITO/NiO,/4PADCB//PVK 9.84 2.8 215.05 97.2 214.8

Glass/ITO/ NiO,/4PADCB/

Bu@/PVK 82.46 1.7 676.83 98.3 675.5

4 The average lifetime (t...) of perovskite films on quartz calculated with [=
5



1 Table S3. Instrumental angles (W, w, @) set for (012) crystal plane in different depths of GIXRD

2 residual stress measurements.

Depth (nm) (hkl) Y (©) w (°) D (%)
5 0.3114 -17.4592
10 0.3151 -32.0793
20 0.3303 -51.0211
50 (012) 30 0.3588 -61.082
40 0.4063 -66.8129
50 0.4855 -70.3293
5 1.8318 -19.31
10 1.8544 -34.9649
20 1.95 54.2136
200 (012) 30 2.1293 -64.0587
40 2.4333 -69.7122
50 2.9548 2.9548

3
4 Table S4. The slope of the residual strain fitting line and strain values for the perovskite films with

5 and without Bu(MIm),Br, at the depth of 50 nm and 200 nm.

Depth (nm) Films Slope Strain (MPa)
50 Control -0.103+0.004 24.28+0.94
Bu@ -0.054+0.003 12.73+0.70
200 Control -0.086+0.002 20.26+0.47
Bu@ -0.027+0.002 6.36+0.47
6
7

10
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1

2 Table S5. Photovoltaic parameters for PSCs with or without Bu(MIm),Br; layer.

Device type Scan Voc Jsc FF PCE
direction (V) (mA/cm?) (%) (%)
Control RS 1.135 25.44 78.92 22.80
FS 1.129 25.29 79.64 22.72
Bu@ RS 1.164 25.55 81.93 24.36
FS 1.162 25.47 81.75 24.20
3 Note: Forward scan and reverse scan were denoted as FS and RS, respectively.
4
5 Table S6. Time-resolved PL data of perovskite films with or without TMGBF,.

Samples T(us)  A%)  wa(us)  AA%)  Tag ()
Glass/ITO/0%TMGBF,;+PVK 0.193 0.90 0.844 99.1 0.842
Glass/ITO/1%TMGBF4+PVK 0.464 14 1.048 98.6 1.044
Glass/ITO/3%TMGBF,;+PVK 0.493 2.4 1.221 97.6 1.268
Glass/ITO/5%TMGBF4+PVK 0.291 1.8 1.273 98.2 1.216

6

7 Table S7. Photovoltaic parameters for PSCs with different concentrations of TMGBF,.

Device type Scan Voc Jsc FF PCE
direction (V) (mA/cm?) (%) (%)
Ref RS 1.164 25.55 81.93 24.36
FS 1.162 25.47 81.75 24.20
1% TMGBF, RS 1.187 25.66 83.77 25.52
FS 1.182 25.64 83.19 25.23
3% TMGBF, RS 1.192 25.78 85.21 26.18
FS 1.193 25.67 84.70 25.94
5% TMGBF, RS 1.190 25.63 84.53 25.80
FS 1.192 25.39 84.90 25.69

30



1 Note: Forward scan and reverse scan were denoted as FS and RS, respectively.

2

3 Table S8. The EIS fitting results of PSCs with different concentrations of TMGBF,.

Device R Rrec CPE; CPEP4
(Q) (Q) (F) (F)

Ref 5.19 3474 8.54 x10°° 0.9824

Target 1.80 4520 8.62 x108 0.9949
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