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Abstract 
In order to realize high-throughput roll-to-roll manufacturing of flexible perovskite solar cells, low 
temperature processing of all device component must be realized. However, the most commonly 
used electron transporting layer is based on TiO2 thin films processed at high temperature 
(>450°C). Here, we demonstrate room temperature solution processing of TiOx layer that performs 
as well as the high temperature TiO2 layer in perovskite solar cells, as evidenced by a champion 
solar cell efficiency of 16.3%. Using optical spectroscopy, electrical measurements and X-ray 
diffraction, we show that the room temperature processed TiOx is amorphous with organic residues 
and yet their optical and electrical properties are on par with the high temperature TiO2. Flexible 
perovskite solar cells, that employ the room temperature TiOx layer, with power conversion 
efficiency of 14.3% are demonstrated. 
 
 

Introduction 
 

Metal halide perovskite (MHP) solar cells have demonstrated the most rapid improvement 
in power conversion efficiency (PCE) among all photovoltaic technologies to date. With a record 
PCE of 22.1%,1 MHP solar cells are now on par with silicon solar cells in terms of efficiency. 
Moreover, MHP solar cells can be fabricated entirely using low-cost solution processing methods 
and earth-abundant compositions. Therefore, they can combine high efficiency with low-cost and 
have a great potential at realizing more economically competitive solar power.  

What is particularly exciting about MHPs is that they can be deposited on various substrates, 
have low processing temperature (< 150 ºC), and enable roll-to-roll manufacturing of low-cost, 
lightweight and flexible devices.2 Lead halide based MHPs have been shown to possess a large 
extinction coefficient greater than 104 cm-1, and a long electron-hole diffusion length in the range 
of hundreds of nm to microns in polycrystalline thin films.3 This means that only about a 500 nm 
thick film can harvest most of the sunlight and efficiently transport the photogenerated charges 
into the external circuit. Such a thin MHP film is highly flexible and corresponds to only 2 g/m2 
of weight which is two orders of magnitude lighter than silicon solar cell. Successful development 
of MHP solar cells that simultaneously combine high-efficiency, low-cost, lightweight and 
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flexibility can enable novel portable power generation capabilities in situations where conventional 
rigid and heavy solar cells are not feasible such as wearable electronics, solar aviation, automobiles, 
building integrated photovoltaics, etc.  

While the quest for achieving high PCE has shown exceptional progress, a majority of the 
high performance MHP solar cell structures rely on titanium dioxide (TiO2) electron transporting 
layer (ETL) processed at high temperatures (>450 °C). The high temperature requirement prohibits 
the use of flexible plastic substrates such as polyethylene terephthalate (PET) and polyethylene 
naphthalate (PEN) that cannot withstand temperatures greater than 150 °C. Due to the high 
performance of metal oxide based ETL for MHP solar cells, it is of great interest to achieve low 
temperature processing of metal oxide thin films with favorable optical and electrical properties. 
Indeed, among all flexible MHP solar cell results to date, device architectures that employ metal 
oxide ETL currently hold the best PCE records of between 15% to 18%4-6. Previous efforts to 
deposit metal oxide ETL on flexible substrates at low temperature have been based on solution 
processing of nanoparticles,5,7-13 sputter deposition,4,14,15 spray coating,16,17 e-beam evaporation18, 
atomic layer deposition,19,20 and electrodeposition21,22. Despite the encouraging device 
performance, these methods require vacuum processing steps, nanoparticle formulations, etc. that 
can significantly increase the cost while reducing the throughput. Therefore, there is a need for 
developing low temperature solution processing of metal oxide films starting from simple and low-
cost commercially available precursors.  

Here, we demonstrate that room temperature processing of simple solution formulation 
(titanium (IV) isopropoxide (Ti(OiPr)4) in isopropanol) can result in a TiOx layer with high 
performance in MHP solar cells, as evidenced by a champion solar cell efficiency of 16.3%. Using 
optical spectroscopy, electrical measurements and X-ray diffraction, we show that the room 
temperature processed TiOx is amorphous with organic residues and yet their optical and electrical 
properties are on par with the high temperature TiO2. Flexible MHP perovskite solar cells with a 
power conversion efficiency of 14.3% were achieved with the room temperature processed TiOx 
layer. The power conversion efficiency could be potentially increased further through process 
optimization.  
 

Results and Discussion 
The room temperature processed thin films from Ti(OiPr)4 solution, from here on referred 

to as “Ti(OiPr)4 RT”, were prepared on top of glass/indium-tin-oxide (ITO) substrates as described 
in the Methods section. The thickness of Ti(OiPr)4 RT film was measured to be 20 nm using 
ellipsometry (Supplementary Table 1). Scanning electron microscopy (SEM) images show pin-
hole free surface morphology (Supplementary Fig. 1). Hydrolysis and condensation of precursor 
Ti(OiPr)4 is the key to forming solid thin film.23 Once the Ti(OiPr)4 precursor solution is spin 
coated on the ITO slide, the isopropanol solvent evaporates quickly and Ti(OiPr)4 makes contact 
with moisture in the air. Subsequently, hydrolysis and condensation reactions form Ti-O-Ti 
linkages.24 Incomplete condensation will result in OH group left in the thin film,25 as is the case 
with our Ti(OiPr)4 RT film (vide infra).  

We fabricated and tested perovskite solar cells with Ti(OiPr)4 RT films deposited in 
different relative humidity (RH) to investigate the impact of RH on solar cell efficiency. The device 
structure is shown in Figure 1a and 1b. On top of the Ti(OiPr)4 RT film, methylammonium lead 
iodide (MAPbI3) layer (~300 nm), spiro-OMeTAD (100 nm), and silver anode layer (60 nm) were 
deposited as described in the Methods section. The cells with Ti(OiPr)4 RT films fabricated in 40% 
to 55% RH resulted in highest efficiency (Supplementary Fig. 2), so all the following Ti(OiPr)4 



films were made in 55% RH. Next, to check for the impact of thermal annealing on solar cell 
efficiency, Ti(OiPr)4 films were annealed immediately after the spin-coating step at various 
temperatures in the range of room temperature up to 500 ºC. Our results show that the temperature 
at which the Ti(OiPr)4 thin film is annealed has no significant impact on the solar cell efficiency 
(Figure 1c). Specifically, the unannealed film (room temperature) and 500 °C annealed films result 
in comparable open-circuit voltages (Voc), short-circuit current densities (Jsc), fill factors (FF), and 
efficiencies (η) as shown in Fig. 1d. 

 

 
 
Figure 1: Device structure and their performance. (a) Perovskite solar cell structure. (b) SEM 
image of device cross-section. Scale bar represents 1m. (c) Impact of annealing temperature of 
ETL to performance of solar cells when two different precursor solutions were used, Ti(OiPr)4 and 
Ti(OiPr)2(AcAc) 2. (d) J-V curve of champion cell with Ti(OiPr)4 film without annealing and 
annealed at 500ºC. 

 
Additionally, we examined the impact of thermal annealing temperature on the 

performance of TiO2 thin films made from titanium diisopropoxide bis(acetylacetonate) in butanol, 
from here on referred to as “Ti(OiPr)2(AcAc)2”. This is the most commonly employed TiO2 
precursor solution for high efficiency perovskite solar cells 26-28 and typically annealed at high 
temperatures (>450 °C). Our results show that, indeed, varying the annealing temperature from 
25 °C to 500 °C, the solar cell efficiency changes from 11% to 16% (Figure 1c), mostly due to an 
increase in the short-circuit current density (Supplementary Fig. 3). We attribute the starkly 



different dependence of Ti(OiPr)4 and Ti(OiPr)2(AcAc)2 performance on the annealing 
temperature to slower hydrolysis of the acetylacetone groups.29 Ti(OiPr)2(AcAc)2 has an 
octahedral coordination with two isopropoxide and two acetylacetone (AcAc) groups around a 
central titanium atom. Previous literature has shown that the labile isopropoxide groups can be 
easily hydrolyzed compared to AcAc groups.29,30 In fact, the AcAc groups have been used to 
stabilize the solution formulation by suppressing uncontrolled precipitation since hydrolysis of the 
AcAc groups is significantly more suppressed.31 Therefore, when (Ti(OiPr)2(AcAc)2) is used as 
precursor solution to form the titania ETL layer, pyrolysis at high temperature is needed rather 
than just hydrolysis. In contrast, we show in this work that Ti(OiPr)4 can readily form a titania 
layer at room temperature that performs well in perovskite solar cells. 

To better understand the nature of the Ti(OiPr)4 RT film, we performed optical, electrical 
and X-ray diffraction characterization. The absorbance spectra of the Ti(OiPr)4 RT film and 
Ti(OiPr)2(AcAc)2 500 ºC film were measured using a spectrophotometer equipped with an 
integrating sphere (Figure 2a).The bandgap of Ti(OiPr)4 RT film was determined to be 3.69 eV 
using a Tauc plot, which matches the band gap of TiOx reported in the literature.32,33 The 
absorbance onset of precursor Ti(OiPr)4 solution is 3.89 eV which is higher than the deposited 
Ti(OiPr)4 RT film. The band gap of Ti(OiPr)2(AcAc)2 500 ºC film was determined to be 3.57 eV, 
which is slightly lower than the band gap of the Ti(OiPr)4 RT film. Fourier Transform Infrared 
(FT-IR) spectroscopy results are shown in Figure 2b. Both samples show absorption in the region 
below 1000 cm-1 which corresponds to vibration peak of Ti–O–Ti bonds,25 suggesting that Ti-O-
Ti bonds have formed in both cases.  

In higher wavenumber regions, the spectrum from Ti(OiPr)4 sample shows several peaks 
that are missing in the spectrum from Ti(OiPr)2(AcAc)2 sample. These peaks are associated with 
O-H groups (2450 – 3600 cm-1 and 1600 - 1700 cm-1), C-O stretching (1050 -1180 cm-2), C-H 
bending (1350 – 1410 cm-2), and C-H stretching (2850 - 3000 cm-2). These peaks indicate the 
presence of OH group as well as organic residues in the Ti(OiPr)4 sample.34 In a pH neutral 
condition such as Ti(OiPr)4 in IPA, a significant fraction of the product will form weaker olation 
bonds, which consists of metal ions bridged through hydroxide, rather than condensation bonds.35 
FTIR spectra indicates the occurrence of a terminal type of OH groups,25 which passivate the 
dangling bond of the TiOx. Therefore, our FTIR results suggests that some of Ti(OiPr)4 did not 
completely go through the hydrolysis and condensation steps. 

X-ray diffraction (XRD) patterns show no peaks from thin films deposited from Ti(OiPr)4 
and annealed below 350 ºC (Figure 2d). If annealed at above 350 ºC, XRD patterns show peaks 
that correspond to anatase TiO2. The transition temperature of ~350 ºC observed in our work is 
consistent with the transition from amorphous to anatase phase of TiO2.36 Our Raman spectroscopy 
results also present consistent picture that Ti(OiPr)4 RT sample is completely amorphous since 
there is no obvious peaks that correspond to crystalline TiO2 as shown previously in the literature37 
(Figure 2c). In comparison, Ti(OiPr)2(AcAc)2 500 ºC show peaks at 141, 398, 516, and 640 cm-1 
Raman shift that correspond agreeably to anatase phase of TiO2.37 
 



 
Figure 2: Characterization for Ti(OiPr)4 film. (a) UV-vis absorbance spectra for Ti(OiPr)4 RT 
film, Ti(OiPr)2(AcAc) 2 500 ºC film and Ti(OiPr)4 RT precursor solution. (b) FTIR transmission 
spectra of Ti(OiPr)2(AcAc) 2 500ºC and Ti(OiPr)4 powder. (c)Raman spectra of substrate glass, 
Ti(OiPr)4 RT film and Ti(OiPr)2(AcAc) 2  500 ºC film. (d) XRD of Ti(OiPr)4 film without annealing, 
annealed at 100 ºC, 200 ºC, 350 ºC and 500 ºC.  
 

The electrical resistivity was determined using a two-terminal measurement with ITO and 
thermally evaporated silver as the electrical contacts with TiOx thin film sandwiched in the middle. 
The measured resistivity for the TiOx thin films annealed at different temperatures are shown in 
Table 1. They are in the range of 60 ~ 150 × 105 Ω·cm which lies between that of metals (10-6 Ω 
cm) and insulators (1014 Ω cm), indicating semiconducting behavior. TiO2 has a resistivity of 108 
Ω cm making it electrically insulating, but as the titanium ratio increases relative to the oxide it 
becomes more like an n-type semiconductor and its resistivity decreases.38 This indicates that our 
film is partially suboxidized due to the resistivity being 3 orders of magnitude lower than pure 
TiO2. This indicates that the titanium/oxygen ratio in our films will drastically affect our electrical 
properties.38 As the film is annealed at higher temperatures, the observed slight increase in two-
terminal resistivity is likely due to the increase in sheet resistance of ITO thin films at temperatures 
greater than 300 °C. Our TiOx resistivity measurements are on the same order of magnitude as 
those obtained from magnetron sputtering at varying substrate temperatures by Su et al.9 
Additionally, this high resistivity ensures us that our film is complete and pinhole-free, otherwise 
short paths would arise and dramatically reduce the measured resistance.  

 



Table 1 Electrical resistivity of TiOx thin films prepared from Ti(OiPr)4 solution 

Anneal Temp (°C) Two Terminal Resistivity (105 Ω·cm) 
25 61.88 
110 78.75 
300 101.3 
500 144.0 

 
Refractive indices of the Ti(OiPr)4 and Ti(OiPr)2(AcAc)2 thin films prepared at room 

temperature, and annealed at 110 °C, and 500 °C on ITO coated glass were measured using 
ellipsometry (Supplementary Figure 5). The measured spectral refractive were obtained in the 
range of 250 - 750 nm. At 633 nm, our films have refractive index of 1.75, which is much lower 
than the value of anatase TiO2 (2.55)39, but more close to amorphous TiO2 (2.03)39. This is 
consistent with our Raman, XRD and FTIR results that indicate our film being amorphous TiOx. 
The lower refractive indices also indicate that the Ti(OiPr)4 thin films processed at room 
temperature may be a low density film with organic residues as shown by FTIR. The refractive 
index of TiO2 is known to correlate positively with annealing temperature and titanium oxide 
density.40,41  

By employing the room temperature processed TiOx layer, we have fabricated and tested 
flexible perovskite solar cells using ITO-coated PEN substrates (Figure 3). The device architecture 
is shown in Figure 1a. The champion device achieved 14.3% efficiency, with Jsc of 20.04 mA/cm2, 
Voc of 1.00 V, FF of 73.42% (Figure 3b). This is close to the record for efficiency of flexible solar 
cell based on MAPbI3, 15% to 16%. The highest record efficiency so far by Wang et. of 18% 
efficiency has been achieved with alloyed perovskites.6 We emphasize that all of these previous 
record efficiency results have relied on either vacuum processing (ALD or sputter deposition) or 
colloidal nanoparticles whereas our flexible solar cells are based on room temperature and non-
vacuum processing with simple sol-gel precursor. To check for the stability of our flexible solar 
cells, we monitored the device performance over a time period in nitrogen glovebox storage and 
found that the device maintained ~90% of its original efficiency after two weeks (Supplementary 
Figure 6). We have also performed mechanical durability testing by bending the device with a 
radius of curvature of 5 mm (Supplementary Figure 7). After 300 bending cycles, the device 
maintained ~85% of its original efficiency. The decrease in efficiency was caused mainly by the 
reduced JSC and increased series resistance.  

 



 
Figure 3: flexible solar cell. (a) Picture of flexible perovskite solar cell and (b) J–V curves for 
device fabricated on ITO-covered PEN. Efficiency, FF, Voc (V) and Jsc (mA/cm−2) are shown in 
inset.  
  

In summary, we demonstrated room temperature solution processing of amorphous TiOx 
thin film with high performance TiOx ETL in MHP solar cells. We showed that the solar cell 
efficiency with the TiOx films annealed at temperature in the range of room temperature to 500 ºC 
is similar, suggesting that thermal annealing at high temperature is not necessary to achieve high 
solar cell performance. Flexible MHP solar cells that employ the room temperature processed TiOx 
layer achieved a PCE of 14.3% and show promising stability and mechanical durability. Our work 
highlights the potential of flexible, lightweight and high efficiency MHP solar cells fabricated all 
through low-cost, high-throughput and low thermal budget processing steps. 
 
 

Methods 
 
Ti(OiPr)4 RT film 
Our TiOx solution was prepared using a method adapted from Back et al,42 Titanium (IV) 
isopropoxide (Ti(OiPr)4) was purchased from Sigma Aldrich and prepared in a 1:50 volume ratio 
with isopropanol (IPA), which contains 0.02% H2O. The solution is ready to use immediately 
without heating. The Ti(OiPr)4 solution was spin-coated onto indium-tin-oxide (ITO) patterned 
glass at 3000 rpm for 30 seconds. Compact TiO2 thin films were fabricated by spin coating a 
solution of 146.6 µL Ti(OiPr)2(AcAc)2 in 2 mL of butanol for 30 s at 4000 rpm and annealing at 
450 ºC for 5 minutes.  
 
Solar cell fabrication 
The patterned ITO glass substrate was cleaned sequentially in Hellmanex 3 detergent, deionized 
water, and ethanol in an ultrasonic cleaner, rinsed with acetone and IPA, and placed in ultraviolet 
ozone plasma cleaner for 5 minutes. The patterned ITO glass and PEN substrates (25.4 mm2) were 
purchased from Kintec Company. Scotch tape was used to cover the end of the ITO contact to 
protect it from being coated during spin coating. Ti(OiPr)4 RT film was deposited on ITO slides. 



MAPbI3 was prepared using an adapted inter-diffusion method from Xiao et al43. 1M PbI2 
(99.9985%) and dimethyl sulfoxide (DMSO) (anhydrous, Sigma-Aldrich) were dissolved in 
dimethylformamide (DMF) (anhydrous, Sigma-Aldrich) and stirred for 2 hours at 60 ºC.  
Methylammonium iodide (MAI) (Dyesol) was dissolved in IPA (anhydrous, Sigma-Aldrich) at 50 
mg/mL concentration. Next, the PbI2 and MAI solutions were spin coated at 2000 rpm for 1 minute 
sequentially and annealed at 110 °C for 12 minutes in a nitrogen filled glovebox. (2,2′,7,7′-tetrakis 
N, N-di-p-methoxyphenylamine)-9,9′-spirobi- fluorine (Spiro-OMeTAD, Luminescence 
Technology Corp.) was dissolved at a 72 mg/mL concentration in chlorobenzene. It was doped 
with 28.8 µL of a 520 mg/mL solution of 4-tert-butylpuridine in acetronile and 17.5 µL of a 520 
mg/mL solution of lithium bis(trifluoromethylsulphonyl)imide in acetonitrile. The Spiro-
OMeTAD solution was spin-coated at 4000 rpm for 30 seconds in a nitrogen filled glovebox and 
left to oxidized in a dry air overnight. The rear silver (Ag) contact was prepared by thermally 
evaporating 60 nm of silver at a vacuum of 1x10-6 mbar. Silver evaporation pellets (99.999%) were 
purchased from Kurt J. Lesker company. The complete device structure is shown in Figure 1b. 
 
Characterization 
Solar cell characterization: The devices were tested using a Keithley source-meter operating at a 
scan rate of 1 V/s under AM 1.5 illumination from a solar simulator (PV Measurements). 
Calibration of the light source was done using a reference silicon solar cell and current and height 
adjustments (PV Measurements). While testing, an optical mask was used to only expose the 0.03 
cm2 active device area. 
UV-Vis: UV-Vis spectra of the TiOx with quartz as substrate was done with a UV/Vis/NIR Lambda 
950 S spectrometer from Perkin Elmer. Integrating sphere was used and absorbance of film has 
been calculated by 100%-Transmission-Reflection. Band gaps were calculated using the Tauc plot 
method with indirect band gap power factor.  
FT-IR:  FT-IR transmission spectra of liquids and powders were collected with a Thermo 
Scientific Nicolet 6700 FT-IR with MCT/A detector and a SenseIR Technologies DuraScope ATR 
operating between 650-4000 cm-1.  
Raman spectroscopy: Raman spectra were taken on Remishaw inVia Raman Microscope using 
an excitation source with a wavelength of 514 nm. 
X-ray diffraction: X-ray diffraction spectra were taken with a PANalytical X’Pert Pro MPD XRD 
with a Cu source operating at 40 kV and 40 mA. All measurements are performed at room 
temperature. 
SEM: Planar and cross-sectional SEM images were captured with an FEI Quanta 650 SEM 
operating between 5kV and 15kV accelerating voltage. 
Electrical resistivity: Electrical resistivity was measured using a two terminal method that had 
ITO and evaporated silver as the electrical contacts at both ends and TiOx in the middle. A Fluke 
289 True RMS Multimeter was used to measure the resistance and resistivity was calculated from 
the contact area. Copper tape was used to prevent punch through by the probe. A Jandel Four Point 
Probe was used to verify sheet resistances of the ITO coated glass substrate.  
Ellipsometry: Film thickness and refractive index was calculated using a Horiba Jobin Yvon 
UVISEL Vis ellipsometer and DeltaPsi2 modeling. Spectroscopic elliposmetry was collected 
between 250 to 750 nm at a 70° angle of incidence with the modulator and analyzer at 0° and 45°, 
respectively. A TiO2 dispersion file was used to model the spectra of TiOx thin film. Interfacial 
regions and surface roughness was accounted for in the modeling. 
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Supplementary Figure 1. Topographical SEM images of (a) ITO surface and (b) TiOx film on 
top of ITO formed by spin-coating Ti(OiPr)4 precursor solution. Images were taken at 5kV 
accelerating voltage.  
 
 
 



 
 
Supplementary Figure 2. Impact of humidity on performance of fabricated solar cells 

 



 
 
Supplementary Figure 3. Impact of annealing temperature to JSC, VOC, FF and efficiency of solar 
cells with ETL made from two different precursor solutions. The temperature range is RT to 500ºC. 
 
 



 
 
Supplementary Figure 4. FT-IR transmission spectra of IPA, Ti(OiPr)4, diluted Ti(OiPr)4, 
Ti(OiPr)4 powder and Ti(OiPr)2(AcAc)2 powder. 
 

 
 
Supplementary Figure 5. Spectral refractive indices for the Ti(OiPr)4 (Blue) and 
Ti(OiPr)2(AcAc)2 (Orange) thin films prepared (a) at room temperature, and annealed at (b) 110°C, 
and (c) 500°C on ITO coated glass. Solid lines indicate data measured from the ellipsometer, while 
the dashed lines indicate modeled data from DeltaPsi2. Additionally, spectral refractive indices of 



amorphous (d) and nano crystalline (e) TiO2 films were obtained from Akimov and Tauson and 
are overlaid as red dotted lines. 
 
 

 
 
Supplementary Figure 6. Stability of flexible solar cell as a function of storage time in nitrogen 
glovebox. 

 

0 5 10 15
time (day)

11

11.5

12

12.5

13

13.5

14

14.5

e
ffi

ci
en

cy
 (

%
)

Stability of flexible solar cell



 
Supplementary Figure 7. Flexible solar cell performance as a function of bending cycles 
 
 

Supplementary Table 1. TiOx film thickness measured from ellipsometry in nanometers 

Sample Interfacial Film Roughness Overall 

Ti(OiPr)4 25°C 0.000 ± 
0.113 

20.322 ± 
1.233  

0.796 ± 
0.742 

21.118 ± 
2.088 

Ti(OiPr)4 110°C 0.000 ± 
0.077 

15.509 ± 
1.575 

2.029 ± 
1.069 

17.538 ± 
2.721 

Ti(OiPr)2(AcAc)2 

500°C 
0.000 ± 
0.082 

16.636 ± 
1.107 

1.649 ± 
0.769 

18.285 ± 
1.958 
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