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Abstract We report that oxygen plasma treatment signif-
icantly changes the surface properties of Ga-doped ZnO
(GZO) thin films, leading to an increase of work function
and a large reduction in contact angles. We attribute the in-
crease of work function of the GZO thin films after oxygen
plasma treatment to both the lowering of the Fermi level and
the shift in ionization potential.

1 Introduction

Transparent conducting oxides (TCOs) are widely used as
transparent electrodes in optoelectronic devices, such as so-
lar cells, light-emitting diodes, laser diodes, and thin-film
transistors, owing to the unique combination of high elec-
trical conductivity and excellent visible transparency [1-5].
Zinc oxide (ZnO)-based TCOs possess the advantages of
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low cost, earth abundance, and non-toxicity compared with
the most popular of the indium oxide based TCOs, i.e. tin-
doped indium oxide (ITO) [6]. ZnO is commonly doped
with group-III elements, such as Al or Ga, to enhance its
electrical conductivity [7, 8]. Our group and many other re-
search groups demonstrated that Ga is a decent dopant for
producing high-quality n-type ZnO because Ga atoms cause
little distortion of the ZnO lattice when they are in substitu-
tional sites [9-13].

Surface properties are key factors for TCOs, apart from
electrical conductivity and visible transparency, when inte-
grating TCOs into organic based optoelectronic devices such
as organic light-emitting diodes and organic solar cells. The
band alignment at the interfaces of organic semiconductors
and TCOs is expected to depend directly on the work func-
tions of the TCOs [14, 15]. The surface wetting properties
of the TCOs may impact their compatibility with the or-
ganic semiconductors. In the research community of organic
optoelectronics, a number of strategies, such as use of self-
assembled monolayers and UV ozone treatment, were devel-
oped to modify the surface properties of the ITO electrodes
and improve the device performances [16—19]. Neverthe-
less, few investigations have been reported on the surface
modifications of the properties of Ga-doped ZnO (GZO)
thin films, which are critical for future practical applications.

In this study we utilized oxygen plasma treatment to
modify the surfaces of GZO thin films. Oxygen plasma treat-
ment is one of the most widely used post-treatment methods
in terms of modifying the surface properties of oxide thin
films, such as ITO, TiO,, and ZnO thin films [20-22]. The
effects of oxygen plasma treatment on the surface properties,
i.e. work functions and wetting properties, of the GZO thin
films were investigated by means of ultraviolet photoemis-
sion spectroscopy (UPS) and contact angle measurements.
The optical, electrical, and chemical bonding states of the
GZO thin films were also characterized.
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2 Experimental

The ZnO and GZO thin films were deposited by pulsed
laser deposition (PLD) on quartz substrates which were
pre-cleaned by ultrasonication in acetone and then ethanol.
A KrF excimer laser (Compex 102, 248 nm, 25 ns) was
used as the ablation source. A target for the deposition of
oxide thin films was fabricated by sintering a mixture of
high-purity ZnO (16.28 g, 4 N) and Ga,O3 (0.987 g, 4 N)
powders. The laser beam was focused on the target with an
energy density of about 3 J/cm? and a repetition rate of 5 Hz.
The substrate with an area of 20.3 cm? was located at 4.5 cm
away from the target. Both the target and the substrate were
rotated during irradiation. The Ga content in the target was
set to be 5 at.%. The chamber was evacuated to a base pres-
sure of 5 x 1073 Pa before deposition. Then high-purity O
(5 N) was introduced to the chamber and the pressure was
kept at 5 Pa. The substrates were kept at 500 °C during the
growth of the thin films. The deposition time was set to be
30 min for all samples. The as-grown films were treated by
oxygen plasma for 5 min at a power of 600 W.

UPS (He I excitation source) and X-Ray photoelectron
spectroscopy (XPS, with a monochromatic Al Ko source,
15 kV/8 mA) characterizations were performed using a
Kratos Axis-Ultra spectrometer [23], with the Fermi energy
(EF) calibrated using an atomically clean silver sample. The
contact angles of the oxide thin films were measured by
a surface tension—contact angle meter (GBX DIGIDROP).
The optical transmission spectra were recorded by a Shi-
madzu UV-3600 spectroscope. The crystal structure of the

Fig. 1 (a) Top view of the GZO
thin film before plasma
treatments. (b) Cross-section
view and (c) XRD pattern of the
as-deposited pure ZnO and GZO
thin films. The inset displays
details of the ZnO (002) peaks.
(d) Top view of the GZO thin
film after plasma treatments

films was analyzed by X-ray diffraction (XRD) using a Bede
D1 system with Cu K, radiation (A = 0.1541 nm). Hall-
effect measurements were carried out in the van der Pauw
configuration (Bio-RAD HL5500PC) at room temperature
under the magnetic field of 0.32 T.

3 Results and discussion

Figures la and 1b show the cross-section and surface fea-
tures for a typical GZO thin film. The columnar structure of
the GZO thin film with highly compact grains, approx. 50—
80 nm in size, can be observed. The thickness of the GZO
film was determined to be ~350 nm. Figure 1c displays the
XRD patterns of the as-deposited GZO and pure ZnO thin
films with intensity expressed in logarithmic coordinates.
The two strong peaks in the XRD pattern of the GZO thin
film correspond to the (002) and (004) planes of wurtzite
ZnO, respectively, implying a high preferential c-axis ori-
entation. The (002) peak of the GZO thin film (at 34.5°)
slightly shifts (0.2°) to a higher angle compared with that of
pure ZnO (at 34.3°), in line with the substitution of Zn%t
(0.074 nm) by Ga**+ (0.062 nm), which has a smaller ionic
radius. The content of Ga in the as-deposited films was de-
termined to be 8.5 £ 1.5 at.% by XPS analysis. A possible
explanation is that Zn is more volatile at the growth temper-
ature (the saturated vapor pressure of Zn is higher than that
of Ga) and therefore the content of Ga in the GZO thin films
is higher than that of the target [24].
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The effects of oxygen plasma treatment on the surface
properties of GZO thin films are shown in Fig. 2. In the
UPS spectra, the secondary electron onset, referenced to the
21.2 eV helium source, provided a direct measurement of
the sample’s work function, revealing that the work func-
tion of the GZO thin film was increased from 4.0 £ 0.1
to 4.3 £ 0.1 eV after the oxygen plasma treatment. The
valence-band offset at the low binding energy corresponded
to the energy difference between the Fermi level and the
conduction-band maximum, which can be used to deter-
mine the ionization potential of the thin films. The ioniza-
tion potentials for the GZO thin film before and after oxygen
plasma treatment were 7.5 £ 0.1 and 7.7 £ 0.1 eV, respec-
tively, suggesting modification of surface dipoles.
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Fig. 2 (a) UPS spectra of the GZO thin films. (b and ¢) Contact angle
measurements of water on the GZO thin films

The static contact angles of water on the GZO thin films
are illustrated in Figs. 2b and 2c, indicating a significant re-
duction, from 76 to 28°, due to the oxygen plasma treatment.
We also conducted static contact angle measurements with
ethylene glycol and calculated the surface energies of the
thin films by using the Young—Dupré equation [25]. The re-
sults (shown in Table 1) indicate that the surface energy of
the GZO thin films increased from 29 to 74 mN/m after the
oxygen plasma treatment. The increased surface energy of
the GZO thin films may be beneficial for a number of future
applications. For example, Friend and coworkers suggested
that for ITO electrodes, a higher surface energy provides
a better adhesion of the polymer and reduces the interfa-
cial tension between the polymer and the substrate, which
is desirable for the fabrication of polymer light-emitting
diodes [26]. We note that oxygen plasma treatment did not
cause significant changes in terms of surface morphology, as
evidenced by the scanning electron microscope observation
shown in Fig. 1d.

We investigated the effects of oxygen plasma treatment
on the optical and electrical properties of the GZO thin films.
As depicted in Fig. 3, the GZO thin film subjected to oxygen
plasma treatment exhibits an average transmittance of about
90 % in the visible region and a sharp absorption edge in
the UV region of 300400 nm. This suggests that the supe-
rior visible transmittance properties of the GZO thin films
are preserved after oxygen plasma treatment. The relation-
ship between (hv)? and Av is plotted in the inset of Fig. 3
in order to determine the optical band gap, i.e. Eg(opt), Of
the samples. The Egopyy values can be obtained by extrap-
olating the linear portion to the photon energy axis in that
figure, which are 3.47 and 3.45 eV for as-grown and oxy-
gen plasma treated GZO thin films, respectively, suggest-
ing a shift of 20 meV to the lower energy region. The elec-
trical properties of the GZO thin films were characterized
by Hall-effect measurements. The results are summarized
in Table 2. The resistivity, carrier concentration, and carrier
mobility of the GZO thin films changed from 4.3 x 1073 to
2.1 x 1072 Qcm, 1.2 x 10%° to0 2.1 x 10" ecm™3, and 12
to 14.7 cm?/V s, respectively. We suggest that the band-gap
shift was due to the combined effects of band-gap widening
caused by Burstein—-Moss effects and band-gap narrowing
induced by band-gap renormalization [27].

As suggested by one of the reviewers, we also carried
out experiments of annealing the GZO films in an oxy-

Table 1 Surface tension

components of standard liquids Liquid Surface tension (mN/m) Static contact angle (°)

and static contact angle of the YL y]‘_j yf Before the After the

standard liquids on the GZO treatment treatment

films before and after the

oxygen plasma treatment Water 72.8 21.8 51.0 76 28
Ethylene glycol 48.3 29.3 19 68 22
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Fig. 3 Transmission spectra of
the GZO thin films. The inset

100
shows the plot of (chv)? of the
GZO thin films as a function of
the photon energy 80

60

40

Transmittance[%]

20

—— As-deposited
°r . 600w

(@’ (x10""cmeV?)

31 3.2 3.3 3.4 3.5 3.6
hv (eV)

0
1 1 1 L | L | I | 1 |
300 400 500 600 700 800
Wavelength(nm)
Table 2 Hall-effect results: - . . -
electrical properties of the GZO Sample Electron concentration Resistivity Mobility Carrier type
thin films (cm™?) (2cm) (cm?/V s)
As-deposited film 1.2 x 10%0 43 %1073 12 n
After annealing 1.3 x 10%° 3.7 %1073 13 n
After treatment 2.1 x 10" 2.1 x1072 147 n
for 600 W/5 min
S =
E 4 Z .‘!,
= \ 2
= 3 = 4
As-deposited y 600w \
\'\ ‘j \\\m
M st it A AN R
522 524 526 528 530 532 534 536 538 522 524 526 528 530 532 534 536 538
Binding Energy (eV) Binding Energy (eV)

Fig. 4 The curve-fitted results of O 1s XPS spectra of the GZO thin films

gen atmosphere (5 Pa) at 150 °C for 5 min in order to
determine the effects of oxygen annealing on the surface
properties of the GZO thin films. The static contact an-
gle (water) and the work function of the GZO films af-
ter oxygen annealing were 78° and 4.0+ 0.1 eV, respec-
tively. Hall-effect measurements showed that the resistivity
and carrier concentration for the GZO films after anneal-
ing were 3.7 x 107> Qcm and 1.3 x 10%° ¢cm™3, respec-
tively (Table 2). These results indicate that the oxygen an-
nealing procedure did not significantly change the electri-
cal and surface wetting properties of the GZO thin films.

@ Springer

We note that for ZnO-based TCO thin films, oxygen an-
nealing may be effective at high annealing temperatures, i.e.
>400 °C. For example, Deng et al. reported that the resis-
tivity of aluminum-doped zinc oxide (AZO) thin films was
increased from 1 x 10™* to 2 x 10™* Qcm after annealing
in oxygen for 1 h at 500 °C [28].

We carried out XPS analyses to examine the changes of
chemical bonding states due to the oxygen plasma treat-
ment. Figure 4 displays narrow-scan XPS spectra of the
O 1s core level for the GZO thin films, which exhibit asym-
metric line shapes. The peak with lower binding energy
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(530.5+£0.1 eV) corresponds to oxygen atoms in a ZnO ma-
trix, i.e. O—Zn bonding. The second peak, at 531.5+0.1 eV,
is attributed to oxygen-deficient components, such as oxy-
gen vacancies, O—H, C-O, or loosely bound oxygen on the
surface of the GZO thin films. The relative magnitude of the
low-binding-energy O atoms was 0.48 in the as-deposited
sample and increased to 0.71 after oxygen plasma treatment,
indicating that oxygen plasma treatment was effective in
terms of suppressing surface contamination and improving
surface stoichiometry.

We attribute the increase of work function after oxygen
plasma treatment to both the lowering of the Fermi level and
the shift in ionization potential. The lowering of the Fermi
level is due to the decrease of free-carrier concentration, as
shown by the Hall-effect measurements. A simple estima-
tion by assuming that the effective mass of ZnO is 0.32m,
and using parabolic conduction band edges suggests that the
Burstein—Moss shifts for the GZO thin films before and after
oxygen plasma treatment are 0.28 and 0.09 eV, respectively
[29, 30]. As shown by the UPS spectra, the ionization po-
tential for the GZO thin films is approx. 0.2 eV deeper after
oxygen plasma treatment. This is in line with the increase
of the components of O-Zn bonding in the XPS spectra,
which suggests that oxygen plasma treatment effectively re-
moves the surface contaminants and improves the surface
stoichiometry [31].

4 Conclusions

In summary, oxygen plasma treatment significantly changes
the surface properties of Ga-doped ZnO thin films, leading
to an increase of work function and a large reduction in con-
tact angles. We found no degradation of the superior trans-
mittance properties of the GZO thin films subjected to the
oxygen plasma treatment. We attribute the increase of work
function of the GZO thin films after oxygen plasma treat-
ment to both the lowering of the Fermi level and the shift in
ionization potential.
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