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HIGHLIGHTS GRAPHICAL ABSTRACT

© MoOx/Ag/MoOy multilayer is used as a
top electrode of perovskite solar cells.

e The multilayer electrode has multiple HooRaggen molecien

functions in real operation environment. Anionssuchas  Light \]
©92% of the initial current density is Cr, S, NO5, SO,

maintained after 24h continuous

operation.

e The efficiency of flexible solar cells
using MoOy/Ag/MoOy reaches 14.5%.

ARTICLE INFO ABSTRACT
Keywords: Multilayer MoOx/Ag/MoOy (DMD) films are found to be transparent conducting electrodes for use in extremely
Flexible perovskite solar cell stable and highly bendable flexible perovskite solar cells (PSCs). The optical transparency and electric properties

Long-term stability
Dielectric/metal/dielectric
Photo-degradation

of DMD and its role as a top electrode of PSCs were studied by changing the thickness of the MoOy layer.
Although the MoOy thickness was shown to have a negligible effect on the sheet resistance of DMD, the trans-
mittance of visible light, selective carrier transport capability, and long-term stability of a device considerably
depend on this factor. The sandwich structure of a 20-nm-thick MoOy, 7-nm-thick Ag, and 20-nm-thick MoOy
exhibits a high transmittance and large photon-electron conversion rate of PSCs. In addition, PSCs using the
DMD top electrode maintain 92% of their initial current density after 24 h of continuous operation owing to a UV
light cut-off of the top illumination. Moreover, the overall structure of DMD blocks the diffusion of water and
oxygen molecules from real environmental conditions. At the same time, the underlying/upper MoOx layer re-
tards the degradation through a chemical reaction between Ag and the halide ions inside the cells, as well as
foreign ions from outside the polluted atmosphere. When DMD is applied to flexible PSCs on Ti foil, the PCE
reaches 14.5%, and mechanical integrity of the PSCs is maintained at a bending radius of 4 mm.
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1. Introduction

Emerging solar cells are composed of unique light absorbers such as
dyes, organic semiconductors, inorganic quantum dots, and organic-
inorganic hybrid perovskite materials. They feature both a low cost
and high efficiency. Among these emerging solar cells, perovskite solar
cells (PSCs) are the most promising candidates for next-generation solar
cells and have been extensively studied during the past six years. After
the rapid improvement over the last several years, the highest power
conversion efficiency (PCE) yet achieved was ~24.2%, which is much
higher than the PCE of other emerging solar cells [1]. Therefore, the
current major requirements for PSCs in replacing a portion of the Si solar
cell market are not associated with PCEs but are instead related to the
chemical stability, large-scale manufacturing, and benign nature of the
components. To address these problems, many derivatives of a repre-
sentative perovskite material (CH3NH3)Pbls have been developed.
Different amidinium cations, alkali cations, and halogen anions have
been applied [2-5]. Although these mixed and doped materials have
shown improvements in their stability, the degradation problem of
hybrid perovskite materials has yet to be completely resolved. When
hybrid perovskite materials are exposed to water, UV light, or oxygen at
~100°C, the materials easily dissociate into hexagonal iodide and
release the residual gas.

In addition to changing the composition of the perovskite material,
researchers have employed several strategies to enhance the stability of
PSCs under normal ambient conditions. First, the surface treatment of an
electron-transport layer, TiOy, can retard the decomposition of the
perovskite materials and prevent the trapping of mobile ions at the
interface between the perovskite and TiO; layers [6-8]. Second, n-type
oxide semiconductors such SnO, and ZnO have been chosen as an
electron-transport layer [9-11]. Third, the device structure of PSCs has
changed, and an inverted design of PSCs with a p-i-n structure has been
proposed to avoid the photocatalytic effect of UV irradiation [12,13].
Fourth, an encapsulation layer made up of a coated or glass plate is
sealed on top of the PSCs to protect the perovskite materials [14,15].
The encapsulation layer or glass prevents water and oxygen from
reaching the perovskite layer. For example, a composite of poly(methyl
methacrylate) (PMMA) and reduced graphene oxide (rGO) operates as a
hydrophobic coating layer, which increases the chemical and thermal
stability of the perovskite material in humid and hot environments [15].

In this study, we report a design rule of a multi-functional trans-
parent electrode for use in stable and efficient PSCs by combining both
experimental and theoretical methods. Multilayer dielectric material/
metal/dielectric (DMD) such as MoO3/Au/MoOs3 was recently used as an
intermediate transparent electrode in a tandem solar cell employing
PSCs [16-18]. Very recently, it was found that a SnO,/Ag/SnO5 (SAS)
layer protects the perovskite layer of PSCs for up to 4500 h at 60 °C in a
nitrogen atmosphere [19,20]. However, in previous studies, solar light
hits the DMD after passing through the PSCs, and the effect of the optical

(a)

MoO; (20 nm)

Ag (7nm)
MoO, (20 nm)

Journal of Power Sources 435 (2019) 226768

transparency and electric conductivity of DMD on the PCE and stability
of PSCs has yet to be systematically explored. We modified the indi-
vidual layer of DMD to increase the PCE and stability of the PSCs under
the top illumination mode. In comparison to traditional PSCs, UV light
does not pass through the TiO layer or perovskite/TiO, interface under
this mode. Before UV light reaches TiO,, the dielectric layer of the DMD
electrodes and hole-transport layer (HTL) absorb UV light, and the
photocatalytic decomposition of the perovskite layer is suppressed.
Therefore, the PSCs of the DMD do not show a change in PCE for 24h
under humid air conditions. It was found that a sandwich MoOy struc-
ture can retard the diffusion of water or oxygen molecules from the at-
mosphere, blocking the reaction of Ag with other anions and absorbing
UV light. When a DMD electrode is applied to flexible PSCs on Ti foil, the
PCE exhibited 14.5% which is higher than PCE of previous PSCs under
the top illumination (Table S1). In addition, the mechanical integrity of
the PSCs is maintained at a bending radius of 4 mm and no change in
PCE is observed in bent PSCs on Ti foil. These results indicate that a
dielectric/metal/dielectric layer is not only a good transparent electrode
but also a passivation layer for PSCs without incurring any
photodegradation.

2. Results and discussion

Fig. 1a shows a schematic of the structure of PSCs coated with a
multilayer transparent electrode. Here, MoOy was chosen as the
dielectric component of the DMD electrode because the band alignment
at the interface of the MoOy and Sprio-OMeTAD forces holes to flow
from the Sprio-OMeTAD to the MoOy and blocks the electron transfer
toward the MoOy. Owing to its higher affordability than Au, Ag was
selected as a central layer of the sandwich DMD structure. In prior
studies, Ag was tested as the metal electrode of PSCs. However, it was
found that Ag easily reacts with halide and destabilizes the hybrid
perovskite layer. Fig. 1b shows a cross-sectional SEM image of PSCs built
on a commercial FTO/glass substrate. A hole-blocking TiO, layer (b-
TiO5) with a thickness of ~50 nm and TiO, NPs with a thickness of
~200 nm were used as a hole-blocking layer and an electron-transport
layer, respectively. In addition, HTL (Sprio-OMeTAD) was deposited
on top of the ~500 nm thick CH3NH3PbI; perovskite layer. A MoOx layer
with a thickness of 10-30 nm was deposited on the Spiro-OMeTAD layer,
and a 7-nm-thick layer of Ag was deposited on the MoOy layer. Another
10-30 nm thick MoOy layer was then deposited. This DMD electrode
design was guided based on a finite-difference time-domain (FDTD)
simulation to maximize the transmittance of visible light. The optical
interference between MoOy and Ag at two MoOx—Ag interfaces increases
the optical transparency of the DMD electrode.

Fig. 2a shows J-V curves of PSCs when simulated solar light (AM 1.5
condition) first passes through the DMD electrode before reaching the
hybrid perovskite layer (called the top illumination layer). The mean
values of the short current density (Js.), open circuit voltage (V,), fill
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Fig. 1. (a) Schematic and (b) cross-sectional SEM image of dielectric/metal/dielectric DMD structure composed of MoOy/Ag/MoO,/HTM/CH3NH3Pbl3/mp-TiO,/bl-

TiO,/FTO.
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Fig. 2. (a) J-V curves of MoOx/Ag/MoO,/HTM/CH3NH3Pbl3/TiO5/FTO cells at 1.5 a.m. illumination as a function of MoOy thickness, and (b) IPCE of PSCs with

MoOyx (20 nm)/Ag (7 nm)/MoOy (20 nm).

Table 1
Represented photovoltaic properties of PSCs with MoO,/Ag/Mo0Ox, as a function
of MoOy, thickness.

MoOy/Ag/MoOy, (Layer thickness Jse (mA/ Voe (V) FF PCE
in nm) cm?) (%)
5-7-5 17.55 1.017 0.60 10.78
+0.51 +0.006 +0.05 +1.10
10-7-10 17.83 1.003 0.65 11.61
+0.32 +0.009 +0.03 +0.65
20-7-20 18.29 1.003 0.68 12.45
+0.41 +0.005 +0.02 +0.96
30-7-30 17.78 0.980 0.54 9.80
+0.50 +0.004 +0.01 +0.73

factor (ff), and power conversion efficiency (PCE) of the PSCs using
different MoOx/Ag/MoOx electrodes are summarized in Table 1. Only
the thickness of the MoOy layer was changed to modify the optical and
electric properties of the DMD electrode; whereas, the thickness of the
Ag layer was fixed at 7 nm to minimize light attenuation and maintain
the good electric conductivity of the DMD electrode. Because Sprio-
OMeTAD cannot be easily deposited on glass owing to its poor wetting
property, only the overall transmittance of DMD/Spiro-OMeTAD was
simulated. The results of the FDTD simulation are shown in Fig. Sla,
which indicates that the theoretical current of PSCs from the top illu-
mination through the DMD electrode is 20.85mA cm 2. The sheet
resistance of DMD films with different MoOy thicknesses is ~40 Q cm’z,
regardless of the MoOy thickness (Table S2). This indicates that the
electric resistance of DMD films is mainly determined by the Ag layer
thickness.

Table 1 shows that average PCE of PSCs using DMD top electrodes of
5/7/5, 10/7/10, 20/7/20, and 30/7/30nm is 10.9%, 11.8%, 12.9%,
and 9.31%, respectively. The best PCE is obtained in PSCs with a DMD of
20/7/20 nm. The change in PCE is attributed to the changes in Jg. and
FF. In addition, Js gradually increases to 18.3 mA cm ™ as the thickness
of MoOy increases to 20 nm. The average Js. for a DMD of 20/7/20 mm is
88% of the theoretical limit (20.85 mA cm’z), which suggests that MoOy
adheres well to the other layers and has a good hole selection capability.
Fig. 2b shows IPCE spectra of PSCs for a DMD of 20/7/20 nm. Light is
illuminated from the DMD (top illumination) and glass (back illumina-
tion) sides. The integrated Jg. of the top illumination mode is smaller
than that of the back-illumination mode by ~3.2mA cm™2 However,
under top illumination mode, the IPCE of the PSCs begins decreasing at a
wavelength of 420 nm and reaches approximately zero within the UV
region, which is due to the filtering of UV light by spiro-OMeTAD. This
suggests that the degradation of the PSCs by UV light can be suppressed
under top illumination mode. The effects of the DMD electrode on the
long-term stability of the PSCs are further discussed in the following

section. To understand the effect of the MoOy thickness, the J-V curves,
shown in Fig. 2a are fitted using a standard diode equation for solar cells.
Fig. S2 shows the series resistance of PSCs with a MoOy layer of a
different thickness. When DMD electrodes of 5/7/5,10/7/10, and 20/7/
20 mm are applied, the series resistances (R;) of the PSCs are 5.3, 4.0,
and 3.6 Q cm?, respectively. However, R; of the PSCs for DMD of 30,7/
30 mm is 3-times larger than that for DMD of 20/7/20 mm. This explains
why the PSCs for DMD of 30/7/30 mm has the lowest FF (0.59).
Although DMD electrodes of 20/7/20 and 30/7/30 mm have a similar
sheet resistance for electron transport, the hole transfer from Ag (work
function of ~4.2 eV) to MoOy (work function of ~6 €V) is not favorable,
and an increase in the MoOx thickness results in the full development of
a Schottky barrier for holes at one of the Ag-MoOy interfaces. A similar
thickness effect was recently reported for photovoltaics [21,22]. DMD of
20/7/20 mm has a high transmittance, large electric conductivity, and
low Schottky barrier for hole transport.

One important observation of this study is that the PSCs of DMD
exhibit very high long-term stability over continuous light illumination.
Fig. 3a schematically describes the effect of a DMD electrode. First, in
top illumination mode, the MoOy and HTL layers absorb UV light and
prevent photocatalytic decomposition of the hybrid perovskite material.
Second, because a DMD electrode covers the entire top surface of the
HTL layer, the electrode operates as an encapsulation layer to protect
the perovskite layer from the ambiance. Third, the MoOy layer retards
the corrosive reaction of Ag with the halide ions of the hybrid perovskite
layer and the oxidation of Ag in ambient air [23]. Fig. 3b shows that the
sheet resistance of a thin Ag layer without an upper MoOy layer increases
by ~430% when the electrode is stored in ambient air (temperature of
20 + 3°C, relative humidity of 45 4+ 5%) for a period of one month. In
contrast, the 20 nm thick MoOy upper layer protects the thin Ag inter-
layer from degradation for up to one month. The light stability of the
PSCs of a DMD electrode was also tested in ambient air conditions
(temperature of 20 + 3 °C, relative humidity of 45 + 5%). PSCs were
illuminated continuously in top illumination mode while a bias of 0.8 V
was applied. Fig. 3c shows the normalized Jg.. After a 24 h aging test, the
PSCs of the DMD electrode possess 92% of the initial Js. and do not show
any color change of the hybrid perovskite layer. To compare the light
stability, a control PSC was fabricated using an ~80 nm Au electrode
deposited on top of the Sprio-OMeTAD layer, and light was illuminated
from the glass side of the PSCs. After 20 h of continuous back illumi-
nation, the Jg. of the control PSCs decreased by 99%. In addition, the
color of the hybrid perovskite layer changed from dark brown to yellow.

To better understand the degradation of the hybrid perovskite by UV
light, we carried out an admittance spectroscopy examination of fresh
and degraded PSCs [24]. The degraded PSC was continuously exposed to
UV light for 12 h. Fig. 4a shows an Arrhenius plot of the characteristic
frequency over temperature.
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Fig. 3. (a) Illustration of multi-functional effect of
MoOx/Ag/MoOx electrode on top of perovskite solar
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Fig. 4. Deep level transient spectroscopy of PSCs: (a) Arrhenius plots of the characteristic frequencies and (b) defect energy distribution of PSCs before/after
degradation by light soaking. The slope indicates a deep trap energy of 0.15 eV, which contributes to iodine interstitials [24].

wy = 2DT2exp< - f—;)

where g indicates the characteristic transition frequency, D is a con-
stant related to the effective density of the states in the conduction band,
and T is the temperature. Both PSCs have a similar defect energy of
~0.15eV, which is assigned as iodine interstitials with lower energy
traps. However, they have a different defect density, as shown in Fig. 4b
[25-27]. The integrated defect density of the control PSC is
~9.51 x 10%° cm_3, which is comparable to the reported values [26]. In
contrast, the defect density was doubled in the degraded PSC
(2.16 x 1016 cm’3). This indicates that the illumination does not pro-
duce any new types of defects in the hybrid perovskite but increases the
density of the existing major defects. Fig. S3 shows the XRD patterns of

the PSCs of a DMD. One PSC was illuminated from the glass side, and the
other was illuminated from the DMD side. Only the degraded PSC that
was illuminated from the glass side exhibited a peak at 20 = 12.6°. This
peak corresponds to the (001) plane of Pbl, which is evidence of the
dissociation of CH3NH3Pbls by UV light. This indicates that the DMD
layer can successfully prevent the photocatalytic decomposition and
penetration of contaminants from the ambient air.

One promising application of a DMD top electrode is a flexible solar
cell, which requires a highly conductive and transparent electrode. We
tested a DMD electrode in Ti foil-based PSCs, which were recently re-
ported [28]. A TiO, layer thermally grown on a Ti plate can be an
excellent electron-transport layer for flexible PSCs of high PCE and good
mechanical properties. Fig. 5a shows the J-V curve of the best per-
forming PSCs on Ti foil. The DMD top electrode was deposited as the top
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Fig. 5. (a) Best-performing J-V curve for MoO,/Ag/MoOy based PSCs on Ti
metal plate and (b) change in normalized PCE of MoOy/Ag/MoOy based PSCs
on Ti metal plate during repeated bending with different bending radii at 2, 4,
and 10 mm, respectively.

electrode, and light was illuminated from the DMD side. The values of
Jso Voo ff, and PCE are 18.1mAcm 2 1.07V, 0.75, and 14.5%,
respectively. In comparison to the PSCs of TiO5 nanoparticles, a higher
Voc of the flexible PSCs is attributed to the fact that the thermal oxida-
tion of the Ti foil improves the crystalline quality of the TiO, layer,
decreases the defect concentration and electron density, and increases
the Fermi energy level of the TiO, layer. The mechanical endurance of
the flexible PSCs of the DMD top electrodes was examined through the
repeated bending of the PSCs at different radii of curvature (R). The
results of this are shown in Fig. 5b. Even after bending 10,000 times at
R =4 mm, the PCE of the PSCs maintains 96% of the initial value. This
stable mechanical endurance is due to a stacking of the metal and oxide
layers. Whereas a pure oxide layer such as an ITO film on a PEN sheet is
easily broken during the bending test [29], the interface between the
MoOy and Ag prevents the propagation of cracks, and the defects are
confined in MoOy. This retards the failure of the DMD film and increases
the bending capability of the PSCs.

3. Conclusion

We investigated the optical and electric properties of a DMD multi-
layer film (MoOx — Ag — MoOy) and tested its performance as a multi-
functional top electrode of PSCs. A change in the thickness of the
MoOy layer controls the optical transparency and hole-transport
behavior of a DMD electrode. A DMD film consisting of 20-nm-thick
MoOy, 7-nm-thick Ag, and 20-nm-thick MoOy layers results in the best
performance from the viewpoint of solar energy harvesting and long-
term stability. In addition to working as a transparent conducting elec-
trode, the DMD top electrode filters UV light, passivates the hybrid
perovskite layer from the ambient air, and hinders the corrosive reaction
of Ag with halide ions. This self-encapsulated electrode was applied to
the flexible PSCs of a Ti foil. The best PCE of the flexible PSC of the DMD
electrode was shown to be 14.5%, which did not vary during the
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mechanical bending test. Our results suggest that a DMD film is a
promising and multi-functional transparent electrode for use with PSCs.

4. Experimental
4.1. Device fabrication

FTO (NSG TECTM 8.8Q/sq) coated glass was cut into pieces of
2 x 2 cm?in size and partially etched with zinc powder and hydrochloric
acid. The substrates were thoroughly cleaned with acetone, deionized
(DI) water, and ethanol for 15 min, sequentially. UV-ozone was used to
remove organic residue on the FTO. A TiO; blocking layer (bl-TiO3) was
spin-coated onto the FTO substrate at 4000 rpm for 30 s using a prepared
0.15M titanium diisopropoxide bis-(acetylacetonate) in 1-butanol fol-
lowed by annealing in a box furnace at 500 °C for 30 min. The substrate
was immersed in an aqueous TiCly solution for 30 minat 72°C and
annealed in the box furnace at 500 °C for 30 min. Mesoporous-TiOg
nanoparticles diluted in a TiO-, paste in ethanol (1:5.5 wt%, Sharechem)
were spin-coated onto the bl-TiO2/FTO substrate at 5000 rpm for 30's
followed by annealing at 550 °C for 30 min. After cooling to room
temperature, a CH3NH3PbI3 perovskite layer was formed on the TiCly
treated mesoporous TiOz layer in a one-step manner using an adduct
method. To prepare the CH3NH3Pbl3 solution, Pbl,, CH3NH3l, and
DMSO (1:1:1: M ratio) were dissolved in a N,N-dimethylforDMDide
(DMF) solvent for 30 min and spin-coated at 4000 rpm for 25s, and
diethyl ether was then dropped during the spin-coating procedure. The
substrate was then annealed at 65 °C for 3 min and at 100 °C for 10 min.
The HTL solution was prepared by dissolving 36 mg of 2,2/,7,7'-tetrakis
[N,N-di(4-methoxyphenyl)-amino]-9,9’-spirobi-fluorene  (spiro-OMe-
TAD) in 500 pL of chlorobenzene, 14.4 puL of 4-tert-butyl pyridine, and
8.8 uL of lithium-bis(trifluoro-methanesulfonyl)-imide (Li-TFSI) in
acetonitrile (720 mg ml~1). The solution was spin-coated on the perov-
skite/mp-TiOy/bl-TiO2/FTO at 4000 rpm for 30 s. Finally, a 20-nm-thick
MoOy, 7-nm-thick Ag, and 20-nm-thick MoOy were deposited using e-
beam evaporation on the top of the HTL as a transparent top electrode.

4.2. Preparation of Ti metal plate for flexible PSCs

The thin TiO, as an ETL was prepared using a thermal oxidation
process on a Ti metal plate, as previously reported in our group [28]. Ti
metal plates were cleaned in aceton, deionized water, and ethanol for
20 min separately. After cleaning, Ti metal plates were annealed at
500 °C for 24 h. The oxidized TiO5 was then annealed at 400 °C for 1 h to
control the oxygen vacancies on the surface of the TiOx.

4.3. Characterization

The results of the light-soaking PSC stability test and the photovol-
taic performance of the devices with a metallic mask (active area
0.14 cm?) were measured under solar-simulated light (Oriel Sol 3A class
AAA, Newport) using an electrochemical workstation (CHI660, CHI
Instrument) system. The AM 1.5G sun light (100 mA cm™2) was cali-
brated to a reference Si solar cell (PVM 95). The cross-sectional struc-
tures and individual layers of the devices were obtained using a field-
emission scanning electron microscope (JSM-7600F, JEOL). The inci-
dent photo-to-current conversion efficiency and integrated current of
the PSCs were measured through quantum efficiency measurements
within a spectra range of 300-800 nm in air under light illumination
from a 300 W xenon lamp. The transmittance of the MoOx/Ag/MoOyx
films was examined using a PerkinElmer Lambda 35 UV/vis spectrom-
eter equipped with an integrating sphere. The phase structure of the
device was confirmed using X-ray diffraction (PANanalytical Empy-
rean). The angle ranged from 10° to 40° with a 20 range. Defects in the
PSCs were measured using admittance spectroscopy (AS) at an AC
voltage of 30 mV. The frequency and temperature were applied within a
frequency sweep ranging from 10% to 10° Hz, and within a temperature
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range of 170 °C-290 °C.
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