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ABSTRACT: Future optoelectronic devices and their low-cost roll-to-roll production
require mechanically flexible transparent electrodes (TEs) and substrate materials.
Indium tin oxide (ITO) is the most widely used TE because of its high optical
transmission and low electrical sheet resistance. However, ITO, besides being expensive,
has very poor performance under mechanical stress because of its fragile oxide nature.
Alternative TE materials have thus been sought. Here we report the development of a
multilayer TiO2/Ag/Al-doped ZnO TE structure and an ITO-free polymer solar cell
(PSC) incorporating it. Electro-optical performances close to those of ITO can be
achieved for the proposed TE and corresponding PSC with an additional advantage in
their mechanical flexibility, as demonstrated by the fact that the cell efficiency maintains
94% of its initial value (6.6%) after 400 cycles of bending, with 6 and 3 cm maximum
and minimum radii, respectively. Instead of common plastic materials, our work uses a
very thin (0.14 mm) flexible glass substrate with several benefits, such as the possibility
of high-temperature processes, superior antipermeation properties against oxygen and
moisture, and improved film adhesion.
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■ INTRODUCTION

Polymer solar cells (PSCs) have the potential to supply a
significant amount of the world’s energy provided from
renewable resources. Moreover, they have several advantages
over costly and complex solar cells that are widely in use
today.1,2 PSCs use inexpensive materials, are easily processed
and lightweight, and can be made mechanically flexible.3 Two
kinds of classic conjugated polymers, poly(phenylenevinylene)s
(PPV) and polythiophenes (PTs), are broadly used in
photovoltaic cells. Among the PPV-based materials, MEH-
PPV and MDMO-PPV are employed as electron donor
materials in solar cells, and they exhibited much similar
photovoltaic properties.4,5 A photon conversion efficiency
(PCE) of 2% has been reported by using MEH-PPV. However,
the performances of the solar cells based on MEH-PPV and
MDMO-PPV are limited because of the sizable mismatch
between their absorption spectra and the solar irradiation
spectrum. In comparison with them, P3HT, one of the
derivatives of poly(3-alkylthiophene), exhibits a lower band
gap, a broader absorption band, and better hole mobility, and
therefore, this conjugated polymer showed much better
photovoltaic properties.6 Recently, many more high-perform-
ance polymers with a low band gap such as poly[N-9″-
heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT), poly(4,8-bis-substituted-

benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-substituted-
thieno[3,4b]thiophene-2,6-diyl) (PBDTTT), and benzodithio-
phene polymer (PTB7) have been developed to better harvest
the solar spectrum, especially in the region of 1.4−1.9 eV.
PTB7 has allowed the fabrication of photovoltaic devices with
an efficiency of >8%. On the other hand, the most efficient
known acceptor materials are fullerene and fullerene deriva-
tives, in particular [6,6]-phenyl-C-61-butyric acid methyl ester
(PC61BM) and [6,6]-phenyl-C-71-butyric acid methyl ester
(PC71BM).7,8

Materials innovation is one of the major forces currently
driving the performance of PSCs, but device optimization by
utilizing different architectures or a controlled morphology of
active layers is also a successful strategy for improving the PCE
of PSCs.9−18

However, current state-of-the-art PSCs are typically
fabricated on substrates coated with indium tin oxide (ITO)
transparent electrodes (TEs), and this represents an obstacle
for the successful commercialization of PSCs.19−24 In fact, ITO
is not an ideal TE material with regard to low cost and
mechanical flexibility.25,26 Scarce supplies and increasing
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demand have led to substantial indium price fluctuations.27,28

The fragility of ITO under bending makes also it unsuitable for
flexible devices. Additionally, to obtain high-quality ITO,
temperatures in the range of 150−300 °C are required, this
posing sometimes severe restrictions on other materials
forming the devices, including polymer substrates. Therefore,
replacing ITO with other TEs’ materials is still a challenge that
would have an impact not only on PSCs but also on a wider
range of similar devices.29 There are several materials that
emerge as replacements for ITO, e.g., intrinsically conductive
polymers such as poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS), thin (10−20 nm in thick-
ness) metal films, wide band gap semiconductors, such as Al-
doped ZnO (AZO),30 combinations of thin metal films with
AZO, and polymers containing metal nanostructures such as
meshes of metal nanowires.31−40 To achieve electrical sheet
resistance (RS) values comparable to those of ITO (15−20 Ω/
sq), PEDOT:PSS has also been combined with thin metal grids
(with a thickness of generally <100 nm) using various
processing techniques.41−43 Because of its superior optical
transmittance, electrical conductivity, atomic thickness, and
excellent resistance to chemicals and solvents, graphene has
also been recognized as an important material for TEs in
optoelectronic devices.44,45 It has been used as a TE for both
organic and dye-sensitized solar cells by many research groups.
However, the research is still in the early stages, and the
performances of such devices are not as good as those of the
devices with ITO electrodes because the conductivities of
graphene electrodes are relatively low.46−48 Despite that,
because its flexibility is much better than that of ITO, graphene
is suitable for applications in flexible electronics.49 Graphene
oxide (GO) and chemically reduced graphene oxide (rGO)
films on polyethylene terephthalate (PET) polymer have been
reported as flexible substrates for new transparent optoelec-
tronic devices.50 In the field of organic photovoltaics, the
highest PCE incorporating rGO is 1.1%.51 More recently, high-
performance flexible PSCs with a PCE of 8.7% on a PET
substrate precoated with ITO were developed by using the
P3HT:PC61 BM system.52 Although this is the best achieve-
ment in terms of PCE for PSCs on a polymeric substrate, as far
as we know, the main limitation is represented by the use of
costly ITO.
Alternatively, another ITO-free TE is ultrathin (<10 nm

thick) metal films (UTMFs), as they combine high electrical
conductivity, large mechanical flexibility, the possibility of low-
temperature processing, and low cost. UTMFs can also be
scaled on large areas with straightforward sputtering deposition
processes.53−55 When UTMFs are embedded between two
transparent conductive oxide (TCO) layers, the final multilayer
electrode exhibits improved electrical and optical properties
compared to those of a single UTMF.56

In this paper, we investigate a multilayer TiO2/Ag/AZO-
based TE on mechanically flexible Corning Willow Glass
substrates with a thickness of 0.140 mm and its application as a
bottom electrode in inverted PSC devices. With respect to
conventional flexible polymer substrates [such as PET and
polyethylene naphthalate (PEN)], flexible thin glass provides
higher optical transmission, lower surface roughness, improved
film adhesion, higher processing temperatures, and superior
antipermeation properties against oxygen and moisture, while
at the same time ensuring sufficient mechanical flexibility,
essential for roll-to-roll manufacturing processes.57 In fact,
several high-temperature processed TEs on flexible glass

substrates were compared in terms of bending performance
with respect to commercially available ITO-coated polymer
films.58

■ EXPERIMENTAL DETAILS
TE Deposition. Flexible Corning Willow Glass (0.140 mm thick

and 2 in. × 3 in. square) was used as a substrate. Before TE deposition,
the substrates were cleaned in acetone followed by ethanol in an
ultrasonic bath, each process lasting 10 min. The substrates were then
rinsed in abundant deionized (DI) water and dried with nitrogen gas
followed by oxygen plasma for 150 s.

The entire TE structure was prepared by magnetron sputtering
without breaking the vacuum. The target−substrate distance was 300
mm. The substrate holder was rotating during deposition. Ag and
TiO2 were deposited in a pure Ar atmosphere, while AZO (at 3% Al
doping) was deposited in an Ar/O2 mixture (flux ratio of 9:1), all of
them at room temperature. A silver (99.99%, 2 in.) target was used to
deposit the Ag films using a dc power of 100 W and a working
pressure of 2 × 10−3 Torr. The TiO2 film was deposited in RF mode
under the same conditions of the Ag film. The AZO films were grown
at an RF power of 150 W. The sputtering chamber was initially
evacuated to a base pressure of 10−7 Torr, and the deposition pressure
was maintained at 1.3 × 10−3 Torr. Following initial simulation results
by using Fresnel matrix formalism, the thickness of the top AZO film
was kept at 40 nm for all structures, while that of the Ag and TiO2
layers was varied from 6 to 10 nm and from 23 to 46 nm, respectively.

OPV Fabrication. Willow Glass substrates covered with the TiO2/
Ag/AZO TE were solvent cleaned in acetone, ethanol, and methanol
with intermediate DI water baths. The substrates were then dried and
treated with ultraviolet radiation and ozone for 10 min. The precursor
for the sol−gel ZnO was prepared by dissolving zinc acetate dehydrate
[Zn(CH3COO)2·2H2O, Aldrich, 99.9%, 1 g] and ethanolamine
(NH2CH2CH2OH, Aldrich, 99.5%, 0.28 g) in 2-methoxyethanol
(CH3OCH2CH2OH, Aldrich, 99.8%, 10 mL) while the mixture was
being stirred for at least 12 h.56 Afterward, it was spin-coated on the
TiO2/Ag/AZO and annealed in air at 150 °C for 10 min. The samples
were then transferred into a glovebox for further fabrication steps. An
active layer of PTB7:PC71BM with a concentration of 10 mg mL−1

(1:1.5) dissolved in chlorobenzene was spin-coated at 1800 rpm on
top of the ZnO films. DIO [3% (v/v)] was added to the blend solution
at least 1 h before spin coating. The active layer was left to dry in
vacuum for 1 h, followed by the evaporation of a thin MoO3 layer (≈3
nm) and a 100 nm thick Ag electrode.

Characterization. The electrical properties of the films were
measured using a four-point probe cascade Microtech 44/7 S 2749
station connected to a Keithley 2001 multimeter. Typically, six
measurements were performed at different positions on the films, and
average values of RS were calculated. A PerkinElmer lambda 950
spectrometer was used for optical transmission measurements. The
surface morphology of the films was determined by employing FEI-
SEM and Veeco atomic force microscopy (AFM). Work function
measurements were performed by using a Scanning kelvin probe
microscope Series 7 from KP Technology.

The PCE of the fabricated solar cells was determined from current
density−voltage curve measurements obtained under 1 sun, AM 1.5G
spectrum illumination from a solar simulator (Abet Technologies,
model Sun 3000). The solar simulator illumination intensity was
monitored using a monocrystal silicon reference cell (Rera Systems)
calibrated against a National Renewable Energy Laboratory calibrated
reference cell. EQE values were measured using a QEX10 Quantum
Efficiency Measurement System (PV Measurements). For EQE
measurements, the devices were illuminated using monochromatic
light from a xenon lamp passing through a monochromator. A
calibrated monosilicon diode with a known spectral response was used
as a reference.

Flexibility tests were performed using a two-point bend testing
setup connected to a motor driven by an electronic controller allowing
the arm to move back and forth along the horizontal direction.
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Correspondingly, the solar cell was bent from 6 to 3 cm radius of
curvature.

■ RESULTS AND DISCUSSION
Ag is chosen as the UTMF for the multilayer TE because of its
high transparency in the visible region at thicknesses of <10 nm
and low electrical resistivity (ρbulk ∼ 1.59 × 10−8 Ω m). The
ultrathin Ag film was capped with an antireflective thin AZO
layer that also protects the underneath metal from oxidation.
TiO2 was used as an undercoat layer. It has a relatively high
refractive index (∼2.7) and high optical transparency
(negligible absorption) and thus reduces further the reflection
and correspondingly increases the optical transmission of the
whole multilayer TE. Besides, TiO2 is an efficient seed layer for
Ag that improves its smoothness and continuity at very low
thicknesses, in this way reducing the RS and the light scattering
(haze). Figure 1 shows the proposed TE structure and a picture
of the flexible Willow Glass substrate used in this work.

First, we investigated the effect of Ag midlayer thickness on
the electro-optical properties of the multilayer structure. Figure
2a shows the optical transmittance as a function of wavelength

of the multilayer TE for different Ag thicknesses while the
thicknesses of TiO2 and AZO layers, 30 and 40 nm,
respectively, are kept constant. At thicknesses of <8 nm, the
Ag film is more discontinuous (more granular), giving a non-
optimized antireflection effect, more scattering, and plasmonic
absorption. For thicknesses of >8 nm, the intrinsic film
absorption starts dominating. There thus exists an optimal
thickness (∼8 nm) at which the transmission is higher for most
of the wavelength range of interest. It is worth noting that Ag
films become effectively continuous for thicknesses of >10 nm
on conventional glass substrates. Seeding the metal film growth
by depositing an intermediate layer on the substrate can reduce

the percolation thickness, i.e., the thickness at which the film
goes from a discontinuous to continuous geometry. For
example, in a previous work, we had shown that very thin
(∼1 nm) Cu layers can be used as a seed to make Ag
continuous at very small thicknesses (even 3 nm).59 The
transition from an aggregated (granular) Ag film to a
continuous film was also investigated by scanning electron
microscopy (SEM). Figure 3 shows the SEM images of 5 and 8

nm Ag films atop the TiO2 undercoat layer. The 5 nm thick
film is discontinuous, while the 8 nm thick Ag forms a
continuous film. This confirms that the TiO2 undercoat layer
reduces the percolation thickness of the Ag film, which
becomes completely continuous at 8 nm. In fact, the TiO2 30
nm/Ag 8 nm/AZO 40 nm multilayer structure exhibits the
highest transmittance (average 86%) in the range of 375−700
nm, together with a very low RS of 6 Ω/sq (Table 1).

Considering that in our case RAZO and RTiO2
≫ RAg, the overall

RS is mainly given by the Ag film. By keeping constant the Ag
and AZO thicknesses of 8 and 40 nm, respectively, we
optimized the TiO2 bottom layer thickness, by varying it from
23 to 46 nm. From Figure 2b and Table 2, one can see that a 34
nm TiO2 undercoat layer provided the optimal transmittance
(average of 87.66%).
The surface morphology of the optimized multilayer TE

structure was measured using AFM (Figure 4a). The relatively
low surface roughness [root-mean-square (rms) value of 1.3
nm] makes the proposed TE structure suitable for PSCs.59

Before the PSC’s layers had been deposited, surface treatments
were usually employed to obtain an optimal morphology of the
blend that improves the cell’s performance. Annealing steps
such as thermal or solvent treatments on polymer-based
systems result in two main structural evolutions: crystallization
and phase separation, including coarsening, which has already
been investigated for many different systems.60,61 In our case,
prior to the PSC fabrication, the proposed multilayer TEs were

Figure 1. (a) Proposed transparent electrode structure and (b) picture
of the flexible Corning Willow Glass substrate.

Figure 2. (a) Optical transmittance spectra of TiO2 30 nm/Ag x/AZO
40 nm for different Ag thicknesses. (b) Optical transmittance spectra
of TiO2 x/Ag 8 nm/AZO 40 nm for different TiO2 thicknesses
compared with the optical spectrum of commercial 100 nm ITO.

Figure 3. Top-view SEM images showing (a) 5 nm Ag and (b) 8 nm
Ag films deposited on a 30 nm thick TiO2 layer.

Table 1. RS and Average Transmittance (Tvis) Values in the
Range of 375−700 nm and of TiO2 30 nm/Ag x/AZO 40 nm
Samples for Different Ag Thicknesses

sample RS (Ω/sq) Tvis (%) (375−700 nm)

TiO2 30 nm/Ag 6 nm/AZO 40 nm 9.3 ± 1 82.4 ± 0.13
TiO2 30 nm/Ag 7 nm/AZO 40 nm 7.1 ± 0.6 81.3 ± 0.08
TiO2 30 nm/Ag 8 nm/AZO 40 nm 6.3 ± 0.4 86.7 ± 0.03
TiO2 30 nm/Ag 9 nm/AZO 40 nm 5 ± 0.1 80.5 ± 0.04
TiO2 30 nm/Ag 10 nm/AZO 40 nm 4.2 ± 0.2 82.2 ± 0.02
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subjected to an annealing treatment from room temperature to
150 °C for 10−15 min to evaluate their thermal stability. This
temperature range provides the optimal annealing steps for
improving the morphology of some blends. No measurable
variations were observed in the optical transmittance and sheet
resistance of the multilayer TEs, confirming that AZO films as
thin as 30−40 nm act as an excellent protective barrier for the
underlying Ag.
To estimate the adhesion of the structure to the substrate, we

conducted pull tests using standard Scotch tape. The tests are
highly qualitative but allow us to avoid films with poor adhesion
upon which to build devices.39 For all the tested samples, the
structure always remains on the surface practically unaltered,
indicating good adhesion to the substrate. We also measured
the work function of the multilayer electrode, and its value of
5.11 eV was very close to that of a reference ITO (5.12 eV).
The TiO2/Ag/AZO-based TEs were incorporated into PSC

devices with the flexible Willow Glass/TiO2/Ag/AZO/ZnO/
PTB7:PC71BM/MoO3/Ag configuration (Figure 4b). The
active layer was based on a PTB7:PC71BM film that is a well-
characterized photoactive material system that constantly shows
PCEs of >6% when incorporated into PSCs, but with few
reports of ITO-free solar cells. The reference devices were
made with commercially available ITO-coated (100 nm) glass
substrates with a thickness of 1.1 mm.8 This inverted device
structure has been shown to have better ambient stability and
be compatible with a roll-to-roll coating process.62,63 The
current density−voltage (J−V) curves together with the
external quantum efficiency (EQE) curves of the fabricated
devices are shown in Figure 5. Average values with standard
deviations of the photovoltaic parameters for the fabricated
devices are listed in Table 3. In parentheses are depicted the
results of the best device within several devices.
Compared with its ITO counterparts, the PSCs based on

TiO2/Ag/AZO show a similar open circuit voltage (VOC), an

enhanced fill factor (FF), and a lower photocurrent. The similar
VOC demonstrates that there is a good Ohmic contact between
the trilayer electrode and the electron-transporting layer, as
expected from the kelvin probe measurement. An enhanced FF
reflects the improved RS of the trilayer electrode, while the
reduced photocurrent is evident from the IV and EQE curves,
where the devices on trilayer electrodes remain below the
reference at long wavelengths where the photon flux is higher.
Further optical optimization of the TE may lead to an increase
in the photocurrent and overcome the efficiencies of ITO-based
devices. All these factors contributed to achieving a PCE of
6.6%, more than 85% of that of the ITO reference device,
clearly indicating that the proposed electrode is a competitive
alternative to ITO.
To evaluate the mechanical flexibility of the fabricated device

on flexible glass substrate incorporating the trilayer TE, we
measured the PSC parameters as a function of the bending radii
and after multiple cycles in a two-point bend configuration.
Figure 6 shows a picture illustrating the bending capability,
while Figure 7 shows the average photovoltaic parameters
normalized to the flat geometry (no bending) for different radii
of curvature, with error bars representing the standard deviation
within the measured samples. The maximal bending strain
applied to the substrate was approximately 0.16%, calculated
from the equation ε = hS/(2R), where hS is the thickness of the
flexible glass substrate and R is the minimal bending radius.64

When the bending radius is decreased from 6 to 3 cm, the VOC
and short circuit current (JSC) do not change significantly,
always above 95% of the flat geometry values. The FF also is
subjected to similar changes but with a fluctuating behavior for

Table 2. Average Transmittance (Tvis) Values in the Range of
375−700 nm of TiO2 x/Ag 8 nm/AZO 40 nm Samples for
Different TiO2 Thicknesses and a Commercial 100 nm ITO
Film

sample Tvis (%) (375−700 nm)

TiO2 23 nm/Ag 8 nm/AZO 40 nm 78.4 ± 0.10
TiO2 27.8 nm/Ag 8 nm/AZO 40 nm 86.3 ± 0.02
TiO2 30 nm/Ag 8 nm/AZO 40 nm 86.6 ± 0.02
TiO2 34 nm/Ag 8 nm/AZO 40 nm 87.7 ± 0.03
TiO2 38.7/Ag 8 nm/AZO 40 nm 82.4 ± 0.08
TiO2 46.nm/Ag 8 nm/AZO 40 nm 81.8 ± 0.12
ITO 100 nm 84.9 ± 0.02

Figure 4. (a) AFM micrograph of a multilayer TiO2 34 nm/Ag 8 nm/
AZO 40 nm transparent electrode (top view of a 5 μm × 5 μm area).
(b) Structure of the fabricated polymer solar cell.

Figure 5. (a) J−V curves and (b) EQE curves of (black line) an ITO
reference device, (blue circles) a TiO2 46.4 nm/Ag 8 nm/AZO 40 nm
electrode, and (red dots) a TiO2 34 nm/Ag 8 nm/AZO 40 nm
electrode.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am5071909
ACS Appl. Mater. Interfaces 2015, 7, 4541−4548

4544

http://dx.doi.org/10.1021/am5071909


different bending positions (Figure 7b). Most of these
unexpected fluctuations can be attributed to changes in the
electrical contact of the probes used during the measurements
rather than being an intrinsic and systematic device response to
bending. Regardless, the negligible change in FF is related to
that of the TE’s RS (Figure S1 of the Supporting Information).
Finally, the PCE, as an overall indicator including all the
aforementioned parameters, shows a trend similar to that of FF,
with a value that remains clearly above 92% of that of the
reference flat sample for all bending radii.

Performances as a function of the number of bending cycles
are shown in Figure 8. Multiple measurements of the same
device were used to determine an average value plotted
together with the standard deviation as error bars. The maximal
and minimal radii were 6 and 3 cm, respectively, and the
percentages are relative to the values measured at a 6 cm
bending radius. Figure 8a shows that VOC and JSC decreased
only slightly (1%), while the small decrease in FF indicates that
the RS of the TE increased under continuous bending. Overall,
one can see from Figure 8b that even after 400 bending cycles
the PSC on flexible Willow Glass remains at 94% of its initial
value.

■ CONCLUSIONS

We have developed a newly designed TiO2/Ag/AZO trilayer
transparent electrode on flexible thin glass sheets and built an
ITO-free polymer solar cell upon it. The TE showed a
remarkably low roughness, a high optical transmission, and a
low electrical sheet resistance, resulting in a measured cell PCE
of 6.6%, which is >85% of that of a reference cell on a
conventional ITO substrate. Flexibility tests on the ITO-free
PSC showed its high mechanical robustness under repetitive
bending cycles. The proposed multilayer transparent electrode
can thus be considered a serious competitor to ITO, in
particular for large area roll-to-roll fabrication. The work also

Table 3. Average Solar Cell Parameters and Standard Deviations for TiO2 x/Ag 8 nm/AZO 40 nm Samples Compared with
Those of an ITO Referencea

cell JSC (mA/cm2) VOC (mV) FF (%) PCE (%)

reference ITO/glass substrate 14.1 ± 0.12 (14.3) 751 ± 4.73 (754.7) 70.1 ± 0.78 (69.9) 7.4 ± 0.10 (7.5)
TiO2 46 nm/Ag 8 nm/AZO 40 nm electrode 11.6 ± 0.15 (11.82) 744.3 ± 1.64 (745.3) 72 ± 0.60 (72.8) 6.2 ± 0.13 (6.4)
TiO2 34 nm/Ag 8 nm/AZO 40 nm electrode 11.94 ± 0.12 (12.15) 737.9 ± 1.10 (738.9) 72.5 ± 1.10 (73.4) 6.39 ± 0.15 (6.6)

aThe results for the best samples are given in parentheses.

Figure 6. Picture of the TiO2/Ag/AZO-based polymer solar cell
during the static and cyclic two-point bend testing.

Figure 7. Normalized average values of (a) JSC, (b) VOC, (c) FF, and (d) PCE as a function of bending radius. The normalized standard deviation is
represented with error bars. The insets in panel b show the bending setup at the maximal and minimal bending radii.
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demonstrates the potential of thin glass with respect to more
common polymeric substrates, when one considers its higher
surface quality, its impermeability to oxygen and moisture, and
the possibility of higher-temperature processing.
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