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Abstract

The surface chemistry of ITO thin-films before and after UV-ozone treatment was characterized using angle dependent X-
ray photoelectron spectroscopy (ADXPS). After solvent cleaning, the ITO surface was covered with a thin nonconducting
carbon contamination layer of ~7 A. This contamination layer was removed efficiently by UV-ozone treatment, and the
chemical states of the residual carbon at ITO surface after UV-ozone treatment were quite different from contaminated carbon.
UV-ozone treatment modified ITO surface by introducing O®~ ions into ITO surface. The modified depth was about 50 A. The
modification decreased the carrier concentration at ITO surface, and thus decreased the conductivity of ITO surface.
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1. Introduction

Indium tin oxide (ITO) thin-films are widely uti-
lized as the anode contact in light emitting diodes
(OLEDs) [1,2] because these films are highly trans-
parent and conducting. As a hole-injecting electrode,
the surface properties of ITO have a direct effect on
the efficiency of carrier injection into the organic
layers. It is well known that surface treatments of
ITO, such as UV-ozone [3] or oxygen plasma [4]
treatment, can significantly improve the efficiency,
brightness and reliability of OLEDs. Several investi-
gations on modified ITO surface properties have been
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published [5-10]. Most of them correlated the work
function of ITO and its surface chemical composition.
In our previous paper [5], we discussed the removal of
carbon contamination on the ITO surface using UV-
ozone treatment, established a method using contact
angle to show the effect of cleaning, and also exam-
ined the effects of UV-ozone treatment on OLEDs
performance. Mason et al. reported that the work
function of ITO is largely determined by the surface
oxygen concentration [8]. Sugiyama et al. reported
that three factors: (i) C-containing contaminants, (ii)
the O/In ratio, and (iii) the In/Sn ratio on the ITO
surface affected the work function [9]. Recently, we
reported that oxygen plasma treatment could intro-
duce oxygen to ITO surface and the surface stoichio-
metry was the dominant factor that controlled the
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work function [10]. However, the modification details,
especially the modification depth, were still not
clearly known.

The analysis depth of X-ray photoelectron spectro-
scopy (XPS) is dependent on the photoelectron
take-off angle 6. Thus, angle dependent X-ray photo-
electron spectroscopy (ADXPS) is a powerful tool for
nondestructive surface depth profile. This manner of
depth profiling is invaluable for compositional changes
that occur very close to the surface [11]. In this work,
we examined the modified ITO surface properties
using UV-ozone treatments employing ADXPS. Based
on our results, we showed the modification details of
UV-ozone treatments on ITO surface.

2. Experimental

ITO thin-films were purchased from Sanyo Vacuum
Co. They have a thickness of 1500 A and a sheet
resistance of 11.4 Q/[]. Two samples were used in
current experiment for comparison. ITO thin-films
were first cleaned by scrubbing in detergent and then
in distilled water. Then they were immersed sequen-
tially in ultrasonic baths of ethanol and acetone, each
for about 15 min. Then they were blown dry in a clean
hood. One sample was then exposed to a low-pressure
mercury vapor grid lamp (JELIGHT, Model 42-220)
for UV-ozone treatment for 10 min. This ozone pro-

ducing Hg grid lamp has a maximum emission at
253.7 nm. The radiation density is 18 000 pW/cm?.
All samples were stored in a low vacuum before
analysis.

ADXPS measurements were performed using PHI
Quantum 2000 System with a multi-channel detector.
The base pressure of analysis chamber was better than
7 x 107" Torr. The XPS spectra were recorded using
a monochromatic Al Ka excitation (1486.6 eV), with
a power of 44.7 W and a pass energy of 58.7 eV. The
diameter of X-ray spot was set to be 200 um for small
area analysis. The take-off angles (TOA, relative to
sample surface) were set to be 90, 45, 15, and 5°,
separately. The inelastic mean free path (1) of photo-
electron in ITO was calculated to be 23 A according
to the equation of Seah and Dench [12]. Dual neu-
tralization was used during ADXPS analysis. In this
paper, all spectra were shown without energy scale
calibration.

3. Results and discussion

3.1. Atomic concentrations before and after
UV-ozone treatment

The atomic concentrations before and after UV-
ozonetreatments at different TOA were shown in Fig. 1.
Before UV-ozone treatment, the atomic concentration
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Fig. 1. The atomic concentrations of ITO surface measured at different TOA before and after UV-ozone treatment.
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of carbon was about 40% at 5 and 15° TOA. It
decreased quickly to about 15% when the TOA
change from 15 to 90°. This indicated that there
was a thin layer of carbon contamination at ITO
surface after solvent cleaning. The thickness of this
thin layer was less than 0.81. After UV-ozone treat-
ment, the concentration of carbon decreased signifi-
cantly especially at low TOA. This indicated that the
carbon contamination at ITO surface was removed
efficiently using UV-ozone treatment. This observa-
tion is consistent with former reports [5,8].

3.2. The XPS peaks of In 3d and the valence band
spectra before and after UV-ozone treatment

The peaks of In 3d were shown in Fig. 2 and the
valence band spectra were shown in Fig. 3. The
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Fig. 2. The ITO core level spectra of In 3d before and after UV-
ozone treatment.
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Fig. 3. The valence band spectra of ITO before and after UV-ozone
treatment.

highest peak in Fig. 3 should be assigned to In 4d,
and the small peak located at higher binding energy
should be assigned to a mixture of Sn 4d and O 2s.
Comparing the peak positions of In 3ds/,; and In 4d in
the valance band, it can be sure that the peak position
changes at different TOA were caused by charging.
Charging occurs in XPS because a nonconductive
sample does not have sufficient delocalized, conduc-
tion band electrons available to neutralize the charged
centers that build from clustering of the positive holes
created with the photoelectron and/or Auger electron
ejection [13]. It was interesting that the problem of
charging arose at different TOA before and after UV-
ozone treatment. Before UV-ozone treatment, char-
ging occurred only at 5° TOA, indicating that only the
top-layers (~7 A) is nonconductive. After UV-ozone
treatment, charging occurred from 45 to 5° TOA,
indicating that the thickness of the nonconductive
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layer is about 2.14 which is much larger than before
UV-ozone treatment. Although, vertical differential
charging arose during the ADXPS analysis of both
before and after UV-ozone treated samples, it was
actually caused by different mechanism. Before UV-
ozone treatment, there was a thin layer of carbon
contamination at ITO surface. The contamination is
nonconductive, and thus, caused the differential char-
ging at 5° TOA. Because the carbon contamination at
ITO surface was removed efficiently after UV-ozone
treatment, carbon contamination was not the origin of
charging after UV-ozone treatment. Then the intro-
duction of oxygen into ITO surface must be the cause
of charging. This is reasonable because oxygen
vacancy is one of the main carriers of ITO [14].
UV-ozone treatment have introduced oxygen into
ITO surface, thus, the oxygen vacancies at ITO surface
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Fig. 4. The ITO core level spectra of Sn 3d before and after UV-
ozone treatment.

was decreased. This lowered the conductivity of ITO
surface. It is now clear that the modification depth of
ITO surface using UV-ozone treatment is about 50 A.
Since this nonconductive layer is in direct contact with
the organic layers, this modification should have a
direct effect on the injection of hole into organic
layers.

The binding energy of In 3ds,, were reported to be
444.7 eV both before and after oxygen plasma treat-
ment [10]. Here, this value could be used as charge
reference. UV-ozone treatment did not change the
chemical state of In at ITO surface. The ITO valance
band spectra from O to 15 eV was enlarged and shown
inset Fig. 3. The band was similar to indium oxide,
which was relatively flat across its entire density top
with only a small (but noticeable) upward slope as
one proceeds from high to low binding energy [15].
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Fig. 5. The ITO core level spectra of C 1s before and after UV-
ozone treatment.
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Avisible change was that the bandwidth was a little bit
reduced when the TOA increased from 5 to 90° both
before and after UV-ozone treatment. This was per-
haps caused by the decrease of carbon contamination
at ITO surface since the contribution of carbon con-
tamination to the valance band was at a binding energy
of about 8-10eV.

3.3. The peak of Sn 3d before and after
UV-ozone treatment

Fig. 4 showed the XPS spectra of Sn 3d before and
after UV-ozone treatment at different TOA. The trend
in the change of the peak position was also the same
with the In 3d peak, which was caused by charging.
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Fig. 6. The curve-fit results of O 1s ADXPS spectra before and after UV-ozone treatment.
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The peak position of Sn 3ds, was 486.7 eV after
removal the effect of vertical differential charging.
This is equal to the binding energy of SnO, [16]. This
indicated that the main component of Sn in ITO is
Sn*". The peak full-width at half-maximum (FWHM)
of Sn 3ds,; at 90° TOA is about 2.00 eV, which is much
higher than pure SnO, (about 1.30eV in current
resolution). This indicated that Sn existed in a more
complex form than SnO, in ITO [17].

3.4. The peak of C Is before and after UV-ozone
treatment

The peaks of C 1s before and after UV-ozone
treatment at different TOA were shown in Fig. 5.
Before UV-ozone treatment, the peak position of C
Is was at 285.0 eV after removal the effect of vertical
differential charging as described in above para-
graphs. This indicated that the carbon at ITO surface
is mainly hydrocarbon. After UV-ozone treatment, the
C 1s peak became very complex. At 90° TOA, the
peak position is at 285.0 eV, but the FWHM of C 1s
main peak (2.60 eV) is larger than the peak before UV-
ozone treatment (2.20 eV). It indicated that some of
carbon was introduced to ITO during fabrication and
could not be eliminated using UV-ozone treatment [5].
According to our experiments, prolonging treat time
after 1 min can not lower the carbon at ITO surface. At
5 to 45° TOA, a wide peak (P1 as shown in Fig. 5(b))
located from 288.0 to 292.0 eV appeared after UV-
ozone treatment. This peak indicated that part of
hydrocarbon at ITO surface after UV-ozone treatment
was oxidized into C=0, or even COO™. The binding
energy of C 1s main peak is 285.5 eV after removal the
effect of vertical differential charging as described in
above paragraphs, which is 0.5 eV higher than normal
hydrocarbon. This should be assigned to those hydro-
carbons that connected to C=0, or COO™ function
groups. It can be sure that the carbon still existed at
ITO surface after UV-ozone treatment is partially
oxidized. Whether this partially oxidized carbon would
affect the performance of OLEDs is still unknown.

3.5. The peak of O Is before and after UV-ozone
treatment

Fig. 6 showed the curve-fit results of O 1s peaks of
ITO before and after UV-ozone treatment at different

TOA. The O 1s peak can be fitted into three peaks.
Peak 1 centered at 530.3 eV can be assigned to 0>~
ions in the tetrahedral interstices of face-centered-
cubic In** ion array [18]. Peak 3 centered at
532.8 eV is due to loosely bonded O° from contam-
ination. Peak 2 centered at 531.8 eV have two con-
tributors: (1) oxygen from C—O contamination, and (2)
oxygen bonded to In and Sn in ITO; this state is the
intermediate state between O”~ and dissociated oxy-
gen, and its electron density is smaller than the O*~
ions [10]. From Fig. 6, it can be concluded that the
increase of oxygen concentration should mainly be
contributed to the increase of peaks 1 and 2. UV-ozone
treatment not only removes the carbon contamination
at ITO surface through oxidation, but also introduces
O”~ ions into ITO surface.

4. Conclusions

The surface chemistry of ITO thin-films before and
after UV-ozone treatment was investigated using
ADXPS. The major results and conclusions are sum-
marized below.

1. There was a thin layer of carbon contamination at
ITO surface before UV-ozone treatment. This
layer is nonconducting and the thickness is about
7 A. UV-ozone treatment removes most of the
carbon contamination at ITO surface, and the
residual carbon at ITO surface is partially
oxidized.

2. UV-ozone treatment can modify ITO surface
through introducing O®~ ions into ITO surface.
The modified depth is about 50 A. The modifica-
tion decreased the carrier concentration at ITO
surface, thus decreased the conductivity of ITO
surface.
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