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Fig. S1. High resolution core XPS spectra of (a) Cu 2p, (b) Zn 2p, (c) Sn 3d, (d) S 2p, 

and (d) N 1s for p-CZTS and m-CZTS nanoparticles.



Fig. S2. Energy band diagram of the perovskite solar cells. The band levels of FTO, 

SnO2, MAPbI3, Cu2ZnSnS4 and Carbon are extracted from references[1, 2].



Fig. S3. Cross sectional SEM image of a typical p-CZTS film deposited on MAPbI3. 

The thickness of p-CZTS film is estimated to be 160 nm.



Fig. S4. XRD patterns for MAPbI3 film, MAPbI3/p-CZTS film, and MAPbI3/m-CZTS 

film.



Fig. S5. Stability test of perovskite, perovskite/p-CZTS, and perovskite/m-CZTS films 

immersed into deionized water. It can be seen from the above figures that bare 

perovskite film is unstable to water intrusion, and the dark brown perovskite film turns 

to yellow instantly when immersed into water. When a thin p-CZTS layer is deposited 

onto the perovskite film, the perovskite/p-CZTS film is more robust and starts to turn 

yellow after 4 s in the water. When a thin m-CZTS layer is deposited onto the perovskite 

film, the perovskite/m-CZTS film remains dark brown color for 5 min in the water. 

This simple test demonstrates that the m-CZTS film can protect the perovskite film 

from water degradation, and therefore ensures better device stability of the 

corresponding perovskite solar cell.



Fig. S6. Statistical photovoltaic parameters (a) Voc, (b) Jsc, (c) FF, and (d) PCE for 

FAPbI3 perovskite solar cells employing both p-CZTS and m-CZTS hole transporting 

layer. 



Fig. S7. Typical J-V curves for FAPbI3 perovskite solar cells employing both p-CZTS 

and m-CZTS hole transporting layers. 



Table S1. Atomic percentages calculated from the XPS measurement. 

Sample Element Area (N) Atomic 
percentage (%) 

without N

Atomic 
percentage (%) 

with N
Cu 2p3 1926.95 21.5 20.0
Zn 2p3 688.36 7.7 7.2
Sn 3d 1320.73 14.7 13.7
S 2p 5025.42 56.1 52.3

p-CZTS

N 1s 650.05 -- 6.8
Cu 2p3 2338.53 22.8 21.8
Zn 2p3 795.19 7.7 7.4
Sn 3d 1453.93 14.1 13.6
S 2p 5697.46 55.4 53.1

m-CZTS

N 1s 438.03 -- 4.1



Table S2. Statistical photovoltaic parameters (a) Voc, (b) Jsc, (c) FF, and (d) PCE for 

FAPbI3 perovskite solar cells employing both p-CZTS and m-CZTS hole transporting 

layer. The average and standard deviation are calculated from 15 samples for each kind 

of perovskite solar cells.

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

p-CZTS 1.058±0.021 22.87±0.78 62.61±2.16 15.14±0.59

m-CZTS 1.078±0.014 23.16±0.41 68.76±1.59 17.16±0.35



Table S3. Summary of power conversion efficiencies for perovskite solar cells 

employing a hole transporting layer and carbon electrode. Preparation method for each 

hole transporting layer and carbon electrode is also given in the parenthesis.

Hole transporting layer Carbon electrode Champion PCE Reference

Spiro-OMeTAD

(Spin-coating + Drop-casting)

Single-walled carbon nanotube

(Press-transfer)

16.6% [3]

Spiro-OMeTAD

(Spin-coating)

Modified commercial carbon paste

(Press-transfer)

19.2% [4]

Spiro-OMeTAD

(Spin-coating)

Graphene

(Spraying + Press)

18.65% [5]

CuPc

(thermal evaporation)

Commercial carbon paste

(Doctor-blading)

16.1% [6]

CuPc

(thermal evaporation)

Commercial carbon paste

(Doctor-blading)

17.46% [7]

CuPc-TIPS

(Spin-coating)

Commercial carbon paste

(Doctor-blading)

14.0% [8]

CuSCN

(Spin-coating)

Multi-walled carbon nanotube

(Drop-casting)

17.58% [9]

Cu2ZnSnS4

(Spin-coating)

Modified Commercial carbon paste

(Doctor-blading)

17.71% Our work
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