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Abstract

ZnO thin films were deposited on alumina substrates under various conditions and then plasma treated with the goal of fabricating ZnO sensors
for acetone gas detection. The ZnO thin films were deposited using the radio frequency (RF) magnetron sputtering method with a RuO, micro
heater and Ru electrode. In order to control the work function of the sensor, ZnO thin films were deposited under the various deposition conditions
(RF power, distance from target to substrate) and then plasma treated. The sensitivity of the ZnO sensors was measured in the air or in acetone gas
(500 and 1500 ppm) at a substrate temperature of 250 °C, which was heated using a RuO, micro-heater. The sensitivity of the ZnO sensors was
dependent on the work function of the ZnO thin films. Moreover, the work function of the ZnO thin films was also dependent on the binding energy
of oxygen atoms. The results of this study indicate that the work function of the as-deposited or plasma treated ZnO thin films were sufficient for

these films to be used as a ZnO sensor for acetone gas detection.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, zinc oxide (ZnO) nanostructures have
attracted considerable attention due to their high transmittance,
good electrical conductivity and high gas sensitivity [1,2].
Many recent studies have focused on ZnO thin films because it
is an inexpensive n-type and wide bandgap (3.2eV)
semiconductor. These properties make the ZnO a multi-
functional material that can be used as sensing material in gas
sensors and a transparent electrode in optical devices [3,4].
Even though ZnO thin films show a relatively high sensitivity
for acetone gas, the operation temperature and detectable
minimum acetone gas concentration are still high when
considering commercial application of a ZnO thin film based
gas sensor [5,6]. We hypothesize that the electrons transfer
from the gas to the sensing material are dependent on work
function. However, the influence of the work function of the
ZnO thin film on acetone gas sensitivity has not yet been
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reported. In this study, we investigated the relationship between
the sensitivity of the ZnO sensor and the work function in the
ZnO sensor for acetone gas detection by varying the work
functions through different deposition conditions and plasma
treatment.

2. Experimental procedure

The RF magnetron sputtering system with the Zn target was
used to deposit ZnO thin films on alumina substrates through
the reactive sputtering method. The sputtering gas used was a
mixture of Ar-O, (Ar:O,=9:1). The chamber had a base
pressure of 5 ptorr and a working pressure of 8 mtorr. The
applied RF power (Prg) was 100-200 W. To investigate the
effect of plasma treatment on the deposition of ZnO thin films,
the distances (Dt_g) from the target to the substrate were
maintained at 65 and 100 mm in the plasma and out of
the plasma, respectively. We named ZnO films with
various  conditions S1(Prg=100W, Dr_g= 100 mm),
S2(Pre =100 W, Dp_g=65mm), S3(Prr=200W, Dr_
s =100 mm), and S4(Prg=200W, Dt_g =65 mm), respec-
tively. After deposition of the ZnO thin films, the ZnO thin films
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were treated by oxygen plasma. Plasma treatment was carried
out at a working pressure of 50 mtorr with a RF power of 50 W
for 10 min. After plasma treatment, the patterned Ru electrodes
were deposited on the sensing material using the RF magnetron
sputtering system. A patterned RuO, heater was then deposited
on the back side of the substrate by RF magnetron
sputtering.The sensitivity of the sensors for acetone gas
detection was calculated by measuring the resistances of the
sensor in air (R,) and in acetone gas (R,) using a Keithley 2400,
which was connected to a computer and operated using a
Labview program. The sensor sensitivities were measured at a
temperature of 250 °C and the acetone gas concentration in the
vapor was 500 and 1500 ppm. Field-emission scanning electron
microscopy (FESEM; Hitachi, S-4700, Japan) and Atomic
Force Microscopy (AFM; Park Systems, XE-1500, Korea) were
used to assess the surface properties of the ZnO thin films. X-
ray diffraction (XRD; Rigaku, D/MAX-2200, Japan) analysis
was carried out on a Rigaku X-ray diffractometer with Cu Ka
radiation (A = 1.5418 A). X-ray Photoelectron Spectroscopy
(XPS) spectra were obtained using a Thermo Electron XPS (K-
Alpha, Germany). The work function of the ZnO thin films was
measured using a Kelvin Probe (Mcallister, KP6500, USA).

3. Results and discussion

Fig. 1 shows cross-section and surface FESEM images of the
ZnO thin films. From these images, no defects or cracks were
observed in the ZnO thin films. In these FESEM images, the
crystallographic planes of the ZnO with a columnar structure
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were clearly visible, providing strong evidence that the
crystalline structure of these ZnO thin films were oriented
along the c-axis. The thicknesses of ZnO thin films were 351,
341, 344, and 407 nm, respectively.

The sensitivity of the ZnO sensor for acetone gas detection
was defined as [(R, — Ry)/R, x 100] where R, is the electrical
resistance of the sensor in air and R, is the electrical resistance
of the sensor in the acetone—air mixture gas. The sensor for
acetone gas detection was fabricated on a alumina substrate
with the Ru electrode on the topside and the RuO, heater on the
backside. Fig. 2 shows the electrode and micro-heater design
and the sensitivity of the sensors for acetone gas detection. The
S2 and S4 sensor displayed a higher sensitivity. In addition, the
sensitivity of the ZnO thin films with plasma treatment was
higher than that of the as-deposited ZnO. Although, there were
large differences in the sensitivity of the ZnO thin film
fabricated under various deposition conditions, plasma treat-
ment improved the sensitivity of all ZnO thin films.

Fig. 3 shows the XRD spectra of the ZnO thin films with the
various deposition conditions, FWHM and grain size of (0 0 2)
crystalline direction of the ZnO thin films, which is in good
agreement with the standard data (JCPDS 36-1451) for ZnO
[7]. Grain size was obtained using the Scherrer’s equation [8,9].
The XRD spectra in was not affected by plasma treatment
because the plasma influences only the surface of ZnO thin film.
The S3 and S4 had a higher intensity in (00 2) the crystal
direction than the other ZnO thin films. In addition, S1 had the
largest grain size. On the other hand, S2 had the smallest grain
size of the ZnO samples. This result demonstrated that the grain
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Fig. 1. . Cross-section and surface images of ZnO thin films by FESEM: (a) S1, (b) S2, (c) S3, and (d) S4.
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Fig. 2. . Design and sensitivity of ZnO sensors in acetone gas at acetone
concentrations of 500 and 1500 ppm.

size of ZnO thin films had no effect on the sensitivity of the ZnO
thin films in regards to acetone gas detection.

The surface roughness of the ZnO thin films were measured
by AFM to vary from 0.46 to 3.68, as shown in Fig. 4. The
roughness was not dependent on the deposition condition. In
addition, the surface roughness did not influence on the
sensitivity of the ZnO thin films.

Fig. 5 shows the work function of the as-deposited ZnO thin
films and plasma treated ZnO thin films. The as-deposited ZnO
thin films displayed various work functions from 4.62 to
4.75 eV, which were dependent on the deposition conditions. In
addition, plasma treated ZnO thin films had a higher work
function than the as-deposited ZnO thin films, which ranged
from 5.15 to 5.51 eV. The error range of the work functions of
ZnO thin films measured using the Kelvin probe was
approximately £0.03 eV. The ZnO thin films deposited inside
the plasma had higher work function than the ZnO thin films
deposited outside the plasma. Comparing with the results in
Figs. 4 and 5, the Sensitivity of ZnO Sensor was dependent on
the work function of the ZnO thin film.

Furthermore, the work function of the ZnO thin films was
dependent on the plasma conditions, such as plasma treatment
and the position of the substrate in the ZnO thin film deposited
inside or outside the plasma. We demonstrated that the ZnO thin
film deposited inside the plasma had a higher work function due
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Fig. 3. . XRD spectra of ZnO thin films under various deposition conditions.
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Fig. 4. . Surface images and roughness of ZnO thin film as assessed by AFM.

to the positive effect of plasma treatment. Furthermore, it was
demonstrated that the sensitivity of the sensors was strongly
dependent on the work function of the sensing materials.
XPS spectra were used to further understand the reason for
this trend in the work function. We measured binding energy
peaks of oxygen atoms on the surface of the ZnO thin films by
XPS. Fig. 6 shows the XPS spectra (a) and the binding energy
peaks of O sl (b). The work function of the ZnO thin films was
almost entirely dependent on the binding energy of the oxygen
atom. In addition, the binding energy peak of the oxygen atom
in the ZnO films that had been plasma treated increased in
proportion to the working function. Therefore, the change in the
work function of ZnO thin films could be explained as follows:
First, plasma treatment generated dangling bonds on the ZnO
surface due to surface damage caused by the plasma. This
means free electrons were trapped on the dangling bonds of the
ZnO surface. Thus, the energy required to for free electron to
escape increased. Second, the ZnO surface was oxidized by
oxygen plasma. This means the binding energy of the oxygen
atom was increased as shown in Fig. 5. Therefore, the bonding
energy increase in the oxygen atoms on the ZnO surface
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Fig. 5. . Work function of ZnO thin films fabricated under various conditions or
with plasma treatment.
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Fig. 6. . (a) XPS spectra and (b) binding energy peaks of oxygen atom in ZnO
thin films.

restricts the emission of electrons and increases the work
function. Based on these results, it was demonstrated that the
increase in the bonding energy of oxygen atoms on ZnO with
plasma treatment also increased the work function of the ZnO
thin film. However, the effect of plasma treatment was
dependent on treatment time. Thus, there is a need to
development time-independent surface modification methods
that do not alter the work function.

4. Conclusion

ZnO thin films were assembled with various work functions
by RF magnetron sputtering were fabricated. Besides, the work
function of ZnO thin films was increased by RF oxygen plasma
treatment. The cause for the increase in structural properties
and work function of the ZnO thin films were analyzed. The
work function of ZnO thin films was dependent on the binding
energy of the oxygen atoms on the ZnO surface. In addition, the
binding energy of the oxygen atoms on the ZnO surface by
plasma treatment increased in proportion with the work

function of the ZnO thin films. It was expected that the
increase in the work function by plasma treatment was due to
the generation of the dangling bonds and an increase in the
binding energy of oxygen atoms by oxidation of the ZnO
surface. The sensitivity of the ZnO sensors for acetone gas
detection was improved by plasma treatment. In addition, the
electron swap between the ZnO surface and acetone gas was
improved by increasing the work function of the sensing
materials.
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