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Figure S1. AFM images for (a) FTO and (b) vapor-deposited MnS 

film on FTO substrate.
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Figure S2. EDS mappings of (a) Mn and (b) S content.



4

Figure S3. XPS spectra of the MnS film with deposition thickness 

of 50, 75, 100, and 150 nm: (a) Mn 2p and (b) S 2p core levels.
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Figure S4. XRD pattern of the perovskite film fabricated in this 

work. 
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Figure S5. EPMA images of MnS deposited on perovskite layer for 

(a) Pb, (b) I, (c) Mn and (d) S content.
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Figure S6. AFM images for Spiro-OMeTAD HTL on perovskite 

layer.
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Figure S7. Absorption spectra of the MnS film, perovskite film, and 

perovskite film with different HTLs.  
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Figure S8. (a) J-V curves of the perovskite solar cells based on 

various MnS HTLs. (b) IPCE spectra of various MnS HTLs based 

PKSCs. (c) Steady-state PL spectra of the perovskite films based on 

different MnS films. (d) Histograms of PCEs for 20 cells with 

various MnS HTLs measured under reverse voltage scan, 

respectively. 
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Figure S9. Cross-sectional SEM images of the studied device.



11

Figure S10. Box chart of photovoltaic parameters comparison of 

perovskite solar cells based on MnS with various deposition 

thickness. The data were statistically analyzed from 20 cells per 

sample type (deposition thickness). (a) Jsc (mA/cm2), (b) Voc (V), (c) 

FF, (d) PCE (%).
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Figure S11. J-V curves of the sample device based on MnS HTL 

with (a) different step delay times (at 50 mV voltage step size) and 

(b) voltage step sizes (at 500 ms step delay time).
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Figure S12. (a) Steady-state PL spectra and (b) time-resolved PL 

spectra of Spiro and MnS based on perovskite film.
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Figure S13. (a) The dependence of Voc on different light intensity 

for the optimized MnS based device and the control device. (b) The 

dark J-V curves of the optimized devices based on Spiro and MnS 

HTLs, respectively.
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Figure S14. Nyquist plots of the EIS for the PKSC devices based on 

Spiro and MnS HTL under illumination at around open-circuit 

voltage. 
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Figure S15. Box chart of photovoltaic parameters comparison of 

mixed-perovskite solar cells based on Spiro and MnS, respectively. 

The data were statistically analyzed from 20 cells per sample type 

(deposition). (a) Jsc (mA/cm2), (b) Voc (V), (c) FF, (d) PCE (%).
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Figure S16. Comparison on the waterproof capability of different 

HTLs by immersing the films directly in water for about 10 minutes. 

Perovskite films without and with different HTLs covering on top 

have been compared. Sample A: Bare perovskite film, Sample B: 

Perovskite/Spiro-OMeTAD, and Sample C: Perovskite/MnS. Please 

note that: the color changed from dark brown to light yellow, 

reflecting the decomposition of perovskite to PbI2.
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Table S1. The best photovoltaic parameters the perovskite solar 

cells based on MnS layer with various thicknesses in the device 

architecture of FTO/c-TiO2/m-TiO2/MAPbI3/MnS/Au.

Thickness (nm) Voc (V) Jsc (mA cm-2) FF η (%)

50 1.03 21.36 0.69 15.18

75 1.04 21.45 0.72 16.06

100 1.09 22.56 0.76 18.68

150 1.06 22.40 0.74 17.57
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Table S2. Photovoltaic performance of perovskite solar cells based 

on MnS and Spiro-OMeTAD HTLs. 

Device Scan direction Voc (V) Jsc (mA cm-2) FF η (%)

Spiro Reverse 1.04 22.24 0.74 17.12

Forward 1.01 21.94 0.73 16.18

MnS Reverse 1.09 22.56 0.76 18.68

Forward 1.08 22.42 0.75 18.16
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Table S3. Average photovoltaic parameters of the perovskite solar 

cells based on Spiro and MnS HTLs for 20 separated devices, 

respectively.

Sample Voc (V) Jsc (mA cm-2) FF η (%)

Spiro 1.03±0.0072 21.37±0.309 0.73±0.0089 16.46±0.23

MnS 1.08±0.0050 21.94±0.317 0.75±0.0048 18.33±0.21
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Table S4. PL decay curves of perovskite films based on Spiro and 

MnS well fitted by a bi-exponential decay kinetics equation: 

PL intensity=A1exp(-t/τ1)+A2exp(-t/τ2), and τavg=τ1×(A1/A1+A2)+ 

τ2×(A2/A1+A2).

Sample name A1 τ1(ns) A2 τ2(ns) τavg

Perovskite 33.2 11.22 66.8 56.35 41.36

Spiro HTL 57.4 16.28 42.6 58.91 34.44

MnS HTL 51.5 5.32 48.5 24.05 14.40
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Table S5. Comparison on the hole mobility of MnS HTL and Spiro 

HTL.   

Sample Hole mobility (cm2 V-1 s-1) Conductivity (S cm-1)

MnS 4.50×10-1 7.32×10-3

Spiro 1.38×10-4 5.64×10-4
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Table S6. The champion parameters of PKSC with various 

inorganic HTLs in n-i-p structure.
HTM Perovskite Jsc Voc FF PCE Ref

CuI MAPbI3 22.78 1.03 0.75 17.60 1

Cu2ZnSnS4 MAPbI3 20.54 1.06 0.59 12.75 2

Cu2O MAPbI3-xClx 15.80 0.96 0.59 8.93 3

CuGaO2 MAPbI3-xClx 21.66 1.11 0.77 18.51 4

CuSCN MAPbI3 23.10 1.01 0.73 17.10 5

NiOx MAPbI3 22.38 0.90 0.76 15.38 6

Co3O4 (5-AVA)xMA1-xPbI3 23.48 0.88 0.64 13.27 7

CuSCN/rG
O

Cs0.05(MA0.17FA0.83)0.

95Pb(I0.83Br0.17)3

23.24 1.11 0.78 20.40 8

CuSCN/Spi
ro

MAPbI3-xClx 22.01 1.06 0.77 18.02 9

V2O5/NiPc (FAPbI3)0.85(MAPbB
r3)0.15

23.10 1.08 0.73 18.30 10

NiOx/Spiro (FAPbI3)1-

x(MAPbBr3)x

22.68 1.08 0.70 17.20 11

FBT-
Th4/CuxO

MAPbI3 21.77 1.11 0.73 17.74 12

MnS (FAPbI3)0.85(MAPbB
r3)0.15

23.40 1.11 0.77 19.86 This 
work 
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