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Experimental

Materials

Ammonium nitrate (NH4NO3, 99.85%) was purchased from aladdin. 

Formamidinium iodide (FAI, 99.5%), lead iodide (PbI2, 99.99%), cesium iodide (CsI, 

99.99%), spiro-OMeTAD (99.5%), bis (trifluoromethane) sulfonimide lithium salt (Li-

TFSI, >99%) and 4-tert-butylpyridine (TBP, >96%) were purchased from Xi'an 

Polymer Light Technology Corp. SnO2 colloidal solution [15%tin (IV) in H2O colloidal 

dispersion] was purchased from Alfa Aesar. The solvents tetramethylene sulfoxide 

(TMSO, >95.0%), N, N-dimethylformamide (DMF, anhydrous, 99.8%), isopropanol 

(IPA, anhydrous, 99.9%), acetonitrile (anhydrous, 99.8%) and chlorobenzene (CB, 

anhydrous, 99.8%) were purchased from Sigma-Aldrich. All chemicals and reagents 

were directly used as received.

Device fabrication

ITO glass substrates were cleaned subsequently with detergent (5 vol% in 

deionized water), acetone, isopropanol and ethanol for 20 min respectively. The 

substrates were dried by N2 gas. Prior to electron transporting layer (ETL) deposition, 

the substrates were further cleaned with UV-ozone for 15 min. The SnO2 colloidal 

dispersion (15% in water, Alfa Aesar) diluted with deionized water (1:3 wt) with an 

additive of 4 vol% polyethylene glycol (Alfa Aesar) and 8 vol% Triton X-100 (Aladdin) 

was spin-coated on the ITO substrate at 3000 rpm for 30 s, followed by annealing at 

150°C for 30 min and UV-ozone treatment for 15 min.

The FA0.9Cs0.1PbI3-based perovskite precursor solution was prepared by mixing 

PbI2 (1.5 M), FAI (1.35 M), and CsI (0.15 M) in a mixed solvent (DMF: TMSO=9:1, 

v/v). The perovskite precursor solution was spin-coated onto SnO2 with a two-step 

spinning procedure (1,000 rpm for 5 s and 4,000 rpm for 30 s). During the second step, 

Gas-quenching (N2) was sprayed on the wet film 20 s before stopping, the gas-pressure 

at the regulator was set to 0.3 MPa. Subsequently the deposited perovskite layer was 

annealed at 150 °C for 20 min. The passivation layer was prepared by dissolving 1 mg 

NH4NO3 in 1 mL IPA, and was spin-coated on top of the perovskite layer at 4,000 rpm 



for 30 s. The hole transporting layer was spin-coated on top of the passivation layer at 

4,000 rpm for 30 s using a spiro-OMeTAD solution dissolving 72.3 mg spiro-

OMeTAD, 17.5 μL Li-TFSI stock solution (520 mg·mL–1 acetonitrile), 28.8 μL TBP in 

1 mL chlorobenzene. After deposition, the sample was oxidized for 4 h in a pure oxygen 

atmosphere for 40 °C. Finally, about 100 nm sliver electrodes were prepared by thermal 

evaporation.

Characterization

The top-viewed scanning electron microscope (SEM) images films were observed 

using scanning electron microscope (FEI INSPECT F50, U.S.A.). Atomic force 

microscope (AFM) images were scanned by AFM (KEYSIGHT Technologies 7500). 

The XRD spectra of the MA-free perovskite films were measured by an X-ray 

diffractometer (X’Pert Pro MPD, PANalytical). Steady-state photoluminescence (PL) 

was characterized by a FLS980 (Edinburgh Instruments Ltd) with an excitation at 468 

nm. The current-voltage (J-V) characteristics were measured by a Keithley B2901A 

source and the solar simulator with standard AM 1.5G (100 mW·cm–2, SS-F5-3A, 

Enlitech) under ambient conditions. The J-V curves were measured by forward (-0.2 to 

1.2 V) or reverse (1.2 to -0.2 V) scans with a delay time of 0.02 s for each point.

The CPD value is the contact potential difference between the metallic KPFM tip 

and the sample, which can be derived as work function difference between the tip and 

the sample by the following equation (1):1, 2

                       (1)
CPD =

ϕtip - ϕsample

e

where φtip is the work function of the KPFM tip, φsample is the work function of the 

sample surface and e is the electronic charge. Calibration gives a CPDtip of 0.430 V and 

a φtip of 5.03 eV for the KPFM tip.

The trap density in the perovskite films is assessed by SCLC of electron-only 

devices (ITO/SnO2/Perovskite/NH4NO3/PCBM/BCP/Ag). The trap-filled limit voltage 

(VTFL), from which the trap density (nt) can be calculated by equation (2):3



                             (2)
VTFL =

qntL
2

2εε0

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

q is the elementary charge, and L is the thickness of the perovskite film.

The average TRPL decay lifetime (τave) can be obtained using the following 

equation (3):4

                           (3)
𝜏𝑎𝑣𝑒=

𝐴1𝜏
2
1 + 𝐴2𝜏

2
2

𝐴1𝜏1 + 𝐴2𝜏2

Where A1 and A2 are constants representing the contributions of the fast and slow 

components, respectively. τ1 is the fast decay process related to bimolecular 

recombination, and τ2 is the slow decay process associated with trap-assisted 

recombination.

The humidity stability test of the devices is carried out in ambient air without 

humidity control, where the average RH is recorded every 12 hours.



Fig. S1 Device structure of PSCs with NH4NO3.

Fig. S2 (a) and (b) RMS of the perovskite film before and after NH4NO3 passivation by AFM.

Fig. S3 UV-vis absorption spectra of pristine perovskite film, and perovskite films with NH4NO3 
(1 mg/mL).



Fig. S4 XPS of control and NH4NO3-passivated perovskite films: (a) XPS survey spectra;(b) C 1s; 
(b) Cs 3d; (c) O 1s.

Fig. S5 The values of SP statistics for KPFM of control and NH4NO3-passivated films.



Fig. S6 The values of CPD statistics and calculations for KPFM of control and NH4NO3-passivated 
films.

Fig. S7 TRPL to investigate the effects of NH4NO3 in the perovskite films. 



Fig. S8 J-V characteristics of with/without NH4NO3-passivated devices under AM1.5G simulated 
solar illumination. 

Fig. S9 Light intensity-dependent VOC of the control and target devices. 



Fig. S10 Dark currents of the control and target devices.

Fig. S11 Mott-Schottky curves of the control and target devices.



Fig. S12 Stability test based on unencapsulated devices with and without NH4NO3 stored in ambient 
air (RH=50-90%). 



Table S1. Grain boundaries passivation strategies towards perovskite solar cells.

Passivator Perovskite Passivation methods
PCE [%]

(C/P)
Ref.

poly(methyl methacrylate) 

(PMMA)
Cs0.05(FA0.9MA0.1)0.95Pb(I0.9Br0.1)3

Surface passivation 

treatment
19.4/20.4 5

4-fluoro-

phenethylammonium iodide 

(FPEAI)

FA0.85MA0.15Pb(I0.85Br0.15)3
Surface passivation 

treatment
18.46/20.53 6

3,4,5,6-

tetrafluorophthalicacid 

(TFPA)

FA0.85MA0.15PbI3
Surface passivation 

treatment
21.46/23.70 7

N-(3-aminopropyl)-

imidazole diiodide (APDI)
FA0.83Cs0.17Pb(I0.86Br0.14)3

Surface passivation 

treatment
20.01/21.41 8

phenethylammonium 

chloride (PEACl)
FA0.82Cs0.18PbI3

Additive and surface 

treatment
20.1/22.3 9

poly(bithiophene imide) 

(PBTI)
CsFAMA Additive treatment 18.89/20.67 10

p-phenyl 

dimethylammonium iodide 

(PhDMADI)

FA0.7MA0.3Pb0.5Sn0.5I3 Additive treatment 15.8/20.5 11

K2SO4 CsFAMA Additive treatment 20.39/22.4 12

poly(6FDA-co-AHHFP 

(PAA)
MAPbI3 Additive treatment 17.53/20.03 13

IDIS-Th MAPbI3 Antisolvent treatment 17.78/20.01 14

2-(5,6-Difluoro-3-oxo2,3-

dihydro-1H-inden-1 

ylidene) malononitrile 

(BTP-4F)

CsFAMA Antisolvent treatment 19.25/22.16 15



Table S2. The change in PCE of devices in high humidity environments (statistics derived from 48 
individual devices).

Start PCEave (%) End PCEave (%) Rate of decline

Control (without NH4NO3) 18.14 11.91 34.36%

Target (with NH4NO3) 19.35 16.26 15.97%
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