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Perovskite solar cells (PSCs) have been widely studied and such research resulted in high power conversion
efficiency (PCE). However, stability remains a great challenge when TiO, or other wide bandgap n-type
oxide semiconductors are used as the electron transport layer (ETL). The use of carbon such as fullerene
(Cgo) @s an ETL has shown promise with much improved UV stability. But there are two major obstacles
to overcome: the first is the difficulty to fabricate Cgo films with full coverage mainly due to the low
solubility of fullerene in dichlorobenzene and the second is the hydrophobicity of Cgo that hinders the
deposition of pin hole free perovskite films with high crystallinity, intimate contact, and a desired
columnar microstructure. In this work, a Cgo/ultrathin-TiO, (u-TiO,) bilayer is designed and fabricated as
a compact ETL, which restrains the charge recombination at the ETL/perovskite interface and
significantly enhances the PSC UV stability. Not only does the introduction of TiO, on top of the Cegq film
fill the holes or gaps in the Cgo film, but also it enhances the surface energy benefiting the growth of
perovskite with an intimate contact between the ETL and perovskite, which results in an enhanced
perovskite crystallization and a reduced charge recombination at the interface. Both the open-circuit
voltage and fill factor were largely improved to obtain a PCE of 19.38% with a rigid device. The highest
efficiency 14.74% of a larger-area flexible PSC (1.0 cm?) based on the bilayer was obtained due to the
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the perovskite/ETL interface and suppressing the irreversible moisture-driven decomposition of

perovskite materials, the Cgo/u-TiOy bilayer-based PSC shows outstanding stability, retaining 83% and
90% of its initial performance after 312 h UV irradiation and 1000 h exposure to ambient air, respectively.
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promising candidate for efficient and flexible photovoltaic
devices. However, a high-temperature processed (>450 °C)

1. Introduction

Perovskite solar cells (PSCs) have attracted enormous research
interest in recent years due to their rapidly rising efficiency
along with the advantage of very low material costs. The highest
efficiency of beyond 23% was reported in work based on n-i-p
structured PSCs."”® The high efficiencies and low-temperature
solution-processed perovskite film make n-i-p PSCs a very
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electron transport layer (ETL) is usually required for achieving
high performance of PSCs, which hinders the development of
flexible perovskite devices.

To overcome these limitations, various low-temperature
(<150 °C) solution-processed materials have been exploited as
ETLs, such as metal oxide materials (ZnO, SnO,, WOy, Zn,Sn0Oy,,
and La-BaSnO;) and organic materials (solid-state ionic-liquids
and PCBM).** Among these materials, fullerene (Ce), owing to
its outstanding properties such as unusual high electron-
mobility and extreme stability, has entered the low-
temperature processed ETL field as an emerging contender,
benefiting from the internal-external double spherical 7 elec-
tron cloud, highest central symmetry in three-dimensional
Euclidean space and lack of molecular defects.'>'® However,
the poor coverage of Cg, using solution based fabrication
processes results in significant charge recombination and
excessive electron accumulation at the interface of the ETL and
perovskite layer."” The efficiency of n-i-p structured PSCs
fabricated by such non-uniform films is inadequate."® Using an

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ta02094b&domain=pdf&date_stamp=2019-05-03
http://orcid.org/0000-0002-9820-1382
http://orcid.org/0000-0001-5710-9208
https://doi.org/10.1039/c9ta02094b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA007018

Published on 27 March 2019. Downloaded by University of Washington on 1/30/2023 9:58:25 PM.

Paper

evaporation technique can largely improve the coverage of Ce,
films.”* Nevertheless, the unsatisfactory morphology of
perovskite films with pinholes, as formed on the hydrophobic
Ceo surface, leads to both a relatively low fill factor and low
open-circuit voltage of devices. It must also be considered that
some anti-solvents (e.g., chlorobenzene and toluene) can
dissolve the underlying C¢o ETL during the spin-coating process
of the perovskite. Thus, the device based on the Cg, substrate is
not reproducible when reported for application in large-area
devices (>1 ¢m?).** 1t is critical to develop a modified interfa-
cial layer to reduce the surface energy of the Cg, film and resist
corrosion by the anti-solvent. Low-temperature processed TiO,
has been widely used as an ETL which shows good performance
and reproducibility in large area devices. It is mainly due to the
good band alignment and hydrophilic nature of TiO,, which can
facilitate the growth of pinhole free perovskite films. Besides,
using in situ synthesis techniques, such as TiCl, chemical bath
deposition (CVD) and atomic layer deposition (ALD), can result
in improved contact between the ETL and conductive glass for
large areas.”»** However, unlike Cg(, the low-temperature pro-
cessed TiO, still suffers from low electron mobility and high
density of deep charge traps, inducing strong hysteresis
behavior and rapid performance degradation in PSCs.

In this study, TiCl, chemical bath deposition performed
under near room temperature conditions is preferred to fabri-
cate the interfacial bilayer with a heat-sensitive Cgo film for
achieving a large-area high performance device. A low-
temperature-processed (<70 °C) Cgo/ultrathin-TiO, (u-TiO,)
bilayer was successfully designed as an ETL to fabricate large-
area (1 cm?) flexible PSCs. The Cgo/u-TiO, bilayer completely
covers the conductive substrate and dramatically improves the
surface energy of the ETL. The intimate contact between the

F3

: e
fa
<o Ve

&

View Article Online

Journal of Materials Chemistry A

ETL and perovskite layer enhances the charge transport and
avoids the electron accumulation at the interface. Meanwhile,
the perovskite film deposited on the bilayer exhibits much fewer
defects and suppressed charge recombination, because the
reduced nucleation Gibbs free energy (AG) of perovskite seeds is
beneficial to fabricate high-quality perovskite layers. As a result,
the rigid and flexible PSCs show PCEs of 19.38% and 14.7%
without hysteresis, respectively, for an aperture area of 1 cm?.
Moreover, by removing the negative charge accumulation at the
perovskite/ETL interface and suppressing the irreversible
moisture-driven decomposition of perovskite materials, the PSC
based on the Cgo/u-TiO, bilayer shows outstanding stability,
retaining 83% of its initial performance after 312 h exposure to
UV irradiation and 90% after 1000 h in ambient air.

2. Results and discussion

Fig. 1a shows the scanning electron microscopy (SEM) image of
the solution-processed Cgq film which has voids and does not
completely cover the indium-doped tin oxide (ITO) surface due
to the inherently poor solubility of fullerene. In contrast, a layer
of ultrathin-TiO, (u-TiO,) assists the Ceo/u-TiO, bilayer in fully
covering the ITO surface (Fig. 1b). UV-vis transmittance spectra
(Fig. S1a, ESIT) show that both the Cg, layer and the Cgo/u-TiO,
bilayer have high transparency in the visible wavelength range
that would enable a high photon-flux to be harvested by active
layers in solar cells. In addition, the energy levels of the Cgo/u-
TiO, bilayer are determined by ultraviolet photoelectron spec-
troscopy (UPS) measurements. The valence band edges and
band gaps for the Cgo/u-TiO, bilayer are conjointly used to
derive the energy band diagrams in Fig. Sib (ESIf). The
conduction band edge of the bilayer is positioned at —4.2 eV,

(b) Cglu-TiO, bilayer

Fig.1 Scanning electron microscopy (SEM) images of the (a) Cgq layer and (b) Cgo/u-TiO, bilayer on ITO. And the perovskite precursor contact

angle of (c) Cgo and (d) Cgo/u-TiO, substrates.
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much more optimally than that (—4.5 eV) of the Ce, single layer
as reported previously.” The more suitable band alignment
efficiently reduces the energy level gap between the ITO and
perovskite layer and also facilitates more efficient electron
collection.”* To closely observe the surface energy of ETLs, we
measured the perovskite precursor contact angle on different
substrates as shown in Fig. 1c and d. As expected,*?® the Cgo/u-
TiO, bilayer promptly decreased the contact angle of the
FAj g5MAg 15Pbly gsBrg 15 precursor on ETLs to 15°, much
smaller than that (55°) of the Cg single layer. The incorporation
of an ultrathin TiO, film increases the wettability of the Cg, film,
which could be due to the increased surface energy of the
bilayer in the presence of the hydrophilic TiO, surface.'®*>°
The 70% improved wettability of ETLs for the perovskite
precursor displayed an extraordinarily high surface energy of
the bilayer, which avoids the rapid shrinking of the as-casted
perovskite films during the annealing process. The pinholes
in the solution-processed perovskite film on the Cq, ETL are
clearly visible at low magnification (Fig. 2a and b), and are
serious defects in the active layer. Being consistent with
a previous report,* when the size of the cell was increased to 9
cm?, the loss of homogeneity and poorer coverage of the
perovskite film on the Cyo ETL are more severe in contrast to
that on the Cgo/u-TiO, bilayer as shown in the insets of Fig. 2a
and b. To quantify the electron trap-state density in the perov-
skite films on different substrates, space-charge-limited-
currents (SCLC) of electron-only devices were measured as
a function of voltage between 0.1 and 1.2 V in the dark (Fig. 2c).
The I-V curves can be divided into three regions: the linear
ohmic response region at the low bias voltage (orange line), the

(a) Ceo / Peroyskit
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trap-filling region (green line) and the trap-free SCLC region.
The trap-state density (N,) of the film is determined from the

trap-filled limit voltage (Vypy) using the following
equation.'*3°
2ece0 VTFL
N = T (1)

where ¢, is the relative dielectric constant of the perovskite, ¢, is
the vacuum permittivity, g is the elemental charge, and L is the
thickness of the film. With the Vrig, reducing from 0.88 V to
0.63 V, the trap densities of perovskite films decrease from 3.1
x 10" em ™ to 2.2 x 10" cm® when Cgo/u-TiO, bilayers are
introduced to replace Cg, as ETLs. These observations are
consisted with those of a previously reported perovskite
deposited on different substrates.”»** The decreased trap
densities confirm that the perovskite nucleation and growth
process are partially dependent on the surface energy of the
substrates.* According to the X-ray diffraction (XRD) patterns
(Fig. 2d), the low trap-density perovskite film on the Cgo/u-TiO,
bilayer indeed has higher crystallinity, which could suppress
the charge recombination and facilitate the charge
transport.’”

The cross-sectional SEM images of the devices based on
these ETLs reveal the effect of the u-TiO, layer on both Cg, and
perovskite film formation. It is clear from Fig. 3a that discon-
tinuation of the Cqo film and migrated fullerene particles
(marking with circles) occurred at several positions in the Cg,-
based PSC. In addition, Ce, particles were even found to migrate
from the bottom to the surface of the perovskite film in some
parts of samples without the u-TiO, layer in Fig. S2a and b.f
This migration is mainly attributed to the dissolution of the

(b)  Ceylu-TiO, / Perovskite

@ FTO/C,/u-TiO /Perovskite/PCBM/Ag
F o FTO/C, /Perovskite/PCBM/Ag
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Fig.2 SEM images with different scales of the perovskite films deposited on the (a) Cgg layer and (b) Cgo/u-TiO, bilayer. Insets shown in (a, b) are
the images of large-size (9 cm?) perovskite films deposited on different substrates. (c) Dark current—voltage curves of the electron-only device
revealing Vg inflection point behavior. (d) XRD patterns of perovskite films on the Cgq layer and Cgo/u-TiO, bilayer.
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Fig. 3 Cross-sectional SEM images of (a) three positions in the Cgo-based PSC and (b) the Cgo/u-TiO, bilayer-based PSC. (c) Steady-state
photoluminescence (PL) spectra of perovskite films deposited on glass, Cgo and the Cgp/u-TiO, bilayer. Confocal PL mapping intensity of
perovskite films deposited on (d) Ceg and (e) the Cgo/u-TiO, bilayer. (f) Time-resolved photoluminescence (TRPL) spectra of perovskite films

deposited on glass, Cgp and the Cgo/u-TiO, bilayer.

underlying Ceo ETL by the anti-solvent during the spin-coating
process of the perovskite. Thus the introduction of the u-TiO,
layer effectively prevents damage by chlorobenzene as a block-
ing layer as shown in Fig. 3b. Pinholes among the grain
boundaries and gaps at the interface are also evident in the Ceo-
based structure, which may be induced by the low surface
energy of the Cq, film and are likely to act as significant traps in
the active layer and the device. In contrast, the perovskite film
crystallized on the designed Cgo/u-TiO, bilayer is homogeneous,
smooth and pinhole-free. The efficiently reduced surface, bulk
and interface defects are expected to suppress the charge
recombination as discussed below.

Furthermore,  steady-state  photoluminescence  (PL)
measurement was conducted and is displayed in Fig. 3c. It has
been demonstrated that PL quenching ratios are calculated to
be 84% and 91% for Cgy and Cgo/u-TiO, bilayer films respec-
tively. This increase provides strong evidence that the bilayer
efficiently accelerates the interfacial charge separation and
charge collection.®® We applied confocal PL mapping on the
perovskite films deposited on the Cgy and Ceo/u-TiO, bilayer
substrates to visually characterize the carrier extraction and the
emission distribution.***® In the PL intensity maps (Fig. 3d and
e), the Cgo-based sample shows a higher absolute intensity and
substantial heterogeneity in the emission, consistent with the
PL data in Fig. 3c. In contrast, a more uniform emission
distribution is observed by using the Cgo/u-TiO, bilayer as the
ETL, and the lower PL intensity suggests that more carriers are
able to reach the quenching layer. Fig. 3f shows the time-
resolved PL decay (TRPL) results for perovskite samples on
different substrates (glass, Cgp, and Cgo/u-TiO, bilayer) to
investigate the photo-induced carrier kinetics at the perovskite/

This journal is © The Royal Society of Chemistry 2019

ETL interface and the detailed lifetime is calculated in Table S1
(ESIY). For the Cgo sample, the fast lifetime 1, is calculated to be
15.1 ns and the average lifetime 7,,. is calculated to be 68.3 ns.
When the bilayer is introduced as the ETL, the t; and 7,
rapidly dropped to 9.4 ns and 63.3 ns, respectively. The Cgo/u-
TiO, bilayer sample provides faster emission quenching than
the Cgo sample, resulting from higher electron injection effi-
ciency and leading to superior photovoltaic performance.

As per quasi-equilibrium measurement, the open-circuit
photovoltage decays (OCVD) could extract the slow
phenomena at a characteristic time longer than ~10 ms from
the hierarchical recombination process spanning many orders
of magnitude in time. We fabricated devices with the configu-
ration shown in Fig. 4a and measured the OCVD for different
ETL based devices. The exponential decay distribution for
OCVD in Fig. 4b reveals that the charge transfer in the PSCs is
mediated by trapping and de-trapping processes. The V,. decay
time constant in the bilayer-based device (0.88 ms), fitting from
OCVD curves, was measured to be ~6 times longer than that
(0.14 ms) of the Cgo-based device. That is to say, the charge
transfer delay by trapping and de-trapping in the Cgo-based
device illustrates that it suffers from more variation of the Fermi
level at the trap position and more energy loss of electronic
states.***> The trap densities of the devices are evidenced by the
results of electron lifetime (Fig. 4c) calculated from OCVD
measurement, as follows:

kT (dVie\
_—_

e

where e, T and kg are the elementary charge, the temperature
and the Boltzmann constant, respectively.”” Corresponding to
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Fig. 4 (a) The schematic structure of a planar PSC based on the Cgo/u-TiO, bilayer ETL. (b) Transient photovoltage decay curves of Cgg and Cep/
u-TiO, bilayer-based devices. (c) The calculated electron lifetimes and (d) V. as a function of light intensity for planar PSCs with Cgg and Cgo/u-
TiO, bilayer ETLs. (e) Representative Nyquist plots and (f) adsorbed photon-to-electron conversion efficiency of Cgg and Ceo/u-TiO, bilayer-

based PSCs.

the slower photovoltage decay, Cgo/u-TiO, bilayer-based PSCs
prolong the electron lifetime (t,) over the same voltage region
compared with the Cgo-based device. The improvement of 1,
suggests the removal of the traps hidden in the bulk of perov-
skite after the introduction of the u-TiO, layer on the top of the
Ceo film.** Fig. 4d shows the ideality factors of PSCs based on
different substrates which are calculated from the measure-
ments of V. as a function of light intensity. The ideality factors
of Ceo/u-TiO, bilayer-based PSCs (n = 1.25) are notably
increased in contrast to those of the Cgp-based device (n = 1.82),
suggesting that the introduction of the bilayer considerably
reduces the surface recombination and non-uniform recombi-
nation centers in the active layer following the Shockley-Read-
Hall theory.***

Electrochemical impedance spectroscopy (EIS) is performed
to examine the interfacial charge transport dynamics. Fig. 4e
shows the Nyquist plots of PSCs incorporating different ETLs at
an applied voltage of 0.8 V under 1 sun illumination conditions.
When the Cgo/u-TiO, bilayer is introduced, the results of curve
fitting reveal that the series resistance (Rg) is effectively reduced
from 15.6 Q to 9.8 Q and the recombination resistance (Rggc) is
increased from 70.6 Q to 81.8 Q compared to that of the Cgp-
based devices. The improved interface contact and reduced
carrier recombination originate from the improved electronic
contact of the perovskite/ETL interface, where the u-TiO,
performs as a “band-aid” to suture the “wounds” between Cg,
and perovskite layers.*”*® This result is well matched with
absorbed photon-to-current conversion efficiency (APCE)
measurements. The APCE is calculated from the light harvest-
ing efficiency (LHE) and external quantum efficiency (EQE) in
Fig. S3 (ESI¥) as follows:

11090 | J. Mater. Chem. A, 2019, 7, 11086-11094

APCE = ¢inj X @col (3)

where ¢jn; and ¢, are the electron injection and electron
collection efficiencies, respectively.*”** The overall APCE of the
Ceo/u-TiO, bilayer-based device in the wavelength range from
500 nm to 750 nm is estimated to be higher than that of the Cg-
based device in Fig. 4f. The higher APCE is attributed to the
faster electron injection, more efficient electron collection and
less contactless-interface-induced charge recombination.

The optimal concentration of TiCl, solution was found by
comparing the photovoltaic performance (Table S2, ESIt) of Ceo/
u-TiO, bilayer-based PSCs with a TiCl, treatment process
varying the solution concentration from 0 to 9 mM. The results
reveal that the optimal concentration of TiCl, solution is 5 mM,
and the corresponding device (1 cm®) in reverse scan shows an
open-circuit voltage (Vo) of 1.10 V, a fill factor (FF) of 77.79%,
a short-circuit current density (J;.) of 22.64 mA cm >, and a PCE
of 19.38%. The J,. is in excellent agreement with the external
quantum efficiencies (EQEs) shown in Fig. S4a (ESI}). Three
types of PSCs are fabricated with TiO,, Ce, and theCgo/u-TiO,
bilayer as ETLs, respectively. The photocurrent-voltage (/-V)
curves in both reverse and forward scanning directions for the
optimized devices are measured under simulated AM 1.5G sun
light at 100 mW ¢cm ™2 and shown in Fig. 5a and summarized in
Table 1. It is noted that the Cgo/u-TiO, bilayer-based device has
a higher V,, FF and ultra-low hysteresis index (HI), which may
indicate better interfacial contact and lower defect densities.*>*®

Notably, the histograms of efficiencies exhibit a tremendous
difference between Cgo and Cgo/u-TiO, bilayer-based devices in
Fig. 5b. The extremely wide distribution of the PCE of Cgy-based
devices is mainly attributed to the pinhole-induced short-circuit

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) J-V curves of the best performing large-area (1 cm?) devices with TiO,, Cgo and the Cgo/u-TiOy bilayer as ETLs, respectively. (b)
Histograms of PCEs for 60 devices with different ETLs. (c) The evolution of the normalized PCEs of unsealed PSCs consisting of different ETLs
under an ambient environment (=45% humidity and 30 °C), with or without constant 10 mW cm~2 UV irradiation (A = 340 nm). The Mott—
Schottky plot of (d) Cgo/u-TiO, bilayer, (e) Cgo and (f) TiO,-based PSCs was obtained before and after UV irradiation at a 1 kHz probe frequency.

Table 1 Photovoltaic parameters of large-area (1 cm?) devices fabri-
cated with TiO,, Cgg and Cgo/u-TiO, bilayer ETLs measured under AM

1.5 illumination

Jse Voe FF PCE HI
(mAcem™) (V) (%) (%) (%)

TiO, RS  22.42 1.06  74.07  17.62  15.79
FS  22.43 094 5910  12.43

Ceo RS  22.25 1.02 7015  15.93 6.12
FS 2211 098 6619  14.38

Ceo/u-TiO, RS  22.64 110 7779  19.38 0.85
FS  22.75 1.09 7647  19.01

current of the devices and anti-solvent-induced random
migration of Cg, grains, while the ultrathin TiO, effectively
blocks the damage to the C¢ ETL from the anti-solvent during
the spin-coating process of the perovskite and further improves
the repeatability of the devices. The steady-state photocurrent
and PCE are measured at the maximum power point (MPPT) of
the most efficient devices with different ETLs as shown in
Fig. S4b (ESIt). The steady photocurrent and stabilized PCE of
Ce0/u-TiO, bilayer-based solar cells measured at the MPPT are
consistent with those measured from J-V scanning, eliminating
the photocurrent hysteresis in the devices. The absence of
hysteresis and quick response of Cgo/u-TiO, bilayer-based
devices may be ascribed to the higher charge transport driven
by the decrease of trap densities.

Stability is one of the most crucial requirements for PSCs.
The long-term stability of unencapsulated PSCs has been eval-
uated under an ambient environment with a humidity of about
45% at room temperature under white light illumination (10

This journal is © The Royal Society of Chemistry 2019

mW cm?). The performance of the devices was recorded peri-
odically, and the normalized PCEs against time are shown in
Fig. 5¢. The initial PCE value of the Cgy-based device remained
unchanged for 100 h and then gradually reduced to approxi-
mate 78% in 1000 h. In contrast, the Cgo/u-TiO, bilayer-based
device retained the initial PCE for nearly 300 h and main-
tained 89% of the initial PCE at 1000 h. However, the PCE of the
TiO,-based device decreased to 41% in 1000 h under the same
exposure and testing conditions. To understand the degrada-
tion mechanism of different devices, a UV-light soaking (10 mW
em™>, A = 340 nm) experiment was conducted under the same
ambient environment (humidity = ~45%) by monitoring the
PCE characteristics of different PSCs as shown in Fig. 5c.
Interestingly, the rankings of the devices in this UV-stability
assessment did not change compared to the air-stability test,
while the main difference was that the degradation under UV
exposure is accelerated by the high energy of UV light. Ceo/u-
TiO, bilayer and Cgy-based PSCs retain 83% and 61% of their
initial performance after UV irradiation for 312 hours, respec-
tively, whereas the TiO,-based cell completely degrades within
200 hours. The UV-stability of Cg,/u-TiO, bilayer-based PSCs is
superior compared with previous reports.'®**> Moreover,
Fig. S5a-cf present the XRD patterns of different ETL-based
perovskite films before and after exposure to an ambient envi-
ronment and UV-irradiation for 312 h. The perovskite film on
the bilayer showed a slight decomposition in the XRD patterns
after the aging experiments, while the aged perovskite films on
the TiO, ETL exhibited a noticeable PbI, main peak (26 = 12.6°),
suggesting that changing the configuration of the ETL could
largely vary the stability of the upper perovskite under air
exposure and UV-light soaking. To further comprehend the role
of UV light in the degradation, the Mott-Schottky (MS) plots for
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different ETL-based PSCs were generated from the capacitance-
voltage measurements, where the interfacial charge densities
are inversely proportional to the slope of the MS plots.?*>*
Fig. 5d-f display the MS plots of different ETL-based devices
before and after 5 h UV irradiation in air, where negligible PCE
degradation of the devices (Fig. 5c¢) and no impurity in the
perovskite films (Fig. S5d-ft) can be observed. Before the UV-
irradiation, the slopes of the MS plots for different ETL-based
devices were in the same order of magnitude. However, after
the UV-irradiation for 5 h, the slope of the bilayer-based device
is one and two orders of magnitude higher than that of C¢ and
TiO,-based devices, respectively, indicating less interfacial
charge accumulation and thus excellent charge extraction at the
electrode interface for the bilayer devices. That is to say, the
electrons passing through the ultrathin TiO, have been
instantly extracted and transported by the underlying Ceo film
in the bilayer structure. And it has been proved in previous
reports that the absence of an ETL could induce a high inter-
facial charge density,> which explains the more obvious inter-
facial charge accumulation in the device based on the leaky Cg,
film than that on the bilayer. For the TiO,-based device, upon
UV radiation, numerous electrons that have not been extracted
will be trapped into oxygen vacancies in the TiO, bulk and then
may recombine with the photo-generated holes.’**® Thus the
lower slope of the MS plot is likely to be attributed to the high
trap density and low electron mobility of TiO, ETLs.">*” Addi-
tionally, the high charge accumulation at the TiO,/perovskite
interface helps to explain the severe hysteresis, which is
considered to originate from capacitive current,®® trapped
charge® and unbalanced charge injection.®® Given the above,
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both the air- and UV-related degradation characteristics of
different PSCs are well consistent with a previous report,*
indicating that the interfacial charge extraction between the
ETL and perovskite film plays a key role in moisture-driven
decomposition of perovskite films. And the interfacial charge
accumulation may further strengthen the hydrogen interaction
between the organic cation and H,O under light illumination.*
Fast extraction and transport of electrons through the Cgo/u-
TiO, bilayer would hardly accumulate negative charges at the
interface between the ETL and perovskite and effectively
suppress the irreversible decomposition of perovskite
materials.

To demonstrate the reproducibility of the Cg0/u-TiO, bilayer
for PSCs, large-area (1 cm®) PSCs were fabricated and their J-V
performance was measured with a black metal mask under
simulated AM 1.5 sunlight conditions. As shown in Fig. 6a,
a high PCE of over 18.83% is obtained with a J. of 22.4 mA
ecm™2, a V. of 1.09 V, and a FF of 77.0%. We also measured J-V
curves with a small metal mask (each 0.3 cm by 0.3 ¢cm) at five
different positions located at the center and the four corners of
the active area of the large-area device. All the PV metrics
extracted from these five curves are almost identical, attesting to
the superior uniformity of the perovskite film deposited on the
Ce0/u-TiO, bilayer over the square-centimeter scale. The PSCs
based on flexible polyethylene terephthalate/ultrathin (8 nm)
gold (PETUG) substrates were also fabricated to evidence the
viability of the Cgo/u-TiO, bilayer for flexible optoelectronic
applications. Fig. 6b shows the digital camera image of the
fabricated flexible perovskite solar cell with the structure
(Fig. 6¢) of PETUG/Cgo/u-TiO,/perovskite/2,2’,7,7"-tetrakis(N,N-
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di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
OMEeTAD)/Au. The key J-V curve of the best cell with an active
area of 1 cm? exhibits a J;. of 19.60 mA cm ™2, a V. of 1.04 V, and
a FF of 72.3%, giving a PCE of 14.74% (Fig. 6d). The lower PCE
in contrast to that of the rigid device is likely due to the higher
series resistance and lower transmittance of the PETUG
substrate (Fig. S5, ESIT)."*®* The flexible device even retained
nearly 92% of its initial PCE after 200 bending cycles, indicating
good mechanical stability.

3. Conclusion

A Cg0/u-TiO, bilayer is introduced to fully cover the electrode,
improve the surface energy of the ETL and prevent the attack on
Ceo by chlorobenzene anti-solvent. The charge transport and
electron extraction are greatly enhanced due to the intimate
interfacial contact between the ETL and perovskite layer. The
bilayer also benefits the growth of a high-quality and reduced-
defect perovskite film, resulting in suppressed charge carrier
recombination in the whole device. Based on these improve-
ments, the large-area (1 cm?) PSC with rigid and flexible
substrates shows a PCE of 19.38% and 14.74%, respectively.
Most importantly, because fast extraction and transport of
electrons through the Cgo/u-TiO, bilayer would hardly accu-
mulate negative charges at the interface between the ETL and
perovskite and effectively suppress the irreversible moisture-
driven decomposition of perovskite materials, the long-term
stability of the Cgo/u-TiO, bilayer-based device has been
remarkably improved under the exposure of both ambient air
and UV-irradiation. The development of Ceo/u-TiO, bilayers
moves us a step closer to the commercialization of PSCs by
significantly enhancing the durability of photovoltaic devices.
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