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ABSTRACT: Surface passivation of perovskite solar cells (PSCs) has been considered as
an effective way to improve the efficiency and stability of devices. Here, we study the
influence of an ultrathin layer of tantalum pentoxide (Ta2O5) as a passivation layer in the
mesoscopic heterojunction PSCs. This material was conformally coated on top of
mesoporous TiO2 (mp-TiO2) with various thicknesses by the atomic layer deposition
technique. We observe that Ta2O5 reduces the recombination at the perovskite/mp-TiO2
contact surface and improves the charge transport, as proved by photoluminescence
spectroscopies. With an optimized thickness of Ta2O5 (∼1.9 nm), a high-power
conversion efficiency of 21.25% was obtained for the Ta2O5-modified device, mostly because of the enhancement of the open-
circuit voltage (Voc). In addition, our modified cell exhibits low hysteresis, improved shelf life, and thermal and UV light stabilities
compared to the unmodified device. Our study demonstrates the importance of surface passivation in mesoscopic PSCs.
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■ INTRODUCTION

Hybrid organic−inorganic perovskites have made a revolution
in the field of optoelectronic devices over the past decade.1,2

Particularly, their application in the new generation thin-film
solar cells has been significantly highlighted, thanks to their
excellent optoelectronic properties, low-cost processing, and
ease of manufacture.3−5 The efficiency of so-called perovskite
solar cells (PSCs) has grown rapidly these days and surpassed
the power conversion efficiencies (PCEs) of well-known thin
film photovoltaic (PV) devices, approaching 25.2%.6−9 Perov-
skite active layer can be deposited by various approaches such
as spin coating, coevaporation, chemical vapor deposition
(CVD), vacuum sequential deposition, and spray-deposi-
tion.10−13 Among them, spin coating is the most popular
deposition way due to the ease of processing and low cost.
Besides the active layer, electron transporting layers (ETLs)
and hole transporting layers have vital roles in both the PCE
and stability of the PSCs, and material selection has to be taken
into consideration precisely in terms of either charge transfer
properties or band alignment.14−16 Mesoscopic PSCs, one of
the most popular device architecture in the perovskite field, is
commonly fabricated on the mesoporous TiO2 (mp-TiO2)
scaffold showing great performance.17−20 Since mp-TiO2 has a
large surface area with possibly many surface defects, the
chance of contact surface recombination would be high, and
therefore, surface treatment of mp-TiO2 is crucial to improve
the open-circuit voltage (VOC) as well as device stability.

21 For
this purpose, mp-TiO2 was doped with different metal cations
in order to reduce the resistance and improve the
conductivity.22,23 Moreover, various passivation layers have

been developed to properly reduce the surface defects of mp-
TiO2. For instance, the ultrathin layers of SnO2, ZnO, Al2O3,

ZrO2, CdS, Sb2S3, ZnS, TiN, MgO, and La2O3 showed great
potential for improvement of the PV performance of the
mesoscopic PSCs, mainly due to better band alignment and
charge extraction properties.7,24−27

Tantalum pentoxide (Ta2O5) is a promising n-type material
owing to its low leakage current, good electron conductivity,
and high thermal as well as chemical stability properties.28,29

Ta2O5 is extensively used in the production of capacitors
owing to its high dielectric constant.30 It is also transparent to
incident solar radiation owing to its large band gap (Eg = 3.8
eV). Recently, Ta2O5 layer (hole-blocking) has demonstrated
effectiveness in minimizing charge recombination and
enhancing the PCE in indium phosphide solar cells.31 Notably,
to the best of our knowledge, there is not any report regarding
the application of Ta2O5 in PSCs. Generally, the Ta2O5 film is
deposited by CVD, electron-beam evaporation, RF sputtering,
or by thermal oxidation technique.32 However, atomic layer
deposition (ALD) would be an interesting approach to develop
thin film formation due to the great advantages of this
technique including deposition of a high-quality thin film with
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great accuracy in uniformity and thickness and superior
electrical and optical performances.33−36

Herein, we introduce an ultrathin layer of Ta2O5 on top of
mp-TiO2 using the ALD process and investigate its role in the
changes in efficiency and stability of the PSCs. This
modification results in a lower carrier recombination rate
and enhanced charge-transfer properties, as proved by time-
resolved photoluminescence spectroscopy (TRPL) and ultra-
violet photoelectron spectroscopy (UPS). With an optimized
thickness of Ta2O5 (1.9 nm), a PSC with a maximum PCE of
21.25% [circuit current density (Jsc) = 23.52 mA cm−2 and a fill
factor (FF) = 78.28%] and negligible hysteresis was achieved.
The high VOC of 1.16 V in the Ta2O5-modified PSC as
compared to the reference cell (1.11 V) indicates the great
potential of Ta2O5 for reducing the contact surface
recombination, as also supported by electrochemical impe-
dance spectroscopy (EIS) and Mott−Schottky (MS) measure-
ments. Finally, the Ta2O5-modified PSC shows excellent shelf-
life stability by maintaining 85% of the original PCE after 700
h storage in ambient air, which is superior to that of the
reference cell (60%). In addition, the modified cell shows
enhanced thermal stability at 85 °C and under constant UV
light irradiation.

■ EXPERIMENTAL SECTION
Materials. All solvents and perovskite precursors with super

dehydrated grade were purchased from a commercial vendor (Sigma-
Aldrich).
Solar Cell Preparation. The etched FTO glass substrates were

ultrasonically cleaned with soap, deionized water, ethanol, and
isopropanol for 20 min separately. Then, the substrates were treated
by UV ozone for 15 min. Following this step, a compact 20 nm layer
of TiO2 (c-TiO2) was deposited by the spin-coating method.22

Afterward, a ∼ 180 nm thick TiO2 mesoporous layer prepared by
ethanol-diluted 3 NR paste (1:6 by weight) was spin coated at 4000
rpm for 30 s and heated at 500 °C for 30 min. The perovskite solution
in 1 mL of dimethylformamide/dimethyl sulfoxide solvent mixture in
a volume ratio of 4:1 was prepared from FAI (0.172 mg), PbI2 (0.461
mg), and CsCl (0.016 mg). The perovskite solution was spin-coated
onto the substrate at 1000 rpm for 10 s and continuously at 6000 rpm
for 30 s37 During the second step, 150 mL of chlorobenzene was
poured on the films for 10 s, and the film was sintered at 150 °C for
30 min. Next, the hole-transporting material solution was prepared by

dissolving spiro-OMeTAD in chlorobenzene at 70 mM, where TBP,
Li-TFSI in acetonitrile, and FK209 in acetonitrile (molar ratio of
spiro/FK209/Li-TFSI/TBP of 1:0.03:0.5:3.3) are added as addi-
tives.38 The gold electrodes (80 nm) were deposited by a thermal
evaporation system using high vacuum condition. The active area was
defined using a 0.09 cm2 nonreflective mask.

An ultrathin layer of Ta2O5 was formed on mp-TiO2 using the ALD
system (NCD Lucida-D100, Korea). Tantalum pentaethoxide [Ta-
(OEt)5] and water (H2O) were used as precursors for Ta2O5 film
formation at a temperature around 300 °C. The pulse time for
Ta(OEt)5 and H2O was set as 1.2 s, and the purging time was 15 s. It
has been estimated that the deposition rate of Ta2O5 is 0.13 nm/cycle,
which is confirmed by ellipsometry.

Device Measurement and Characterization. The current−
voltage (J−V) scans of the cells were recorded under simulated one-
sun AM 1.5 G illumination (100 mW cm−2). The external quantum
efficiencies (EQEs) were probed by a DK240 monochromator. The
crystal structure of the materials was characterized using powder X-ray
diffraction (XRD) with a Cu k line of 1.5410 °(Rigaku, Japan). The
morphology and energy dispersive X-ray analysis were probed by field
emission scanning electron microscopy (FE-SEM, S-4700 Hitachi).
The roughness profile of the perovskite film was obtained from a XE-
100 advanced scanning probe microscope. UV−vis transmission and
absorption spectra of the resulting films were measured by a Cary 300
model system. The oxidation state of the ETL was studied by
MultiLab2000 spectrometer. A focused ion beam was applied for the
cross-sectional mp-TiO2/Ta2O5 film analysis using a transmission
electron microscope (FEI, Helios G3 CX). A four-point probe
instrument (Hall measurement) was used to measure the conductivity
of the ETLs. UPS spectra are gathered using HeI irradiation with hν =
21.22 eV produced by a UV source (Axis-Supra). The PL properties
were analyzed with a fluorescence MicroTime-200 spectrometer
(Picoquant, Germany). EIS analysis was carried out at 0 bias and
under dark condition.

■ RESULTS AND DISCUSSION

The conventional mesoporous configuration of the PSC with
Cs0.1FA0.9PbI3 as an absorber active layer37 was used to study
the effect of ETL functionalization on the device performance
and stability (Figure 1a). We have previously demonstrated
that the introduction of an ultrathin passivation layer on the
surface of mp-TiO2 improves its electron-transfer proper-
ties.27,39,40 Wide band gap Ta2O5 is regarded as the material
having high electrical conductivity and good stability.28,29

Figure 1. (a) Schematic illustration of the investigated mesoscopic PSCs. (b) Schematic of the ALD deposition of Ta2O5 on the surface of the mp-
TiO2 scaffold.
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Having in mind that higher conductivity signifies better charge
transport, we first attempted to investigate the changes in
electrical conductivity of mp-TiO2 after functionalization with
Ta2O5. The surface of mp-TiO2 was coated by the Ta2O5 layer
with different thicknesses using the ALD technique. The
schematic of ALD process for the formation of Ta2O5 with the
help of Ta(OEt)5 and H2O is shown in Figure 1b.41 By altering
the number of deposition cycles, the mp-TiO2/Ta2O5 films
with 0.65, 1.3, 1.9, and 2.6 nm thicknesses were formed. The
effect of Ta2O5 film thickness on the electrical properties of
ETL is examined by Hall measurement. We found that the film
with the 1.9 nm thick Ta2O5 layer exhibits better conductivity
as compared to other films (Table S1). Moreover, we
compared the electrical properties of the mp-TiO2/Ta2O5

film (1.9 nm) with the mp-TiO2 films functionalized with
ALD-deposited TiN32 and Nb2O5,

47 which we previously
optimized and reported (Table S2). The mp-TiO2/Ta2O5 film
has a higher conductivity than other films of similar
thicknesses, which indicates that this functionalization should
enhance the charge transport across the ETL/perovskite
contact surface and consequently further boost the perform-
ance of mesoscopic PSCs.

To confirm the presence of Ta2O5 on top of the bare mp-
TiO2, FE-SEM and X-ray photoelectron spectroscopy (XPS)
analyses were carried out. Figure S2 shows the plain-view FE-
SEM images of the bare mp-TiO2 and mp-TiO2 with Ta2O5,
indicating the presence of highly dense TiO2 nanoparticles.
The regular distributions of Ti, O, and Ta elements on top of
mp-TiO2 is revealed by the EDS analysis (Figure S3). In
addition, transmission electron microscopy (TEM) analysis of
mp-TiO2/Ta2O5 ETL reveals the presence of the 2.0 nm thick
Ta2O5 compact layer on top of the mp-TiO2 ETL (Figure S4).
The surface of the films was further probed by XPS
measurements (Figure S5). The XPS spectrum survey of mp-
TiO2/Ta2O5 confirms the presence of Ti, O, and Ta elements
on top of the mp-TiO2 scaffold (Tables S3 and S4). The Ta
4f7/2 core level spectrum of the mp-TiO2/Ta2O5 film shows
two peaks located at 25.06 and 27.01 eV corresponding to
Ta2O5.

42,43 In turn, the Ti 2p core level spectrum of the mp-
TiO2 film demonstrates two peaks with binding energies of
458.40 and 463.52 eV, which relate to Ti(IV) of anatase
TiO2.

22 These peaks slightly shift toward a higher binding
energy in the mp-TiO2/Ta2O5 sample. Similarly, the peak of
the O 1s binding energy shifts from 529.72 to 529.91 eV after
Ta2O5 functionalization. The observed shift toward high

Figure 2. (a) J−V curves of the devices based on mp-TiO2 and mp-TiO2/Ta2O5 ETL with different thicknesses of Ta2O5 (scan rate 50 mV s−1).
The hysteresis of J−V curves of the device based on (b) mp-TiO2 and (c) mp-TiO2/Ta2O5 ETLs. (d) EQE spectra of the devices based on mp-
TiO2 and (c) mp-TiO2/Ta2O5 ETLs.

Table 1. PV Output of the Devices Based on mp-TiO2 and mp-TiO2/Ta2O5 ETLs under AM 1.5 G Illumination with Varying
Thicknesses of the Ta2O5 Layer (Scan Rate 50 mV s−1)

ETLs Voc [V] Jsc [mA/cm2] FF PCE [%]

mp-TiO2 champion 1.115 22.70 75.72 19.02
average 1.105 ± 0.010 22.3 ± 0.4 73 ± 2.5 18.60 ± 0.4

mp-TiO2/0.6 nm Ta2O5 champion 1.123 22.84 76.83 19.58
average 1.110 ± 0.010 22.4 ± 0.4 74 ± 2.5 19.2 ± 0.4

mp-TiO2/1.3 nm Ta2O5 champion 1.131 23.10 77.21 20.10
average 1.120 ± 0.010 22.5 ± 0.30 75 ± 2.0 19.8 ± 0.3

mp-TiO2/1.9 nm Ta2O5 champion 1.160 23.52 78.28 21.25
average 1.150 ± 0.007 23.30 ± 0.20 76 ± 2.0 20.90 ± 0.3

mp-TiO2/2.6 nm Ta2O5 champion 1.035 22.63 74.35 19.37
average 1.020 ± 0.015 22.2 ± 0.4 71 ± 3.0 19.0 ± 0.4
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binding energy may suggest that some Ti−O−Ta bonds are
formed.44

To study the role of Ta2O5 on the PV properties, devices
with mp-TiO2 and mp-TiO2/Ta2O5 ETLs were fabricated.
Figure S6 displays the cross-sectional SEM images of mp-TiO2-
and mp-TiO2/Ta2O5-based PSCs. The thicknesses of the
perovskite and spiro-OMeTAD layers in both devices are
found to be 400 and 200 nm, respectively. Figure 2a shows the
current−voltage (J−V) curves of the PSCs with various
thicknesses of Ta2O5 measured under standard AM 1.5 G
condition and reverse scan (scan rate 50 mV s−1). Table 1
summarizes the PV parameters of the champion devices. The
reference cell shows the highest PCE of 19.02% with a Voc of
1.11 V, Jsc of 22.70 mA cm−2, and FF of 75.72%. We found that
by deposition of Ta2O5 on mp-TiO2 with an optimized
thickness of ∼1.9 nm, the PCE is increased up to a maximum
value of 21.25% with a Voc of 1.16 V, Jsc of 23.52 mA, cm−2 and
FF of 78.28%. However, with the further increase of the film
thickness, the performance of the device declines to 19.37%.
For checking the reproducibility, 20 independent devices were
fabricated under the same conditions. Figure S7 depicts the
statistical histogram of PV parameters for the reference and
modified devices following the same trend of the best
performing devices. To evaluate the PV results of our work
with the state-of-art devices based on the modified mp-TiO2
ETL, we compared the PV parameters of our devices with the
best reports in the literature, as can be found in Table S5. The
J−V curves of the pristine and Ta2O5-modified PSCs in both
forward and backward biases are demonstrated in Figure 2b,c,
respectively. The hysteresis index (HI) of the corresponding
PSCs was determined by the given equation45

∫ ∫

∫
=

−J V V J V V

J V V
HI

( ) d ( ) d

( ) d

V V

V
0 R 0 F

0 R

oc oc

oc

It is found that the device with the mp-TiO2/Ta2O5 ETL
exhibits a negligible HI of 1.36%, which is smaller than that of
the device based on mp-TiO2 ETL (2.64%) (Table S6). In
general, hysteresis typically occurs in PSCs due to charge or
ion accumulation and the imbalance of charge carrier at the

contact surface of the perovskite/ETL.46−48 We found that the
presence of Ta2O5 between the perovskite layer and the mp-
TiO2 ETL reduces the HI, which we attribute to effective
electron extraction at the modified ETL/perovskite contact
surface (vide infra). Figure 2d depicts the EQE spectra of the
corresponding devices indicating EQE values of above 90% in
the entire spectrum. The integrated Jsc from EQE results were
calculated to be 22.27 and 23.53 mA cm−2 for the devices
based on mp-TiO2 and mp-TiO2/Ta2O5 ETL, respectively,
which are in good agreement with the J−V results. In addition,
the stabilized efficiency and Jsc of both devices were
investigated near the maximum power point under continuous
illumination for 100 s (Figure S8a,b). The device based on mp-
TiO2 and mp-TiO2/Ta2O5 ETL shows stabilized PCEs of 18.7
and 20.9% and Jsc values of 22.4 and 23.2 mA cm−2,
respectively.
To further investigate the role of Ta2O5 layer on the

performance of PSCs, we first compare the wettability of our
perovskite solution on the investigated scaffolds by contact
angle measurements (Figure S9). It can be seen that the mp-
TiO2/Ta2O5 film had a lower contact angle of a droplet of
perovskite solution, which is beneficial for the preparation of
the perovskite film with better quality and uniformity. Besides,
the mp-TiO2/Ta2O5 film exhibits a better surface morphology
with the root-mean-square (RMS) of 16.35 nm than that of the
mp-TiO2 film with the RMS of 22.80 nm (Figure S10). The
smoother surface can also facilitate the crystallization of the
perovskite film and improve the ETL/perovskite contact
surface. In the next step, we analyze the crystallinity and
morphology of the perovskite layer deposited on mp-TiO2 and
mp-TiO2/Ta2O5 ETLs. The XRD patterns of the mp-TiO2/
perovskite and mp-TiO2/Ta2O5/perovskite films are shown in
Figure 3a. As seen, both samples display a similar crystal
structure, and the higher diffraction peaks for the mp-TiO2/
Ta2O5/perovskite sample indicate its improved crystallinity.
The peak located at 12.7° is assigned to the PbI2 phase, which
is formed as a consequence of high-temperature annealing.49,50

The improvement in crystallinity of the perovskite layer was
also verified by FE-SEM images as shown in Figure 3b,c. As
seen, the perovskite layer deposited on the mp-TiO2/Ta2O5
ETL displays a denser and more homogenous surface

Figure 3. (a) XRD peaks of the perovskite films deposited on mp-TiO2 and mp-TiO2/Ta2O5 ETLs. Plain view FE-SEM of the (b) mp-TiO2/
perovskite and (c) mp-TiO2/Ta2O5/perovskite films. AFM images of the (d) mp-TiO2/perovskite and (e) mp-TiO2/Ta2O5/perovskite films.
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morphology. Moreover, the average grain size of the perovskite
film on mp-TiO2/Ta2O5 (∼800 nm) is larger than that of the
mp-TiO2-coated perovskite sample (∼500 nm). The observed
larger grain size and improved crystallinity can explain the
observed lower hysteresis and higher VOC in the device based
on mp-TiO2/Ta2O5 ETL.

51,52 The corresponding atomic force
microscopy (AFM) images of the perovskite films deposited
on mp-TiO2 and mp-TiO2/Ta2O5 ETLs are shown in Figure
3d,e. It is found that the mp-TiO2/Ta2O5/perovskite sample
exhibits a smoother surface with an RMS value of 11.38 nm as

compared to the reference film (22.62 nm), which can be
beneficial for reducing the contact surface recombination.53

To investigate the influence of Ta2O5 layer on the optical
properties of the perovskite film, the UV−visible, steady-state
PL, and TRPL measurements were conducted. Figure 4a
shows the UV−visible spectra of the mp-TiO2/perovskite and
mp-TiO2/Ta2O5/perovskite, indicating the absorption with a
1.6 eV optical band gap. However, as depicted in Figure 4b, the
perovskite film formed on mp-TiO2/Ta2O5 exhibits stronger
PL quenching effect compared to the perovskite film formed
on mp-TiO2 ETL and bare glass. The TRPL spectra of the

Figure 4. (a) UV−vis absorption, (b) PL, and (c) TRPL spectra. (d) Schematic energy diagram of devices with mp-TiO2 and mp-TiO2/Ta2O5
ETLs.

Figure 5. (a) Nyquist plots; (b) dark J−V curves and (c) VOC as a function of light intensity of the devices based on mp-TiO2 and mp-TiO2/Ta2O5
ETLs.
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resulting films follow the same trend as shown in Figure 4c.
Indeed, the mp-TiO2/Ta2O5/perovskite film has a shorter
carrier lifetime (67 ns) compared to the mp-TiO2/perovskite
film (101 ns). Shorter lifetime here indicates that the electrons
move to the ETLs faster before they recombine at the contact
surface.54−56 The fitting parameters of TRPL curves with a
biexponential decay function can be found in Table S7. These
results suggest a more efficient charge transport from the
perovskite absorber to the mp-TiO2/Ta2O5 ETL. UPS was
further used to probe the beneficial effect of the Ta2O5 layer on
the charge transfer in a complete device. Figure S11a displays
the UPS spectra of bare mp-TiO2 and mp-TiO2 with Ta2O5
ETLs. From these results, the valence band of mp-TiO2 and
mp-TiO2/Ta2O5 ETLs were calculated to be −7.07 and −7.13
eV, respectively. The calculated band gap energy of mp-TiO2
and mp-TiO2/Ta2O5 (optimum thickness) were extracted
from the transmission spectra and found to be 3.37 and 3.32
eV, respectively (Figure S1b). Thus, the conduction bands of
mp-TiO2 and mp-TiO2/Ta2O5 ETLs were calculated to be
−3.7 and −3.81 eV, respectively. Using these numbers as well
as those given in the literature,52 we plotted the band energy
diagram as shown in Figure 4d. A small energy barrier (100
meV) is observed for the electron transfer from the perovskite
to the mp-TiO2 ETL. This barrier can block the electrons and
increase the chance of contact surface recombination.
However, in the case of the mp-TiO2/Ta2O5 ETL, there is
not any barrier for the electron transfer, and the band energy
mismatch is only 10 meV. As a result, the presence of Ta2O5 at
the ETL/perovskite contact surface facilitates the charge
transfer and reduces the possibility of contact surface
recombination, resulting in a higher VOC in the modified
devices.57−59 The enhancement of Voc in the mp-TiO2/Ta2O5
modified device was also confirmed using MS and EIS
measurements. The MS plots measured using a three-electrode
system for both the devices are shown in Figure S12. As seen,
the presence of Ta2O5 negatively shifts the estimated flat band
potentials (Efb) from −0.77 to −0.36 V (vs saturated calomel
electrode). The negative shift in Efb contributes to higher VOC
and enhanced performance of the modified device.60

Figure 5a depicts the Nyquist plots of the devices with mp-
TiO2 and mp-TiO2/Ta2O5 ETLs measured under dark
condition and a zero bias. The equivalent circuit of the device
is shown in Figure S13, where RS, Rrec, and C correspond to the
series resistance, recombination resistance, and chemical
capacitance, respectively. From the results, the device with
the mp-TiO2/Ta2O5 ETL has lower RS (58 Ω) as compared to
the device based on mp-TiO2 ETL (97 Ω), which might
illustrate the maximum value of FF in the modified device. The
calculated values of Rrec are 28,533 and 40,161 Ω for the
devices based on mp-TiO2 and mp-TiO2/Ta2O5 ETLs,
respectively. These results suggest that the device with the
mp-TiO2/Ta2O5 ETL has a lower interfacial recombination
rate as related to the device with the mp-TiO2 ETL as the Rrec
rate is inversely proportional to the recombination. The lower
contact surface recombination can support the higher VOC in
the PSCs with the mp-TiO2/Ta2O5 ETL. In addition, we
recorded the dark J−V curves of both the devices, as illustrated
in Figure 5b. As seen, the device with the mp-TiO2/Ta2O5
ETL has a smaller leakage current compared to the reference
cell, which can also support the higher VOC in these devices.
To evaluate the recombination dynamics in the investigated
devices, we analyzed the light intensity dependence of VOC by
employing the linear expression of VOC = n(kBT/q) ln(I) +

constant (n = ideality factor, kB = Boltzmann constant, T =
absolute temperature, q = charge, and I = light intensity).61−63

The lower slope of kBT/q for the mp-TiO2/Ta2O5-based PSC
(n = 1.45) suggests a decrease in the trap-assisted
recombination process for the perovskite/ETL contact surface
compared to the reference cell (n = 1.81) (Figure 5c).
One of the main challenges for PSCs is the improvement of

their stability.64,65 The presence of trap states at the surface of
the mp-TiO2 scaffold is well known to cause high
recombination rates of photogenerated electron−hole pairs,
which decreases the PSC efficiency and system stability.66,67

Passivation of the TiO2 surface defects (Ti
3+ sites and oxygen

vacancies) is a convenient way to suppress the photogenerated
charge carrier recombination and improve the device
stability.39,55,68 Here, we evaluate the role of Ta2O5 layer on
the stability of device without any encapsulation. The results of
shelf-life stability for the reference and modified PSCs are
shown in Figure 6a. In this experiment, the devices were stored

at room temperature in ambient air [∼ 50% relative humidity
(RH)], and the PV parameters were recorded over 700 h. We
found that the device with the mp-TiO2/Ta2O5 ETL retains
85% of its original PCE number; however, the PCE of the
device based on mp-TiO2 ETL maintains 60% of its original
PCE. Figure S14 shows the evolution of the average efficiency
obtained from four independent devices confirming good
reproducibility and stability improvement after mp-TiO2
surface modification. We also probed the thermal stability of
our devices at 85 °C for 200 h (Figure 6b). The modified PSC
reaches 62% of its original PCE, while the PCE of the reference
cell drops dramatically to 25% in the same condition. As Ta2O5

Figure 6. (a) Shelf-life stability test of the unencapsulated devices
based on mp-TiO2 and mp-TiO2/Ta2O5 ETLs at ambient condition
(RH ∼ 50%) for 700 h. (b) Thermal stability of the unencapsulated
devices based on mp-TiO2 and mp-TiO2/Ta2O5 ETLs at 85 °C and
(c) UV stability of the corresponding PSCs under continuous UV
light illumination for 200 h.
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has a large band gap, we anticipated that this layer at the ETL/
perovskite contact surface can protect the device from the
harmful UV light. To confirm the improved stability, we
irradiated the devices with mp-TiO2 and mp-TiO2/Ta2O5
ETLs with continuous UV illumination for 50 h (Figure 6c).
Indeed, the device with the mp-TiO2/Ta2O5 ETL was more
stable than the reference device, retaining 70% of its initial
PCE. These results obviously confirm the beneficial role of the
Ta2O5 layer on the stability of the mp-TiO2 PSCs. We attribute
the improved operational stability of the modified device to the
better quality of the perovskite film and the enhanced contact
surface charge-transfer efficiency.

■ CONCLUSIONS
In summary, we demonstrated the surface modification of the
mp-TiO2 scaffold in mesoscopic PSCs with the ALD-deposited
Ta2O5 layer. This modification improves the interfacial contact
between the ETL and the perovskite absorber layer leading to
the perovskite film with higher crystallinity and larger grains. In
addition, we showed that the Ta2O5 layer suppresses the
contact surface recombination and facilitates the charge
transfer between the ETL and perovskite absorber due to a
better band energy alignment. With an optimum thickness of
Ta2O5 (∼1.9 nm), the high-efficient cell with a maximum PCE
of 21.25% and negligible hysteresis was achieved, which is
greater than that of the reference device with a PCE of 19.11%.
The enhancement of efficiency is primarily due to the
improved VOC from 1.11 to 1.16 V. The EIS and MS
measurements supported the observed increase in Voc of the
modified device. Besides the higher efficiency, the modified
device shows excellent shelf-life and thermal and UV stabilities,
highlighting the role of the Ta2O5 layer for commercialization
purposes.
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