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ABSTRACT: CoOx is a promising hole-extracting layer
(HEL) for inverted planar perovskite solar cells with device
configuration ITO/CoOx/CH3NH3PbI3/PCBM/Ag. The de-
vices fabricated according to a simple solution procedure
showed the best photovoltaic performance attaining power
conversion efficiency (PCE) of 14.5% under AM 1.5 G 1 sun
irradiation, which is significantly superior to those of materials
fabricated with a traditional HEL such as PEDOT:PSS
(12.2%), NiOx (10.2%), and CuOx (9.4%) under the same
experimental conditions. We characterized the chemical
compositions with XPS, crystal structures with XRD, and
film morphology with SEM/AFM techniques. Photolumines-
cence (PL) spectra and the corresponding PL decays for
perovskite deposited on varied HEL films were recorded to obtain the hole-extracting characteristics, for which the hole-
extracting times show the order CoOx (2.8 ns) < PEDOT:PSS (17.5 ns) < NiOx (22.8 ns) < CuOx (208.5 ns), consistent with
the trend of their photovoltaic performances. The reproducibility and enduring stability of those devices were examined to show
the outstanding long-term stability of the devices made of metal oxide HEL, for which the CoOx device retained PCE ≈ 12% for
over 1000 h.
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■ INTRODUCTION

Perovskite solar cells (PSC) based on organometallic trihalide
perovskite materials (CH3NH3PbI3, denoted as MAPbI3) have
attracted enormous research interest for solar-cell applica-
tions1−3 owing to their many intriguing optical and electronic
features, such as large absorption coefficient,4 large charge-
carrier mobility,5,6 long carrier-recombination lifetime, and
unique defect physics.7 As a result, the efficiency of power
conversion (PCE) of PSC quickly improved from 3.8%8 to a
certified value of 22.1% through developing the composition
engineering,9 interface engineering,10,11 and processing meth-
ods.12 Interest is growing in the inverted planar heterojunction
(PHJ) PSC with the device configuration ITO/poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)/
MAPbI3/[6,6]-phenyl-C61-butanoic acid methyl ester
(PCBM)/cathode, because the devices can be fabricated
under low-temperature conditions with small hysteresis.13,14

Accordingly, inverted PHJ devices using PEDOT:PSS as the
hole-extracting layer (HEL) were reported to have PCE over
18% with a small active area15,16 and a certified PCE 15% with a
larger size (1 cm2).17

With PCBM as an electron-extracting layer (EEL),
PEDOT:PSS and its derivatives have been much used as
HEL for inverted PHJ PSC.18 As the open-circuit voltage (VOC)
is small and the hydrophilic and acidic nature of PEDOT:PSS
deteriorate the device stability, varied types of inorganic
semiconductors have been developed. For example,
V2O3,

19−21 Mg-doped NiOx (NixMg1−xO),
22 NiOx,

17,23 Cu-
doped NiO (Cu@NiO),24 CuOx,

25,26 and CuSCN27 have been
reported, but the devices made of those HELs performed
poorly.28 One reason for the poor performance is the thickness
of the HEL, which was difficult to control within a few
nanometers to avoid a large series resistance.29 Furthermore,
such an ultrathin layer could suffer from an ineffective surface
coverage on a transparent conductive oxide substrate, as well as
an insufficient surface roughness to deposit the MAPbI3 layer
with uniform morphology.30 Among those inorganic semi-
conductors, NiOx was one successful example acting as an HEL
for inverted PHJ PSC with a satisfactory device performance.31
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In the present work, we present the first demonstration of
use of CoOx as an efficient HEL for PSC applications: The
ultrathin CoOx film was prepared on an ITO substrate via spin-
coating of the cobalt acetate tetrahydrate precursor solution to
exhibit an effective surface coverage and great transparency in
the visible region. The composition, crystallinity, morphology,
and surface roughness of the CoOx films were characterized via
XPS, XRD, SEM, and AFM techniques, respectively. Our
results show that uniform and flawless CoOx films can be
produced to avoid the charge recombination caused by the
poor surface coverage of the film and that the film surface can
be prepared with sufficient roughness to deposit uniform and
well-packed perovskite nanocrystals with great hole-extraction
capability. As a result, the inverted PHJ PSC devices made of
the CoOx film as an efficient HEL exhibit the best PCE, 14.5%,
which outperforms those with the HEL made of PEDOT:PSS
(12.2%), NiOx (10.2%), and CuOx (9.4%). Photoluminescence
(PL) spectra and transient PL decays of perovskite deposited
on varied HEL films were recorded; the results show the hole-
extraction times (τh) with order τh(CoOx) < τh(PEDOT:PSS)
< τh(NiOx) < τh(CuOx); this order is consistent with the trend
of their photovoltaic performances, indicating the superior
hole-extracting characteristic of the CoOx film as an efficient
HEL responsible for the high-performance inverted planar
perovskite solar cells reported herein.

■ RESULTS AND DISCUSSION

Figure 1a presents a schematic diagram step by step of the
preparation to fabricate our CoOx device; the details are given
in the Experimental Section. The right side of the scheme
shows photographs of our device viewed from both sides.
Figure 1b illustrates the side-view structure of a device with
configuration glass/ITO/CoOx/MAPbI3/PCBM/Ag. The
MAPbI3 layer was deposited on the ITO/CoOx substrate in
one step through a fast deposition crystallization (FDC) in
combination with solvent annealing (SA) reported else-

where.32,33 Following the deposition of the MAPbI3 layer, a
PCBM EEL was deposited with spin-coating.34 The cells were
completed with deposition of Ag back contacts via thermal
evaporation in a vacuum chamber. Figure 1c shows the
potential energy levels for each component of the device and
the possible charge propagation paths for both photogenerated
carriers, electrons (e−) and holes (h+), i.e., the dissociated
charge carriers (e− and h+) in the MAPbI3 layer can be extracted
and transferred to the PCBM and CoOx layers, respectively,
further propagating toward each electrode. The energy level of
the valence band of CoOx is located at −5.2 eV,35 which is
above that of MAPbI3 (−5.43 eV),

36,37 so that a suitable (quasi-
)ohmic contact was achieved at the interface.
To confirm the crystal structures of the CoOx film and other

components, we undertook XRD analysis; the results are shown
in Figure S1a. Besides the signals originating from the ITO
substrate, the other diffraction line at ∼42° is indexed as the
(200) facet of the standard rock-salt cubic CoOx

38 (Powder
Diffraction File (PDF) Nos. 9-402 and 9-418, International
Centre for Diffraction Data (ICDD), 1971). After we carefully
checked and characterized the obtained CoO phases and
patterns, we confirmed that only the CoO diffraction peak at
∼42° is observed. The previous studies38 claimed that at low
oxygen flow rate and low temperature (100 sccm and 350−400
°C) only the CoO (200) reflection (2θ ≈ 42.7°) was observed
and the other phases of other chemical valence of cobalt like
Co3O4 (111) and (400) lines were hardly observable. That
study is relevant our work because we have annealed our
materials under nitrogen atmosphere with very low oxygen flow
rate and at low temperature.38 Figure S1a also shows the XRD
characteristics of NiOx and CuOx. The obtained diffraction
peaks of the HEL metal oxides of NiOx and CuOx are matched
and correlated with the obtained phases in previous
studies39−41 (PDF No. 4-835, ICDD, 1993). Furthermore,
the XRD patterns of the CH3NH3PbI3films on the ITO
substrate shown in Figure S1a confirm that the perovskite

Figure 1. Schematic diagrams of (a) preparation of an inverted planar perovskite solar cell, (b) device configuration glass/ITO/CoOx/CH3NH3PbI3
perovskite/PCBM/Ag, and (c) the corresponding potential energy levels for each layer component. The potential energy levels for each component
were cited in refs 27 and 57−59.
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crystals belong to the tetragonal phase; all diffraction signals are
assigned according to data published elsewhere42 and according
to the Inorganic Crystal Structure Database entry code number
250739. No other impurity signal was detected, indicating that
the produced MAPbI3 crystal structures were highly pure with
satisfactory crystallinity. For further confirmation, the XRD
spectra of the perovskite layer deposited on the different HELs
with the same conditions used in the photovoltaic devices were
provided and shown in Figure S1b. The results confirm that the
crystallinity of the perovskite layer is in the order of PSK/CoOx

> PSK/NiOx > PSK/CuOx which is in agreement with the
sequence of the photovoltaic devices performances. Additional
characteristics for the formation of the metal oxide films, CoOx,
NiOx, and CuOx, were derived from X-ray photoelectron
spectra (XPS), wide and narrow spectra, shown in Figure S2.
To understand the influence of the surface coverage of the

HEL on ITO with respect to the device conductivity and
performance, we investigated the morphologies of the samples
with both SEM and AFM images. The SEM images of the bare
ITO, ITO/CoOx, ITO/PEDOT:PSS, ITO/NiOx, and ITO/

CuOx films are illustrated in Figure 2a−d, respectively; the
corresponding AFM surface topographies of the same samples
are shown in Figure2e−h, respectively. The coverage of the
HEL on the ITO surface is a critical factor to be considered to
achieve a high performance of a device: If the HEL film is too
thin and insufficiently rough, then it would be difficult to cover
completely the ITO surface, which could lead to the MAPbI3
layer in direct contact with ITO for current leakage to occur. If
the HEL film is too thick and too rough, then the series
resistance of the device becomes too large to provide
satisfactory conductivity of the electrode. According to the
AFM results, the root-mean-square roughness (Rrms) of bare
ITO was 3.2 nm; the RMS roughness increased to 6.3 nm after
being covered with a CoOx layer. In contrast, the Rrms values of
the NiOx and CuOx films are 4.2 and 3.9 nm, respectively,
which are significantly smaller than that of the CoOx film. On
increasing the roughness of the HEL to some extent, the
surface coverage can also be increased, according to preceding
work.43,44 A larger roughness of the CoOx layer thus indicates
that the surface coverage of this HEL on the ITO is greater

Figure 2. SEM images of (a) bare ITO, (b) CoOx, (c) NiOx, and (d) CuOx and AFM images of (e) bare ITO, (f) CoOx, (g) NiOx, and (h) CuOx.

Figure 3. (a) Top-view SEM image of perovskite crystals deposited on CoOx/ITO substrate. (b) Cross-sectional SEM image of CoOx−based device.
(c) Current−voltage curves and (d) IPCE and integrated current densities of CoOx, PEDOT:PSS, NiOx, and CuOx devices as hole-extraction layers
(HEL) as indicated.
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than those of the others, which would result in conductivity of
the CoOx film being better than those of the other metal-oxide
films.45 In order to confirm the relation between the roughness
of HELs and their conductivities, we have calculated the
resistivity of each HELs using an electrochemical analyzer
technique with a copper lead wire. The resistivities were
calculated for the different HELs and founded to be 35.3, 50.2,
and 56.5 Ω/cm for CoOx, NiOx, and CoOx, respectively.
Consequently, the conductivity of the corresponding samples
found to be 0.030, 0.019, and 0.017 S/m, respectively. The
roughness results (Rrms) were 6.3, 4.2, and 3.9 nm for CoOx,
NiOx, and CuOx, respectively. These results show good
correlation with the obtained conductivity results. The
complete experimental setup summarized is in the Exper-
imental Section, and the box chart of the obtained results for
the different HELs used in the current study are shown in
Figure S3. Furthermore, the valence band maximum and the
conduction band minimum of CoOx were −5.2 and −2.3 eV,
respectively.46

The perovskite layer was produced on top of the HEL with a
combined FDC+SA method; its crystal morphology is shown in
Figure 3a, displaying a full surface coverage of the perovskite
crystals with grains of micrometer size. Furthermore, the crystal
morphologies of perovskite layer on the other HELs, NiOx and
CuOx, were studied according to the SEM images shown in
Figure S4. We notice that there is no appreciable difference in
the morphology of PSK on the different HELs. Figure 3b shows
a typical cross-sectional SEM image of an inverted device with
configuration glass/ITO/CoOx/PSK/PCBM/Ag; the estimated
thickness of each layer is indicated. It is noticed that the
thickness of the HELs is very small which cannot be estimated
from the SEM imaged precisely. Therefore, the X-ray
reflectivity method was employed to check the thickness for
each HEL. By comparing the obtained measured profile with a
simulated one for each material, we can estimate the thickness
of the thin films through fitting calculation. We used a model
including HEL and ITO layers on the glass substrate, and the
fitting parameters were thickness, roughness, and density of
each layer.47 The thickness of HELs were estimated to be 15,
10, and 17 nm for CoOx, NiOx, and CuOx, respectively. To
perceive the effect of HEL on the device performance, devices
with the HEL made of PEDOT:PSS, NiOx, and CuOx were also
fabricated according to the same experimental conditions for
comparison. Figure 3c shows the current density−voltage (J−
V) curves of devices of four types under AM 1.5 G 1 sun
irradiation. The CoOx device exhibits VOC (V) = 0.949, JSC (mA
cm−2) = 20.28, and fill factor (FF) = 0.755, corresponding to
PCE = 14.5%, which is greater than that of devices assembled
using the traditional HEL PEDOT:PSS (12.2%), and is
significantly greater than those of the other two metal-oxide-
based HEL, NiOx (10.2%) and CuOx (9.4%), under the same
experimental conditions. The corresponding photovoltaic
parameters of the four devices are summarized in Table 1. In
order to confirm the continuity and uniformity of CoOx layer,
we have checked the device performance for the same cell at
different positions. The results show good reproducibility as
shown in Table S1. Furthermore, we have studied and checked
12 samples for cells with CoOx as under-layer with the active
area of 0.09 cm2 in order to upscaling the perovskite solar cells.
By comparing the obtained results of the smaller active area
(0.02 cm2) with the results of the upscaling PSCs with the
active area (0.09 cm2), we speculate that the efficiency
decreases due to the series resistance. The results obtained

from upscaling the PSCs with the active area of (0.09 cm2)
were shown and summarized in Figure S5 and Table S1,
respectively.
In order to optimize the thickness of different HELs used in

this study and their effect on the power conversion efficiency,
we should check different thicknesses by changing the
experimental parameters like spin-coating rate and time. For
the planar perovskite solar cells, in order to obtain high power
conversion efficiency, it is better to use an under-layer with
small thickness. However, in case of the thickness less than 10
nm for all the HELs, it will be difficult to cover all the ITO area,
and pin-holes will be found which will decrease the cells
efficiency significantly. Therefore, we should use HELs with a
thickness at least 10 or more.
In this study, we have prepared the under-layer metal oxides

using a spin-coating rate of 6000 rpm for 50 s. For comparison
and to optimize the thickness factor on PCE, we have checked
the same under-layers with different spin-coating parameters
(4000 rpm/30 s). As mentioned before, the thickness of HELs
using standard spin-coating parameters of (6000 rpm/50 s)
were estimated to be 15, 10, 17 nm for CoOx, NiOx, and CuOx,
respectively. By using the spin-coating thickness equation,48 we
can estimate the HELs thickness using spin-coating parameters
of (4000 rpm/30 s) to be thicker by ∼30%. The estimated
thickness of the HELs were 19, 13, and 22 nm for CoOx, NiOx,
and CuOx, respectively, using spin-coating parameters of (4000
rpm/30 s) determined by the X-ray reflectivity. Also, we
obtained the power conversion efficiencies for every spin-
coating parameter, and the PSCs using HELs with the slower
spin-coating parameters (4000 rpm/30 s) showed poor
photovoltaic performances than those with the faster spin-
coating parameters (6000 rpm/50 s). The obtained results for
12 devices assembled using the different HELs with the slower
spin-coating parameters of (4000 rpm/30 s) are shown in
Figures S6−S8 and Tables S2−S4. Figure 3d shows IPCE
action spectra of the corresponding devices with the integrated
current densities, confirming the JSC values with deviations
within ∼10% between the two current density values. The JSC
value of the CoOx device is significantly greater than those of
the other devices because of the enhanced IPCE values in the
visible region (550−700 nm) (Figure 3d). As mentioned in the
IPCE results, there is an enhancement in the longer wavelength
region in case of CoOx compared to the other HELs. That may
be due to the light-harvesting effect or the good charge
separation. Furthermore, the absorption spectra of the
perovskite films deposited on varied HEL are similar (Figure

Table 1. Photovoltaic Parameters of Inverted Planar
Heterojunction Perovskite Solar Cells Fabricated with
Varied p-Type HEL Materials

devicesa JSC (mA cm−2) VOC (V) FF PCE (%)b

CoOx 20.28 0.949 0.755 14.5c (12.4 ± 0.7)
PEDOT:PSS 18.80 0.879 0.740 12.2c (11.5 ± 0.7)
NiOx 17.00 1.004 0.600 10.2c (9.3 ± 0.5)
CuOx 16.10 0.915 0.639 9.4c (8.3 ± 0.4)

aThe devices were fabricated using the hole-extraction layers (HELs)
prepared via varied wet chemical methods detailed in the Experimental
Section. bThe average values shown in parentheses with the
uncertainties representing one standard deviation were obtained
from 30 devices fabricated under the same experimental conditions.
cThe best photovoltaic performances were obtained during the long-
term stability examination.
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S9), indicating that the enhancement in IPCE for the CoOx
device not from the light-harvesting effect but might be from
the effect of charge separation. In contrast, the VOC values show
a systematic trend with order NiOx (1.004 V) > CoOx (0.949
V) > CuOx (0.915 V) > PEDOT:PSS (0.879 V), which is
consistent with the trend of their valence-band potential levels
showing a reverse order: NiOx (−5.4 eV) < CoOx (−5.2 eV) <
CuOx (−5.1 eV) < PEDOT:PSS (−5.0 eV). The CoOx device
also exhibited the greatest FF value (0.755), indicating that a
HEL of this type features less series resistance than of the other
devices. The greater JSC and FF values for the CoOx device
might be attributed to the hole-extraction ability, which is
greater for the CoOx layer than those for the other HEL
materials; this effect is further examined below.
To gain further insight into the charge-extraction property of

the HEL films affecting their corresponding photovoltaic
performances, we undertook time-resolved spectral measure-
ments for perovskite deposited on varied HEL films
investigated herein. First, we performed steady-state photo-
luminescence (PL) measurements to assess the effect of PL
quenching of perovskite due to varied charge extraction of
those PSK/HEL films. As the PL spectra show in Figure 4a, the
PL intensity of PSK decreased significantly when the PSK layer
was in contact with the HEL showing PL intensities with order
CuOx > NiOx > PEDOT:PSS > CoOx, indicating the hole-
extracting ability in the reverse order, i.e., the CoOx film should
have the best hole-extracting ability due to the existence of an
efficient nonradiative process to quench the PL effectively. To
investigate further the kinetics of this efficient nonradiative
process, we measured transient PL decay using the time-
correlated single-photon-counting (TCSPC) technique with
excitation at 635 nm and probe at 770 nm. The PL transient
profiles shown in Figure 4b are well fitted with a biexponential
decay function; the fitted time coefficients (τi) for each sample
are shown in Table 2 with the corresponding relative
amplitudes (Ai) shown in parentheses. The average PL lifetimes
(τPL) were determined with an intensity-averaged approach
reported elsewhere.49 τPL for only MAPbI3 deposited on ITO
was determined to be 369.6 ns but decreased to 2.8, 16.8, 21.6,
and 136.7 ns when perovskite was in contact with the HEL of
CoOx, PEDOT:PSS, NiOx, and CuOx, respectively. Assuming
that hole extraction by the HEL is the most predominant
nonradiative relaxation path, the interfacial hole extraction
times (τh) in the MAPbI3/HTM interface can be estimated to

be 2.8, 17.5, 22.8, and 208.5 ns for HEL of CoOx, PEDOT:PSS,
NiOx, and CuOx, respectively; details of the determination of
τPL and τh appear in the footnote of Table 2. Our results
indicate that the hole-extraction time of the CoOx layer is much
shorter than those of the other HEL, which reasonably explains
the superior photovoltaic performance of the CoOx device with
greater JSC and FF values than those of other devices.
The performance reproducibility of the devices was examined

on fabricating 30 identical devices according to the same
experimental procedure for each HEL film; the corresponding
photovoltaic parameters for the CoOx, PEDOT:PSS, NiOx, and
CuOx devices are summarized in Tables S5−S8, respectively.
Figure 5a shows histograms of the PCE distributions for devices
made of these four HEL for comparison; the corresponding
histograms for the other photovoltaic parameters are shown in
Figure S10. Our results show that these devices were
satisfactorily reproducible with average PCE (%) = 12.4 ±

Figure 4. (a) Photoluminescence (PL) spectra and (b) PL decay profiles of MAPbI3 (PSK), and PSK deposited on varied HEL films. The PL spectra
were obtained at excitation wavelength 633 nm, and the transient PL decays were obtained using the TCSPC technique with excitation at 635 nm
and probe at 770 nm.

Table 2. Photoluminescence (PL) Decay Time
Coefficientsof Perovskite (PSK) Deposited on Varied p-type
Hole-Extraction Layers with Excitation at 635 nm and
Probed at 770 nm

films τ1 (ns) (A1)
a τ2 (ns) (A2)

a τPL(ns)
b τh (ns)

c

PSK 124.3 (0.39) 445.5 (0.61) 396.9
PSK/CoOx 2.8 (1) 2.8 2.8
PSK/PEDOT:PSS 7.4 (0.35) 18.8 (0.65) 16.8 17.5
PSK/NiOx 9.2 (0.30) 23.7 (0.70) 21.6 22.8
PSK/CuOx 55.4 (0.45) 159.8 (0.55) 136.7 208.5

aRelative amplitudes shown in parentheses. bThe average PL lifetimes
were determined according to the following equation,

τ
τ
τ

=
∑
∑

A
A

i i

i i
PL

2

in which τi and Ai are the fitted time coefficients and the
corresponding amplitudes of each component, respectively. cThe
interfacial hole-extraction time (τh) at the interface between PSK and
HEL can be predicted using the following equation

τ τ τ
= −1 1 1

h PSK/HEL PSK

in which τPSK and τPSK/HEL are the PL lifetimes for PSK only and those
with PSK deposited on varied HEL films, respectively.
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0.7, 11.5 ± 0.7, 9.3 ± 0.5, and 8.3 ± 0.4 for devices made of
CoOx, PEDOT:PSS, NiOx, and CuOx, respectively; these
average values are shown in parentheses in Table 1. To examine
their long-term stability, we tested also the endurance of the
devices of the four types kept in darkness and in glovebox
under a N2 atmosphere; the corresponding stability results are
shown in Figure 5b. Even though the performance of the
PEDOT:PSS device retained PCE ≈ 12% in the first 100 h, it
degraded rapidly after 100 h; the efficiency vanished after
storage over 900 h. In contrast, all devices made of metal-oxide
HEL (CoOx, NiOx, and CuOx) demonstrated great enduring
stability over a period 43 days (more than 1000 h) and
maintained ∼90% of their initial efficiencies with the trend of
performance showing the order CoOx > NiOx > CuOx. The
rapid degradation of the PEDOT:PSS device might be due to
the acidic and hygroscopic characteristics of the polymer that
damage the ITO electrode as well as the adjacent moisture-
sensitive MAPbI3 layer.

50,51 Our results thus indicate not only
the great device performance but also the excellent enduring
stability of the CoOx device as a promising candidate for future
photovoltaic applications.

■ CONCLUSIONS

A simple solution method was used to prepare a uniform and
ultrathin layer of CoOx as an efficient HEL electrode for
inverted planar heterojunction perovskite solar cells. The
prepared CoOx film has an effective surface coverage to avoid
contact between the perovskite layer and the ITO substrate; it
also features sufficient surface roughness to provide an intimate
junction of large interfacial area to form a uniform perovskite
layer with effective hole-extracting characteristics. When the
PHJ devices were fabricated with CoOx as HEL, the best
photovoltaic performance attained PCE 14.5%, which is
superior to those of the devices with the HEL made of
PEDOT:PSS, NiOx, and CuOx under the same experimental
conditions. The results of measurements of steady-state and
time-resolved photoluminescence show hole-extraction rates
with order CoOx > PEDOT:PSS > NiOx > CuOx, which is
consistent with the trend of their corresponding photovoltaic
performances in the same order. The origin of the high
performance of the CoOx device is rationalized to be its great
hole-extraction ability at the MAPbI3/CoOx interface with
decreased interfacial charge recombination. Thirty devices of
each type of HEL were fabricated to examine the reproduci-

bility of the performance with the average PCE showing the
same order. Tests of enduring stability in performance in air
showed the outstanding long-term stability of devices made of
metal-oxide HEL, with the best CoOx cell retaining 90% of its
initial performance after storage period 1000 h. The ultrathin
CoOx HEL is thus a promising alternative as a p-type electrode
for inverted planar perovskite solar cells with the advantages of
high performance, low cost, ease of processing, and great
stability for future commercialization.

■ EXPERIMENTAL METHODS
Preparation of Metal-Oxide Precursor Solutions. The

precursor of the CoOx film was prepared with cobalt acetate
tetrahydrate (Alfa Aesar, 0.5 M) in ethandiol solution containing
1,2-diaminoethane (Aldrich, 1 M) stirred for at least 3 days to form a
homogeneous precursor solution that was then filtered with nylon
filters (0.45 mm).52 NiOx and CuOx solutions were prepared with the
same method for comparison; copper sulfate pentahydrate and nickel
formate dihydrate were precursors for CuOx and NiOx, respec-
tively.53,54

Preparation of Perovskite Precursor Solution. Methylammo-
nium iodide (CH3NH3I) was synthesized via the reaction of
methylamine (CH3NH2, 21.6 mL, 40 mass % in water, Alfa Aesar)
and hydriodic acid (HI, 30 mL, 57 mass % in water, with
hypophosphorous acid 1.5%, Alfa Aesar) and kept stirred at 0 °C
for 2 h under a N2 atmosphere, followed by rotary evaporation to
remove the solvent. The CH3NH3I powder was washed three times
with diethyl ether (99%, anhydrous, ECHO) and dried in a vacuum
oven at 50 °C overnight before use. CH3NH3I was synthesized as
described elsewhere.55,56 MAPbI3 precursor solutions (concentration
45% by mass) were prepared in N,N-dimethylformamide (DMF,
anhydrous, Aldrich, 1 mL) mixed with powdered CH3NH3I (175 mg)
and PbI2 (99%, Aldrich, 507 mg). The solution was stirred at 70 °C for
1 h before use.

Fabrication of Electrodes and Devices. Indium-doped tin oxide
(ITO) (TEC7, Hartford, USA) was partially removed from the
substrate via etching with zinc powder and HCl (2 M) to produce the
desired pattern. The patterned ITO substrates were cleaned with
ultrasonication for 30 min in a mixture (acetone, soapy water and iso-
propyl alcohol (IPA), 1:1:1) and then washed with deionized water.
Afterward, the glass was dried with a N2 blow gun. The CoOx,
PEDOT:PSS, NiOx, and CuOx films were deposited on ITO in the
same way via spin-coating of the solution (50 μL, 6000 rpm, 50 s) and
annealed at 300 °C for 2 h in a N2 atmosphere, then annealed at 400
°C for 1 h in air, except for the PEDOT:PSS samples prepared without
further annealing. The substrates were subsequently exposed to ozone
for 18 min via irradiation (excimer lamp PC-01-H, N-Cobo Co.)
under an O2 atmosphere to remove the organic residues. The prepared

Figure 5. (a) PCE distribution histograms and (b) PCE vs storage period for devices with HEL made of CoOx, PEDOT:PSS, NiOx, and CuOx as
indicated.
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MAPbI3 precursor solution was deposited onto the HEL/ITO
substrate with spin-coating at 5000 rpm for 15 s; a few drops of
chlorobenzene (CBZ) as antisolvent were dripped onto the substrate
during spin-coating after a delay (5 s). The MAPbI3-precursor coated
substrates were then dried on a hot plate at 100 °C for 10 min using
solvent annealing (SA) with DMF drop (5 μL). The phenyl-C61-
butanoic acid methyl ester (PCBM, Uni Region Bio-Tech, Taiwan)
layer was subsequently deposited with spin-coating (18 mg mL−1 in
CBZ as solvent) at 1000 rpm for 30 s. The device was eventually
completed with the thermal evaporation of Ag contact electrodes (100
nm) in a high vacuum through a shadow mask; the active area of the
Ag electrodes in the fabricated device was 0.02 cm2. The same
procedure was applied for the other HEL (PEDOT:PSS, NiOx, and
CuOx) for comparison.
Structure and Surface Measurements. The crystalline phases

were identified with X-ray diffraction (XRD) (RINT-2000/PC
RIGAKU, Cu Kα radiation, scanning speed 2° (2θ)/min within 2θ
range 5−60°). The particle morphology and structure were examined
with a field-emission scanning electron microscope (FESEM, Hitachi
SU8010, maximum resolution 1 nm at electron acceleration voltage 15
kV) and an atomic force microscope (AFM, Nanoscale hybrid
microscope VN-8010, Keyence microscope, Japan). The UV−visible
absorption spectra were recorded with a spectrometer (JASCO V-
570). To analyze the chemical composition of the surfaces we used an
X-ray photoemission spectrometer (JPS-9200, JEOL) to record the X-
ray photoemission spectrum (XPS). The Al Kα line served as the X-
ray source; the C 1s signal served as an internal reference (284.6 eV).
Photovoltaic and PL Lifetime Measurements. The J−V curves

were measured with a digital source meter (Keithley 2400) under 1
sun illumination (AM 1.5 G, 100 mW cm−2) from a solar simulator
(XES-40S1, SAN-E1). The IPCE spectra were recorded with a system
comprising a Xe lamp (A-1010, PTi, 150 W) and monochromator
(PTi, 1200 groove mm−1 blazed at 500 nm). Photoluminescence (PL)
transients were recorded with a time-correlated single-photon-
counting (TCSPC) system (Fluotime200, PicoQuant) with excitation
at 635 nm from a picosecond pulsed-diode laser (LDH-635,
PicoQuant, fwhm ∼70 ps); the PL temporal profiles were collected
at 770 nm.
Conductivity and Thickness Measurements. The conductivity

was calculated using an electrochemical analyzer (ALS/CH Instru-
ments 852C, ALS) technique with a copper lead wire. The
experimental setup of the measurements is as follows: Two electrodes
of the electrochemical analyzer are connected to the sample: one to
the ITO part and the other to the HELs surface. We have checked the
resistivity at different positions on the HEL surface. Almost 15
positions have been checked for each sample and get the mean of
them. The distance between the two electrodes was stable at all the
measurements for CoOx HEL and also fixed for the other HELs in
order to make the comparison between all of them more precise. The
HELs thickness were estimated using X-ray reflectivity by Bruker D8
discover instrument, with X-ray source of Cu Kα (45 kV, 360 mA),
divergence slit: 0.05 mm, scattering slit: 0.1 mm, and receiving slit: 0.1
mm.
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H.; Nazeeruddin, M. K.; Graẗzel, M. Inorganic Hole Conductor-based
Lead Halide Perovskite Solar Cells with 12.4% Conversion Efficiency.
Nat. Commun. 2014, 5, 3834.
(29) Meyer, J.; Hamwi, S.; Kröger, M.; Kowalsky, W.; Riedl, T.;
Kahn, A. Transition Metal Oxides for Organic Electronics: Energetics,
Device Physics and Applications. Adv. Mater. 2012, 24, 5408−5427.

(30) Zhao, Y.; Nardes, A. M.; Zhu, K. Effective Hole Extraction
Using MoOx-Al Contact in Perovskite CH3NH3PbI3 Solar Cells. Appl.
Phys. Lett. 2014, 104, 213906.
(31) Jeng, J. Y.; Chen, K. C.; Chiang, T. Y.; Lin, P. Y.; Tsai, T. D.;
Chang, Y. C.; Guo, T. F.; Chen, P.; Wen, T. C.; Hsu, Y. J. Nickel
Oxide Electrode Interlayer in CH3NH3PbI3 Perovskite/PCBM Planar-
Heterojunction Hybrid Solar Cells. Adv. Mater. 2014, 26, 4107−4113.
(32) Xiao, M.; Huang, F.; Huang, W.; Dkhissi, Y.; Zhu, Y.; Etheridge,
J.; Gray-Weale, A.; Bach, U.; Cheng, Y.-B.; Spiccia, L. A Fast
Deposition-Crystallization Procedure for Highly Efficient Lead Iodide
Perovskite Thin-Film Solar Cells. Angew. Chem., Int. Ed. 2014, 53,
9898−9903.
(33) Xiao, Z.; Dong, Q.; Bi, C.; Shao, Y.; Yuan, Y.; Huang, J. Solvent
Annealing of Perovskite-Induced Crystal Growth for Photovoltaic-
Device Efficiency Enhancement. Adv. Mater. 2014, 26, 6503−6509.
(34) Chiang, C.-H.; Wu, C.-G. Bulk Heterojunction Perovskite−
PCBM Solar Cells with High Fill Factor. Nat. Photonics 2016, 10,
196−200.
(35) Mao, Y.-Q.; Zhou, Z.-J.; Ling, T.; Du, X.-W. P-type CoO
Nanowire Arrays and Their Application in Quantum Dot-sensitized
Solar Cells. RSC Adv. 2013, 3, 1217−1221.
(36) Endres, J.; Egger, D. A.; Kulbak, M.; Kerner, R. A.; Zhao, L.;
Silver, S. H.; Hodes, G.; Rand, B. P.; Cahen, D.; Kronik, L.; Kahn, A.
Valence and Conduction Band Densities of States of Metal Halide
Perovskites: A Combined Experimental−Theoretical Study. J. Phys.
Chem. Lett. 2016, 7, 2722−2729.
(37) Subbiah, A. S.; Halder, A.; Ghosh, S.; Mahuli, N.; Hodes, G.;
Sarkar, S. K. Inorganic Hole Conducting Layers for Perovskite-based
Solar Cells. J. Phys. Chem. Lett. 2014, 5, 1748−1753.
(38) Gulino, A.; Fiorito, G.; Fragala,̀ I. Deposition of Thin Films of
Cobalt Oxides by MOCVD. J. Mater. Chem. 2003, 13, 861−865.
(39) Buono-Core, G. E.; Tejos, M.; Schrebler, R.; Klahn, A. H.; Hill,
R. H. Nickel Tropolonate Complexes as Precursors for the Direct
Photodeposition of NiO Thin Films. J. Chil. Chem. Soc. 2004, 49,
223−226.
(40) Remed́ios, C. M. R.; Sasaki, J. M. Formation Studies of NiO by
X-ray Powder Diffraction. Powder Diffr. 2008, 23 (S1), 56−58.
(41) Cheng, S.-L.; Chen, M. F. Fabrication, Characterization, and
Kinetic Study of Vertical Single-Crystalline CuO Nanowires on Si
Substrates. Nanoscale Res. Lett. 2012, 7, 119−126.
(42) Liang, K.; Mitzi, D. B.; Prikas, M. T. Synthesis and
Characterization of Organic−Inorganic Perovskite Thin Films
Prepared Using a Versatile Two-Step Dipping Technique. Chem.
Mater. 1998, 10, 403−411.
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