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ABSTRACT: Further technological development of perovskite solar cells (PSCs) will
require improvements in power conversion efficiency and stability, while maintaining low
material costs and simple fabrication. In this Research Article, we describe top-illuminated
ITO-free, stable PSCs featuring microcavity structures, wherein metal layers on both sides
on the active layers exerted light interference effects in the active layer, potentially
increasing the light path length inside the active layer. The optical constants (refractive
index and extinction coefficient) of each layer in the PSC devices were measured, while the
optical field intensity distribution was simulated using the transfer matrix method. The
photocurrent densities of perovskite layers of various thicknesses were also simulated; these
results mimic our experimental values exceptionally well. To modify the cavity electrode
surface, we deposited a few nanometers of ultrathin MoO3 (2, 4, and 6 nm) in between the
Ag and poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) layers provide hydrophobicity to the Ag surface
and elevate the work function of Ag to match that of the hole transport layer. We achieved a power conversion efficiency (PCE)
of 13.54% without hysteresis in the device containing a 4 nm-thick layer of MoO3. In addition, we fabricated these devices on
various cavity electrodes (Al, Ag, Au, Cu); those prepared using Cu and Au anodes displayed improved device stability of up to
72 days. Furthermore, we prepared flexible PSCs having a PCE of 12.81% after incorporating the microcavity structures onto
poly(ethylene terephthalate) as the substrate. These flexible solar cells displayed excellent stability against bending deformation,
maintaining greater than 94% stability after 1000 bending cycles and greater than 85% after 2500 bending cycles performed with
a bending radius of 5 mm.

KEYWORDS: microcavity structures, ITO-free, perovskite solar cells, top illumination, stability

1. INTRODUCTION

Thin film photovoltaics incorporating inorganic/organic hybrid
perovskite materials are promising candidates for future low-
cost, high-performance, clean energy devices because of their
low material and processing costs, ambipolar behavior, high
diffusion length, and direct bandgap.1−5 Perovskite solar cells
(PSCs) have two types of device structures: mesoporous and
planar heterojunction. The best mesoporous PSC-based on the
n−i−p structure has displayed a power conversion efficiency
(PCE) of 22.1% when incorporating high-temperature-sintered

mesoporous TiO2 as the electron transport layer (ETL).6

Unfortunately, this high-temperature ETL increases the cost of
the fabrication process and is not conducive to the develop-
ment of flexible PSCs. Solution-processable organic layers are
alternatives that have been exploited as charge extraction layers
in planar PSCs having a p−i−n structure on flexible substrates.7
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Notably, PSCs with p−i−n structures have fascinated
researchers because of their hysteresis-less behavior and low-
temperature fabrication.8 Recently, a PCE of 20% was reported
for a PSC having a p−i−n structure almost equal to that of a
PSC having a n−i−p structure.9

Taking advantage of low-temperature fabrication processes,
PSCs having a p−i−n structure have been reported on
polymers and rigid substrates when using indium tin oxide
(ITO) as an anode.7−9 Transparent conductive oxides (TCOs)
usually have relatively low sheet resistivity, high conductivity,
and excellent transmission properties in the visible range of
wavelengths; accordingly, they have been used as standard
anodes in the fabrication of thin film solar cells.8,9 Nevertheless,
the use of TCOs has its drawbacks, including fragility against
bending on polymer substrates, low conductivity compared
with the metal electrode, and high prices because indium is less-
earth-abundant material; these characteristics affect their roll-
to-roll fabrication on polymer substrates.7,10−12 As replace-
ments for TCOs, other functional materials [e.g., graphene,
carbon nanotubes, PEDOT:PSS] have been tested for the
fabrication of thin film solar cells.13−18 These materials have
excellent transmission properties at visible wavelengths, but
their conductivities are lower than those of the metal
electrodes. Moreover, the PCE of PSCs incorporating these
electrodes are relatively low, due to its underling contacting
with the other layers (e.g., charge extraction and perovskite
layers).19,20 In particular, we have previously reported the
incorporation of TCO-free top-illuminated microcavity struc-
tures into organic solar cells, thereby increasing the light path
length inside the active layer.21 These microcavity devices have
more complicated structures when compared with conventional
ITO cells, with the photoactive layer sandwiched between two
metallic electrodes: an ultrathin metal film working as the front
electrode and an opaque metal film as the back electrode.
These microcavity structures have several advantages when
used in thin film solar cells: they can confine incident light with
resonant frequencies in between the two metal electrodes
because of optical coherent interference; they increase the light
path length in thin film solar cells; and they maintain efficient
charge dissociation and extraction.22,23 Moreover, these ultra-
thin metal electrodes can be prepared readily through thermal
vapor deposition; the electrode exhibits very low sheet
resistivity; good transmission occurs for visible wavelengths;
and the ultrathin metal electrodes can be prepared on various
substrates.21,24−26 Furthermore, thin metal electrodes have
good bending stability, so they can be used in flexible solar cells
and continuous roll-to-roll fabrication. In this regard, thermally
deposited thin metal layers appear to be the best choice when
preparing TCO-free efficient PSCs.
In this study, we developed semitransparent metal electrodes

[(Cu (1 nm)/Ag (10 nm)] exhibiting a combination of good
optical transparency and electrical conductivity. We studied the
electro-optics within the microcavity structured PSCs both
theoretically and experimentally. On the basis of our
simulations, the optical field intensity distributions within the
microcavity structured PSCs were significantly influenced by
the active layer when various wavelengths of light illuminated
the electrode. The higher wavelengths of light leaving the active
layer increased the light path length inside the active layer
because of optical interference with the cavity electrode. These
theoretical simulations were in good agreement with the
experimental results. Depositing ultrathin MoO3 layers (only a
few nanometers in thickness) between the back electrode and

PEDOT:PSS enhanced the work function (WF) and decreased
the hydrophobicity of the back electrode (Ag). After optimizing
the thickness of the ultrathin MoO3 layer on Ag, we achieved a
PCE of 13.54% with negligible current density−voltage (J−V)
hysteresis when incorporating the microcavity structured
electrodes. We investigated the effect of ultrathin MoO3 on
Ag by analyzing the hydrophobicity of the back electrode
surfaces, the electrode WFs, the surface morphologies of the
films, and the optical and device properties. In addition, we
tested the fabrication of these PSC devices on various (Al, Cu,
Ag, Au) microcavity structures; those incorporating Au and Cu
exhibited improved device stability up to 72 days when
operated in a N2-filled glovebox, providing results comparable
to those of a semitransparent PSC device having an ITO
electrode. Furthermore, we prepared flexible PSCs featuring the
microcavity structures on a PET substrate, obtaining a PCE of
12.81%. These flexible devices also displayed excellent stability
against bending deformation, maintaining greater than 94% of
the original efficiency after 1000 bending cycles and greater
than 85% after 2500 bending cycles, when applying a bending
radius of 5 mm.

2. EXPERIMENTAL SECTION
2.1. Methylammonium Iodide (MAI). HI (57 wt % in water),

methylamine (CH3NH2, 40 wt % in water), PbI2 (99.998%), dimethyl
sulfoxide (DMSO), and diethyl ether were purchased from Alfa Aesar
and used without purification. MAI (CH3NH3I) was synthesized by
reacting aqueous HI (15 mL) with CH3NH2 (13.5 mL) at 0 °C for 2 h
in three-neck flask under a N2 atmosphere with constant stirring. A
white precipitate (CH3NH3I) formed during rotary evaporation of the
solvent. The precipitated white powder was collected, washed three
times with diethyl ether, and then dried under vacuum at 60 °C
overnight. This dried powder was stored in a glovebox.

2.2. Solar Cell Device Fabrication and Characterization. The
solar cell devices were fabricated on opaque Ag electrodes (deposited
through thermal evaporator), having a thickness of 120 nm, on various
substrates. Ultrathin MoO3 layers having thicknesses from 2 to 6 nm
were deposited on the Ag, with various substrates, at a deposition rate
of 0.1 to 0.5 Å/s using a thermal evaporator, followed by annealing at
150 °C for 10 min. The deposition rate and thicknesses were
monitored during deposition using a quartz crystal sensor. A uniform
layer of PEDOT:PSS was spin-coated (4000 rpm, 60 s) onto the
MoO3 surface, followed by annealing (130 °C, 30 min). The substrates
with PEDOT:PSS were transferred to a glovebox for deposition of the
perovskite active layer using a thermal annealing interdiffusion
method. KCl was added to the PbI2 precursor to give a uniform
perovskite crystalline structure.27 Perovskite layers of various
thicknesses were prepared from PbI2 (130−400 mg/mL) and KCl
(3−7.5 mg) dissolved in DMSO (1 mL); MAI was dissolved in 2-
propanol (15−40 mg/mL). Both solutions were kept on a hot plate at
70 °C overnight. A hot PbI2/salt mixture with DMSO as solvent was
spin-coated (4500 rpm, 40 s) on PEDOT:PSS and annealed directly at
70 °C for 30 min. The MAI solution was spin-coated (4500 rpm, 40 s)
onto the PbI2 film and then annealed at 105 °C for 65 min to form a
crystalline perovskite film. A solution (20 mg/mL) of [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) in chlorobenzene was spin-
coated (6000 rpm, 40 s) onto the perovskite layer, followed by
annealing (100 °C, 40 min). The device was completed through
thermal evaporation of C60 (20 nm). Films of BCP (8 nm) and Cu (1
nm)/Ag (10 nm) were deposited through a shadow mask. Finally,
films of capping layer (MoO3) (20, 40, and 60 nm) were deposited
under vacuum (1 × 10−6 mbar). The active area of each device having
a flexible or rigid substrate was 0.1 cm2.

A home-built panchromatic optical field simulation program, coded
in MATLAB and based on the transfer matrix method, was used to
model the optical field distributions and exciton formation. Trans-
mission spectra of the transparent electrode thin films were measured
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using a Jacob V-670 UV−vis spectrometer. Refractive indices and
extinction coefficients were measured using a variable-angle spectro-
scopic ellipsometer (J. A. Woollam V-VASE). All measurements were
made at room temperature. EQE spectra were obtained under short-
circuit conditions. The devices were encapsulated before they were
removed from the glovebox for EQE measurement. The light source
was a 75-W Xe lamp (Enlitech, QE-R3011); the light output from the
monochromator was focused on the photovoltaic cell being tested in
DC mode operation. The devices were illuminated inside a glovebox
by a Xe lamp as a solar simulator (Thermal Oriel 1000 W), which
provided a simulated AM 1.5 spectrum (100 mW cm−2). The light
intensity was calibrated using a monosilicon photodiode with a KG-5
color filter (Hamamatsu). Atomic force microscopy (ASYLUM, MFP-
3D) was used to measure the surface topography and roughness.
Fluorescence lifetime decays were obtained under excitation at 485 nm
and 5 MHz; the signal was focused on a PDM single photon avalanche
diode (SPAD) from MPD and then processed through PicoHarp 300
Time-Correlated Single Photon Counting (TCSPC) data acquisition.

3. RESULTS AND DISCUSSION

3.1. Device Architecture, Transparent Electrode, and
Perovskite Morphology on Cavity Electrode. The

fabrication of the PSC devices and the processing conditions
are presented in the Experimental Section. Figure 1a and b
presents a schematic representation and a cross-sectional
scanning electron microscopy (SEM) image, respectively, of a
top-illuminated PSC presenting Cu/Ag/MoO3 as the top
transparent electrode. The device was fabricated on thermally
deposited Ag/glass or a PET pattern (active area = 2 mm × 5
mm). On top of the cavity electrode we deposited MoO3 layers
that were a few nanometers thick (2, 4, or 6 nm) through
thermal vapor deposition, followed by thermal annealing at 150
°C on a hot plate. By varying the thickness of the MoO3 layer
from 0 to 6 nm, the WF increased from 4.27 to 5.10 eV and the
hydrophobicity of the cavity electrode decreased. We prepared
planar p−i−n PSCs using PEDOT:PSS and fullerenes as the
hole (HTL) and electron (ETL) transport layers, respectively.
Finally, the devices were completed through sequential thermal
evaporation of the hole blocking layer (BCP), Cu, Ag, and the
capping layer (MoO3), thereby forming the multilayer
transparent electrode.

Figure 1. (a) Schematic representation of a top-illuminated PSC having a microcavity structure. (b) Cross-sectional SEM image of a representative
PSC (scale bar = 500 nm).

Figure 2. (a−c) Morphologies of 11 nm pristine silver (Ag) and copper (Cu) films: (a) Ag, (b) Cu, and (c) Cu-seeded Ag. (d) UV−vis transmission
and conductivity of Cu, Ag, and Cu-seeded Ag. (e) UV−Vis transmission of Cu-seeded Ag electrodes with capping layers of various thicknesses.
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Two characteristics are most important for the transparent
electrodes of PSCs solar cells: sufficiently high conductivity for

charge collection from the extraction layer, and high trans-
mission for visible and near-infrared wavelengths. Neat 11 nm-

Figure 3. (a) Contact angles of PEDOT:PSS on MoO3 films of various thicknesses on metal electrode. (b) Cross-sectional and (c) top-view SEM
images of 280 nm perovskite grown on Ag electrodes presenting doped MoO3 of various thicknesses. Scale bars in panels b and c: 500 nm.

Figure 4. (a) Optical field distributions in PSCs at four wavelengths: for λ ≤ 500 nm, the plot follows exponential decay in the active layers; for λ >
500, the optical field distribution is governed by cavity interference. (b) EQE spectra of PSC devices with active layers of various thicknesses. (c)
Simulated values of Jsc plotted with respect to the thicknesses of the active layer and capping layer. (d) Experimental and modeled values of Jsc
plotted with respect to the active layer thickness.
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thick Ag and Cu films formed discontinuous islands through
volmore growth during thermal vapor deposition, with
resistivities greater than 200 and 40 Ω/□, respectively (Figure
2a and b). Because Cu has a higher surface energy than Ag,28

we introduced 1 nm of Cu as a seeded layer to enhance the
wettability of Ag. As a result, the Ag atoms attached well to the
Cu surface, leading to Frank van der Merwe growth and the
formation of a continuous ultrathin Ag film (Figure 2c). The
resistivity of the film decreased to approximately 18 Ω/□ and
the transmission of the electrode was superior to those of the
11 nm Ag and Cu films for visible wavelengths (Figure 2d). To
increase the transmission of the electrode for visible and near-
infrared wavelengths, we deposited a capping layer of MoO3,
which has a high refractive index and low extinction coefficient
(Figure S1i), on this electrode. Figure 2e displays the different
thicknesses of the capping layers deposited on the ultrathin
hybrid metal; upon varying the thickness from 20 to 60 nm, we
found that a 40 nm-thick capping layer provided good
transmission in the visible and near-infrared regions.
The wettability of PEDOT:PSS on nonwetting Ag surfaces is

challenging when fabricating high-quality perovskite thin films;
we used contact angle measurements to investigate this
behavior in the presence and absence of the ultrathin MoO3
layers. Figure 3a displays optical microscopy images of
PEDOT:PSS deposited on Ag surfaces in the presence and
absence of the MoO3 layer. In the absence of the MoO3 layer,
the contact angle of PEDOT:PSS was 117.4° ± 0.6° (i.e., its
surface was hydrophobic); MoO3 thicknesses of 2, 4, and 6 nm
on the Ag surface decreased the contact angle to 51.7° ± 0.25°,
35.8° ± 0.05°, and 34.5° ± 0.1°, respectively (Figure 3a). The
perovskite film was fabricated on the PEDOT:PSS layer
through thermal annealing-induced interdiffusion method.29,30

Cross-sectional and top-view SEM images of perovskite films
on the PEDOT:PSS layers in the presence and absence of the
MoO3 layers on Ag (Figure 3b and c) reveal a clear correlation
between the substrate surface wetting and the film morphology.
In the presence of MoO3, the perovskite film morphology on
PEDOT:PSS was more uniform and had larger grains than was
the case in the absence of the MoO3 film, where the
morphology was not uniform and pinholes existed between
the grains (Figure 3c). The uniform perovskite film formed
good interfacial contact with the charge extraction layers,
potentially allowing efficient charge extraction and minimizing
recombination losses.9

3.2. Experimental and Theoretical Approach. We used
transfer matrix method analysis to understand the electro-optics
of top-illuminated PSCs through cavity modeling and simulated
the optical field distributions in the devices.31,32,21 The
refractive index (and extinction coefficient) of each layer in
the PSC devices applied in the transfer matrix model was
analyzed through ellipsometry (Figure S1). Figure 4a presents a
simulation of the optimized device structure glass/Ag (120
nm)/MoO3(4 nm)/PEDOT:PSS (40 nm)/MAPbI3 (280 nm)/
PCBM (85 nm)/C60 (20 nm)/BCP (8 nm)/Cu (1 nm)/Ag
(10 nm)/MoO3 (40 nm) for four incident wavelengths. The
optical field intensity distribution depended strongly on the
position of the PSCs and the wavelength of the incident light.
For wavelengths of less than 500 nm, the optical field intensity
distribution was governed by the Beer−Lambert law, with an
exponential dependence of the optical field intensity distribu-
tion in the PSCs, because of the high extinction coefficient of
perovskite layers at a wavelength of 500 nm (Figure S1a). For
wavelengths of greater than 500 nm, however, the optical field

intensity distribution in a low-finesse thin film optical
interference regime was similar to our previous observations
in organic solar cells.21 These observations suggested that the
external quantum efficiencies (EQEs) of perovskite active layers
of various thicknesses were fully saturated for wavelengths of
less than 500 nm, but for wavelengths greater than 500 nm the
EQEs strongly depended on the active layer thickness.
The calculations suggested that, for optimization, we should

focus on achieving maximum photon harvesting for wave-
lengths greater than 500 nm, where the EQE strongly
depended on the thickness of the perovskite active layer. This
phenomenon was confirmed in the experimental data in Figure
4b, which plots the experimental EQEs of active layers of
various thicknesses. For wavelengths of less than 500 nm, the
dependence of the EQE on the active layer was minimal, but for
wavelengths greater than 500 nm the EQE was fully dependent
on the thickness of the active layer because of the effect of
optical interference with the cavity electrode. The thickness of
the ETL and HTL layers was another important consideration
because it could impact the values of Jsc (Figure S2). For a 280
nm-thick active layer, increasing the thickness of the PCBM
layer resulted in the absorption of more light, thereby
decreasing the value of Jsc; in contrast, the thickness of the
PEDOT:PSS layer had an insignificant effect on the value of Jsc
(Figure S2). Hence, we predicted that thinner ETLs and HTLs
would provide superior device performance. Figure 4c plots the
simulated values of Jsc with respect to the thicknesses of the
perovskite and capping layers. An active layer thickness of
greater than 280 nm provided a good quality perovskite film,
but the experimental values of Jsc were relatively low because of
charge recombination in the active layer (Figure S3).24 For a
constant-thickness capping layer (40 nm), varying the thickness
of the active layer provided experimental values of Jsc that
matched the simulated values exceptionally well (Figure 4d).
Hereafter, for optimal charge carrier transport, we used a 280
nm-thick perovskite active layer for device fabrication on both
glass and flexible substrates.

3.3. Photovoltaic Performance of PSCs with Various
Doped MoO3 Thicknesses on Cavity Electrode. To
investigate the effect of the thickness of the ultrathin films of
doped MoO3 on the device performance, we tested MoO3
layers of four different thicknesses (0, 2, 4, and 6 nm) on the
bottom Ag cavity electrode. Table 1 summarizes the resultant
photovoltaic properties of the best devices with two directions;
from reverse voltage, to forward voltage denoted R-F, and in
the backward scan direction, from forward bias to reverse bias

Table 1. Photovoltaic Parameters of Devices Incorporating
Ultrathin MoO3 of Various Thicknesses Doped on the
Cavity Electrode Ag

MoO3
thickness
on Ag
(nm)

scan
direction

Jsc
(mA/cm2)

PCE
(%)

Voc
(V)

FF
(%)

hysteresis
index

0 F 10.11 3.41 0.80 42.16 0.52
R 10.51 4.83 0.88 52.22

2 F 15.32 9.43 0.98 62.80 0.04
R 15.56 9.59 0.95 64.87

4 F 17.80 13.46 1.02 73.80 0.001
R 17.88 13.54 1.03 73.85

6 F 17.28 12.18 1.00 70.60 0.008
R 17.35 12.25 1.00 70.48
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denoted F-R. Figure 5a presents the average PCEs of 60 MoO3-
containing devices, and Figure S4 provides the corresponding
fill factors (FFs) and vales of Voc and Jsc. For convenience, the
electrodes doped with the ultrathin MoO3 layers are named Ag-
M0, Ag-M2, Ag-M4, and Ag-M6, where the number refers to
the thickness (nm) of the MoO3 layer. The PCEs of Ag-M0
varied widely because the PEDOT:PSS film and the perovskite
solution were not wetted with the hydrophobic Ag surface. In
case of Ag-M2, the PCEs also varied widely, from 5 to 9.59%,
presumably because of the nonuniform coating of PEDOT:PSS

on the Ag-M2 surface. The 2 nm ultrathin MoO3 failed to cover
the hydrophobic Ag surface thoroughly; therefore, the resulting
J−V characteristics were inconsistent, and we observed
photocurrent hysteresis among the devices (Figure 5b). The
devices with slightly thicker MoO3 layers exhibited slightly less
variation in performance, with the PCEs of the devices based
on Ag-M4 and Ag-M6 increasing to 13.54 and 12.25%,
respectively. Figure 5b displays the J−V curves of the best
performing devices containing each of the thicknesses of the
doped ultrathin MoO3 on Ag. Among them, the highest PCE

Figure 5. (a) Efficiency histogram of 60 devices with various thicknesses of doped MoO3 on Ag. (b) J−V characteristics of best performing devices
having various thicknesses of doped MoO3 on Ag, measured with forward and reverse biases. (c) J−V characteristics of PSC devices measured
through forward and reverse scans with different dwelling times, at 10 mV per step. (d) PCE of the device doped with 4 nm MoO3 on Ag, held for 25
min at the maximum power point under illumination of 1 sun.

Figure 6. (a) Photovoltaic parameters of PSC devices measured through forward and reverse scans with different scan rates, at 10 mV per step. (b)
J−V characteristics of PSC devices measured through forward and reverse scans with different dwelling times (10 ms and 2 s) at 10 mV per step. (c)
Dependence of the hysteresis index on various thicknesses of MoO3-doped on cavity electrode.
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was 13.54%; to the best of our knowledge, this efficiency is
highest ever reported for top-illuminated PSCs with TCO-free
metal electrodes (Table S1). Each of these layer thicknesses not
only increased the device performance but also exhibited
hysteresis-free characteristics with negligible differences be-
tween the R-F and F-R scan directions. To perform the stability
analysis of the best cell, we recorded the steady state photo
current output for 1550 s, at a bias of 0.85 V, which
corresponds to the maximum power point (Figure 5c). The
PCE remained almost constant within this length of time,
confirming the stability of the PSC cells on the metal
electrodes.
3.4. Hysteresis. The origin of hysteresis in PSCs exists due

to trapping and detrapping of charge carriers, ferroelectricity,
thickness changes in absorbing layer or contact conductivity
with electron and hole transport materials and ion migra-
tion.33−35 All of these parameters are related to the perfect
formation of a perovskite layer film. The absence of hysteresis
in our devices, it displays that our fabrication procedure were
presented here is excellent to control the hysteresis behavior in
J−V cures of the cavity structure based devices. To investigate
the hysteresis behavior of our microcavity structure based
device with Ag-M4, we measure their J−V parameters at
different scan rates from 10, 200, 400, and 1000 mVs−1 in R-F
(−1.0 to 1.2 V) and F-R (1.2 to −1.0 V) scan directions and
compared in Figure 5d and Figure 6a. The difference in Voc
reduced for F-R and R-F directions is about ∼20 mV slightly
decreased when scan rate reduced from 1000 to 10 mVs−1,
while the difference in Jsc, FF, and PCE slightly decreased.
Figure 6b displays the J−V parameters of PSCs devices with
different dwelling times 10 ms and 2 s (1000 and 5 mVs−1)
between the intervals. When an interval time increased to 2 s of
dwelling time, resulted in a higher FF and Jsc and Voc is less in
both directions which leads to decrease the PCE of device
(Figure S5).36 To get more information regarding of this

hysteresis behavior in J−V characteristics, we calculated the
hysteresis index (HI) using the equation

=
−J V J V

J V
HI

(0.8 ) (0.8 )

(0.8 )
RS oc FS oc

RS oc (1)

where JRS (0.8Voc) and JFS (0.8Voc) represents the Jsc at 80% of
Voc for R-F and F-R scan directions, respectively. Figure 6c
summarizes the statistical analysis of HI extracted from the J−V
curves of 20 independent devices. The HI values are high in
case of Ag-M0 and Ag-M2 compared with Ag-M4 and Ag-M6;
the reduction of MoO3 thicknesses on cavity electrode, resulted
significant increase in HI values from 0.001 to 0.52 (Table S1).
With 0 and 2 nm thicknesses of MoO3 on cavity electrode, it
forms insufficient gap states on the electrode because the
insufficient of holes are collected to the cavity electrode.37−39

The variation of Jsc relatively insignificant in Ag-M4 and Ag-M6
and the HI values of these two types of devices difference is
less.

3.5. Thin-Film Characterizations. We used ultraviolet
photoemission spectroscopy (UPS) to determine the effect of
the thickness of the ultrathin MoO3 layers on the WF of the Ag
electrode. Figure 7a and b presents the direct photoemissions
of the Ag electrodes covered with the ultrathin MoO3 layers (0,
2, 4, and 6 nm). Figure 7a displays the top of the occupied
states or position of the valence band maximum (VBM); Figure
7b reveals the photoemission cut-offs from which the WFs of
the surfaces were extracted. From the above two energies, the
WFs of the Ag electrodes in the presence and absence of the
ultrathin MoO3 layers were calculated using the equation

= − −EWF 21.2 eV ( VBM) eVcutoff (2)

Figure S8 presents the full UPS spectra of the various
ultrathin MoO3 presenting Ag electrodes. As displayed in
Figure 7 the deposition of the 2 nm-thick MoO3 layer shifted

Figure 7. (a) UPS photoemission cutoff and (b) valence band spectra. (c−f) Transient PL decay curves of devices incorporating (c) perovskite A-
M0, (d) A-M2, (e) A-M4, and (f) A-M6.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b04329
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04329/suppl_file/am8b04329_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04329/suppl_file/am8b04329_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04329/suppl_file/am8b04329_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04329/suppl_file/am8b04329_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b04329


the photoemission cutoff to higher energy, thereby increasing
the WF from 4.27 to 4.91 eV. Thicker MoO3 layers of 4 and 6
nm increased the WF slightly, to 5.08 and 5.10 eV, respectively.
Effective hole collection from the active layer requires a
decrease in the energy barrier between the anode and the HTL.
As revealed in Table 1, the higher value of Jsc and the higher
PCE of Ag-M4 mainly resulted from the increased WF of Ag,
thereby increasing the hole collection to the electrode. The
PCE of the device decreased upon increasing the thickness of
the ultrathin MoO3 layer to 6 nm. Thermally evaporated MoO3
has a very deep valence band edge; accordingly, holes can be
transported through gap states in the MoO3 layer formed near
the metal contact.37,38 If we increase the thickness of the
ultrathin MoO3 layer, the lack of gap states would not facilitate
quasi ohmic contact for efficient hole extraction;38,39 for this
reason, the value of Jsc and the PCE of the Ag-M6 device both
decreased.
The value of Voc also can depend on the quality of the

interface between the layers. We used atomic force microscopy
(AFM) to study the surface morphologies of the cavity
electrode after deposition of various thicknesses of MoO3 and
the PEDOT:PSS films. The root-mean-square (rms) roughness
of the samples Ag-M0, Ag-M2, Ag-M4, and Ag-M6 were 4,
1.74, 1.4, and 1.3 nm, respectively (Figure S7). The roughness
of Ag-M4 was less than those of Ag-M0 and Ag-M2. A better
interface can be created between the layers when the
underlying layers are less rough; for this reason, we observed
an increase in the value of Voc of the device.40

Time-resolved photoluminescence spectroscopy (TRPL)
revealed the charge transfer kinetics from the perovskite
absorbers to PEDOT:PSS in the presence of the Ag-M0-, Ag-
M2-, Ag-M4-, Ag-M6-modified electrodes. Figures 7c−f and S8
display the TRPL spectra of perovskite films in the presence
and absence of the extraction layer on Ag. We modeled the PL
decay time and amplitudes using the biexponential equation

∑
τ

= − +⎜ ⎟⎛
⎝

⎞
⎠f t

t
i

B( ) Ai exp
i (3)

where Ai is the decay amplitude, τ1 is the slow decay time
component, τ2 is the fast decay component, and B is the
constant for baseline offset. Table S2 lists the parameters
obtained from such analysis for all conditions. For the glass/
Ag/perovskite sample, the PL decay life times τ1 and τ2 were
9.29 and 60.76 ns, respectively, with corresponding amplitudes
of 37.66% and 20.97%, respectively. In case of the glass/Ag/
PEDOT:PSS/perovskite sample, these PL decay life times were
10.18 and 1.73 ns, respectively, with corresponding amplitudes
of 24.98 and 37.99%, respectively. When ultrathin MoO3 (2
and 4 nm) layers introduced between the Ag and PEDOT:PSS
films, the values of both τ1 and τ2 decreased [5.86/1.49 ns (2
nm); 3.9/0.85 ns (4 nm)] and the corresponding amplitudes
were 26.19/33.15% (2 nm) and 6.62/14.19% (4 nm).
Furthermore, when 6 nm MoO3 was present, to the values of
τ1 and τ2 increased to 5.5 and 1.03 ns, respectively, with
corresponding amplitudes of 25.39% and 19.87%, respectively.
In cases of Ag/MoO3 (2, 6 nm)/PEDOT:PSS/perovskite, the
fast and slow decay life times were higher, suggesting that
depopulation of photogenerated charges was dominated by
charge collection to the Ag/MoO3/PEPDOT:PSS/perovskite
interface and appropriated recombination loss. In the case of
Ag/MoO3 (4 nm)/PEDOT:PSS/perovskite, the fast and slow
decay lifetimes of the charges were lower, suggesting that the
majority of charge carriers collected at the electrode occurred
with less recombination loss. The high charge transfer and
efficient charge collection exhibited in the device having the
structure Ag/MoO3 (4 nm)/PEDOT:PSS/perovskite were
presumably closely related to the lower interfacial barrier and
more efficient charge carrier extraction to the electrode, thereby
contributing to the enhanced photovoltaic properties and FF of
this device.

Figure 8. (a) J−V characteristics of PSC devices featuring various microcavity-structure electrodes and ITO. (b) EQE spectra and integrated values
of Jsc of devices incorporating ITO and cavity electrodes. (c) Normalized PCE and J−V curves (inset) of devices having the cavity and ITO
electrodes, after storage in a N2-filled glovebox.
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The average PL decay times (τaverage) were calculated using
the values of τi and Ai from the fitted curve data in Table S3,
using eq 2.41

τ
τ
τ

=
∑
∑

Ai i
Ai iaverage

2

(4)

The average PL decay time of Ag/PEDOT:PSS/perovskite
was 8.44 ns. When ultrathin layers of MoO3 (2, 4, 6 nm) were
introduced between the Ag and PEDOT:PSS layers, the values
of τaverage were all lower, at 4.79, 2.93, and 4.63 ns, respectively.
A shorter PL decay time is beneficial for increasing the degree
of quenching at the perovskite−HTL interface.42,43

3.6. Photovoltaic Performances of PSCs with Various
Cavity Electrodes. Next, we examined whether our micro-
cavity strategy could be applied using other metal electrodes
(Au, Cu, Al, Ag) having microcavity structures and to ITO-
based semitransparent PSCs. Figure 8a and Table S3 present
the J−V curves and photovoltaic parameters of the best
performing of the various bottom electrode and semi-
transparent devices under air mass 1.5 global (AM 1.5G) 1-
sun illumination at 100 mW/cm2. Under front illumination, the
semitransparent PSCs had lower values of Jsc than those of the
cavity (Au, Ag, Al, Cu) electrode-based devices, because no
optical interference occurred at the ITO electrode. The PCEs
of the Al-based devices were lower, and they exhibited some
hysteresis, when compared with the various other metal
electrodes, because the roughness of the Al electrode was
high (Figure S9). The performance of the Cu-based device was,
however, poor because the electrode’s WF did not change after

the doping of MoO3.
38 The barrier between Cu and the HTL

was very high, making it difficult to collect the holes from the
HTL to the electrode; for this reason, the FF of this device was
poor. As displayed in Figure 8b, the EQEs and integrated Jsc of
the semitransparent PSCs with ITO and the PSCs with cavity
electrodes were comparable under front illumination at short
wavelengths (350−500 nm), but the semitransparent devices
had lower EQEs at longer wavelengths (500−800 nm) because
there was no optical interference at the electrode. In the cavity
electrode PSC devices, the thick metal electrode served as a
rear reflector that increased the path length of light inside the
active layer, thereby enhancing the harvesting of photons of
longer wavelength. The values of Jsc integrated from the EQE
spectra were 16.82 and 14.28 mA/cm2, respectively, closed to
our experimentally determined values. Long-term stability is
important in PSCs for commercial application; semitransparent
PSCs with ITO electrodes generally display good PCE
performance, but their stability is poor.44−48 Figure 8c presents
the results of stability tests of the cells having metal and ITO
electrodes, measured in a N2-filled glovebox. After 72 days of
storage and testing, the PCE of the ITO/PEDOT:PSS cell
degraded to 44% of its initial value, while that of the Au/MoO3
(4 nm)/PEDOT:PSS cell degraded to 9% from its initial value.
The decreases in device performance mainly arose from
decreases in the FFs (inset in Figure 8c). The decrease in
PCE of the semitransparent device occurred primarily because
ITO reacted with the weakly acidic PEDOT:PSS;49 in contrast,
metal electrodes are very insensitive to such acids. Nevertheless,
the PCEs of the Al-, Ag-, and Cu-based devices degraded to
84%, 95%, and 5%, respectively, from their initial PCEs (Figure

Figure 9. (a) J−V curves of flexible PSC devices having metal and ITO electrodes. (b) Normalized PCEs of devices upon increasing the bending
radius. (c) Normalized PCEs plotted with respect to the number of bending cycles at a fixed bending radius of 5 mm for the PET/Ag/MoO3 and
PET/ITO devices; average values from five separate devices are presented with error bars of standard deviation. Best J−V curves upon varying the
number of bending cycles for devices (d) ITO and (e) metal electrodes.
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S10). The perovskite was much more stable in devices having
Cu and Au metallic electrodes, but the Ag- and Al-based
devices were unstable because of strong reactions occurring
with the perovskite halides.50

4. PERFORMANCE OF FLEXIBLE PEROVSKITE SOLAR
CELLS

Furthermore, employing the microcavity structure, we also
fabricated flexible PSCs on PET substrates having same
effective active area. Figure 9a presents the J−V curves of the
best-performing PET/Ag and PET/ITO devices, measured in
both forward and reverse bias sweeps. The devices exhibited
less hysteresis with respect to the scan direction, in good
agreement with the J−V behavior of previously reported flexible
PSCs.8,51 One of the greatest advantages of flexible substrates
over rigid substrates is mechanical bending flexibility under
bending stress. Figure 9b displays the relationship between the
PCE and the bending radius (8, 6, 4, 2 mm) after one bending
cycle for the PET/Ag and PET/ITO cells. The PCEs of the
PET/Ag and PET/ITO devices decreased only slightly, even
after bending with a radius of 8 mm; in contrast, they decreased
to 97 and 83%, respectively, of their original values when the
bending radius was 4 mm. These PCEs decreased further, to
92% and 33%, respectively, when the bending radius decreased
again to 2 mm. Figure 9c displays the relationship between the
average PCEs of three PET/Ag and PET/ITO devices and the
number of bending cycles when bending radius was 5 mm.
Although the PCEs of the PET/ITO devices decreased slightly
to 96% of its initial value at the beginning of bending, it
decreased rapidly when increasing the number of bending
cycles to 250; the best values of PCE after 500, 750, and 1000
bending cycles (at 5 mm) all decreased to 83, 60, and 33%,
respectively, of the initial value. In addition, the values of Jsc,
Voc, and FF gradually decreased upon increasing the number of
bending cycles (Figure S11). The poorer photovoltaic
parameters arose because the sheet resistance increased upon
bending, due to the generation of cracks on the ITO.10 In
comparison, the performance of the PET/Ag device was more
stable with respect to the number of bending cycles at 5 mm
(Figure 9c), with only a 14.8% decrease from the initial value of
PCE after 2500 bending cycles. Figure 9d,e display the
evolution of the best J−V curves of the PET/ITO and PET/
Ag devices, respectively, throughout 1000 and 2500 bending
cycles at 5 mm. For the PET/ITO device, the values of Jsc and
the FFs underwent to greatest decreases upon increasing the
number of bending cycles; accordingly, the PCE decreased
rapidly (Figure 9c). On the other hand, the best J−V curves for
the PET/Ag device remained almost consistent throughout the
2500 bending cycles (Figure 9c). As illustrated in Figure S12f,
the perovskite film retained its cubic structure, with the same
full width at half-maximum after 1500 or 2500 bending cycles,
indicating that the crystallinity of the film did not change upon
increasing the number of bending cycles. Meanwhile, the
perovskite film surface morphology, determined through SEM
at normal resolution, did not change in after 1500 or 2500
bending cycles (Figures S12a−c). High-resolution SEM images
(Figures S12d,e), however, revealed some pinholes between the
grain boundaries after 2500 bending cycles, and these features
were responsible for the decrease in PCE.

5. CONCLUSIONS
We have used a combination of theoretical simulations and
experimental investigations to investigate the properties of top-
illuminated ITO-free PSCs having microcavity structures. We
fabricated the devices incorporating microcavity structures
through the insertion of ultrathin MoO3 layers on top of the
cavity electrode. Introducing the ultrathin MoO3 layer on the
anode surface resulted in the enhanced interface formation,
excellent energy level alignment, and efficient charges carrier
extraction between the metal and the HTL. At the optimized
thickness of the ultrathin MoO3 layer on the metal electrode,
the best hysteresis-free PCE was 13.54%. From a study of the
PSCs with different microcavity structure electrodes, we found
that Au and Cu anodes based devices exhibited improved
stability (up to 72 days) without losing device performance.
Flexible devices having the microcavity structure exhibited
excellent bending durability, retaining over 86% of its original
PCE after 2500 full bending cycles. The results of this study
suggest that such highly flexible devices could be effective
power sources for portable and wearable electronics.
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