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ABSTRACT: In methylammonium lead iodide (MAPbI) perovskite solar cells (PSCs), the device performance is strongly influenced by the
TiO; electron transport layer (ETL). Typically, the ETL needs to simultaneously be thin and pinhole-free in order to have high transmittance
and avoid shunting. In this work, we develop an “in-situ solidification” process following spin coating, in which the titanium-based precursor
(titanium (diisopropoxide) bis (2,4-pentanedionate)) is dried under vacuum to rapidly achieve continuous TiO: layers. We refer to this as gas-
phase quenching. This results in thin (60+10 nm), uniform and pinhole-free TiO; films. The PSCs based on the gas-phase-quenched TiO;
exhibits improved power conversion efficiency, with a median value of 18.23% (champion value of 20.43%), compared to 9.03% and 14.09%
for the untreated devices. Gas-phase quenching is further shown to be effective in enabling efficient charge transfer at the MAPbI;/TiO; het-
erointerface. Furthermore, the stability of the gas-phase quenched devices is enhanced in ambient air as well as under 1-sun illumination. In

addition, we achieve 12.1 % efficiency in upscaled devices (1.1 cm? active area).

INTRODUCTION

Over the past decade, lead-halide perovskites (e.g., MAPDI;,
where MA is methylammonium, CH;NH;*) have received signifi-
cant attention for the fabrication of highly efficient solar cells. This
is due to their high absorption coefficients, long charge-carrier life-
times, high luminescence quantum yields and low Urbach energies.'
In particular, the iodide-based perovskites have been shown to be
defect-tolerant,” enabling them to have low Shockley-Read-Hall re-
combination rates (~10°s™'),* despite having high defect densities
when grown from solution. This is due to most defects being shallow,
but deep traps do occur and need to be passivated to approach the
thermodynamic limits in performance. So far, the highest reported
experimental power conversion efficiencies (PCEs) have exceeded
24% for single junction MAPbI; devices,* with a small open circuit
voltage (Voc) deficit (0.31-0.35 V).>7 In terms of scalable manufac-
turing, the PCE of printed perovskite solar cells (PSCs) has recently
reached 13.4% for a large area module (108 cm? area), which also
demonstrated prolonged stability (1,000 h).*"" This makes them a
potential viable source for the low-cost production of renewable en-
ergy, given that MAPDIL films could be synthesized by solution pro-
cessing at low temperatures. But for commercialization, some of the
problems that remain are the need to enhance PCEs to

approach/exceed the Shockley-Queisser (S-Q) limit (33%)
through tandem structures,'” reduction of recombination losses at

13,14 15, 16

heterointerfaces," '* reduction of current—voltage hysteresis'> ' as

well as the need to improve stability against moisture, elevated tem-

peratures and solar illumination.'”**

In PSCs, photo-generated carriers recombine through defects via
different pathways (e.g, interface or bulk defects), thus reducing
PCEs through lower short-circuit current densities (Jscs) and open-
circuit voltages (Vocs).® In regular PSCs, carrier recombination oc-
curs at the interface with the n-type electron transport layer (ETL)
and MAPDI; via interface defects.” These defects are introduced due
to the presence of Ti*" arising from the presence of oxygen vacancies
at the surface of TiO, during thermal treatment.'” *® Previous work
on reducing these oxygen vacancy related traps resulted in a de-
crease in non-radiative recombination at the MAPbI;/TiO; hetero-
interface with longer carrier lifetimes and higher PCEs.*"* In addi-
tion, it is necessary to optimize the ETLs, so that they meet the re-
quirements of being thin, uniform and pinhole-free in order to give
low parasitic absorption and avoid shunting. Engineering the ETL
layer is important to efficiently extract carriers, as well as to improve
the device stability against illumination, elevated temperatures and
water vapor.”® For example, engineering of ETLs e.g., organic
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materials* and sputtered TiO,* have been demonstrated to be ef-
fective in improving charge injection.’®* It is also found that device
PCEs are improved through charge collection in addition to pro-
longed stability.*®* Interface engineering is also important for large
area perovskite applications,*® *' since pinhole-free, uniform, and
compact ETLs are essential to efficiently extract photogenerated
carriers and decrease charge recombination losses during upscal-

ing.32-36

Currently, researchers are focusing on optimizing the growth of
MAPDI; thin films”* to achieve large grains,***' favorable crystal

orientation,**

and good crystallinity.*® Among these, Yang et al. pi-
oneered the production of uniform, pin-hole free and compact
MAPbI; films using the “gas pumping method” (which we refer to as
“gas phase quenching”), which assists the nucleation of MAPbI;
crystals after solution processing.*® ¥ They showed that gas phase
quenched MAPDbI; films have high PCEs and stability. However, the
mechanisms for the improvement in the MAPbI; device perfor-
mance are unclear and the method has not been applied in the syn-
thesis of TiO, ETLs.

In this work, we report a simple but effective post-treatment
method for improving the quality of solution-processed TiO; elec-
tron transport layers. We studied the surface microstructure and
wettability of the TiO; layer grown with gas-phase quenching. We
also investigated the influence of the gas quenching on TiO; in terms
of charge transfer mechanisms and associated device efficiencies as
well as stabilities.

MATERIALS AND METHODS

Chemicals. Titanium (diisopropoxide) bis (2,4-pentanedionate)
(Alfa Aesar, 99%), methanol (Sinopharm group, 99.8%). N, N-di-
methylformamide (DMF) (Sigma-Aldrich, 99.8%), lead iodide
(PbL:) and methylammonium (CH;NH:I) (Weihua Solar Energy
Co.LTD. 99%) were used as received.

Synthesis of TiO,, MAPbI; layers and devices. FTO (TEC-15,
LOF) (25x 25 mm?) substrates were treated in ultrasonication in
acetone and ethenol for 1 h, followed by drying under stream of ni-
trogen gas.

For titanium-based precursor solution, titanium (diisopropoxide)
bis (2,4-pentanedionate) (TIPD) was dissolved in methanol with a
concentration of 0.1 M and 0.2 M, respectively. The solutions were
stirred for more than 0.5 h. For synthesis of TiO; layer, TIPD solu-
tion was spin-coated at 3000 rpm for 6 s. The substrates were dried
under natural gas condition at RT as well as treated under gap-
pumping environment (at low pressure of 40 Pa). The two different
sample types are coded as:

CL-ND (compact layer-natural drying), and

CL-GP (compact layer-gas-pumping)

with the prefix indicating the molar concentration of TIPD. For
both methods, the dried films were then annealed at 450 °C for 30
min for formation of TiO, compact layers. The three TiO, samples
are coded as:

0.1 CL-GP (0.1 M TIPD-compact layer-gas-pumping), and

0.1 CL-ND (0.1 M TIPD-compact layer-natural drying), and

0.2 CL-ND (0.2 M TIPD-compact layer-natural drying)

For MAPbI;, the precursors (Pbl, and ICH;NHjs in stoichiometry)
were first dissolved in DMF (with a concentration of 35 wt%) and

then spun-coated on TiO; substrates at 4000 rpm for 10 s. After the
MAPbI; went through the similar process of in-situ solidification (at
3000 Pa), the dry MAPbI: films were thermally treated at 100°C for
0.5h.

Next, the hole transport layer was prepared by dissolving 80 mg
of spiro-OMeTAD (2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyla-
mine) -9,9'-spirobifluorene) in 28.5 ul of 4-TBP (4-tert-butylpyri-
dine) and 17.5 yl of Li-TFSI (lithium-bis(trifluoromethanesul-
fonyl)imide) and the solution was spun-coated at 3000 rpm for 30's.
Li-TFSI solution was prepared by dissolving 520 mg Li-TFSI into 1
ml acetonitrile. Finally, a 200 nm thick Au layer was deposited on by
thermal evaporation. All the processes were carried out in air with-
out inert gas protection except spin-coating of Spiro-OMeTAD.

Characterizations. Surface topographies of the FT O substrates,
the TiO, compact layers, the perovskite film and the completed de-
vices were monitored by field emission scanning electron micros-
copy (FESEM, TESCAN, Czech Republic) and atomic force mi-
croscopy (AFM, Innova, USA). The element content in the TiO»
layers were examined by energy dispersive x-ray spectroscopy (EDS,
Oxford, UK). The wettability of TiO2 substrates was determined by
surface tension meter (SD'T, KRUSS, Germany). X-ray diffraction
(XRD) patterns of the TiO: layers were obtained using an X-ray dif-
fractometer (D8 Advance, Germany) using Cu K, radiation. The op-
tical property of TiO; and MAPbI; films were characterised by UV-
vis spectrophotometer (Hitachi U-4100, Japan). Steady state pho-
toluminescence (PL) spectroscopy were performed by spectropho-
tometer (Fluoromax-4, Horiba Jobin Yvon, France) with excitation
of mono-wavelength at 560 nm. The TRPL spectra were obtained
using a time-correlated single photon counting (TCSPC) system
(FLS920 spectrometer) with time resolution of 100 ps (excitation
wavelength: 404 nm, pulse duration: <850 ps, repetition rate: 10
MHz). The elemental composition of the TiO: surface was meas-
ured by X-ray photoelectron spectroscopy (XPS) using an
ESCALAB Xi* (Thermal Fisher Scientific) and Al/ Mg mono Ka X-
ray source (1486.6 eV) operated at 400 W.

Photocurrent density-voltage (J-V) curves were measured using
an AM 1.5G solar simulator (with light intensity of 100 mW-cm™,
Oriel 94023A, Newport, USA) equipped with digital source meter
(Keithley 2400). Before the measurements, the light intensity was
calibrated using a single-crystal silicon photovoltaic cell as reference
(91150V, Oriel Instruments, USA). MAPbI; PV devices were meas-
ured with apertured area of 0.10 cm’, except for the upscaling J-V
measurement for the 0.1 CL-GP device where the device area was
1.1 cm® Electrochemical impedance spectroscopy (EIS) of the de-
vices was carried out using electrochemical workstation (IMS6,
ZAHNER, Germany) under illumination with an AC signal (ampli-
tude 20 mV and frequency range of 10~ to 10° Hz).

RESULTS AND DISCUSSION

In order to obtain TiO, ETLs with high quality, many synthesis
methods can be used, e.g,, atomic layer deposition (ALD),* chemi-
cal bath deposition (CBD)*, sol-gel,*® ** and spray pyrolysis.*> **
Among these, ALD has been shown to be effective in obtaining ultra-
thin and uniform TiO, layers with full coverage over the FTO sub-
strate, making it successful in improving device performance.®® ALD
is a highly controllable chemical method but it requires a vacuum
and has low throughput.** CBD, on the other hand, does not need

low vacuum for synthesis, but it is much less controllable than ALD,
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and the processing is complicated. A method which takes the salient
points of both ALD and CBD without the drawbacks is needed.

Spin coating and aerosol-based spray pyrolysis are becoming ef-
fective in producing TiO; and they have the benefit of simplicity and
no need for vacuums. As shown in Figure 1a, the titanium-based pre-
cursor (titanium (diisopropoxide) bis (2,4-pentanedionate), TIPD)
is expected to transform into TiO, crystals in two steps during the
processing, including precipitation and then phase conversion.
Hence, the TIPD solution is solidified into a Ti-based solid film and
then transformed into a TiO: film.*' In contrast to aerosol spray py-
rolysis, spin coating requires alower temperature (450 °C) for post-
treatment to form the required anatase phase in comparison to

55,56

~500-600 °C for aerosol spray pyrolysis.’

Inspired by the gas phase quenching of MAPbI; for re-crystalliza-
tion, we study the effect of gas quenching for improving the micro-
structure of TiO; films with reduced drying time and controlled ag-
glomeration in the localized substrate surface. Hence, in-situ solidi-
fication based on gas pumping was introduced to accelerate the pre-
cipitation of TIPD. TIPD was first dissolved in methanol and spin
coated on the FT'O substrates. In comparison with natural drying in
conventional precipitation (in Figure 1a), in-situ solidification of the
TIPD solution avoids the aggregation of isolated TIPD nanoparti-
cles (NPs), which results in a continuous TiO: film. Therefore, for
the CL-GP method, the 0.1 M TIPD solution was dried in a vacuum
chamber (at 40 Pa absolute pressure) in § s, which was observed to
be faster than CL-ND (3 min). The time difference in spin coating
simultaneously ensures a valid comparison of evaporation rates of
TIPD solution by the two methods (natural drying and gas phase
quenching), even though methanol has a high volatility.

The surface morphology (cross-sectional scanning electron mi-
croscopy (SEM)) of the as-prepared 0.1 CL-GP is shown (in Figure
1b) together with the band diagram of the devices. From cross-sec-
tional SEM, the TiO; layer thickness was estimated to be ~60 nm,
which is comparable to the optimal values in other reports.* * %7
With gas phase quenching, the thickness of the TiO, compact layer
can be easily altered by adjusting the concentration of the TIPD so-
lution. From top-down SEM images (Figure 2a), it is observed that
the TiO: layer made by gas phase quenching in vacuum forms pin-
hole-free and crystalline films, although they are quite rough. A se-
lected surface area of the 0.1 CL-GP film is characterized by energy-
dispersive X-ray spectrometry (EDX) (in Figure S1). The film is rich
in Ti, and is uniform, indicating the entire FTO surface is covered,
which was also confirmed by atomic force microscopy (AFM) in
Figure 2b.

In comparison, the TiO: layers made by natural gas drying (0.1
CL-ND and 0.2 CL-ND, depending on molar concentration of the
TIPD in methanol) exhibit a smoother surface (indeed they are
smoother compared to the FTO substrate (in Figure S2)). On the
other hand, for the 0.1 CL-ND TiO: film, there is an area that is not
completely covered. Compared to the 0.1 CL-ND film, the TiO,
formed by gas phase quenching (0.1 CL-GP) has faster nucleation
(in ~S s) because the methanol solvent is rapidly removed, promot-
ing more uniform coverage.

For the higher concentration solution (0.2 CL-ND) smooth films
are also obtained but now full coverage is also achieved (see Figure
S$3). The higher nucleation rate for 0.2 CL-ND prevents nucleation
only inlocalized zones on the substrate as occurs for the 0.1 CL-ND
film.*® The surface root mean square roughnesses from AFM (Figure
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2b) are 29.6 nm, 23.4 nm, and 24.8 nm for 0.1 CL-GP, 0.1 CL-ND,
0.2 CL ND, respectively, agreeing with the observations from SEM.
The 0.2 CL-ND film is also expected to be thicker due to its higher
concentration in TIPD solution and increase the sheet resistance
and inevitably reduce charge transfer at the MAPbI;/TiO, hetero-
interface, and hence reduces the device efficiency. In addition, the
thin TiO; layer is found to consist of nanocrystals with (101) pre-
ferred orientation (approximately 40 nm in size for both 0.1 CL-GP
and 0.2 CL ND using Scherrer’s formula) of the anatase phase (Fig-
ure $4 & Table S1). It is challenging to determine the value of the
full width half maximum for the 0.1 CL ND (101) peak because the
0.1 CLND (101) peak is rather weak.

The MAPbI; grown on the different TiO: films are also observed
by SEM images (in the mid-panel of Figure 2a). As can be seen, the
MAPDI; is uniform and compact in all three cases, except that the
size of the MAPbI; crystals are unevenly distributed on each sub-
strate. It has been shown that the density of nucleation sites and dy-
namics of grain growth is highly dependent on the roughness of the
TiO; substrate.”

Compared to MAPDI; crystals grown on 0.2 CL-ND TiO, the
MAPDI; crystals grown on 0.1 CL-GP are more evenly distributed,
and larger in average grain size, i.e. grain sizes are 200-800 nm for
0.1 CL-GP, c¢f. 200-600 nm, for 0.2 CL-ND TiO, The grain sizes are
also larger than those grown on 0.1 CL-ND TiO, (200-600 nm).

Large grains are important for charge transport in MAPbDI; devices.*”
41

The wetting properties of the spin-coated TiO, substrates were
investigated by contact angle measurements using N, N-dimethyl-
formamide (DMF) (Figure 2b). The wettability of TiO is better for
gas phase quenching compared to natural drying. The best wettabil-
ity in for 0.1CL-GP and this is likely because of the increased surface
roughness.”

From J-V curves (in Figure S5), the performance metrics are ex-
tracted and displayed in Figure 3. The median PCE (10 devices) is
increased from 9.03% to 18.23 %, with the highest PCE achieved for
the 0.1 CL-GP device with continuous and rough TiO, by gas phase
quenching. In particular, the increase in PCE in the 0.1 CL-GP de-
vice comes from an increase in short circuit current density (Jsc)
from 20.95 mA cm (in the 0.1 CL-ND device) to 24.01 mA cm™.
This is in addition to an increase in the fill factor (FF) from 63.31%
to 80.27% (in Table 1). These results indicate faster charge transfer
at the heterointerface in the 0.1 CL-GP device because of the im-
proved surface properties of TiO, as well as increased grain size in
MAPDL. In addition, there is a slight improvement in open circuit
voltage (Voc) from 0.98 V to 1.06 V, implying a reduction in inter-
face recombination. Hence, the improvement of PCE in the MAPDI;
PSCs is tentatively attributed to: improved interface charge transfer,
improved MAPDI; crystal quality, and reduced interface recombina-
tion.

We next investigated the optical properties of the TiO; films and
the interfaces formed with MAPbI;. First, it is observed that the TiO,
films on FTO show similar transmittance (with the transmittance
approaching 90% in the wavelength region of ~350-800 nm, as
shown in Figure 4a). The similar transmittance of the TiO»-coated
FTO to the bare FTO suggests there is low parasitic absorption, ow-
ing to the low thickness (~60 nm) and wide band gap of the TiO..
The PL peak of the MAPDI; films is located at ~790 nm {~1.6 eV).
There was a decrease in the PL intensity of the MAPDbI; film as a

ACS Paragon Pl%s Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

result of switching the post treatment from natural gas drying to gas
phase quenching (as compared with the reference MAPbI: on FTO,
marked as FTO). In this case, the PL quenching in the
MAPbDI;/TiO; junctions is expected to come as a result of non-radi-
ative recombination following the transfer of photo-excited carriers
to the TiO: layer. This would suggest that there is faster charge trans-
fer in the 0.1 CL-GP devices.

In order to confirm the effects observed in our PL quenching
measurements, we performed time-resolved PL (TRPL) measure-
ments on all three heterojunctions (Figure 4c). The results were fit
using a biexponential model, so that two components in the time do-
main (71 and 2) can be extracted. The PL are observed to all initially
rapidly decay over a timescale of ~200 ps, irrespective of the TiO,
used (from Figure 4c and from 7, as measured in Table 2). The PL
then decays more slowly over the nanosecond timescale. For the
slow decay component, the 0.1 CL-GP sample shows the fastest de-
cay 12 0f 21.9 ns, compared to 67.7 ns and 48.5 ns for the 0.1 CL-ND
and 0.2 CL-ND samples, respectively. We attribute the fast decay
component {71) to recombination at the interface (or surface recom-
bination), and the slow component 7, to bulk recombination.®!
These results are consistent with our PL quenching measurements
and suggest that there may have been faster charge transfer to the gas
phase quenched TiO,, where the carriers would have undergone
non-radiative recombination. We note that at this stage, we cannot
rule out that these effects were not due to increased non-radiative
recombination at the interface in the gas-quenched TiO, sample.

In the literature, interface charge transfer is strongly influenced by
the surface of TiO», which could also impact the stoichiometry and
crystallinity of MAPbI; through interface effects.” % Prior to
MAPbI; nucleating, surface defects on the TiO: (recently shown to
promote the growth of PbL-rich perovskite crystals in an island-like
fashion by Shallcross et al. %) likely result in a sub-stoichiometric in-
terface layer which impedes charge transport as well as the collection
energetics. Thus, to achieve higher PV performance, it is important
to have a TiO, compact layer with reduced surface defects to miti-
gate interfacial recombination and enhance interfacial charge trans-
fer. But it is also important to optimize MAPbI; nucleation at the in-
terface, such as by adding excess Pbl in the precursor.*®

To provide more clarity on whether our PL measurements indi-
cate faster charge transfer or a higher density of interface defects, we
analyzed the heterojunctions in more detail through electrochemi-
cal impedance spectroscopy (EIS). We used a simplified transmis-
sion line model (Figure 4d) to describe the Nyquist plots for the
three junctions, where Rer and Cer are the charge recombination re-
sistance and capacitance of the MAPDI; bulk, and Reec and Crzc are
resistance and capacitance of the MAPbI;/TiO, interface. Rer and
Reec correspond to the semi-circle in the Nyquist plots from right
(the low frequency region) to left (the high frequency region, too
small to be identified in Figure 4d), respectively.® ¥ By fitting the
Nyquist plots, the important parameters can be extracted (in Table
2).In fact, an external bias could also alter the probing region during
EIS. In this work, we have performed EIS studies of MAPbI; devices
at an external reverse bias condition (~Voc), so that the actual space
charge region is strongly localized at the heterointerface. As aresult,
in addition to a decrease in Rgck, the decrease in Rer also indicates
reduced charge recombination at the 0.1 CL-GP MAPbI;/TiO: in-
terface, even though Rcr is a characteristic symbol of low frequency
measurement in the Nyquist plots. In particular, 0.1 CL-GP PSCs

have alarger Rer (1425 Q) than 0.2 CL-ND PSC (1280 Q2) and 0.1
CL-ND PSC (927 Q), indicating suppressed recombination at the
MAPbDI;/TiO; interface in 0.1 CL-GP and 0.2 CL-ND, compared to
0.1 CL-ND. Rssc for the three samples are comparable to each other
(in Table 2), indicating similar charge transport properties in all de-
vices. To further understand the underlying mechanism of defect
formation in TiO,, we study the evolution of Ti**, oxygen vacancies
(Vov) and hydroxyl groups (OH") in 0.1 CL-GP, 0.1 CL-ND and
0.2 CL-ND TiO: thin layers using X-ray photoelectron spectroscopy
(XPS) (Figure S6). From the results (Table S2), there is an increase
in oxygen vacancy Vo content (39.8 %) in 0.1 CL-GP TiO;, as com-
pared to 0.1 CL-ND and 0.2 CL-ND TiO,, which probably accounts
for the interface defects as observed by our previous analysis in our
PL measurements.

More importantly, we have evaluated the stability of the devices
under ambient conditions (room temperature, with a relative hu-
midity RH of 40-60%) ** (Figure S). The PSC based on 0.1 CL-GP
TiO; exhibits the best stability with 66% of the initial PCE remaining
after 550 hours. In comparison, the PCE drops to 26% of the initial
value in the same period for PSCs based on 0.2 CL-ND TiO, and it
completely degrades within 200 hours for the PSCs based on 0.1
CL-ND. The degradation comes from all the characteristic parame-
ters of Jsc, Vocas well as FF. Among these factors, the Jsc is the main
reason for the decrease in PSCs based on 0.1 CL-ND TiQ5, which
drops to zero after 200 hours of aging. By contrast, the 0.1 CL-GP
device maintains ~80% of the initial PCE after $50 hours without
water vapor ( aging in glove box, in Figure 6a inset). Thus, gas-
phased quenched TiO- improves MAPDI: device stability to water,
which is responsible for the difference of normalized PCEs under the
ambient condition (66%) and in the glove box (~80%).

In order to understand the other reasons for the remaining loss in
the normalized PCE in the glove box, we performed photo-degrada-
tion tests on the 0.1 CL-GP device inside a glove box and under con-
tinuous solar illumination (Figure 6a). Without moisture exposure,
the 0.1 CL-GP device PCE drops to a low level (30% of the initial
PCE) after 12 hours of ageing under AM 1.5G illumination. This ef-
fect is reversible (back to 80%) as long as the device is completely
apertured for a certain period. Therefore, the degradation of our 0.1
CL-GP MAPbI; devices by illumination is faster than by water mol-
ecules. The illumination degradation was not prevented by using
gas-phased quenched TiO; (0.1 CL-GP device) which has similar
transmittance with naturally dried TiO..

Further, we upscaled our 0.1 CL-GP device from an area of 0.1
cm” to 1.1 cm® The upscaled device has a PCE of 12.1% which is a
relatively good value for this larger area. The loss of PCE (from
20.43% to 12.1%) in the upscaled 0.1 CL-GP device is primarily
from reduction of Jic (from 24.01 mA.cm? to 20.27 mA-cm?) and FF
(from 80.27% to 58.29%). On the other hand, Voc shows only a
slight decrease from 1.06 V to 1.03 V. Losses in the FF are related to
non-radiative bulk and interface carrier recombination.”” Strategies
for improving uniformity and quality of the gas phase quenched
TiO: films when upscaled are required next.

CONCLUSIONS

In summary, we demonstrate that a thin, continuous and compact
TiO, can be produced by spin-coating, followed by a gas phase
quenching post-treatment. In comparison with the more time-con-
suming procedure of natural gas drying, gas-phase quenched TiO;
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exhibits more dense films, with clear crystals formed on the FTO
substrate. In terms of device performance, the MAPDI; PSC on gas
phased quenched TiO, shows the best PCE, with a champion cell
efficiency exceeding 20%. The excellent J-V performance mainly
comes from the contribution of the high Jsc (24.01 mA cm™) and FF
(80.27%), which present 13% and 21% of increase in comparison to
the devices with TiO; prepared by natural gas drying. According to
the TRPL combined with EIS studies, the increase in Jsc and FF are
a result of improved interface charge transfer at the heterointerface,
revealed by faster PL lifetime component (in particular 7,), even
there present a higher recombination loss by interface defects in the
gas phase quenched TiO; device. More importantly, gas phase
quenching of TiO,is able to substantially improve device stability
against moisture as well as solar irradiance. In terms of moisture (RT,
humidity 40-60%), the device using gas phase quenched TiO; re-
tains 66% of the initial PCE after 550 hours, whereas the best device
using normal drying is completely degraded in only 200 hours. On
the other hand, the gas phase quenched device shows ~80% of the
initial PCE after 550 hours storing time in a glove box. Interestingly,
the PCE returns to 80% after AM1.5G solar irradiance for 12 hours
(30% of the initial PCE). Last but not least, the MAPbI; PSC shows
an acceptable PCE value of 12.17% after upscaling from 0.1 cm’ to
1.1 cm® However, photo-degradation of the device should be fur-
ther investigated.
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(a) After spin-coating Precipitation Phase transition

¢

Figure 1.a) Schematic of process diagram of TiO2 compact layers by natural drying as well gas pumping. b) Cross-sectional SEM image of the MAPbI;
device structure. c) Band diagram of the device with energy position estimated in Ref ”’.
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Figure 2. (a) Surface morphologies of TiO2 compact layers (top panel) and MAPbI; (mid panel). The grain size distribution of MAPbI; is shown in
the bottom panel. Films made either by gas phase (GP) quenching or natural gas drying (ND) (b) Contact angle measurement (top panel) of the 3
different film types. Atomic force microscopy (AFM) (mid panel) images showing surface root mean square roughnesses of the TiO: films when grown
on FTO substrates.
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Figure 3. -V performance metrics for devices (10 devices at each condition) with different TiO electron transport layers: (a) 77, (b) Jsc, (c) Voc and

(d) FE.
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Figure 4. a) Transmittance and b) Steady-state PL spectra of the MAPbI;/TiO; layers. c) Time-resolved PL spectra and d) Nyquist plots of
MAPbI;/TiO: heterojunctions with TiO: prepared by different processing methods.
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Figure 5. Aging tests of the devices with the three TiO» compact layers continuously for 550 hours in clean room air (RT, relative humidity RH 40-
60%).
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Figure 6. (a) Normalized PCEs of the 0.1 CL-GP device with conditions of AM1.5G solar irradiance (with Xenon lamp), with inset showing normal-
23 ized PCE of the device aging in glove box and. (b) J-Vfor upscaled 0.1 CL-GP device (with area of 1.1 cm?).
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Table 1 Summary of J-V characteristics of the champion cells with the three different TiO2 compact layers.
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Jsc Voc FF PCE
Device Code

(mA cm?) V) (%) (%)
0.1 CL-GP 24.01 1.06 80.27 20.43
0.1 CL-ND 20.95 0.98 63.31 12.99
0.2 CL-ND 21.96 1.00 79.76 17.51
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Table 2. Lifetime components and recombination resistance extracted from TRPL measurement and Nyquist plot, respectively.

Rer Rgrec
Q) (Q)

Device Code 71 (ns) 7 (ns) 7(ns)

oNOYTULT D WN =

0.1 CL-GP 0.24 21.9 18.3 927 15.6
0.1 CL-ND 0.16 67.7 65.0 1425 26.9
10 0.2 CL-ND 0.21 48.5 429 1280 6.3
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