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ABSTRACT: TiO, nanorod (NR) array for perovskite solar
cells (PSCs) has attained great importance due to its superb
power conversion efficiency (PCE) compared to that of the -
traditional mesoporous TiO, film. A TiO, compact layer for
the growth of TiO, NR array via spin-coating cannot meet the

requirements for efficient NR-based PSCs. Herein, we have ’,
developed and demonstrated the insertion of a bifunctional S
extrathin TiO, interlayer (S nm) by atomic layer deposition

(ALD) at the interface of the fluorine-doped tin oxide (FTO)/ -

TiO, compact layer to achieve alleviated electron exchange and
a reduced energetic barrier. Thus, an accelerated extraction of
electrons from TiO, NR arrays via the compact layer and their
transfer to the FTO substrate can improve the PSC efficiency.
The thickness of the spin-coated TiO, compact layer on the ALD-deposited TiO, layer is spontaneously optimized. Finally, an
outstanding efficiency of 20.28% has been achieved from a champion PSC with negligible hysteresis and high reliability. To the
best of our knowledge, this is the first study demonstrating the superiority of TiO,-NR-based PSCs withstanding the dry heat
and thermal cycling tests. The results are of great importance for the preparation of efficient and durable PSCs for real-world
applications.

KEYWORDS: TiO, nanorod, perovskite solar cells, atomic layer deposition, compact layer, depletion region

B INTRODUCTION

Perovskite solar cells (PSCs) have attracted intensive attention

electron/hole diffusion lengths, and good solution process-
ability.” Generally, PSCs present a layered sandwiched

because of unexpected solution processability at low temper-
atures and ever-increasing power conversion efficiency (PCE).'
Since the pioneering work in 2009,” the PCE has been
dramatically improved via compositional engineering,*
passivating the interface,” and kinds of carrier transporting
materials.””® Organic—inorganic halide perovskites (OIHPs)
have been recognized as one of the most promising materials
for PSCs, owing to their excellent light absorption, large

-4 ACS Publications  © 2019 American Chemical Society

structure including an electron transport layer (ETL), a
perovskite absorber layer, and an organic hole transport layer
(HTL)." Two main kinds of ETL structures exist including a
planar structure and a TiO, mesoporous structure. Although
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Figure 1. Cross-sectional SEM images of PSCs (a) without and (b) with the A-TiO, interlayer. Current density/voltage (J—V) curves of PSCs (c)
without and (d) with the A-TiO, extrathin layer (S nm). (e) Recombination resistance (R,.) and (f) charge transfer resistance (R,) extracted from
fitted electrochemical impedance spectra of perovskite solar cells at different applied biases. The perovskite solar cells with A-TiO, thicknesses of 0,
1, 3, 5, and 7 nm were denoted A-0 nm, A-1 nm, A-3 nm, A-5 nm, and A-7 nm, respectively. The thickness of the S-TiO, layer is 65 nm.

outstanding efficiencies have been achieved on planar-
structured ETLs, e.g., Sn0,,'"'? the different thermal
expansion coefficients of the planar metal oxide ETLs and
the perovskite layers result in stress in the perovskite films and
cause delamination, the same as the PSCs under outdoor
temperature cycling.”'? In contrast, PSCs based on meso-
porous ETLs withstand severe temperature cycling owing to
the penetration of the ETLs into the perovskite films."*'
Thus, intensive works have been focused on the modification
or replacements of the typical TiO,-based mesoporous ETLs
to improve the PSC performance. Peng et al. modified
compact TiO,/mesoporous TiO, using a PMMA:PCBM
mixture and achieved an efliciency of up to 20.4% without
any hysteresis.” Seok et al. prepared BaSnOj:La using a
solution route as ETLs and attained an efficiency as high as
21.2%.° Doping of elements into TiO, has demonstrated
improved efliciency and stability of PSCs as well, "0
One-dimensional (1D) metal oxide films, such as TiO,
nanorod (NR) or nanotube (NT) array films, are much
appreciated among high-performance ETLs nowadays, owing
to their uniquely ordered structures. They have been applied in
many electronic devices, for example, solid-state dye-sensitized
solar cells (SSDSCs),”® sensors,”’ and betavoltaics,”> where
fast electron transportation within the ETL and effective
electron extraction at the ETL/charge-selective contact
interface are required. Recently, TiO, NR or NT arrays have
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also been intensively studied in PSCs,”*>® exhibiting higher

electron mobility, longer diffusion length, and improved pore
filling compared to those of nanoparticle-based mesoporous
structures.””>” In a recent report, Cui et al. have achieved an
efficiency of up to 19.11% by doping Ta into TiO, NRs to
modify the band alignment, which is one of the highest
efficiencies for PSCs based on TiO, NRs.>

Although great progress has been made for boosting PCE of
these PSCs based on 1D oriented nanostructures, further
enhancement remains challenging. Interfacial engineering is
well known to be an important way to improve the PCE
through enhancing charge collection and reducing charge
recombination.>>**> Of all of the interfaces within the PSCs,
the fluorine-doped tin oxide (FTO)/ETL interface is of vital
importance.%_40 Spin-coating, spray pyrolysis, and ALD are
the most common routes to fabricate high-quality compact
ETLs. Previously, the film fabricated by atomic layer
deposition (ALD) has been claimed to possess the lowest
pinhole density and suppress the recombination of
charges.”’41 Nevertheless, interfacial modification was still
required to modify the FTO/ETL interface to enhance the
PCE. It has been demonstrated to use double-layer, n-type
compact layers to obtain sufficient electron extraction,
including the combination of metal oxide/ PCBM,*>* TiO,/
Sn0,,** and ZnO/Sn0,.* Most of these studies focused on
planar-ETL-based PSCs, and there are a few reports that
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Table 1. Summary of Photovoltaic Parameters of Perovskite Solar Cells Based on Different Combinations of TiO, ETLs"

ETL combination (10 average) V.. (V)
A-TiO, 1.07 = 0.01
S-TiO, 1.04 + 0.02
S-TiO,/mesoporous TiO, 1.11 + 0.01
A-TiO,/TiO, NR 1.08 + 0.02
S-TiO,/TiO, NR 111 + 001
A-TiO,/S-TiO,/TiO, NR L12 + 0.01

J.. (mA/cm?) FF (%) PCE (%)

21.33 + 023 64.42 + 4.60 14.65 + 1.15
21.24 + 023 66.27 + 3.53 14.59 + 1.11
21.68 + 0.16 77.29 + 1.39 18.65 + 0.54
2144 + 0.16 71.38 + 222 16.55 + 0.72
21.23 + 0.15 76.37 + 1.10 17.95 + 0.49
21.77 + 0.11 78.20 + 0.66 18.99 + 0.25

“The thicknesses of the A-TiO, layer and S-TiO, layer are 5 and 65 nm, respectively.

pinpoint the effect of the FTO/1D oriented ETL (especially
the TiO,-NR-array film) interface toward achieving high PCEs.
Although the compact TiO, underlayer as the seeding layer for
the growth of the TiO, NR array can act as an interfacial layer
between the FTO and TiO,-NR-array ETL,**™* significant
issues remain for the compact layer/TiO,-NR-array architec-
ture such as interfacial charge extraction and band alignment. It
is thus very significant to tailor the seeding layer under NR
arrays to enhance electron extraction and collection.®

In this work, we have demonstrated a novel methodology
employing an extrathin TiO, layer by ALD to modify the
interface between FTO and the seeding layer of TiO, NR
arrays. The introduction of the extrathin interlayer gave a TiO,
compact layer (seeding layer) having reduced surface-energy
difference and better lattice matching. The extrathin layer has
enhanced the electron extraction by offering a space barrier
against charge recombination and a better energy-level
alignment between FTO and the TiO, compact layer. The
thickness of the TiO, compact layer, which could cause charge
accumulation at the TiO,/FTO interface and slow electron
transportation,””>* has been examined to obtain an optimal
thickness for efficient PSCs. By employing the optimized
FTO/ALD-TiO,/TiO, compact layer structure, a PCE as high
as 20.28% for TiO,-nanorod-structured PSCs has been
achieved with long-term reliability under dry heat and thermal
cycling conditions.

B RESULTS AND DISCUSSION

The typical TiO, NR array-based anode is presented in Figure
S1 of the Supporting Information, where it is prepared on a
TiO, seeding layer as the oriented scaffold for depositing the
perovskite active layer. The TiO, NR array film has a thickness
of ~180 nm with a nanorod diameter of ~30 nm. The dense
TiO, thin layer is prepared via the spin-coating method and
has a thickness of approximately 65 nm (spin-coated TiO,
compact layer, denoted S-TiO,). In such a way, photon-
induced electrons within the perovskite active layer can be
effectively extracted and then transferred to the FTO substrate
by the dense TiO, layer. According to the ultrafast electron
transport within TiO, NRs,*® the dense TiO, layer plays a
substantial role in collecting the electrons injected by the FTO
substrates. The electrons within the compact layer must be
transferred as quickly as possible to avoid charge accumulation
and meanwhile to prevent the recombination between the
electrons and the holes in the perovskites. There are inevitable
pinholes existing within the spin-coated dense film, possibly
leading to recombination losses.®® In this work, the defects
within the spin-coated film can be remedied by inserting an
extrathin interlayer between FTO and the dense film (Figure
S1b, SI). To deposit the extrathin layer, we have employed
ALD in a controlled manner. The resulting ALD-deposited
thin layer (denoted A-TiO,) enabled the targeted modification
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of the interface of the FTO/S-TiO, layer, and then, it allowed
blocking of the negative pathways throughout the spin-coated
TiO, compact layer. A similar morphology of the TiO, NR
arrays on the S-TiO, layer and the S-TiO,@A-TiO, layer has
been recorded (Figure Slc,d, SI), indicating that the insertion
of the A-TiO, layer is too thin to affect the growth of the TiO,
NRs. We also tried to prepare the TiO, NR film directly onto
the FTO/A-TiO, surface, as shown in Figure S2. The growing
orientation of the TiO, NRs distributes randomly, which might
impair the following penetration of the perovskite film and
thus the PSC performance.

To evaluate the effect of the A-TiO, layer, PSC devices with
quadruple-cation perovskite Kgo5Csgos(MAg17FAgs3)0.9Pb-
(Tos3Bro17); as a light absorber have been fabricated by a
one-step method with antisolvent quenching. The effect of the
insertion of the A-TiO, film on the perovskite layer, HTL
(spiro-OMeTAD), and Au layer has been examined by cross-
sectional scanning electron microscopy (SEM, Figure lab).
For comparison, a A-TiO, interlayer (S nm) was used, where
no obvious difference was observed. Thus, A-TiO, would be
responsible for the change of photovoltaic performance. To
elucidate the thickness dependence of A-TiO,, thicknesses of
1, 3, 5, and 7 nm of the A-TiO, layer were applied, and the
photovoltaic parameters are presented in Table SI of the
Supporting Information. The thickness of the A-TiO, was
determined, as shown in Figure S3. PSCs with different
combinations of TiO, ETL are also given in Table 1.
Obviously, PSCs with a combination of A-TiO,/S-TiO,/
TiO, NR present a higher PCE value, especially when the
thickness of the A-TiO, layer is S nm. We only focus on TiO,-
NR-based PSCs without the A-TiO, layer here. The short-
circuit current density (J,.) shows a slight increase on these A-
TiO, containing devices, and the fill factor (FF) is greatly
improved. Considering the similar open-circuit voltage (V)
values, the improved PCE can be attributed to the enhanced
FF. Normally, the serial resistance and the recombination
within a PSC account mainly for the change of FF. In our case,
the perovskite layer, metal electrode, and FTO substrate
remains unchnaged. Hence, the improved FF depends mainly
on the reduced recombination. The shunt resistance (Ry,) of
the two cells, which can reflect the recombination within the
device simply, is extracted (Figure lc,d). The Ry, is greatly
increased by 30% upon insertion of the A-TiO, interlayer,
thereby underpinning the fact that the A-TiO, layer reduced
the recombination.

To further unravel the interfacial charge transfer and
recombination processes, electrochemical impedance spectros-
copy (EIS, Figure S4) spectra were recorded at different bias
voltages with varied A-TiO, thicknesses. Through fitting the
EIS data with an equivalent circuit (inset of Figure le), the
values of series resistance (R;), recombination resistance (R,,),
recombination capacitance (C.), and charge transfer resistance
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Figure 2. (a) Schematic drawings of the FTO/S-TiO, combination and the FTO/A-TiO,/S-TiO, combination. (b) SEM images of S-TiO, on
FTO and modified FTO by A-TiO,; scale bar is 500 nm. (c) Cyclic voltammetry curves for FTO/S-TiO, and FTO/A-TiO,(5 nm)/S-TiO, (65

nm).

at the ETL/perovskite interface or perovskite/HTL interface
(R) have been determined. The R, decreases exponentially
with the increase of applied bias (Figure le), owing to the
exponential change of the TiO, surface states with the bias
voltage. The R, increases with the insertion of the A-TiO,
layer, indicating the effectively reduced recombination.
Compared to the R, of the control device, the R, of A-
TiO,-containing devices decreases when the thickness of A-
TiO, is below 7 nm (Figure 1f), indicating that the A-TiO,
enhanced charge collection between the FTO substrate and
perovskite layer. Thus, the improved performance of the PSCs
by the insertion of A-TiO, arises from the reduced charge
recombination and improved charge collection.

The morphological changes of the S-TiO, on the FTO
substrates by the insertion of A-TiO, were examined by atomic
force microscopy (AFM, Figure SS). The pristine FTO surface
possesses a relative rough and a polyhedron composed
morphology with a root-mean-square (RMS) roughness of
14.86 nm. After depositing the S-TiO, layer, the surface
becomes flat with an RMS of 5.60 nm. Upon adding the A-
TiO, layer between FTO and the S-TiO, layer, the FTO
surface became flat with an RMS of 7.01 nm, showing a
spherelike morphology from the uniformly deposited TiO, film
by ALD. As a result, the S-TiO, layer surface becomes flat with
an RMS roughness of 4.41 nm, which was lower than that of
the S-TiO, on pristine FTO. The improved homogeneity of
the S-TiO, layer originated from the flatter surface of FTO
with A-TiO,.>°

Another beneficial effect of inserting the A-TiO, layer would
be to reduce the physical defects at the FTO/S-TiO, interface.
The voids between FTO crystals and the S-TiO, layer, thin
TiO, layers atop the protruding FTO crystals, and thick TiO,
layers between FTO crystals are regarded as contact defects
and cannot be eliminated by the spin-coated sol—gel process.
The schematic figure is shown in Figure 2a. These defects may
originate from the surface energies of the FTO and TiO,, and
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the volume shrinkage of the TiO, film,”” and might increase
the electron/hole recombination between the electrons in
FTO and the holes at the S-TiO, surface. When using the A-
TiO, layer, the S-TiO, was deposited on the A-TiO, directly,
suggesting that the surface-energy difference became much less
than that of the FTO/S-TiO,. Thus, the defects between the
FTO and S-TiO, have been reduced greatly. The existence of
A-TiO, enables a natural space barrier to block the
recombination through the FTO/S-TiO, interface. On the
other hand, the pinhole density within the compact layer has
been decreased by introducing the A-TiO, layer (Figure 2b).
The pinhole density and diameter of the S-TiO, layer on
FTO/A-TiO, were much lower than those of the S-TiO, layer
on bare FTO. A previous study indicated that the pinhole
density within the compact layer for photoelectrochemical
devices can affect the charge exchange between the FTO and
electrolyte effectively.”® Hence, the decreased pinhole density
would contribute to the reduced recombination crossing FTO/
S-TiO, simultaneously. The morphologies of the two S-TiO,
layers are different, and hence, Raman spectroscopy has been
utilized to detect TiO, crystallized locally in the S-TiO, layers
on FTO and FTO/A-TiO, (Figure S6). A-TiO, on FTO was
measured for references at the same time. For the A-TiO, film,
no obvious signal can be detected, ascribed to the thickness of
only S nm. XRD measurements showed that the as-prepared A-
TiO, belongs to amorphous TiO, (Figure S6). However, the
amorphous A-TiO, is turned into anatase phase when the S-
TiO, is deposited on FTO/A-TiO, and then annealed at 450
°C for the further growth of the TiO, NR array (Figure S6).
For the FTO/S-TiO, sample, the low-frequency E, around 145
cm™ was produced owing to the external vibration of the
lattice for anatase TiO,. Regarding the FTO/A-TiO,/S-
TiO,, a blue shift of the scattering band can be ascribed to a
better crystallinity of TiO, in the S-TiO, layer.*® The
enhanced crystallinity of TiO, suggests the less trap states,
which is of interest to reduce the recombination. The
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Figure 3. (a) UPS spectra of a A-TiO, layer (5 nm) and a S-TiO, layer (65 nm) with E,. . and Eg, respectively. (b) Tauc plots with E, of the A-
TiO, layer and the S-TiO, layer. Energy levels of different layers in perovskite solar cells (c) without and (d) with the A-TiO, layer (S nm). (e)
Steady-state PL spectra and (f) TRPL decay of perovskite on different FTO/ETL combinations.

improved S-TiO, film quality enhances the charge transport,*®
which could partly account for the improved FF.

The A-TiO, can effectively inhibit the recombination
between the FTO substrate and perovskite layers. To quantify
the charge exchange between the working electrode and nearby
electrolyte, cyclic voltammetry (CV) has been further applied
to evaluate the charge recombination crossing the S-TiO, layer
on the FTO substrate and on the FTO/A-TiO, substrate in
aqueous K,Fe(CN)¢/KsFe(CN)4.” Figure 2c shows the CV
curves of the redox couple at the S-TiO, film (65 nm) on FTO
and the S-TiO, film on FTO/ A-TiO, (5 nm). The A-TiO,
layer showed obvious blocking behavior by decreasing the
intensity of anodic and cathodic peak current densities. The
introduction of the A-TiO, layer allows reducing the interfacial
recombination effectively, owing to the reduced physical
contact defects at the FTO/S-TiO, interface and the reduced
pinhole density within the S-TiO, layer. The results herein are
in good agreement with the J—V and EIS results.

To achieve high PCE values, it is of importance to tune the
charge-selective layers to improve the charge extraction,
transport, and collection. To shed light on the mechanism of
charge extraction, the conduction band minimum (CBM) and
work function (WF) values have been determined from the
valence band maximum (VBM) values by ultraviolet photo-
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electron spectroscopy (UPS) and band gap (Eg) values
through UV—vis absorption spectroscopy (Figure 3). The
cutoff energies of A-TiO, and S-TiO, were 16.7 and 17.3 eV
and the Fermi levels were 3.9 and 4.1 eV, respectively.
Combined with the UV—vis results, the E, values of A-TiO,
and S-TiO, were determined as 3.7 and 3.5 eV, respectively.
Therefore, the conduction band minima of A-TiO, and S-TiO,
were calculated to be —4.7 and —4.5 eV, respectively. Previous
studies showed that the CBM and VBM of TiO, NR are —4.19
and —7.33 eV, respectively.33 Figure 3c,d shows the schematic
drawings of the energy-level alignment in PSCs without/with
the A-TiO, interlayer. Normally, due to the higher CBM
position of the S-TiO,, Ecpyirioy than the work function of
FTO (—4.9 €V), Wepro,” the electrons from TiO, NRs and
perovskite layer would be supposed to be injected from S-TiO,
to FTO efficiently. It has been reported that electron injection
occurs at the junction between FTO and compact TiO, in
thermal equilibrium, when their Fermi levels show some
differences prior to the materials being brought into contact.’!
Electron injection leads to an upbending of the compact TiO,
and a depletion region at the FTO/TiO, interface, which
causes electron accumulation within the compact TiO, layer
and finally inhibits electron collection.’’ Herein, the energetic
difference between Ecpyirior, and Wiprg is 0.4 eV, which
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Figure 4. Photovoltaic characteristics of PSC devices. (a) Open-circuit voltage (V,.), (b) short-circuit current (J,.), (c) fill factor (FF), and (d)
efficiency of devices based on S-TiO, layers with different thicknesses (20, 35, 50, and 65 nm). (e) TRPL decay for the perovskite films on different
FTO/ETL combinations containing different S-TiO, layers with four thicknesses. (f) J—V curve, steady-state current density, and efficiency of the
best-performing cell based on FTO/A-TiO, (5 nm)/S-TiO, (35 nm)/perovskite film/spiro-OMeTAD/Au. The scan rate is 0.1 V s™' for ]-V
curves. The inset shows the steady-state photocurrent measurements at a voltage of 0.961 V.

might cause an energetic barrier between S-TiO, and FTO and
then lower the charge extraction. The energy level of A-TiO, is
well situated between S-TiO, and perovskite (Figure 3d). The
A-TiO, thus enables the elimination of the energetic barrier
between the S-TiO, layer and FTO, which accelerates
remarkably the charge collection from the S-TiO, layer.

To verify the speedy electron collection, steady-state
photoluminescence (PL) spectra of perovskite layers on
different substrates have been recorded (Figure 3e). The PL
intensity of the perovskite layer on the FTO/A-TiO,/S-TiO,/
TiO, NR array was lower than that of the FTO/S-TiO,/TiO,
NR array, indicating the most efficient electron transport
boosted by the insertion of the A-TiO, layer. The time-
resolved photoluminescence (TRPL) decay has been moni-
tored on perovskite layers on different substrates to elucidate
the fast charge extraction (Figure 3f 5% The modified FTO
with the A-TiO, layer can help the charge decay from the
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perovskite layer. The TRPL lifetime decay can be fitted with a
biexponential decay function containing a fast decay process
and a slow decay process.”’ The fast decay process is regarded
as the result of quenching of free carriers in the perovskite layer
to ETL or HTL, while the slow decay process because of
radiative decay is within the perovskite layer. For the structure
of FTO/S-TiO,/TiO, NR array/perovskite, the fast decay
lifetime is 3.74 ns. Upon the addition of A-TiO, layer, the fast
decay lifetime is decreased to 3.03 ns, thereby indicating that
the A-TiO, layer enabled a faster electron extraction, leading to
PL quenching that contributed to charge separation and
collection in the FTO side. The results also confirmed the
superiority of A-TiO, in accelerating charge extraction on
different combinations of FTO/ETL/perovskite (Figure 3f).
The details of the charge extraction are summarized in Table
S2. Combined with the energetic analysis, the A-TiO, is
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noticeably helpful for removing the energetic barrier along the
FTO/S-TiO, junction to achieve high efficiency.

It has been showed that the thickness of the TiO, underlayer
has a great effect on the efficiency and stability.*>**° A thicker
TiO, underlayer might increase the serial resistance and
decrease the PCE.® Previously, we have revealed an optimal
thickness of 65 nm for the S-TiO, layer’>®” and hence the
optimal thickness of the combination of A-TiO, and S-TiO,
has to be determined. Thus, thickness dependence of S-TiO,
based on FTO/A-TiO, has been further explored using the
current—voltage (I—V) measurements. The current increases
with the decrease in thickness, indicating the reduction of
resistance (Figure S7). Although the decreased resistance is
beneficial for the FF, the thinner compact layer might increase
the risk of recombination.”” CV measurements have indicated
that the peak current density increases with the decreased S-
TiO, layer thickness (Figure S7). Consequently, a balance
should be reached between the decreased resistance of the A-
TiO,/S-TiO, layer on the FTO and the increased risk of back
recombination. To achieve the optimal structure of the A-
TiO,/S-Ti0, underlayer, different A-TiO,/S-TiO, underlayers
have been applied to TiO, NR array-based PSCs. The SEM
images of the TiO, NR arrays grown on different underlayers
indicated that the change of the S-TiO, thickness barely affects
the morphology of TiO, NR arrays (Figure S8). To rule out
the effect of the perovskite layer, X-ray powder diffraction
(XRD) patterns have been monitored for perovskite layers
prepared on the anodes with different A-TiO,/S-TiO,
underlayers (Figure S9). The changed S-TiO, shows almost
no effect on the perovskite layer. Hence, the change of the S-
TiO, thickness only accounts for the changed photovoltaic
parameters of the PSCs (Figure 4, Table S3). In Figure 4,
devices containing S-TiO, of 20, 35, 50, and 65 nm thicknesses
on FTO/A-TiO, (5 nm) substrates are denoted W-20 nm, W-
35 nm, W-50 nm, and W-65 nm, respectively. For comparison,
devices based on FTO/S-TiO, (65 nm) are denoted W/0-65
nm. As shown in Figure 4a, the open-circuit voltage was almost
not changed with the decreased S-TiO, thickness. Never-
theless, a too thin S-TiO, layer cannot effectively reduce the
recombination and can lead to a slight decrease of V. By
reducing the thickness of S-TiO, from 65 to 35 nm, the current
density increases initially and then decreases, owing to the
effective charge collection for perovskite via the S-TiO, layer.
Benefited from the less trap states within the layers, the thinner
S-TiO, layer favors the charge transport and collection,”” as
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confirmed by the TRPL decay results (Figure 4e). The details
of the charge extraction lifetime are given in Table S2. The fast
decay lifetime related to the charge extraction decreases with
the thinner S-TiO, thickness, indicating a monotonically
increasing charge collection efficiency. The change of FF
consists the variation trend of the J. due to the decreased serial
resistance of the S-TiO, layer via reducing the thickness. The
best-performing PSCs can be achieved at the thickness of S-
TiO, of around 35 nm.

The J—V curve of the champion cell using the optimized A-
TiO, (5 nm)/S-TiO, (35 nm) underlayer has been measured
for reverse and forward scan directions (Figure 4f). In the
reverse scan, a J,. of 22.50 mA cm ™2, V,_ of 1.13 V, and FF of
0.80 have been reached, yielding a PCE of 20.28%. Negligible
hysteresis has been realized in this cell as the PCE from the
forward scan (20.02%) was close to that from the reverse scan.
To validate the ], measured under simulated sunlight, the
external quantum efficiency (EQE) measurement for photo-
current generation has been performed to determine the J
(Figure S10).°® The overall EQE values are larger than 80%
throughout the UV—vis region, yielding a J,. of 2091 mA
cm™2 This matches closely to the measured J,., confirming the
match between the sum simulator and the AM 1.5 standard
solar emission. It is worth mentioning that the PCE value
herein, to the best of our knowledge, is superior to previously
reported one-dimensional array-based PSCs. Moreover, the
best-performing cell had a steady-state current of 20.92 mA
cm™? and a steady-state PCE of 20.10% (inset, Figure 4f).

Despite the high PCE, one major concern is whether PSCs
are long-term stable for terrestrial applications. The air stability
of the device without encapsulation is shown in Figure S11.
The PCE of the device remained above 95% after 28 days of
the atmospheric storage (humidity <20%). The stability of the
TiO,-NR-based PSCs against heat was also evaluated at 85 °C
under a N, environment. Figure 5a shows that eight unsealed
PSCs retained, on average, 80.5% of their initial PCE after
storing for 1000 h in a N,-filled container. The performances
of eight SnO,-based PSCs and eight TiO,-based mesoporous
PSCs were also tested for comparison. The former and the
latter retained average values of 70.5 and 77% of their initial
PCE after 1000 h, respectively. As mentioned above, the
resistance of the PSCs against temperature cycling is extremely
important for their future application under outdoor
conditions. We evaluated the performance of eight unsealed
TiO,-NR-based PSCs experiencing 20 temperature cycles

DOI: 10.1021/acsami.9b07610
ACS Appl. Mater. Interfaces 2019, 11, 33770—33780


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07610/suppl_file/am9b07610_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b07610

ACS Applied Materials & Interfaces

Research Article

between —18 and 60 °C, which is much milder than the
standards of the International Electrotechnical Commission
(IEC) 61646. Eight SnO,-based planar PSCs and eight TiO,-
based mesoporous PSCs were also tested (Figures Sb and
§12). All TiO,-NR-based PSCs and TiO,-based mesoporous
PSCs retained more than 90% of their initial performance after
20 temperature cycles. However, the SnO,-based PSCs
retained less than 80% of their initial performance. Overall,
the TiO,-NR-based PSCs showed an extraordinary long-term
durability owing to its role in mechanical reinforcement at the
perovskite/TiO, NR interface, which is of great interest for
PSC in the transition from the laboratory to real-world
deployment.***’

B CONCLUSIONS

In summary, we have introduced a 5 nm TiO, layer between
FTO and the spin-coated TiO, compact layer for TiO, NR
array-based PSCs through ALD. The deposited thin layer
inhibited the charge recombination by optimizing the spin-
coated TiO, compact layer and the FTO/S-TiO, interface.
The inserted layer improved the charge collection efliciency by
reducing the energetic barrier between the spin-coated
compact layer and the FTO substrate. We have unraveled
that the thickness of the spin-coated TiO, compact layer is
critical for reducing the serial resistance and charge
recombination. The modification of the FTO with the 5 nm
TiO, layer for hole blocking and energetic engineering could
dramatically enhance the cell performance. Our best-perform-
ing cell showed an efficiency as high as 20.28% with negligible
hysteresis, a maximum-power-point efficiency of 20.10%, and a
long-term stability up to 30 days under ambient conditions
without encapsulation. To the best of our knowledge, this is
the first time to demonstrate the superiority of TiO,-NR-based
PSCs facing dry heat and thermal cycling circumstances to
date. These results provide important future direction toward
understanding the role of interlayer engineering in commerci-
alizing low-cost and highly efficient perovskite solar cells. It
also holds the promise to provide new paradigms for other
electronic materials and their applications, such as SSDSCs,
sensors, and betavoltaics, where the TiO, NR array film with a
tuned seeding layer could be applied to ensure effective
electron extraction.

B EXPERIMENTAL SECTION

Materials. NH,CH=NH,I (FAI) was prepared by reacting
formamidine acetate and hydroiodic acid (57 wt % in H,O).
Similarly, CH;NH;Br (MABr) was prepared by reacting methylamine
(30—33 wt % in ethanol, Aladdin) and hydrobromic acid (48 wt % in
H,0, J&K). The concrete experimental operations were referred to a
previous report.” Lead(Il) iodide (99.9985%) was purchased from
Alfa Asear, and spiro-OMeTAD was purchased from Lumtec
(Taiwan). All other materials were purchased from Sigma-Aldrich.
All chemicals were used as received.

Deposition of the TiO, Thin Layer by the ALD Method. The
FTO glasses were etched with Zn powder and 3 M HCI. Then, the
etched FTO glasses were washed successively by sonicating in
detergent, 0.3 M HCI, deionized water, acetone, and isopropanol.
After drying in an electrical oven, the FTO glasses were treated in an
UV/ozone cleaner for 15 min. Subsequently, a thin TiO, layer of
several nanometers was deposited on the FTO surface by the ALD
method (TFS 200, BeneqOy) using titanium(IV) chloride and water
as precursors. For one cycle, the metal precursor was first pulsed for
200 ms and then the extra precursor was removed by a purge of N, for
1000 ms. Next, a H,O pulse for 100 ms was introduced followed by a
N, purge for 1500 ms. The reaction temperature was fixed at 200 °C.

Every cycle contributed to 0.02—0.06 nm TiO, growth. Approx-
imately, 1, 3, 5, and 7 nm-thick TiO, layer on the FTO surface can be
obtained after 17, 51, 85, and 119 cycles of deposition, respectively.

Preparation of S-TiO, and TiO, Nanorod Arrays. The
compact TiO, layer for the growth of TiO, NR arrays was deposited
on pristine or FTO/A-TiO, surface by spin-coating the precursor
solution. The thickness of S-TiO, can be controlled by adjusting the
concentration of titanium isopropoxide in the precursor solutions. To
obtain 65, 50, 35, and 20 nm-thick TiO, compact layers, 592, 444,
296, and 148 uL of titanium isopropoxide were added into a mixture
solution (10 mL ethanol, 10 uL H,O, and 10 uL of HCI (37% in
H,0)), respectively. The solutions were spin-coated on pristine/
modified FTO glasses at 2000 rpm for 60 s. Then, the glasses were
annealed at 450 °C for 60 min. The TiO, NR arrays were grown on
the as-annealed S-TiO, layers according to our previous report.”'

Fabrication of PSC. FAI (1 M), MABr (0.2 M), Pbl, (1.1 M),
and PbBr, (0.2 M) were dissolved in 1 mL mixed solution of DMF/
DMSO = 4:1 (v:v). Then, 44.5 uL of 1.5 M CsI in DMSO and 44.5
uL of 1.5 M KI in DMSO was added to the mixed solution to achieve
Ko.05Cs0.05(MAg17FAq 83)09Pb(Ios3Bro,17); precursor solution. The
perovskite precursor solution was then spin-coated on the TiO, NR
arrays in a two-step consecutive spin-coating at 3000 and 6000 rpm
for 10 and 25 s, respectively. During the program, 200 uL of
chlorobenzene was poured onto the substrate 3 s before the end of
the second step. As-prepared films were put on the heating plate
immediately and annealed at 100 °C for 1 h. After the substrates were
cooled down to room temperature, a spiro-OMeTAD solution
containing 72.3 mg of spiro-OMeTAD, 17.5 uL of Li-bis-
(trifluoromethanesulfonyl) imide solution (520 mg/mL in acetoni-
trile), and 28.8 uL of 4-tert-butylpyridine was coated onto the
perovskite layer at 5000 rpm for 30 s. Finally, 70 nm of Au was
thermally evaporated on the substrates.

Stability Test. The preparation of TiO,-based mesoporous
devices followed a previous 1'eport,4 and a device architecture of
FTO/compact TiO,/mesoporous TiO,/perovskite/spiro-OMeTAD/
Au was used. The preparation of SnO,-based planar devices was
referred to a previous work,42 and a device architecture of FTO/
SnO,/perovskite/spiro-OMeTAD/Au was applied. All of the PSCs
going through the stability tests below are without encapsulation.

For the thermal stability test, the PSCs were stored in a sealed
container filled with N, and then kept at 85 °C in an oven for 1000 h.
To avoid the degradation of the spiro-OMeTAD, 10 wt % of CuPc
was blended in the spiro-OMeTAD layer. The PSCs were periodically
taken out of the container and measured. For the temperature cycling
test, the devices were also stored in the sealed container filled with N,
first. The container was first kept in an oven at 60 °C for 10 min.
Afterward, the container was equilibrated at 25 °C for 5 min and then
kept in a refrigerator at —18 °C for 10 min. The container was taken
out of the refrigerator and was also equilibrated at 25 °C for 5 min. A
cycle was completed when the container was moved to the oven.

Characterization. X-ray diffraction (XRD) patterns were
obtained using a Rigaku Ultima-IV X-ray diffractometer. Electro-
chemical impedance spectroscopy was measured on an electro-
chemical station (Chenhua, CHI 660D) in the dark. The
morphologies of the different TiO, films and FTO were observed
by atomic force microscopy (AFM, Veeco DI Multimode V) and
field-emission scanning electron microscopy (SEM, Zeiss Sigma). The
Raman spectra were obtained by a Raman spectrometer (IDSpec
ARCTIC) with a 532 nm laser of SO mW power. The transmittance
(% T) curves were acquired by a UV—vis spectrophotometer (Cary
5000). The UPS spectra were measured using X-ray photoelectron
spectroscopy (Thermo Scientific ESCALAB 250Xi) with a —5.0 V
bias voltage. The PL spectra were obtained using a fluorescence
spectrophotometer (Hitachi F7000) with an excitation wavelength of
510 nm. The cyclic voltammetry (CV) curves were recorded by an
electrochemical station (Chenhua, CHI 660D, China) using an
aqueous electrolyte consisting of 0.5 M KCl, 0.5 mM K,Fe (CN),,
and 0.5 mM K;Fe (CN)g at a scan rate of 0.02 V s™'. A Pt wire was
used as a counterelectrode, while the reference electrode was a
saturated calomel electrode, and the measurement was carried out
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under an N, atmosphere. The current density—voltage (J—V) curves
were recorded by a solar simulator (Newport Oriel) with a digital
source meter (Keithley 2420). Prior to the measurement, a standard
silicon solar cell was used as the reference (012-2013, Pharos
Technology). The active area for all solar cells was fixed with a metal
mask (0.1 cm?). The external quantum efficiency (EQE) spectra were
recorded using a QEX10 solar cell quantum efficiency measurement
system.
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