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a b s t r a c t

An ultrathin iridium layer was treated with O2-plasma to form an iridium oxide (IrOx), employed as a

hole extraction layer in order to replace poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)

(PEDOT:PSS) in organic photovoltaic (OPV) cells with poly(3-hexylthiophene):phenyl-C61-butyric acid

methyl ester (P3HT:PCBM). The IrOx layer affects the self-organization of the P3HT:PCBM photo-active

layer due to its hydrophobic nature, inducing a well-organized intraplane structure with lamellae oriented

normal to the substrate. Synchrotron radiation photoelectron spectroscopy results showed that the work

function increased by 0.57 eV as the Ir layer on ITO changed to IrOx by the O2-plasma treatment. The OPV cell

with IrOx (2.0 nm) exhibits increased power conversion efficiency as high as 3.5% under 100 mW cm�2

illumination with an air mass (AM 1.5G) condition, higher than that of 3.3% with PEDOT:PSS.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Organic photovoltaics (OPVs) have emerged as promising alter-
natives to silicon based solar cells due to their advantages in terms
of applying low-cost, large-area, and mechanically flexible sub-
strates as well as the possibility of using roll-to-roll fabrication
processes [1–8]. OPV cells have been fabricated with an active layer
composed of a blend of regio-regular poly(3-hexylthiophene) (P3HT)
and the fullerene derivative [6,6]-phenyl-C61 butyric acid methyl
ester (PCBM). In bulk-heterojunction (BHJ) OPVs, an important factor
in determining the device performance is the charge extraction from
the active layer to the electrodes [9,10]. Therefore, the photocurrent
depends on the interface between the active layer and electrodes.
To obtain good interfacial properties between the active layer and
the anode, poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)
(PEDOT:PSS) is commonly used as a hole extraction layer (HEL) to
increase the crystallinity of the subsequent active layer of P3HT as
well as to enhance the extraction of holes [11]. However, PEDOT:
PSS deposited on indium tin oxide (ITO) anodes is highly acidic (pH
1.3–2.1), resulting in the dissociation of ITO into In and Sn atoms at the
surface of the ITO [12]. The In and Sn atoms can then easily migrate
into the PEDOT:PSS layer upon thermal annealing [13]. Moreover,
in previous works, PEDOT:PSS films formed by spin coating were
not uniform micro-structurally or electrically [14,15]. This led to
inhomogeneous charge extraction, resulting in ‘‘dead zones’’ in some
ll rights reserved.
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regions [14]. These issues illustrate the need for a chemically stable
and mechanically uniform anode as a HEL to replace PEDOT:PSS
for OPVs.

Several kinds of oxide HEL have been proposed to alternate the
PEDOT:PSS layer, as some oxides have higher work functions than
ITO. When a few nanometers-thick V2O5, MoO3, and NiO were
deposited on an ITO anode using either thermal evaporation or
pulsed laser deposition [16–18], a slight decrease in the efficiency
of the OPV was observed. It was found that the atomic composition
of the oxide could change with the deposition rate during thermal
evaporation, leading to a nonuniform distribution of the work
function across the substrate [18]. Controlling the surface energy
before deposition of the P3HT:PCBM active layer is critical to
increasing the efficiency of the OPV. The surface energy of the
thermal-evaporated oxides was nonuniform over the substrate,
because of inconsistent cohesion between the P3HT:PCBM active
layer and metal oxide [19]. In order to enhance the uniformity, a
self-assembled monolayer (SAM) was employed. The SAM con-
trolled the configuration of P3HT with a preferred orientation of
(1 0 0) normal to the substrate, yielding high mobility in P3HT
[20,21]. However, molecular sized defects or holes arose in the self-
assembled layer, leading to ‘‘dead zones’’ in some regions [21].

Employing an HEL oxide to fulfill both high work function and
high dispersive surface energy could provide a means of enhancing
the efficiency as well as ensuring the reliability of OPVs. O2-plasma
treatment is effective not only in enhancing the surface energy by
converting the thin metal (�2 nm) to a metal oxide but also in
increasing the work function via an increase of the oxygen content
at the surface of the metal oxide. However, no studies on the imple-
mentation of a plasma-induced metal oxide anode, capable of
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simultaneously increasing both the surface energy and the work
function, have been reported to date.

In this study, O2-plasma treatment was applied to iridium (Ir) in
order to produce iridium oxide (IrOx), used as the HEL to alternate
the PEDOT:PSS. IrOx is a transparent conducting oxide, and the work
function of IrOx (45.0 eV) is higher than that of ITO (4.4–4.7 eV) [22].
Moreover, IrOx has a surface with hydrophobic nature. Thus, it is
expected that the HEL of IrOx between ITO anodes and active layer
could improve the extraction of holes. The surface energy of IrOx HEL
was monitored using contact angle measurement. The crystallo-
graphic orientation of P3HT stacks on the treated surface was exami-
ned using grazing angle X-ray diffraction (GIXRD). Ultraviolet photo-
electron spectroscopy (UPS) and X-ray photoemission spectroscopy
(XPS) were employed to measure the change in the work function and
chemical composition at the surface of IrOx, respectively [23]. From
these results, the effects of the O2-plasma-induced IrOx HEL on the
power conversion efficiency are discussed.
Fig. 1. (a) Schematic device structure of polymer solar cells in this study. Schematic

illustration of P3HT stacks on (b) ITO and (c) IrOx HEL. (d) Schematic band diagram of

device components referenced to the vacuum level.
2. Experimental

Active blend films were fabricated between a transparent anode
and a cathode. The anode consisted of a glass substrate coated with
indium tin oxide (ITO) and was modified by an O2-plasma treated Ir
thin film layer. The cathode consisted of LiF (ca. 1 nm) coated with
Al (ca. 100 nm). Both the Ir and LiF/Al films were deposited at a base
pressure of 2�10�6 Torr. Glass coated with ITO (150 nm thick,
�15 O/sq) was used as the starting substrate. The ITO glass was
cleaned using O2-plasma for 1 min under 100 mTorr with a power
of 150 W prior to device fabrication [24,25]. A 2-nm-thick Ir
layer was then deposited using an e-beam evaporator. The Ir film
was exposed to O2-plasma for 1 min to form iridium oxide. After
O2-plasma treatment for 1 min, the substrates were transferred to a
N2-filled glove box (o0.1 ppm O2 and H2O). Regio-regular poly
(3-hexylthiophene) (P3HT, purchased from Rieke Metals and used
as received) was first dissolved in 1,2-dichlorobenzene (DCB) to
make a 20 mg/ml solution, followed by blending with phenyl-C61-
butyric acid methyl ester (PCBM, Nano-C, used as received) in a 1:1
weight ratio. The blend was stirred for �14 h in a glove box before
being spin-coated (700 rpm, 30 s) on top of the ITO/IrOx surface.
The active layer thickness was measured as �200 nm by a surface
profiler. The devices were annealed on a hot plate in a glove box at
130 1C for 10 min. Six types of OPVs were prepared with PEDOT:PSS
and various thickness of the IrOx layer in a range of 0–2.5 nm. The
active device area was ca. 0.04 cm2. The J–V curves were measured
under air ambient with glass encapsulation using a Keithley 2400
source measurement unit. The photocurrent was measured under
AM 1.5G 100 mW cm�2 illumination from an Oriel 150 W solar
simulator. The light intensity was determined using a mono-silicon
detector calibrated by the National Renewable Energy Laboratory
(NREL). For accurate measurement of the device performance, only
the active area of the samples was exposed.
Fig. 2. (a) Contact angle of ITO and IrOx coated ITO as a function of O2-plasma

treatment time, and (b) surface energy distribution with ITO and Ir-coated ITO

before and after O2-plasma for 60 s.
3. Results and discussion

Fig. 1(a) presents a schematic diagram illustrating the device
structure with the HEL between ITO and the P3HT:PCBM active
layer. The effect of the HEL on the P3HT stacks in polymer solar cells
is illustrated in Fig. 1(b) and (c). After insertion of the O2-plasma
treated Ir (IrOx) thin film as a HEL, well organized P3HT stacks with
preferred orientation normal to the substrate (see Fig. 1(c)) are
observed in comparison with the PEDOT:PSS in Fig. 1(b). The cell
structure employs P3HT as a donor and PCBM as an acceptor material
with the relevant energy levels shown in Fig. 1(d). As noted above, IrOx

was chosen as the p-type HEL. The fermi energy level (EF) of IrOx aligns
on top of the ITO surface, close to the highest occupied molecular
orbital (HOMO) of the PCBM. Additional discussion of the energy level
alignment is presented below.

To investigate the effect of the surface energy for the HEL, the
surface energy of ITO and Ir (2 nm) thin film was measured using
the contact angle of distilled (DI) water as a function of plasma
time, as shown in Fig. 2. The contact angle of DI water on PEDOT:PSS
is 27.91. In addition, the contact angle decreases from 49.51 to 17.51



Fig. 4. (a) Secondary-electron emission spectra of ITO, Ir, PEDOT:PSS, and IrOx. (b) Ir

4f core-level spectra of Ir before and after O2-plasma.
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for ITO and from 83.61 to 66.31 for the Ir thin film after O2-plasma
treatment for 60 s. No significant difference of contact angle between
on PEDOT:PSS and on O2-plasma treated ITO was observed. The contact
angle of DI water on PEDOT:PSS and O2-plasma treated Ir and ITO is
shown in the inset of Fig. 2(a). Note that the contact angle of the Ir thin
film still remains above 601 even after oxygen plasma treatment for
300 s. The surface energies of the IrOx film and ITO substrates were
determined from the contact angle using DI water and diiodomethane
as probe liquids. Moreover, the surface energy was calculated using the
geometric mean equation,

ð1þcosyÞgpl ¼ 2ðgd
s g

d
plÞ

1=2
þ2ðgp

s g
p
plÞ

1=2

where gs and gpl are the surface energies of the sample and the probe
liquid, respectively, and the superscripts d and p refer to the dispersion
and polar (nondispersion) components of the surface energy, respec-
tively. The total surface energy for both ITO and Ir films coated ITO
increased after O2-plasma treatment. The polar component of the
surface energy in ITO substantially increased from 20.1 to 41.5 mJ/m2

after O2-plasma treatment, but that of the Ir (2 nm) film only slightly
increased from 8.6 to 19.9 mJ/m2. The dispersive component of the
surface energy for both ITO and Ir-coated ITO decreased from 34.5 and
40 mJ/m2 to 29.4 and 35.5 mJ/m2, respectively. The calculated surface
energy of O2-plasma treated ITO is similar to PEDOT:PSS. In IrOx coated
ITO, the dispersive energy is higher than that of ITO, PEDOT:PSS and the
polar component, thus indicating that a hydrophobic surface property
was maintained after O2-plasma; this is beneficial for ordered P3HT
stacks with preferred orientation of (1 0 0) in a direction normal to the
substrate [20].

Fig. 3 displays the two-dimensional (2D) grazing incident X-ray
diffraction (GIXRD) results obtained using a synchrotron X-ray
beam (4CII beamline, Pohang Light Source) from P3HT:PCBM blend
films on ITO, PEDOT:PSS and IrOx coated ITO glass substrates before
and after thermal annealing at 130 1C for 10 min. To investigate the
effect of surface energy on the structure of the P3HT:PCBM layer,
measurements were carried out using GIXRD. The wavelength of
the X-ray was 1.3807 Å and the incident angle was fixed at 0.181.
The (1 0 0), (2 0 0), and (3 0 0) diffraction patterns are the main peaks
in the out-of-plane (OOP) directions and this trend is more pro-
nounced after annealing. These OOP diffraction patterns indicate that
Fig. 3. Two-dimensional GIXRD results for P3HT:PCBM (1:1) blend films of (a) not-annea

on IrOx coated ITO.
all P3HT:PCBM blend films show a well-organized intraplane struc-
ture with lamellae oriented normal to the substrate. In comparison to
the IrOx HEL sample, the ITO and PEDOT:PSS sample show some
arcing with the (1 0 0) direction after annealing in Fig. 3(d) and (e),
indicating that the P3HT stacks are less well oriented in this sample.

Fig. 4 represents the work function measured using secondary-
electron emission spectra (4BI beamline, Pohang Light Source) for
ITO, PEDOT:PSS, and IrOx HEL to analyze the energy level align-
ment. The work function of pre-cleaned ITO was measured to be
4.43 eV at He I excitation of 21.2 eV as a UV energy source. When Ir
was treated by O2-plasma, the work function of IrOx coated ITO
increased to 5.0 eV, consistent with the measured work function of
PEDOT:PSS (4.95 eV). This increase in the work function of Ir is due
to Ir-oxide formed by O2-plasma. Fig. 4(b) shows Ir 4f SRPES core-
level spectra for the Ir layer. The peaks corresponding to Ir–Ir bonds
decreased and new peaks appeared at higher binding energies in
the O2-plasma treated samples. Since the binding energies of the
new peaks were 0.9 eV higher than those of Ir–Ir bonds, they were
determined to be Ir–O bonds [26]. The escape depth (l) of the Ir 4f
led on ITO, (b) annealed on ITO, (c) not-annealed on IrOx coated ITO, and (d) annealed



Fig. 6. J–V curves for polymer solar cells with and without IrOx HEL. The reference

device has the structure: glass/PEDOT:PSS/ITO/P3HT:PCBM/LiF/Al.
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photoelectron is calculated using the empirical equation [27],
l¼0.41a0.5E0.5, where a is the radius of the atom (0.136 nm for
Ir) and E is the electron kinetic energy (in eV). Based on the empirical
equation, l is calculated to be 3.7 nm for Ir. The escape depth of the Ir
4f photoelectron (3.7 nm) is larger than that of the IrOx film thickness
(2.5 nm) used in the experiment. These confirm that the Ir film was
completely transformed to Ir-oxide by the O2-plasma treatment.

The transmittance of the PEDOT:PSS and IrOx coated ITO glass
substrates is shown in Fig. 5. In all cases, the substrates were illu-
minated from the glass side, as shown in the inset. The transmittance
decreased when the thickness of IrOx increased from 1.3 to 2.5 nm. In
general, metal oxides have a high band gap, leading to the high optical
transmittance in the visible range. In the meanwhile, the iridium
dioxide has a blue-black color due to intraband electronic transitions
within the Ir t2g band [28,29]. When it becomes thick, the absorption
could increase because of the increase of intraband transition.
Therefore, the transmittance of 2.5-nm-thick IrOx is lower than that
of PEDOT:PSS and 1.3-nm-thick iridium oxide. Slightly different
photon flux is incident on the photo-active layer in all devices
between PEDOT:PSS and IrOx HELs, but not significant. This would
result in a slightly low Jsc in the case of an IrOx interlayer solar cell as
compared to PEDOT:PSS. The highest transmittance of the IrOx HEL of
1.3 nm thickness was measured to be 87%, averaged from 300 to
800 nm wavelength. However, the efficiency of 1.3 nm thickness IrOx

was slightly lower than that of the 1.6 nm thickness case, as seen in
Table 1, as the former does not cover the ITO surface uniformly.

Fig. 6 shows typical J–V curves of devices with no HEL, PEDOT:PSS,
and a 2 nm thick IrOx layer, respectively. Devices fabricated on bare
ITO consistently exhibit low open circuit voltage (Voc) and low power
conversion efficiency (PCE) responses. In the plot, Voc¼0.530 V, short
Fig. 5. Transmittance of ITO glass coated with thin films of PEDOT:PSS (25 nm) and

oxygen plasma treated on Ir thin film for 1 min with various thicknesses. Inset:

schematic diagram of direction of incident light to the IrOx coated ITO substrate.

Table 1
Photovoltaic performances of the devices with and without various thickness IrOx

HEL on an ITO glass substrate, fabricated 4 times. The light condition was AM 1.5G

100 mWcm�2 illumination for the measurements.

HEL HEL

thickness

(nm)

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

PEDOT:PSS 30 0.593 9.4 58.870.4 3.370.02

No 0.53370.04 8.370.4 15.772 0.770.20

IrOx 1.3 0.57370.01 7.870.2 57.871.2 3.070.02

1.6 0.57370.01 8.670.1 71.270.8 3.570.01

2.0 0.57370.01 8.470.1 72.470.2 3.570.02

2.5 0.57370.01 7.570.1 70.070.3 3.070.05
circuit current (Jsc)¼8.3 mA/cm2, FF¼15.7%, and PCE¼0.7% for a
device fabricated on bare, clean ITO. In contrast, introduction of the
IrOx interlayer substantially increases the response metrics. The IrOx-
based device in Fig. 2 exhibits Voc¼0.573 V, Jsc¼8.6 mA/cm2, FF¼
71.2%, and PCE¼3.5%, comparable to PEDOT:PSS devices fabricated in
parallel; for PEDOT:PSS, Voc¼0.593 V, Jsc¼9.4 mA/cm2, FF¼58.8%,
and PCE¼3.27%. The solar cell performances of all devices discussed
in this study are summarized in Table 1. Compared to the device
without the IrOx HEL, the device with IrOx HEL showed a significantly
improved fill factor (FF). The enhanced FF provides evidence of an
improved transport property, which could be attributed to more facile
charge extraction due to the increased crystallinity of the P3HT stacks
with lower hole barrier height [17,30].
4. Conclusions

A fabricated HEL with high dispersive surface energy and a high
work function in polymer solar cells showed improved perfor-
mance. Insertion of an IrOx HEL at the anode of the ITO/organic
interface significantly improved the Jsc (from 8.3 to 8.6 mA/cm2),
Voc (from 0.53 to 0.57 V), and PCE (from 0.7 to 3.5%) of a BHJ OPV
compared with a control device of ITO without the HEL. The IrOx

HEL induced well-ordered P3HT stacks with a preferred orientation
of (1 0 0) normal to the substrate and a high work function of 5.0 eV
lowered the hole extraction barrier. The increased crystallinity and
lowered hole barrier with insertion of the IrOx HEL induced higher
FF than that of device with PEDOT:PSS HEL. Chemically stable IrOx

enabling easy device fabrication could therefore be used as an
alternative material for PEDOT:PSS and is applicable to general
anode HELs on organic electronics.
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