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Fig. S1. Low and high magnification FE-SEM images of spray deposited NiO films on ITO 

substrates showing the change in surface morphology with spray cycles. (a1, a2) 4 spray cycles, 

(b1, b2) 6-spray cycles, (c1, c2) 8-spray cycles, and (d1, d2) 10-spray cycles.
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Fig. S2. Cross-sectional FE-SEM images of (a) NiO-4, (b) NiO-6, (c) NiO-8 and (d) NiO-10 

films deposited on ITO substrates.
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Fig. S3. (a) Representative wide-scan XPS survey spectrum and (b) high resolution scan spectra 

of the Ni 2p3/2 peak of NiO thin film.

UPS Analysis

The energy levels of NiO were examined via UPS analysis. The energy difference (Ei) between 

the valence band maximum (EVB) and EF is derived from the low binding energy tails. The work 

function, or Fermi level (EF) of the charge carrier extraction layers are obtained by subtracting 

the binding energies of the secondary electron cutoffs from the excitation energy (21.22 eV) of 

HeI UPS spectra. The position of the valence band was confirmed using the equation EVB = 

21.22–(Ecutoff – Ei). Based on the tails at low binding energy, the energy difference (Ei) between 

Fermi level (EF) and the valence band maximum (Evb) is about ~0.36 eV, and the work function 

or Fermi level was approximately -4.52 eV. This was determined by subtracting the Ecut-off (16.7 

eV) from the excitation energy (21.22 eV) of HeI. The position of the valence band (VB) energy 

level was an energy of -4.88 eV. After determining the EVB, the conduction band (ECB) energy 

level can be obtained easily by adding the optical bad gap (~3.70 eV) to the EVB (~4.88 eV). 

Therefore, the ECB of the NiO film was approximately -1.18 eV.
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Fig. S4. (a) Low-magnification FESEM images of perovskite films deposited on the top NiO-8 

HTL and (b) absorbance spectra with HTL and HTL-ETL layers.
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TRPL analysis:

The TRPL decay parameters were obtained by fitting the decay profile data using the bi-

exponential function as: 

                                        (1)
𝑌 (𝑡) = 𝐴1exp ( -

𝑡 - 𝑡0

𝑡1 ) + 𝐴1( -
𝑡 - 𝑡0

𝑡2 ) + 𝑌0

Here, τ1 and τ2 are the first and second order decay times, and A1 and A2 are the respective weight 

factors of each decay channel. The fast-decay time (τ1) indicates the non-radiative decay, and the 

slow-decay (τ2) indicates the radiative decay, which originated from the recombination of charge 

carriers and free-charge carriers before the collection, respectively. The average recombination 

lifetime <τavg> was calculated from the following equation:

< 𝜏𝐴𝑣𝑔 >=
𝐴1τ2

1 + 𝐴1τ2
2

𝐴1𝜏1 + 𝐴2𝜏2
                                                                (2)

Table S1. TRPL lifetime measurements of perovskite absorber deposited on an ITO/NiOx-8 

coated substrate. Weight fraction calculated from the amplitude at a particular lifetime decay.

Sample τ1 

(ns)

τ2 

(ns)

A1 A2 <τ> 
(ns)

ITO/pero. 2.058 15.891 0.2138 0.3467 14.85

ITO/NiO/pero. 1.271 10.540 0.2454 0.3113 9.73

ITO/NiO/Pero./PCBM/ZnO 1.232 9.0310 0.3411 0.2684 7.87
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Table S2. Summary of device parameters VOC, JSC, FF, and PCE of the inverted PSCs using 

undoped spray deposited NiO or NiOx HTLs with device configurations and antisolvents used for 

depositing the perovskite layer.

Where, a acetonitrile + ethanol (95:5 v%), b ethanol + acetylacetone, c deionized water, d ethanol 
+ DI water (80:20 v%).

HTL Method
(solvent)

Anti-
Solvent 
(vol.)

Perovskite System Voc
(V)

Jsc
(mA cm-1)

FF
(%)

PCE
(%)

Ref.

NiO Spraya Toluene
(800 µL)

FTO/NiO/MAPbI3/PCBM/TiOx/Ag 1.03 18.70 64.0 12.4 [1]

NiO Spraya Toluene
(800 µL)

FTO/NiO/MAPbI3/PCBM/BCP/Ag 1.09 20.26 74.8 16.6 [2]

NiO Spraya Toluene
(800 µL)

FTO/NiO-Al2O3/MAPbI3/PCBM/BCP/Ag 1.04 18.0 72.0 13.5 [3]

NiO Spray
Combustionb

Methylbenzen
e

(1000  µL)

FTO/NiO/MAPbI3/PCBM//Ag 1.03 17.42 71.2 12.7 [4]

NiO Ultrasonic 
Sprayc

 N2 gas 
assisted 

conversion

ITO/NiO/ 
Cs.17FA.83Pb(Br.17I.83)3./C60/BCP/Ag

(Cs- containing Double cation)

1.02 19.7 76.0 16.2 [5]

NiO Sprayd EA-Hex
 (100 µL)

ITO/NiO/(FAPbI3)0.85(MAPbBr3)0.15/PCB
M/ZnO/Ag 

(Cs-containing Tripe cation)

1.10 22.6 73.0 17.3 This 
work
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Fig. S5. Transmittance spectra of A1-A5 and B1-B5 samples deposited for 8 spray cycles

Table S3. Performance of perovskite devices fabricated on spray deposited large-area NiO-8 

(62.5 cm2) films (total 10 samples in two rows). The PSC devices are designated as 1 to 10.

Device Jsc

mA cm-2

Voc

(V)

FF

(%)

PCE

(%)

Rs

(Ω)

Rsh

(Ω)

1 22.60 1.04 71.1 17.00 49.0 30515

2 21.94 1.06 70.96 16.66 50.3 23846

3 21.62 1.06 70.83 16.36 50.3 24606

4 21.81 1.06 70.97 16.51 49.3 23730

5 21.99 1.05 72.23 16.66 52.7 34080

6 22.92 1.06 70.27 17.23 49.9 26683

7 22.75 1.06 71.16 17.14 45.6 25493

8 22.56 1.06 71.58 17.06 45.6 26075

9 21.85 1.05 72.07 16.57 55.2 33276
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10 21.78 1.05 71.80 16.49 56.2 26145

Fig. S6. Box plot of device parameters for samples A1-A5 and B1-B5.

Table S4. Performance of perovskite solar cells with variations in the active areas of the device. 

Aperture 
Area
(cm2)

Jsc

(mA cm-2)
Voc

(V)
FF
(%)

PCE
(%)

Rs

(Ω cm2)
Rsh

(Ω cm2)

0.07 22.75 1.06 71.16 17.14 3.2 1284.5

0.09 22.56 1.05 71.58 16.96 3.3 1780.4

0.52 22.76 1.07 56.90 13.93 11.32 751.7

1.04  22.51 1.06 51.23 12.22 14.56   443.1
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Table S5. Summary of the synthesis method of the NiOx based (pristine and doped) HTL, PSC device structure, performance and 
device stability under different conditions for the inverted PSCs.

HTL Synthes
is

method

Device structure VOC 
(V)

JSC 
(mA/cm2)

FF PCE 
(%)

Stability Stored
environment

Ref.

Cu:NiOx Sol-gel ITO/Cu:NiOx/MAPbI3/PC61BM/bis-C60/Ag 1.11 19.01 0.73 15.40 90% for 240 h air 6
Cu:NiOx NP ink ITO/Cu:NiOx/MAPbI3/C60/BCP/Ag 1.12 22.28 0.81 20.26 95% for 1000 h 50–65% humidity 7
Cu:NiOx DCMS FTO/Cu:NiOx/MAPbI3/PCBM/Ag 1.06 20.79 0.67 14.88 >90% for 10 days 30 °C, 60% humidity 8

NiO DCMS FTO/NiOx/MAPbI3/PCBM/Ag 0.99 18.76 0.57 10.54 >90% for 10 days 30 °C, 60% humidity 8
Cu:NiOx Sol-gel FTO/bl-Cu:NiOx/mpCu:NiOx/MAPbI3/ PCBM /bis-C60/Ag 1.11 21.58 0.82 19.62 >90% for 1000 h light 9

NiO Sol-gel FTO/bl-NiOx/MAPbI3/PCBM/bis-C60/Ag 1.10 18.49 0.77 15.60 >90% for 1000 h >90% for 1000 h 10
Ag:NiOx Sol-gel ITO/Ag:NiOx/MAPbI3/PC71BM/BCP/Ag 1.08 19.70 0.80 16.86 60% for 30 days ~30% humidity 10

NiOx Sol-gel ITO/NiOx/MAPbI3/PC71BM/BCP/Ag 1.05 17.52 0.72 13.24 60% for 30 days ~30% humidity 10
Co:NiOx MS FTO/Co:NiOx/MAPbI3/PCBM/Ag 1.01 20.02 0.63 12.63 >90% for 10 days 30 °C, 60% humidity 11

NiOx MS FTO/NiOx/MAPbI3/PCBM/Ag 1.01 18.80 0.55 9.60 >90% for 10 days 30 °C, 60% humidity 11
Zn:NiOx Sol-gel FTO/Zn:NiOx/MAPbI3/PCBM/BCP/Ag 1.10 22.80 0.78 19.6 84.4% for 30 days Dry air 12
Li:NiOx Sol-gel ITO/Li:NiOx/MAPbI3/PCBM/Ag 1.00 20.89 0.74 15.41 84.4% for 480 h Glove box 13
Li:NiOx Sol-gel FTO/LiNiO/MAPbI3-xClx/PCBM/Ag 1.12 21.79 0.74 18.00 ~100% for 2 h 1 sun illumination 14
NiMgO MS FTO/NiMgO/MAPbI3/PCBM/ZnMgO/Al 1.08 21.30 0.80 18.50 ~90% for 600 h 50–70% humidity 15
Sr:NiOx Sol-gel FTO/Sr:NiOx/MAPbI3/PCBM/AgAl 1.11 22.73 0.79 20.05 >60% for 100 days 18% humidity 16

NiO Sol-gel FTO/Sr:NiOx/MAPbI3/PCBM/AgAl 1.05 20.99 0.69 15.22 ~32% for 100 days 18% humidity 16
Cs:NiOx Sol-gel FTO/Cs:NiOx/MAPbI3/PCBM/ZrAcac/Ag 1.12 21.77 0.79 19.35 ~90% for 80 days Argon glovebox 17

Li, Ag:NiOx Sol-gel ITO/Li, Ag:NiOx/MAPbI3/PCBM/BCP/Ag 1.13 21.29 0.80 19.24 95% for 30 days 30 ± 2% humidity 18
NiO Sol-gel ITO/NiOx/MAPbI3/PCBM/BCP/Ag 1.08 19.20 0.78 16.19 85% for 30 days 30 ± 2% humidity 18

La:NiOx Sol-gel FTO/La:NiOx/MAPbI3/PCBM/BCP/Ag 1.01 21.02 0.73 15.46 95% for 30 days Moisture-free 19
NiOx ALD FTO/ALDNiOx/Cs0.05MA0.95PbI3/PCBM/ BCP/ALD-AZO/Ag 1.02 20.53 0.73 16.27 95% after 500 h 20-60% humidity, 1 sun 20

E-NiOx NP ink ITO/NiOx/MAPbI3/PCBM/ Ti(Nb)Ox /Ag 1.07 21.88 0.79 18.49 90% after 500 h 85 °C, 85% RH 21
NiOx NP ink FTO/NiOx/MAPbI3/PCBM/Ag 1.09 18.07 0.69 14.42 80% after 150 h 45-56 RH% 22

Li, Mg;NiOx Spray FTO/NiMgLiO/MAPbI3/PCBM/TiNbO/Ag 1.08 20.41 0.83 18.30 >90% for 1000 h 1 Sun light soaking 1
Li, Mg; NiOx Spray FTO/NiMgLiO/Cs0.05FA0.15MA0.8PbI3/PCBM/BCP/Ag 1.08 22.55 0.79 19.17 ~100% for 30 days Dark, 55% humidity 23
Li, Mg; NiOx Spray FTO/NiMgLiO/MAPbI3/PCBM/BCP/Ag 1.08 21.75 0.75 17.60 30% for 15 days Dark, 55% humidity 23
Li, Mg; NiOx Spray FTO/ NiMgLiO/MAPbI3/Ti(Nb)Ox/Ag 1.19 22.78 0.77 19.19 80% after 500 h <25% humidity, 85°C 24
Li, Mg; NiOx Spray FTO/ NiMgLiO/FA0.85MA0.15Pb(I0.85Br0.85)3 /Ti(Nb)Ox/Ag 1.08 21.98 0.79 18.75 90% after 1000 h 1 sun light soaking 25
Li, Mg; NiOx Spray FTO/NiOx/FAPbI3/PCBM/TiOx/Ag 1.10 23.09 0.81 20.65 80% after 500h 85 °C 26

NiO Spray ITO/NiO/Cs17FA83Pb(Br17I83)3./C60/BCP/Ag 1.02 19.7 0.76 16.2 ~90%  after 4000 h N2 atmosphere 5

NiO Spray ITO/NiO/Cs4(MA0.17FA0.83)96Pb(I0.83Br0.17)3/PCBM/ZnO/Ag 
ITO/NiO/Cs4(MA0.17FA0.83)96Pb(I0.83Br0.17)3/PCBM/ZnO/Au

1.06
1.06

22.9
22.9

0.72
0.72

17.3
17.3

>87% after 4500 h
>82%  after 200 h

N2 atmosphere
85 °C; 85% RH

This 
work

Note- DCMS- DC magnetron sputtering, ALD- Atomic layer deposition, MS- magnetron sputtering.
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