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Abstract The work function (WF) of indium-tin-oxide
(ITO) substrates plays an important role on the inverted
organic photovoltaic device performance. And electrode
engineering has been a useful method to facilitate carrier
extraction or charge collection to enhance organic photo-
voltaic (OPV) performance. By using self-assembly
technique, we have deposited poly(dimethyl diallylammo-
nium chloride) (PDDA) layers onto ITO coated glass
substrates. The results indicate that the surface WF of ITO
is reduced by about 0.3 eV after PDDA modification,
which is attributed to the modulation in electron affinity. In
addition, the surface roughness of ITO substrate became
smaller after PDDA modification. These modified ITO
substrates can be applied to fabricate inverted OPVs, in
which ITO works as the cathode to collect electrons. As a
result, the photovoltaic performance of inverted OPV is
substantially improved, mainly reflecting on the increase of
short circuit current density.

Keywords organic photovoltaic (OPV), indium tin oxide
(ITO), inverted structure, surface modification, work
function (WF)

1 Introduction

Organic photovoltaics (OPVs) have attracted much atten-
tion during the last decades due to their potential
application for their light weight, low cost, and flexibility
[1]. The simplest form of organic solar cells can be
fabricated by sandwiching a layer of an organic electronic
material between two metallic conductors, typically a layer
of indium-tin-oxide (ITO) with high work function (WF)
(~ 4.7 eV) and a layer of low WF metal such as aluminum
(Al) (~ 4.1 eV). However, single layer organic solar cells
do not work well, showing low quantum efficiencies
(< 1%) and low power conversion efficiencies (< 0.1%),

mainly due to an insufficient light absorption. The
diffusion length of excitons in organic electronic materials
is typically on the order of 10 nm for most excitons
diffusing to the interface of layers and splitting into
carriers. Therefore, the layer thickness should be in the
same range as the diffusion length [2]. Now, most of OPV
devices with high efficiency took the form of bulk
heterojunction, which has an absorption layer consisting
of a nanoscale blend of donor and acceptor materials. The
large donor-acceptor interfacial area results in a higher
likelihood for the short-lived excitons to reach an interface
and dissociate [3]. Bulk heterojunctions have an advantage
over layered photoactive structures because they can be
made thick enough for effective photon absorption without
the difficult processing involved in orienting a layered
structure. ITO films are commonly used as an electrode in
OPV devices, on which an acidic poly (3,4-ethylenediox-
ythiophene): poly (styrenesulfonate) (PEDOT:PSS) layer
is deposited as the hole selective contact. It is known that
PEDOT:PSS layer was detrimental to the ITO substrates
due to the instability of PEDOT:PSS/ITO interface. In
addition, the PEDOT:PSS is acid and will etch the ITO,
making this interface unstable [4]. And OPV with inverted
structure is an effective way to improve the devices’
stability by avoiding the contact between PEDOT:PSS and
ITO substrates [5]. The inverted device architecture, in
which ITO collects electrons and a high WF metal
electrode collects holes, has proven to be effective in
improving both the power conversion efficiency (PCE) and
durability of OPV devices. Recent years, inverted OPV
with modified ITO as the transparent cathode has received
increasing attention and various kinds of OPV devices with
inverted structure have been reported to improve the
devices’ efficiency and stability. However, this kind of
optoelectronic device requires an electrode with a low WF
to either facilitate the injection or collection of electrons
from the lowest unoccupied molecular orbital (LUMO) of
a given organic semiconductor [6]. So it is vital to use
appropriate materials or modification to match the energy
level in an inverted OPV structure. As the electronic
potential of ITO surface has been proved to be very
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sensitive to the presence of self-assembled molecular
layers via tuning the surface dipole, doping and electric
field effect, the surface WF can be changed by applying
different methods of modification [7].
In this paper, we demonstrate an effective method to

reduce the WF of ITO films by electrostatic absorption
with poly(dimethyl diallylammonium chloride) (PDDA)
via self-assembly deposition method [8]. PDDA is a kind
of cationic polymer with high charge density, which has
been commonly used in layer-by-layer self-assembly
technique [9]. Self-assembly deposition of polyelectrolytes
is a widely used surface modification technique, which
provides benefits of controlled thickness at nanometer
scale. The result reveals that after the PDDA modification,
the surface of ITO substrates become smoother, and the
WF can be decreased by 0.3 eV. When these modified ITO
substrates are applied to fabricate inverted OPV devices,
the photovoltaic performance of inverted OPV can be
improved. The resulting improvement in the photocurrent
is analyzed and discussed according to the energy level and
photovoltaic performance.

2 Experimental

The ITO substrates were first cleaned in an ultrasonic bath
sequentially with detergent, deionized water, acetone and
ethanol solution for 15 min each, followed by being
washed with deionized water and then dried by N2. The
washed ITO glasses were prepared by sonicating in 10%
NaOH and distilled water to obtain a negatively charged
surface before putting into the PDDA solution. And the
PDDA solution needed to be diluted to 1% wt before use.
The ITO substrates were then immersed in this PDDA
solution for 20 min to grow PDDA layer. After 20 min, the
PDDA-coated ITO substrates were washed with deionized
water again in order to remove all non-bound materials.
Then they were dried by N2 before transferring into the
golve box for the next step.
The next step is to fabricate active layer on the ITO/

PDDA substrates. In this study, the active materials used
are poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid

methyl ester (P3HT:PCBM) mixture with a weight ratio of
1:0.8 in 1,2-dichlorobenzene. The organic active layer was
prepared on ITO/PDDA substrates by spin-coating at a
speed of 600 r/min for 60 s. This step was carried out in a
nitrogen glove box to avoid hydrolysis and oxidation of
organic materials and the thickness of P3HT:PCBM active
layer was targeted at about 200 nm. 15-nm-thick MoO3

and 90-nm-thick Al layers were further thermally evapo-
rated onto the substrates at a base pressure of 4 � 10–4 Pa.
This MoO3 layer was inserted between the active layer and
Al electrode as an electron blocking layer and hole
transport layer (HTL) in the inverted OPV structure.
Finally, the OPV devices were annealed at 150°C for 10
min in the nitrogen glove box in order to attain an
optimized morphology of the active layer [10].
Ultraviolet photoelectron spectroscopy (UPS) and

atomic force microscopy (AFM) measurements were
carried out after all the procedure. And the current
density-voltage (I-V) characteristics were measured under
AM 1.5 G at an intensity of 100 mW cm–2 (device area =
0.09 cm2) by using a Keithley 2400 sourcemeter.

3 Results and discussion

Figure 1 illustrates the surface modification of ITO
substrates with PDDA. In this study, the attractive force
between the negatively charged ITO surface and the
positively charged PDDA polymer leads to the growth of
PDDA layer through self-organization or association of
charge pairs [8]. Figure 2 compares AFM images of the
ITO surface with and without PDDA modification. After
the PDDA modification, the root-mean-square (RMS)
roughness of the ITO surface decreases from 4.81 to 3.0
nm, which indicates that the PDDA layer uniformly covers
the ITO surface. This PDDA layer can be used to improve
the interlayer contact between ITO and active layer. This is
beneficial to decrease the series resistance and improve the
fill factor (FF) of the devices.
UPS measurements were performed to study the

changes in the effectiveWF of ITO surface. Either electron
affinity or Fermi level can be simultaneously changed for

Fig. 1 Surface modification of ITO glass substrates with PDDA through electrostatic interaction
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the ITO surface if a dipole layer interacts with its adjacent
material strongly. The UPS result indicates that the WF of
ITO is determined by the energy positions of the lowest
binding energy onsets of the secondary electrons. No
obvious changes are observed in the electron density at the
Fermi region, which stays at nearly 22.10 eV. The UPS
spectra in the secondary electron cut-off (Ecut-off) are
shown in Fig. 3. The secondary electron cut-off in the ITO
film shifts toward a lower kinetic energy after the PDDA
modification on the surface by 0.32 eV, from 5.80 to
5.48 eV. According to the WF calculation: WF = hv –
|Ecut-off –Ef|, we can deduce the WF of ITO surface can be
decreased by 0.32 eV [11].
To further validate if the ITO with PDDA modification

could efficiently facilitate the collection of electrons from
the photoactive layer, organic photovoltaics with the
structure of glass/ITO/PDDA/P3HT:PCBM/MoO3/Al
(Fig.. 4) have been fabricated. For comparison, solar
cells with bare ITO electrodes are also fabricated. Figure 5
presents the photocurrent-voltage curves of both kinds of
devices tested under 100 mW/cm2 AM 1.5G simulated
irradiation. The photovoltaic parameters, open circuit
voltage (VOC), FF, short circuit current density (JSC) and
PCE are tabulated in Table 1. Encouragingly, the ITO/
PDDA-based device displayed a JSC of 7.38 mA/cm2, a FF

of 0.45, an VOC of 0.64 V, amounting to a PCE of 2.14%.
For comparison, the device based on ITO was also
fabricated under the same conditions and showed a
power conversion efficiency of 1.91% with a JSC of 6.86
mA/cm2, an VOC of 0.62 V and a FF of 0.43. Comparison
of the JSC value of ITO/PDDA-based device with that of
ITO-based device shows that photocurrent can be

Fig. 2 AFM images of ITO surface with and without PDDA: (a) and (b) are 2D and 3D AFM images of pristine ITO; (c) and (d) are 2D
and 3D AFM images of ITO surface after PDDA modification

Fig. 3 Cut-off region in UPS spectrum of ITO modified with and
without PDDA in kinetic energy scale
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increased from 6.86 to 7.38 mA/cm2 simply by modifying
the substrate with PDDA in the same device structure.
There is no evident change on open circuit voltage (staying
at nearly 0.6 eV) as shown in Fig. 5. Though there might be
differences on WF of ITO after PDDA modification, the
VOC of the cells show no evident changes. This is because
the open-circuit voltage, according to the p-n junction, is
mainly determined by the difference between the quasi
Fermi levels of the two charge carriers [12]. And when the
WF of the electrode approaches the limit of the bandgap or
electron affinity, there will be a substantial charge transfer
between the electrode and the active layer, leading to
interfacial dipoles and pinning of the Fermi level at an
energy. So we can deduce that the improvement mainly
results from the enhancement on JSC.
By analyzing the energy level diagram, we can figure out

how to low WF of ITO in the devices (Fig. 6). The energy
levels of relevant materials in this inverted OPV structure
are taken from previous reports [13,14]. ITO works as
cathode to collect electrons while the MoO3 interlayer acts
as the hole transport layer to help prevent the recombina-
tion of charge carriers at the interface between active layer
and Al electrode [15]. And it is known that this kind of
optoelectronic devices require conductors with aWF that is
sufficient low to facilitate the electrons injection and
collection. As indicated in the UPS result, the WF of ITO
with PDDA is reduced by nearly 0.3 eV. As WF refers to
the level of difficulty in transferring electrons from a solar
cell’s photoactive layer to the metal electrode, a lower WF
means easier electron transport. So the reduction on the

WF of ITO is able to facilitates electron injection and
collection from the LUMO of PCBM. And this improved
injection results in an increase on JSC, making the PCE of
this device higher.
The efficiency of the OPVs with ITO/PDDA is lower

than some reported P3HT:PCBM-based solar cells. This is
mainly attributed to our devices with inverted structure in
semitransparent structure that uses no electrons transport
layer (ETL) to either facilitate the electrons collection or
block hole transfer on ITO surface. And this study mainly
focus on the influence of WF of ITO electrodes on
electrons collection in inverted OPV devices. The absence
of proper ETL results in lower JSC and FF, leading to a
lower PCE.

4 Conclusions

In summary, we demonstrated a simple method to reduce
the effective surfaceWF of a transparent ITO film with self
assembled PDDA layer. The UPS and AFM measurement
results suggest that the PDDA is uniformly deposited on
the ITO substrates, which is able to reduce the WF of this
kind of conducting materials. By modifying the ITO with
PDDA, the surface WF of ITO can be reduced by 0.3 eV.
This change is supposed to facilitate the electrons
collection on ITO surface when these ITO substrates
with low WF were applied to fabricate inverted OPV
devices. As a result, the PCE of the inverted OPV can be
improved, mainly reflecting on the increase of photo-
current, due to a lowering of the effective cathode
interfacial barrier. The modification is simple, fast, and
suitable to produce low WF electrode for inverted OPV
devices. And the devices with ITO/PDDA are relatively
stable and reliable kept in air. It could be expected that this
simple and effective method will be widely applied to
improve electron injection or collection.

Fig. 4 Structure for an inverted organic photovoltaic device
using the PDDA modified ITO glass substrate

Table 1 Photovoltaic performance of the organic solar cell device

using ITO with and without PDDA modification

device VOC/V JSC/(mA$ cm–2) FF PCE/%

OPV without PDDA 0.62 6.86 0.43 1.91

OPV with PDDA 0.64 7.38 0.45 2.14

Notes: VOC: open circuit voltage; JSC: short circuit current density; FF: fill factor;
PCE: power conversion efficiency

Fig. 5 I-V curves of organic solar cell devices using ITO
modified without/with PDDA
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