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We investigated the surface property change of indium tin oxide (ITO) with the various cleaning methods,
using photoemission spectroscopy (PES), work function change and near-edge X-ray adsorption �ne structure
(NEXAFS). The detergent treatments of ITO with acetone (C3H6O), methanol (CH4O), 2-propanol (C3H8O),
and deionized (D) water yielded work function shifts as high as 0.99 eV compared to the no-treatment ITO. In
contrast, work function shifts of 0.10�0.35 eV were measured after other treatments. The lowest C 1s concentration
was obtained after O2 plasma treatment of ITO. There was no big change in the peak position and the shape of
In 3d5/2, and Sn 3d5/2 after each treatment. But C 1s and O 1s spectra shows a peak shift and shape change.
Presence of carbon can be minimized by NaOH treatment combined with oxygen plasma. In NEXAFS spectra of
C K-edge on each sample, we found two π-binding states whose positions are 284.5 and 287.9 eV, C=C and C=O,
respectively.
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1. Introduction

Indium tin oxide (ITO, In2O3:Sn) as a transparent con-
ductive �lm (TCFs), is an important material in the con-
struction of optical devices, including organic light emit-
ting diode (OLED)s, liquid crystal displays (LCD), and
solar cells because of its transparency and high conduc-
tivity. In organic electro-luminescence devices, ITO is
used as an anode or a hole-injecting electrode based on
its work function. And, it has been known that the work
function of such devices is extremely sensitive to the state
of the ITO surface, and that the surface properties of the
ITO a�ect the electro and photo-luminescence charac-
teristics of the OLEDs [1, 2], and the optical transmit-
tance of the ITO �lm [3]. It was shown that di�erent
e�ects occurred when di�erent surface treatment meth-
ods of ITO were applied in the organic light-emitting
diode [4]. But, the advent of the �exible, wearable or
stretchable versions of optoelectronic devices, are open-
ing a new developing trend and application. So, con-
sidering the advancements in optoelectronic devices, it
is well known that ITO has several limitations such as:
an expensive cost, the complex preparation methods, the
lack of �exibility as it cracks easily, the di�usion of in-
dium into the active layers of OLEDs or OPV cells, etc.
Therefore, in recent years there has been a rapid growth
in the development of ITO alternatives based on carbon
nanotube (CNTs), graphene, and conducting polymers,
etc.s [5]. But, yet, ITO is the most widely used TCF be-
cause of its excellent opto-electrical properties. Although
many studies reported modifying the surface properties
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of ITO by various methods, including chemical process
(degreasing and RCA protocol) and physical treatments
using oxygen plasma and Ar ion sputtering [6�8], the
oxygen plasma has been considered a promising method
because it results in the highest work function, the lowest
sheet resistance, and the smoothest surface [9]. However,
there is a problem of the oxygen concentration increas-
ing after oxygen plasma treatment. It has been reported
that the presence of carbon on the ITO surface [10] de-
graded the device performance and the removal of the
organic residue from the ITO surface by oxygen plasma
treatment could lead to the device improvement. In this
study, we examined the changes in the surface proper-
tise correlated with the work function and surface chemi-
cal composition of ITO using photoemission spectroscopy
(PES) [11], near edge X-ray adsorption �ne structure
(NEXAFS), and work function measurements.

2. Experiments

The substrates used in this study were glass coated
with 150 nm thick ITO having a sheet resistivity of
19 Ω/cm2. We prepared 5 samples for this experiment to
compare the e�ects of cleaning methods. The ITO sub-
strates were ultrasonically cleaned in detergent for about
5 min, followed by a thorough rinse in de-ionized water.
They were, then, dipped in NaOH solution (0.05 M) for
1 hour for NaOH treatment. For plasma treatments, the
substrates were exposed to oxygen-plasma in a reactive
ion etching system. The summary of the preparation
method of each ITO surface is shown in Table I.
PES and NEXAFS measurements were performed

at the 2B1 (spherical grating monochromator) beam-
line [12, 13] at the PLS (Pohang Light Source) storage
ring [14]. The electric �eld vector of the synchrotron was
on the same plane as the electron analyzer, and the pho-
tons were impinged on the surface at 45◦ with respect
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TABLE ISummary of ITO surface treatments.

Sample Surface treatment

0 No treatment, as grown

1 Detergent treatment, Sonication in Acetone,

Methanol, 2-propanol and DI water

5 minute at each step followed by DI water rinsing

2 NaOH treatment,

Sonication in NaOH (0.05 M)

1 Hour after #1 procedure

3 O2 plasma treatment,

Exposed to O2 plasma

5 min after #1 procedure

4 O2 plasma + NaOH

Sonication in NaOH (0.05 M)

1 Hour after #1 and #2 procedure

to the surface normal. The O 1s, Sn 3d5/2, In 3d5/2,
and C 1s core level spectra were taken with the photon
energy of 650 eV. The spectral resolution was 400 meV
for core level spectra. The Au 4f7/2 core level of sput-
tered Au �lm was used to calibrate the binding energy
of each core level and the spectral resolution. The cut-
o� of the secondary electron tail of the photoemission
spectrum was measured while applying a bias voltage (-
20 V) to the sample for measuring work function change.
The NEXAFS spectra were obtained using total electron
yield detected by the drain current from the sample. Ev-
ery spectra was measured at the incident photon angle
of 55◦ which is called a magic angle. The photons had
a degree of polarization of about 85%. The spectra were
normalized to the incident photon �ux by a spectrum of
a clean gold reference grid measured simultaneously. The
photon resolution was 350 meV near the carbon K-edge
region.

3. Results and discussion

Figure 1 shows the PES spectra of O 1s, C 1s, In 3d5/2,
and Sn 3d5/2 core level. In Fig. 1a, O 1s peak was consist-
ing of 3 components. Each peak is originated from In2O3,
SnO2 and C-O (carbonate). On the as-grown sample
(sample 0), the carbonate peak is comparable with In2O3.
The peak was decreased after detergent treatment on
the sample 1. After NaOH treatment (sample 2) the
peak height of In2O3 and SnO2 were increased a little
bit, but the carbonate was similar as sample 1. Oxygen
plasma treatments resulted in increasing the peak height
of the In2O3 and SnO2, but still carbonate remains. The
carbonate peak was negligible when it was treated with
NaOH after oxygen plasma treatment. Figure 1b shows
C 1s core-level spectra. It consists from 3 peaks, C-C,
C-O, and C = O, respectively. On sample 0, C-C, C-
O and C=O were relatively high. After detergent, oxy-
gen plasma and NaOH treatments the intensity of C-C
and C-O peaks were decreased. C=O remains as similar
trace. Sample 2 shows decreased peak height, but it still
contains C-O related features. On sample 3, the rela-
tive intensity of C 1s was decreased after oxygen plasma
treatment. When NaOH and oxygen plasma treatment
was combined, the peak height of C 1s was the smallest
one and carbonate related component became negligent

on sample 4. This means that C-O related components
can be removed e�ectively through NaOH treatment af-
ter oxygen plasma. This is in consistence with O 1s core-
level. And the intensity of In 3d5/2 and Sn 3d5/2 core-
level were increased after each treatment. But, after the
oxygen plasma treatments, as can be seen in Fig. 1c and
d, the intensity of In 3d5/2 and Sn 3d5/2 were enhanced.
Because the oxygen plasma treatment has contributed to
reduce carbon related species on the surface, carbon was
removed and In 3d5/2 and Sn 3d5/2 become major com-
ponents on the surface. This is also in accordance with
O 1s and C 1s results.

Fig. 1. PES spectra of O 1s (a), C 1s (b), In 3d5/2 (c),

and Sn 3d5/2 (d) core level. Each ample number was
appeared on the left side of spectrum.

The chemical composition change and the work func-
tion shift after the various treatments were summarized
in table II. Sample 1 and Sample 2 maintained a simi-
lar surface components ratio. Oxygen plasma treatment
(sample 3) shows a decreased C 1s ratio and an increased
In 3d5/2 ratio. The ratio of C 1s and In 3d5/2 changed in
accordance with the treatment conditions. There was an
increase in O 1s after the oxygen plasma treatment. The
O 1s intensity decreased again after NaOH treatments.
However, the ratio of Sn 3d5/2 was not changed. The
work function change was the biggest on the detergent
treated surface (sample 1) with 0.99 eV-increased val-
ues. This means that the adsorbed contaminant layers
in sample 1 acted as a charge transfer layer. After NaOH
treatments (sample 2), the work function became 0.1 eV.
On the Oxygen plasma treated (sample 3) surface, the
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work function increased to 0.35 eV, and it decreased to
0.19 eV after NaOH treatment (sample 4). In general,
NaOH treatment induced a decrease in the work func-
tion.

TABLE IIWork function change (eV) and
Chemical composition (%).

Sample ∆ϕ O 1s C 1s Sn 3d 5/2 In 3d 5/2

0 0 17.9 48.9 5.8 28.4

1 0.99 20.0 29.3 7.3 43.3

2 0.1 18.9 31.5 7.5 42.1

3 0.35 23.0 16.0 9.8 51.2

4 0.19 19.4 22.4 8.4 49.8

Fig. 2. NEXAFS spectra of C K-edge. After each
cleaning, C=O bond was e�ectively reduced.

The molecular structures of the carbon contamination
on the surface were investigated through NEXAFS. Fig-
ure 2 shows the NEXAFS spectra of C K-edge. Several
featured peaks were observed. The �rst peak is the well-
known C=C π∗ resonance around 284.5 eV. The second
peak was C=O π∗ (287.9 eV). C-H π∗ (289 eV) also ap-
peared. The broad peak, centered at 294 eV, is regarded
as C-H, C-C, and C-O σ∗. In non-treatment sample, an
explicit double peak was observed at low photon energy.
The peak C=O π∗ decreased in sample 1 while in sam-
ple 3, the adsorbed spectral intensity of C K-edge was
the smallest and the C=O π∗ was negligible. This means
that the carbon contaminants can be reduced e�ectively
by oxygen plasma treatment. The C=O π∗ was increased
again after NaOH treatment. But its intensity was neg-
ligible. In accordance with C 1s core level spectra in
Fig. 1, carbon-related species were e�ectively decreased
after NaOH treatments. We compare the surface compo-
sition change after the oxygen plasma treatment (sample

Fig. 3. Relative intensity ratio change of O 1s,
Sn 3d5/2, In 3d5/2, and C 1s core level depending on
the emission angle in samples 3 (a) and 4 (b).

3) and NaOH treatment after oxygen plasma treatments
(sample 4).
Even though the oxygen plasma treatment e�ectively

reduces the carbon related species, the work function
change was 350 meV but, the value was decreased to
190 meV after NaOH treatment. So, we measured O 1s,
Sn 3d5/2, In 3d5/2, and C 1s core level upon the photo-
electron emission angle to trace outermost components.
Figure 3 shows a relative intensity ratio change of O 1s,
Sn 3d5/2, In 3d5/2, and C 1s core level depending on
the emission angle of samples 3 and 4. O 1s concen-
tration is similar in both samples. The C concentration
in sample 4 is higher than in sample 3. C 1s doesn't
show angle dependence on both samples. As the sur-
face sensitivity increased, the intensity of the Sn 3d5/2

increased in sample 3 and sample 4. But, Sn 3d5/2 is mi-
nor species on sample 4. We estimated the thickness of
the carbon-contaminated layer to be 3.31 and 4.47Å on
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sample 3 and 4 using the elastic mean free path (IMFP)
of electron measurements and intensity ratio of C 1s and
In 3d5/2 [10, 11].

4. Conclusions

The surface properties of indium tin oxide (ITO) af-
ter various methods of cleaning were investigated us-
ing photoemission spectroscopy, work function change,
and near-edge X-ray adsorption �ne structure measure-
ments. Our experiments revealed that the cleaning meth-
ods could modify the surface composition on the ITO sur-
face. NaOH treatment after oxygen plasma e�ectively re-
moved carbonate features. The lowest C 1s concentration
was obtained on O2 plasma-treated ITO. The detergent
treatment show 0.9 eV increas in work function higher
than that of non-treated ITO. There is a work function
decrease after NaOH treatment to 0.1 eV. The oxygen
plasma treatment show work function 0.35 eV higher
than the non-treated ITO. It also shows the work func-
tion decrease after NaOH treatment to 0.19 eV. There-
fore, NaOH treatments mediated the decrease of the work
function as well as the reducing carbon species.
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