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ABSTRACT: Transparent electrodes with a dielectric−metal−dielectric (DMD) structure
can be implemented in a simple manufacturing process and have good optical and electrical
properties. In this study, nickel oxide (NiO) is introduced into the DMD structure as a more
appropriate dielectric material that has a high conduction band for electron blocking and a low
valence band for efficient hole transport. The indium-free NiO/Ag/NiO (NAN) transparent
electrode exhibits an adjustable high transmittance of ∼82% combined with a low sheet
resistance of ∼7.6 Ω·s·q−1 and a work function of 5.3 eV after UVO treatment. The NAN
electrode shows excellent surface morphology and good thermal, humidity, and environ-
mental stabilities. Only a small change in sheet resistance can be found after NAN electrode is
preserved in air for 1 year. The power conversion efficiencies of organic photovoltaic cells
with NAN electrodes deposited on glass and polyethylene terephthalate (PET) substrates are
6.07 and 5.55%, respectively, which are competitive with those of indium tin oxide (ITO)-based devices. Good photoelectric
properties, the low-cost material, and the room-temperature deposition process imply that NAN electrode is a striking candidate
for low-cost and flexible transparent electrode for efficient flexible optoelectronic devices.
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■ INTRODUCTION

Organic photovoltaic (OPV) cells have unique properties
including low weight, flexibility, low cost, and suitability for
large-scale production, making them very attractive as a
renewable energy source. In particular, flexible OPV cells
have potentials to assemble on clothing, tents, flexible chargers,
and packaging that can be folded into smaller volumes for
convenient carrying.1 Although their power conversion
efficiency (PCE) has reached over 9% with recent rapid
progress in OPV technology and interfacial materials,2,3 OPV
devices with flexible substrates have improved more slowly
because of the scarcity of flexible transparent electrodes with
excellent optoelectrical properties. Indium tin oxide (ITO) is
the most commonly used material for transparent electrodes,4

but its brittleness and high-temperature processing limit its
utility for flexible devices.5 Furthermore, the growing cost of
indium has led to increasing costs of devices based on ITO
electrodes.
Several alternatives to ITO have been reported, such as

carbon nanotubes,6−9 conducting polymers,10−12 gra-
phene,13−16 metallic film,17 metallic nanowires,18−20 and
metallic grids.21−23 However, many of these alternative
materials suffer from either large sheet resistance9,14 or high

surface roughness,18−21 which cause reduced fill factors (FF)
and PCEs for OPV devices. Therefore, novel transparent
electrodes with good optoelectrical properties and mechanical
flexibility, together with low costs and low-temperature
processing, still remain a big challenge.
Recently, dielectric−metal−dielectric (DMD) electrodes

have aroused great concerns as transparent electrodes with
good optical and electrical properties in a simple fabrication
process.24−27 The electrical properties of DMD electrodes
mainly depend on the metal layer, and the transmittance of
DMD electrodes can be enhanced by introducing two dielectric
layers with high refractive indexes at both sides of the metal
layer.28−30 In addition, the work function of DMD electrodes
can be managed through the choice of the dielectric, which can
allow them to be used as cathodes, anodes, or intermediate
electrodes in tandem solar cells. Hole transport materials such
as WO3

26,31 and MoO3
32,33 and electron transport materials

such as TiO2
34 and ZnO35 have been introduced in the DMD

structure for transparent anode and cathode, respectively. And
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flexible OPVs based on DMD electrodes have exhibited
properties competitive with those of rigid devices based on
ITO electrodes.24 However, the stability of DMD electrodes are
seldom reported, which is a key performance from a practical
standpoint. Another drawback could be that most dielectrics
used in high-work-function DMD anodes do not have an ideal
conduction band for the suppression of undesirable carrier
recombination at the interface.
Recently, nickel oxide (NiO) was introduced as an anode

interfacial layer in OPVs with a high conduction band energy
for electron blocking but a suitable valence band for effective
hole transport.36,37 Such properties make it a more appropriate
dielectric candidate for DMD structure. In this study, a NiO
dielectric layer is employed to construct a DMD electrode for
the first time for flexible OPVs. A transparent electrode with a
NiO/Ag/NiO (NAN) structure deposited on a polyethylene
terephthalate (PET) substrate shows excellent electrical,
optical, and mechanical properties, together with good thermal,
moisture, and environmental stability, making its performance
comparable to or better than those of ITO electrodes. This
indicates that the flexible transparent NAN electrode is a
striking candidate for replacing ITO in efficient optoelectronic
devices.

■ RESULTS AND DISCUSSION
The properties of DMD structures depend on the thickness of
each layer. The threshold thickness value of the metal layer is
usually around 10 nm, above which the multilayer structures
change from an insulating state to a highly conductive state.
This change is attributed to the percolation of conducting metal
paths. The transmittance of the films increases when the metal
thickness increases up to the percolation threshold, while
further increases reduce the transmittance.38 Therefore, an 11
nm thick Ag layer was introduced to ensure a low sheet
resistance, while the thicknesses of two NiO layers were varied
to optimize the optical transmittance of the NAN electrodes.
Figure 1a shows the calculated average transmittance values of
NAN electrodes with different NiO thicknesses over the
wavelength range from 400 to 800 nm. It can be seen that the
transmittance of the NAN electrode can be precisely modulated
by controlling the thickness of the NiO layer. As the NiO
thickness increases, the average transmittance of the NAN
electrode climbs and then declines after a maximum value of
80% for two 35 nm thick NiO layers. The measured
transmittance spectra of NAN electrodes with different NiO
thickness are consistent with the calculated spectra (Supporting
Information, Figure S1). Thus, the NAN electrode with the
optimized NiO (35 nm)/Ag (11 nm)/NiO (35 nm) structure
was employed as a transparent electrode for an OPV and was
found to allow efficient light absorption in the photoactive
layer. Figure 1b shows the transmittance spectra of NAN and
ITO electrodes on glass and PET substrates, respectively. The
NAN electrode on the glass substrate exhibits a maximum
transmittance of 82% and an average transmittance of 79% over
the visible range (400−700 nm), whereas the NAN electrode
on the PET substrate exhibits a maximum transmittance of 80%
and an average transmittance of 77% over the same range. For
comparison, the average transmittances of glass/ITO and PET/
ITO structures were also measured over the visible range and
were found to be 85 and 82%, respectively.
To study the electrical properties, we carried out a Hall

measurement. A NAN multilayer with a NiO (35 nm)/Ag (11
nm)/NiO (35 nm) structure shows n-type properties, and its

carrier concentration, resistivity, and carrier mobility are 7.371
× 1021 cm−3, 6.169 × 10−5 Ω·cm, and 13.73 cm2·V−1·s−1,
respectively. Thus, a calculated sheet resistance of 7.6 Ω·s·q−1
was achieved, which is lower than that of most commercial ITO
electrodes.39

The surface roughness and work function of transparent
electrodes are very important properties that affect the stability
and efficiency of OPVs.40−42 The NAN electrode based on the
PET substrate also shows an excellent surface morphology for
use as a transparent electrode for flexible and efficient OPVs.
Figure 2 shows atomic force microscopy (AFM) images of the
ITO and NAN electrodes. The ITO electrode has a squama-
like morphology with a root-mean-square (RMS) roughness of
2.52 nm, whereas the NAN deposited on PET has small
exposed grain-like features and an RMS of only 1.73 nm. The
work function of NiO can be tuned between 4.5 and 5.6 eV by
using different processing conditions.36,43 Here, the work

Figure 1. (a) Calculated average transmittance of glass/NAN
structures in the wavelength range from 400 to 800 nm as a function
of the thickness of the two NiO layers. The thickness of Ag is fixed at
11 nm. (b) Measured transmittance spectra of ITO and NAN films on
glass and PET substrates.

Figure 2. AFM images of (a) ITO and (b) NAN.
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function of the NAN electrode was measured by a Kelvin probe
system to be 4.7 eV without any treatment. However, the work
function of the NAN electrode can be increased by ultraviolet
ozone (UVO) treatment (Supporting Information, Figure S2).
After 10 min of UVO treatment, the work function of NAN
electrode increased to 5.3 eV because of the formation of
NiOOH species, which results in a large surface dipole and an
increased work function.36,43 The decreased offset between the
work function of the NAN electrode and the highest occupied
molecular orbital level of the donor polymer (Supporting
Information, Figure S3) indicates good ohmic contact, and the
resulting increased built-in potential for maximizing the open-
circuit voltage (VOC) will allow NAN devices to be operated
without any interfacial layers at the anode.
The stability of flexible electrodes to mechanical stress,

temperature, humidity, and environmental conditions has
significant effects on the performance of flexible devices. Figure
3a−c shows the electrical characteristics, including the carrier

concentration, Hall mobility, and resistivity of the NAN and
ITO flexible electrodes under repeated bending. The bending
angle was about 90° (Supporting Information, Figure S6). Even
after 2000 bending cycles, the carrier concentration and Hall
mobility of the NAN electrode remain virtually unchanged, and
the sheet resistance increases only slightly from 7.6 to 9.8 Ω·s·
q−1. In contrast, because of the brittleness of ITO, the sheet
resistance of the flexible ITO increases dramatically from 38 to
about 414.4 Ω·s·q−1 after only 200 bending cycles. In addition,
the Hall mobility of the flexible ITO electrode decreases from
41.29 to 2.15 cm2·V−1·s−1. These results illustrate that our
flexible NAN electrodes have better mechanical properties than
flexible ITO electrodes.

The stability of the NAN electrode to temperature and
humidity was investigated by putting the NAN electrode in a
controlled environment with a constant temperature of 60 °C
and relative humidity of 90% for 24 h. Figure 3d shows the
electrical properties of the NAN electrode before and after this
heat and humidity treatment. It is found that the NAN
electrode was very stable, especially in terms of its sheet
resistance, which remained 7.6 Ω·s·q−1 after this treatment. For
comparison, a 10 nm Ag layer was put in the same
environment, and the resistivity of the Ag electrode increased
by 30% (Supporting Information, Figure S7), which illustrates
the NiO layer effectively protects the Ag layer. More
importantly, after the NAN electrode was preserved in air for
1 year, it showed only a small change of about 1.8% in sheet
resistance (Figure 3e). Therefore, the NAN electrode exhibits
excellent flexibility together with good thermal, moisture, and
environmental stability and is suitable for use in stable and
efficient OPVs.
To evaluate the properties of the transparent NAN electrode,

we prepared OPVs based on a conjugated polymer consisting
of poly[4,8-bis(2-ethylhexyloxy)-benzo[1,2-b:4,5-b′] dithio-
phene-2,6-diyl-alt-4-(2-ethylhexyloxy)-thieno[3,4-b]thiophene-
2,6-diyl] (PBDTTT-C) and [6,6]-phenyl C71-butyric acid
methyl ester (PC70BM) on NAN electrodes on glass and PET
substrates. Figure 4 shows the structures and properties of the

OPV devices, and the energy level alignment of the OPV
devices is shown in Figure S3 (Supporting Information). For
comparison, similar devices using traditional ITO/poly(3,4-
ethylene dioxythiophene)-polystyrene sulfonic acid (PE-
DOT:PSS) electrodes were also fabricated. Figure 4b shows
the J−V characteristics of the OPVs under 100 mW·cm−2 AM
1.5 G illumination. Detailed performance parameters of the
OPVs are listed in Table 1. For the device with glass/ITO as
the anode, a PEDOT/PSS buffer layer was employed for hole
transport, and a PCE of 5.90% was obtained with a short-circuit
current density (JSC) of 13.92 mA·cm

−2, a VOC of 0.70 V, and a
FF of 0.61. The glass/NAN device showed a slightly lower JSC
of 13.37 mA·cm−2, a VOC of 0.71 V, and a higher FF of 0.64,

Figure 3. (a) Carrier density, (b) Hall mobility, and (c) resistivity of
the PET/ITO and PET/NAN flexible electrodes after repeated
bending. The green curves are for the PET/ITO (top x axis) electrode,
and the blue curves are for the PET/NAN (bottom x axis) electrode.
The bending angle was about 90°. (d) Carrier density, Hall mobility,
and resistivity before and after the NAN electrode was stored at a
constant temperature of 60 °C and relative humidity of 90% for 24 h.
(e) Normalized changes in carrier density, Hall mobility, and resistivity
of the NAN electrode before and after it was preserved in air for 1
year.

Figure 4. (a) Configuration of the OPV based on the NAN electrode.
(b) J−V characteristics and (c) EQE spectra of the OPVs based on
ITO and NAN electrodes on glass and PET substrates. (d)
Normalized cell parameters of the flexible OPV as a function of the
number of bending cycles. The bending angle was about 90°.
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resulting in a higher PCE of 6.07%. When a flexible PET/ITO
structure was used as the anode, a PCE of 4.42% was achieved
with a JSC of 13.20 mA·cm−2, a VOC of 0.70 V, and a FF of 0.48.
Finally, the device with the PET/NAN electrode showed a
higher PCE of 5.55% with a JSC of 12.91 mA·cm−2, a VOC of
0.71 V, and a FF of 0.61. The series resistances (Rs) of the four
devices calculated from the J−V curves under light are also
shown in Table 1. Compared with the ITO devices, which had
Rs values of 5.2 Ω cm2 for the glass substrate and 18.2 Ω·cm2

for the PET substrate, the devices based on NAN anodes
showed lower Rs values of 4.6 Ω·cm2 for the glass substrate and
6.4 Ω·cm2 for the PET substrate, resulting in higher FFs and
PCEs. A higher Rs of PET/ITO can be assumed to be the
deterioration of conductivity of ITO due to the inevitable
substrate vibration in the process of OPV fabrication. Because
of the lower transmittance of the NAN electrode, the NAN
devices show smaller JSC values, which limits the light
absorption in the active layer. This result was confirmed by
the external quantum efficiency (EQE) spectra of the devices
based on different substrates (Figure 4c). Figure 4d shows the
results obtained for the flexible OPV under repeated bending.
As can be seen, for the photovoltaic device with the NAN
electrode, as the number of bends increases, both the JSC and
FF decay gradually (19.1% and 13.1% decreases in JSC and FF,
respectively, after 1000 bending cycles), while VOC remains
constant. However, 69.4% of its initial PCE was retained after
1000 bending cycles. The evolutions of photovoltaic parameters
of NAN and ITO based OPVs under bending at different
angles were also studied (Supporting Information, Figure S8),
which illustrates that NAN-based OPVs have better flexibility
than ITO-based devices.

■ CONCLUSION
In conclusion, we have developed an indium-free transparent
electrode with a NiO/Ag/NiO structure. The NAN electrode
shows excellent optical and electrical properties, including an
adjustable high transmittance of 82% and a low sheet resistance
of ∼7.6 Ω·s·q−1. The PCEs of OPVs with NAN electrodes
deposited on glass and PET substrates are 6.07 and 5.55%,
respectively, which are competitive with those of ITO-based
devices. Both the flexible NAN electrode itself and OPVs
fabricated with these electrodes show excellent stability to
bending-induced tension stress, and the NAN electrode also
exhibits good stability to temperature, humidity, and environ-
mental conditions. Mass production of NAN on flexible
substrate by roll-to-roll magnetron sputtering technologies
can be realized. The low-cost material and the room-
temperature deposition process means that NAN transparent
electrodes not only have good photoelectric properties, but also
have a very high ratio of performance to price in efficient
flexible OPVs.

■ EXPERIMENTAL METHODS
NAN Electrode Fabrication and Characterization. The NAN

films were deposited on a precleaned polished glass substrate by

electron beam evaporation at room temperature. The thickness of the
NiO layers was varied between 15 and 55 nm, whereas the silver layer
thickness was fixed at 11 nm. The evaporation rates of NiO and Ag
were 0.09−0.12 and 0.7−1.0 nm/s, respectively, at pressures below 2.0
× 10−3 Pa. The sheet resistance was measured using a four-probe
method. The carrier concentration and Hall mobility of the NAN films
were determined using an HMS-3000 Hall effect measurement system
with an applied magnetic field of 0.55 T. The surface work function of
the NAN films was measured using a KP Technology Ambient Kelvin
probe system package. The film thicknesses were calibrated with an
Ambios XP-1 surface profiler. The transmittance spectra of the NAN
samples were recorded using a Shimadzu UV-3101PC spectropho-
tometer. The AFM measurement was performed on a Shimadzu SPM-
9700. The temperature and humidity stabilities of the NAN electrode
were measured using a SUYING test instrument. All measurements of
the optoelectrical properties were performed at room temperature.

OPV Fabrication and Characterization. NiO (35 nm), Ag (11
nm), and NiO (35 nm) were deposited sequentially by electron beam
evaporation through a shadow mask under room tempreture. After 10
min of UVO treatment, an active layer consisting of a blend of the low-
bandgap conjugated polymer PBDTTT-C (Solarmer) and PC70BM
(American Dye) was spin-coated onto the substrates from
dichlorobenzene in a glovebox. A small amount (3% in volume
ratio) of a high-boiling-point additive, 1,8-diiodooctane (DIO, Sigma-
Aldrich), was used in order to optimize the morphology. Finally, LiF
(1 nm) and Al (100 nm) were thermally deposited at a pressure of
approximately 4 × 10−4 Pa. The J−V characteristics of the OPVs were
measured using a computer-controlled Keithley 2611 source meter
under AM 1.5 G illumination from a calibrated Solar with an
irradiation intensity of 100 mW·cm−2. EQE measurements were
performed with a lock-in amplifier at a chopping frequency of 20 Hz
under illumination by monochromatic light from a xenon lamp.
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