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ABSTRACT: The effect of inserting an SU-8 dielectric
interlayer into inverted bulk heterojunction (BHJ) organic
solar cells (OSCs) was studied. Insertion of an ultrathin layer
of SU-8 between the zinc oxide (ZnO) electron transport layer
and the photoactive layer resulted in a smoother interface and
a 14% enhancement in power conversion efficiency. The
properties of devices with and without an SU-8 interlayer were
investigated using transient photovoltage (TPV) and double
injection (DoI) techniques, and it was found that devices with
SU-8 show longer carrier lifetimes and greater mobility−
lifetime (μ−τ) products than those without. Devices with
SU-8 were also found to have improved stability. The results
indicate that the insertion of an SU-8 interlayer reduces the recombination rate for photogenerated carriers without affecting the
charge transport properties, improving overall performance and stability.

KEYWORDS: organic solar cells, interface, insulating dielectric, electron transport layer, charge transport, ambipolar mobility,
carrier lifetime, device stability

■ INTRODUCTION

Organic solar cells (OSCs) have attracted much attention due
to their potential for low cost, large area fabrication on flexible
substrates.1−3 The power conversion efficiencies (PCEs) of
OSCs have improved significantly in recent years to more than
1 0% . 4 I n c o n v e n t i o n a l O SC s , a p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) hole transporting layer is typically coated on
indium tin oxide (ITO) to enhance hole collection at the
anode, and a low work function metal (for example,
aluminium) is typically selected as the cathode. In practice,
however, the acidic PEDOT:PSS can etch the ITO, causing
device degradation,5,6 while the low work function metal
oxidizes rapidly in air.
The problematic nature of PEDOT:PSS has prompted the

development of alternative conducting polymer-based hole
extraction layers capable of offering improved efficiency and
stability.7 An alternative and more commonly applied approach,
which has the advantage of eliminating the need for both
PEDOT:PSS and a (reactive) low work function cathode, is to
employ an inverted device architecture.8−10 In this case, the
anode and cathode are in effect reversed by using an electron
transport buffer layer in contact with the ITO, together with a
high work function metal such as silver or gold as the anode.

Additional interlayers are frequently used at the interfaces
between the active layer and both the metal oxide and the
anode to enhance efficiencies and/or device stability.11,12

Various metal oxides have been used for the electron
transporting layer in inverted OSCs, including titanium oxide
(TiO2),

10,13 zinc oxide (ZnO),14,15 and aluminum oxide
(Al2O3).

16 Of these, ZnO has been most widely applied due
to its high transparency, good environmental stability, low cost,
and good electron transporting properties. Sol−gel processed
ZnO prepared in situ from zinc acetate is frequently used for
this purpose but requires high annealing temperatures of at
least 250 °C for the complete removal of organic reagents and
to induce crystallization.17 As a result, it is ill-suited to flexible
substrates and tandem cells where the underlying polymer layer
degrades at high temperatures. To address this issue, Sun et
al.18 and Chou et al.19 incorporated sol−gel derived ZnO films
into OSCs using processing temperatures of 150 °C and below,
with the resultant film comprising a mixture of ZnO and
residual zinc acetate.19 The reduced processing temperature
was found to give better diode characteristics with higher
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rectification ratios and reduced leakage currents.19 However,
ZnO prepared in this way is substantially rougher than that
prepared by other routes,20,21 suggesting such an approach
would benefit from the use of an additional planarizing
interlayer to reduce the risk of device shunting.
Conjugated polyelectrolytes (CPEs), conjugated polymers

with ionic functionalities, have been reported as promising
(electron-transporting) alternatives to metal oxides. When
deposited on ITO, they can planarize the surface, lower the
effective work function, and increase the open circuit voltage
(Voc) of the final device, thereby leading to improved
efficiencies.22−24 However, the stability of devices employing
CPEs has not been widely reported and at least one published
report has noted poorer stability compared to control devices
without CPEs.22

Ultrathin insulating interlayers, for example, poly(4-hydrox-
ystyrene) (PHS)25 and poly(vinylpyrrolidone) (PVP),26 have
previously been used as cathodic interlayers in conventional
(noninverted) OSCs. However, PHS, apart from offering the
advantage of being solution processable, did not show any
significant improvement in performance compared to lithium
fluoride and calcium when inserted between the active layer and
the cathode, and PVP is a hydrophilic material that may
accelerate the uptake of water into the device, leading to
accelerated degradation. To our knowledge, ultrathin insulating
polymer layers have until now only been used as cathodic
interlayers in conventional architecture devices, and they have
not previously been applied to inverted architectures.
In this work, we evaluate the insulating polymer SU-8 for use

as an interlayer between ZnO and the photoactive layer in
inverted poly(3-hexylthiophene-2,5-diyl) (P3HT)-based devi-
ces. SU-8, a commercially available epoxy-based dielectric
material (see Supporting Information Figure S1 for the
chemical structure), is mechanically robust and possesses high
thermal stability27 and optical transparency at visible and near-
infrared wavelengths.28 It also has a high glass transition
temperature of 200 °C and a very high degradation temperature
of 380 °C.29 Moreover, cross-linked SU-8 is highly chemical
resistant, which allows additional layers to be coated on top of
it without damage. These favorable properties have led to its
widespread use as an insulating dielectric material in conven-
tional microelectronics and make it an attractive candidate for
use in organic devices.30−33

In the work reported here, we find that insertion of an SU-8
interlayer between ZnO and the active layer can reduce
roughness, improve stability, and enhance efficiency by ∼15%.
Charge transport and mobility studies indicate the improved
efficiency is principally due to longer carrier lifetimes, i.e., a
reduced rate of recombination inside the bulk of the device.

■ EXPERIMENTAL SECTION
Synthesis of ZnO Sol−Gel Precursor. Synthesis of the ZnO sol−

gel precursor was carried out according to the procedure of Sun et al.18

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Alfa Aesar, 98−101%)
was dissolved in a mixture of ethanolamine (NH2CH2CH2OH,
Aldrich, 99.5%) and 2-methoxyethanol (CH3OCH2CH2OH, Aldrich,
99.3%). The molar ratio of zinc acetate dihydrate to ethanolamine was
kept at 1:1, with a Zn concentration of 0.5 M. The solution was stirred
vigorously overnight in air (to allow the hydrolysis reaction to reach
completion) and then passed through a 0.2 μm PTFE filter. The
obtained precursor solution was found to be stable for several months
when stored in the fridge.
Device Fabrication and Characterization. ITO-coated glass

substrates were cleaned by first sonicating them in a 10% (v/v)

mixture of Hellmanex III detergent (Hellma Analytics) and deionized
(DI) water, followed by DI water, acetone, and isopropanol (IPA).
ZnO sol−gel precursor was spin coated onto the cleaned ITO
substrates, which were then heated at 150 °C for 1 h to give a film
thickness of approximately 35 nm.

SU-8 2050 (Microchem) was diluted to 0.08% (w/w) using the
SU-8 thinner cyclopentanone. The solution was spin coated onto ZnO
in a two-step process at 500 rpm for 5 s and 1000 rpm for 45 s. The
substrates were then soft baked at 65 °C for 1 min and at 95 °C for 2
min to evaporate the solvent and densify the film.

To cross-link the SU-8 and render the layer insoluble during
subsequent deposition of the active layer, the sample was exposed to
365 nm UV irradiation for 45 s, baked at 65 °C for 1 min and at 95 °C
for 2 min, and then hard baked at 150 °C for 5 min. Uncoated layers of
ZnO were also subjected to the same baking and UV irradiation steps
for the fabrication of SU-8-free control devices.

The substrates were transferred to a nitrogen (N2)-filled glovebox.
A 1:0.8 blend by weight of P3HT (Rieke Metals Inc.) and [6,6]-
phenyl-C61-butyric acid methyl ester (PC60BM, Nano-C) was
prepared in 1,2-dichlorobenzene (50 mg/mL) and spin-coated at
1000 rpm for 120 s to obtain a ∼200 nm film. The coated substrates
were annealed in an N2 environment at 140 °C for 10 min. Finally, the
substrates were transferred to a thermal evaporator, where 10 nm of
molybdenum trioxide (MoO3) and 100 nm of silver were evaporated
under a vacuum of 4 × 10−6 mbar through a shadow mask to complete
the device. The active area defined by the overlap of anode and
cathode was 9 mm2. For the double injection (DoI) experiments,
smaller but otherwise identical devices were fabricated with an active
area of 2 mm2 in order to reduce the RC time constant.

A Keithley 2400 source meter was used to measure current−voltage
(J−V) characteristics in N2 under 100 mW cm−2 AM 1.5G conditions
with a SanEi solar simulator. Film thicknesses were determined using a
Tencor 10 surface profiler. UV−vis transmittance spectra were
measured using a Shimadzu UV-3101 spectrophotometer. Atomic
force microscopy was carried out using a Bruker Dimension Icon
Atomic Force Microscope (AFM) system. Ellipsometry was performed
on a J.A. Woollam VASE ellipsometer. External quantum efficiency
(EQE) measurements as a function of wavelength were obtained
under short-circuit conditions using a lock-in amplifier (Stanford
Research System, SR510) at a chopping frequency of 280 Hz under
illumination with monochromatic light from a xenon arc lamp.
Completed devices were encapsulated in a cover glass and sealed with
an epoxy resin for further studies and stability tests.

Carrier Lifetime and Charge Mobility Measurement. The
charge carrier lifetime was measured using transient photovoltage
(TPV) spectroscopy.34,35 Devices were connected to a high input (1
MΩ) impedance oscilloscope (Agilent Infiniium 1 GHz), and the open
circuit voltage Voc was measured at varying levels of white light
illumination. A small perturbation on Voc (ΔVoc < 20 mV) was
generated using a 532 nm pulsed Nd:YAG laser (pulse width <5 ns,
pulse repetition rate 1 Hz). Under open-circuit conditions, the voltage
decay is proportional to the decay of excess photogenerated carriers
(dΔVoc/dt ∝ dΔn/dt), allowing direct measurement of the carrier
lifetime.36,37

The charge mobility was measured by DoI, in which a square
voltage pulse is applied in forward bias to inject carriers through both
electrodes, with the current transient being recorded on an
oscilloscope across a low impedance load of 50 Ω.38 Under the
influence of the applied electric field, the injected carriers drift through
the device and recombine in the bulk. The ambipolar carrier mobility
μa and transit time ta are related by the equation μa = d2/taU where d is
the film thickness and U is the applied bias. The transit time ta may in
turn be determined from the time tm at which the current derivative
dj/dt reaches its maximum value using the relation tm = (5/6)ta; see ref
38 and Figure S2 in the Supporting Information. Combining the two
equations, we obtain μa = 5d2/6tmU.
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■ RESULTS AND DISCUSSION
The ITO/ZnO/SU-8/P3HT:PCBM/MoO3/Ag inverted de-
vice architecture used in this work is shown in Figure 1a.

Control devices had a similar structure, except for the omission
of the SU-8 layer. The UV−vis transmittance spectra of glass/
ITO/ZnO and glass/ITO/ZnO/SU-8 are shown in Figure 1b.
High transmittances of more than 80% across the visible range
were measured in both cases. The addition of SU-8 caused a
slight red-shift in the transmittance spectrum but no significant
change in average transmittance between 400 and 800 nm
(86.0% without SU-8 vs 85.8% with). The thickness of SU-8
was determined via ellipsometry to be approximately 2.5 nm.
Figure 2 shows AFM topographic images of ITO, ITO/ZnO,

and ITO/ZnO/SU-8 on glass. An increase in root-mean-square
(rms) roughness from 3.5 to 4.1 nm was evident after
deposition of the ZnO layer on ITO-coated glass. However,
after depositing SU-8 on the ZnO, the rms roughness decreased
to 2.6 nm, indicating the SU-8 layer had a beneficial planarizing
effect. The extent of planarization was found to be more
significant for thicker films; see Figure S3 in the Supporting
Information.

The effect of the SU-8 interlayer was tested in inverted cells
by fabricating P3HT:PCBM bulk heterojunction (BHJ) solar
cells with and without an SU-8 interlayer (nominal thickness
2.5 nm). Figure 3 shows the current density−voltage (J−V)

curves of the devices under AM 1.5G illumination and in dark
conditions, with the typical photovoltaic characteristics
summarized in Table 1. The shunt resistance (Rsh) and series
resistance (Rs) were calculated from the J−V curve under
illumination. Devices without an SU-8 interlayer had an average
Voc of 604 ± 3 mV, a fill factor (FF) of 57.6 ± 0.3%, and a
short-circuit current density (Jsc) of 8.6 ± 0.1 mA cm−2. These
values correspond to a power conversion efficiency (PCE) of
2.98 ± 0.02%. Devices with an interlayer had an improved
average Voc of 614 ± 2 mV, an increased FF of 63.4 ± 0.2%, and
a similar Jsc of 8.7 ± 0.1 mA cm−2, corresponding to an
improved PCE of 3.40 ± 0.02%.
The increase in FF is an indication of more efficient charge

collection and a reduced rate of recombination in the SU-8-
containing devices. The series resistance was not significantly
affected by the inclusion of the SU-8 layer, indicating it allows
charges to tunnel/flow through readily. The dark J−V curves

Figure 1. (a) Cell architecture of inverted devices, including SU-8
interlayer between ZnO and P3HT:PCBM. Control devices had a
similar structure, except for the omission of the SU-8 layer. (b) UV−
vis transmittance spectra of ZnO on ITO glass with and without a
surface coating of SU-8.

Figure 2. AFM topographic images of (a) ITO, (b) ITO/ZnO, and (c) ITO/ZnO/SU-8.

Figure 3. J−V curves of devices with and without an SU-8 interlayer in
dark conditions and under AM 1.5G illumination.
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for the two sets of devices were fairly similar, with only a slight
reduction in dark current due to the SU-8 interlayer; hence, the
substantial improvement in FF cannot be attributed to
significantly reduced leakage in the device.
The external quantum efficiency (EQE) spectra of the

devices with and without SU-8 are shown in Figure S4 in the
Supporting Information. The ratio of the measured Jsc values
agreed to within 3% with the ratio of the integrated EQE
spectra. Both devices had a maximum EQE of 65% at a
wavelength of 550 nm.
To investigate whether the SU-8 layer influenced the

recombination dynamics in the device, carrier lifetimes τ
under open-circuit conditions were extracted from TPV
measurements. Figure 4a shows typical photovoltage transients
for devices with and without an SU-8 interlayer under a white
light reference photovoltage of 350 mV. With SU-8 present, the
photovoltage decayed much more slowly, indicating slower
charge recombination.
Fitting the TPV transient to a single exponential decay in

Figure 4a indicated an increase in lifetime at 350 mV from 0.1
ms without SU-8 to 0.3 ms with it. The variation of τ with
photovoltage is shown in Figure 4b for the two sets of devices.
A progressive drop in carrier lifetime was observed in both
cases: as the light bias (Voc) was increased from 200 to 600 mV,
the lifetime decreased from 428 to 3.6 μs in the case of the
SU-8-free device and from 770 to 3.5 μs in the case of the SU-8
device. The observed reduction in carrier lifetime with
increasing applied bias agrees with previous reports of TPV
measurements in OSCs34,35,39 and is in accordance with
expectation: the carrier density inside the device increases at
higher applied biases (since photogenerated carriers are swept
toward the respective electrodes more slowly due to the
reduced internal field strength), resulting in a higher rate of
bimolecular recombination. Across the range of photovoltages
tested, the lifetime was consistently higher for the device
containing SU-8 than for the device without it, indicating a
substantially reduced recombination rate at all biases up to 550
mV.

The charge carrier lifetime is not wholly responsible for
determining the device performance. Instead, it is the
mobility−lifetime (μ−τ) product which typically determines
the distance charges travel before recombination and which
therefore governs the overall efficiency.40 The ambipolar charge
carrier mobility was obtained using the DoI method and is
plotted versus electric field in Figure 5 for devices with and

without an SU-8 interlayer. The mobilities for the two devices
were very similar, varying from about 3.5 × 10−3 to 1.5 × 10−3

cm2/(V s) as the electric field E varied from 1 × 105 to 2.5 ×
105 V/cm.
It is evident from Figure 5 that the SU-8 interlayer has only a

weak influence on the charge transport properties and that the
improvement in device efficiency is therefore mainly attribut-
able to the slower recombination dynamics in the SU-8 device.
While further studies are required to conclusively establish the
origin of the increased carrier lifetime, surface traps on the ZnO
crystal are known to promote electron−hole recombination in
both dye-sensitized41 and inverted BHJ solar cells.42 Hence, it
appears likely that the SU-8 layer reduces the rate of interfacial
recombination, either by reducing the rate of back electron

Table 1. Characteristics of P3HT:PCBM Inverted Solar Cells with and without an SU-8 Interlayer under AM 1.5G
Illuminationa

Voc (mV) FF (%) Jsc (mA cm−2) PCE (%) shunt resistance Rsh (kΩ cm2) series resistance Rs (Ω cm2)

ZnO 604 ± 3 57.6 ± 0.3 8.6 ± 0.1 2.98 ± 0.02 0.96 ± 0.12 2.9 ± 0.1
ZnO/SU-8 614 ± 2 63.4 ± 0.2 8.7 ± 0.1 3.40 ± 0.02 1.12 ± 0.17 2.9 ± 0.1

aNote: The average PCE and standard deviations were obtained from four cells.

Figure 4. (a) Photovoltage decay transients recorded at 350 mV, showing a longer lifetime for devices with SU-8. (b) Carrier lifetime versus light
bias determined by fitting the TPV transients to a single exponential decay.

Figure 5. Ambipolar mobility versus internal field strength.
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transfer from the metal oxide to the P3HT:PCBM active layer
or by blocking holes from reaching the ZnO, thereby
preventing them from coming into proximity with the trapped
electrons. Both effects would lead to an increase in carrier
lifetime. We note that similar effects have previously been
reported using a reduced graphene-oxide/ZnO composite
buffer layer.42

The stability in ambient conditions of encapsulated SU-8 and
SU-8-free devices was investigated (see Figure 6). After 33
weeks, the SU-8 device showed a 2% drop in Voc and a 6.5%
increase in FF under AM 1.5G conditions, while the control
device suffered a 7% reduction in Voc and a 6% decrease in FF.
The two devices saw a similar reduction in Jsc, to about 82% of
the initial values. Overall, the SU-8 device retained 85% of its
initial PCE after 33 weeks, while the control device retained
only 72% of the initial PCE. The results suggest superior
stability for devices with an SU-8 interlayer.
The reason for the improved stability requires further

investigation but, upon application of a voltage or UV
illumination (during testing), oxygen adsorbed on the ZnO is
liable to be released into the adjacent layers.43,44 The insertion
of SU-8 between the active layer and ZnO may reduce oxygen
uptake by the active layer and thereby slow down the overall
rate of degradation. Also, the presence of the SU-8 may reduce
the interaction of surface-trapped charges on the ZnO with the
active layer and thereby inhibit any detrimental interactions
with the active layer.45

In conclusion, the effect of coating ZnO films with an
interlayer of SU-8 has been studied in inverted BHJ solar cells.
The SU-8 was found to decrease the roughness of the ZnO
film, improve stability, and enhance the PCE by 14%. The
incorporation of an SU-8 interlayer resulted in an increased
carrier lifetime but had little effect on the carrier mobility,
suggesting the improved device performance is predominantly
due to slower recombination dynamics in the presence of SU-8.
Overall, the addition of the SU-8 interlayer was found to be
beneficial in terms of both device performance and stability.
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Figure 6. Normalized photovoltaic parameters of encapsulated devices with and without SU-8 versus storage time in air: (a) Voc; (b) Jsc; (c) FF; and
(d) PCE.
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