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Figure S1. a) XPS spectra of O 1s peaks for FTO/In-TiOx and FTO/TiO2 samples. The XPS 

spectra of ITO/In-TiOx and ITO/TiO2: b) XPS spectra of O 1s peaks; c) XPS spectra of Ti 2p 

peaks; d) XPS spectra of In 3d peaks.  

 

The XPS spectra of O 1s in Figure S1a can be deconvoluted with two different oxygen 

species. The binding energy of O 1s peak from the FTO/TiO2 sample centred at ~529.9 eV 



  

2 

 

can be ascribed to TiO2,
[1] and a slightly higher O 1s binding energy (~530.0 eV) from the 

FTO/In-TiOx sample can be ascribed to In-TiOx.
[1] The smaller peak at ~531.5 eV and ~531.7 

eV may be assigned to O2, H2O, hydroxyl (OH-) and C-O,[2,3] which corresponds surface 

contamination resulting from the samples being exposed to air before the XPS 

measurements.[2] The O1s spectra for In-TiOx and TiO2 films on ITO substrates show similar 

XPS spectra with that of In-TiOx and TiO2 films on FTO substrates (see Figure S1b). Figure 

S1c shows the Ti2p1 and Ti 2p3 peaks of the TiO2 film at binding energies of ~464.3 eV  and 

~ 458.5 eV, which are consistent with literature values.[1] The Ti 2p3 spectrum for In-TiOx, 

has a peak centred at 458.7 eV,[1] which is higher than that of the pure TiO2 shown in Figure 

S1c. Figure S1d shows a slightly rough XPS spectrum of In 3d5 for In-TiOx, with a single 

peak-fit centred at ~444.3 eV that can be ascribed to indium oxide.[1] The atomic ratio of Ti:O 

for TiO2 sample is 1:2 determined by comparing the elements’ relative peaks areas and their 

corresponding relative sensitivity factors, and the ratio of In:Ti for In-TiOx sample is 2:98. 
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Figure S2. a) UPS spectra of bare ITO, ITO/TiO2 and ITO/In-TiOx. b) Transmittance spectra 

of bare ITO, ITO/TiO2 and ITO/In-TiOx. 

 

As shown in Figure S2a, it was found that the WF of bare ITO is about 4.48 eV, the WF of 

ITO/TiO2 is ~4.22 eV; for the 1%-In-TiOx, 3%-In-TiOx and 5%-In-TiOx, we measure WFs of 

~4.08 eV, ~4.02 eV and ~4.05 eV respectively; and for 7%-In-TiOx, the WF value goes back 

to ~4.09 eV. Figure S2b shows that the transmittance of ITO/In-TiOx samples is almost 

identical to that of ITO/TiO2. 
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Figure S3. The AFM images of the Bare FTO, FTO/TiO2, FTO/In-TiOx, Bare ITO, ITO/TiO2, 

ITO/In-TiOx. Note that all images span 5 µm ×5 µm. The thickness of TiO2 and In-TiOx films 

deposited on FTO and ITO substrates are about 50 nm. 
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Figure S4. a) XRD patterns of MAPbI3 thin films deposited on Glass, FTO/TiO2 and FTO/In-

TiOx substrates. b) SEM of MAPbI3 thin film deposited on Glass substrate. c) SEM of 

MAPbI3 thin film deposited on FTO/TiO2. d) SEM of MAPbI3 thin film deposited on FTO/In-

TiOx. 

 

As shown in the Figure S4a, the wide spectra XRD patterns of the pure MAPbI3 thin films on 

different substrates exhibited similar crystallinity, and its crystal structure is consistent with 

the literature.[4] In Figures S4b-d, the grain sizes of the MAPbI3 crystals on three different 

samples show no big variance, and they exhibited continuous and conformal MAPbI3 thin 

films with no pinholes. 
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Figure S5. Impedance spectroscopy analysis of the MAPbI3-based cells, where the device 

structure is FTO/In-TiOx (TiO2) (~50 nm)/meso-TiO2 (~70 nm)/MAPbI3/Spiro-

OMeTAD/Au tested under one-sun condition with 1 V forward bias voltage. The equivalent 

circuit used for the parameter extraction is shown in the inset. Note that the effective areas for 

the MAPbI3-based cells are 0.36 cm2. 

 

As shown in Figure S5, the impedance spectroscopy data were obtained under one-sun 

condition with 1 V forward bias. The inset of Figure S5 shows the equivalent circuit of our 

curve fitting model, which has been used previously to investigate interfacial and bulk 

recombination in perovskite solar cells.[5,6] The equivalent circuit consists of a resistor in 

series to measure the overall series resistance, and two resistor-capacitance (RC) element to 

identify the bulk and interface recombination. It was found that the series resistance extracted 

from the In-TiOx-based perovskite cell (5.429 Ω) is significantly smaller than that of TiO2-

based perovskite cell (9.916 Ω). In addition, the Rbulk (Rsurf) and Cbulk (Csurf) for In-TiOx-

based cells are 13.13 (2.921) and 5.364E-3 (4.404E-4), while the Rbulk (Rsurf) and Cbulk 

(Csurf) for TiO2-based cells are 11.3 (2.35) and 5.23E-3 (2.082E-4). We found that the bulk 

charge recombination lifetime (τbulk=Rbulk*Cbulk) for In-TiOx and TiO2-based cells shows 

no significant difference. However, the surface charge recombination lifetime 

(τsurf=Rsurf*Csurf) for In-TiOx-based perovskite cell is ~2.5 times higher than that of for TiO2-

based perovskite cell. This further supports our previous discussion that the improved cell 



  

7 

 

performance results from higher conductivity and improved interface properties of the In-

TiOx-based ETL. 

 

 

 
Figure S6. Photovoltaic performance of the MAPbI3 perovskite and TiO2 based normal 

devices. a) The steady-state efficiency of the FTO/TiO2/meso-TiO2/MAPbI3/Spiro-

OMeTAD/Au tested at 0.81 V; b) the steady-state efficiency of the ITO/TiO2/meso-

TiO2/MAPbI3/Spiro-OMeTAD/Au tested at 0.81 V.  

 

 

 

 

 

 

 
Figure S7. Steady-state measurements for the MAPbI3-based perovskite cells. a) The steady-

state efficiency of the device with a structure of FTO/In-TiOx/meso-TiO2/MAPbI3/Spiro-

OMeTAD/Au tested at 0.91 V; b) the steady-state efficiency of the device with a structure of 

ITO/In-TiOx/meso-TiO2/MAPbI3/Spiro-OMeTAD/Au tested at 0.9V. 
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Figure S8. The steady-state measurements for the Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3-based 

perovskite cells. a) The steady-state efficiency of the device with a structure of 

FTO/TiO2/meso-TiO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/Spiro-OMeTAD/Au tested at 

0.88 V; b) the steady-state efficiency of the device with a structure of ITO/TiO2/meso-

TiO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/Spiro-OMeTAD/Au tested at 0.87 V. 

 

 

 

 

 

 

Figure S9. Performance distributions of the Cs-mixed halide perovskite cells. a) The PCE 

distribution of the device with a structure of FTO/In-TiOx/meso-TiO2/Cs-mixed halide 

perovskite/Spiro-OMeTAD/Au; b) the PCE distribution of the device with a structure of 

ITO/In-TiOx/meso-TiO2/Cs-mixed halide perovskite/Spiro-OMeTAD/Au. Note that the Cs-

mixed halide is Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. 
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Figure S10. The device performace distrubition and steady-state efficiency of Cs-mixed 

halide-based semi-transparent cell. a) The PCE distrubition of semi-transparent cell with a 

structure of Glass/ITO/In-TiOx/meso-TiO2/Cs-mixed halide perovskite/Spiro-

OMeTAD/MoO3/ITO/Au, where Cs-mixed halide is Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. b) 

An extremely long time steady-state efficiency measurement tested at a bias voltage of 0.82 V 

under 1 sun conditions (100 mW/cm2, AM 1.5G). 

 

 

 

Figure S11. a) EQE spectra of an opaque cell with a structure of Glass/ITO/In-TiOx/meso-

TiO2/Cs-mixed halide perovskite/Spiro-OMeTAD/Au, where Cs-mixed halide is 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. b) The EQE and absorption spectra of a semi-

transparent cell with a structure of Glass/ITO/In-TiOx/meso-TiO2/Cs-mixed halide 

perovskite/Spiro-OMeTAD/MoO3/ITO/Gold-finger contact, where Cs-mixed halide is 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3.  
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Table S1.The Hall Effect parameters of TiO2 and In-TiOx devices, with a structure of 

Glass/TiO2 (or In-TiOx)/Au.  

ETL Type 
Carrier Density 

(1/cm3) 
Hall Mobility 
(cm V-1S-1) 

Resistivity 
(ohm*cm) 

Conductivity 
(S cm-1) 

TiO2 N 2.6E+14 2.4E-1 1.0E+5 1.0E-5 

1%-In-TiOx N 6.0E+14 3.4E-1 3.4E+4 3.0E-5 

3%-In-TiOx N 1.8E+15 7.4E-1 3.5E+3 2.9E-4 

5%-In-TiOx N 1.3E+15 1.4E+0 4.0E+3 2.5E-4 

7%-In-TiOx N 6.2E+14 8.9E-1 1.0E+4 1.0E-4 
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