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Low–Temperature Hydrogen Sensors Based
on Au Nanoclusters and Schottky Contacts on
ZnO Films Deposited by Pulsed Laser Deposition
on Si and SiO2 Substrates
Ch. Pandis, N. Brilis, E. Bourithis, D. Tsamakis, H. Ali, Soumya Krishnamoorthy,
Agis A. Iliadis, Senior Member, IEEE, and M. Kompitsas

Abstract—Unintentionally doped n-type ZnO thin films deposited on Si and SiO2 substrates by pulsed laser deposition
(PLD) techniques, were functionalized as H2 gas sensors by a)
incorporating Au nanoclusters in the surface, and b) developing
Au Schottky diodes on ZnO. The influence of the catalytic action
of the Au nanoclusters on the sensing properties of the devices was
examined and found to provide faster response times at a reduced
working temperature of 150 C. The field-assisted sensing of the
Au Schottky diodes demonstrated for the first time in this system,
a more dramatic reduction in the working temperature of the
sensor to nearly room temperature.
Index Terms—Gas detectors, pulsed lasers, Schottky diodes,
thin-film devices.

I. INTRODUCTION

Z

ink Oxide (ZnO) thin films can be used as sensing elements [1]–[5] in the detection of various gases such as H ,
NH , CO, and others. For effective H sensing, the sensor elements need to be heated at temperatures around 200 C [3]–[5].
The response times of the elements extend usually to several
minutes not allowing such sensors to be used in explosive environments where rapid low working temperature sensing is necessary. Modification of the H -sensing properties of ZnO thin
films to achieve better performance, depends on the control of
the electronic and structural properties of the films. The properties of the films can be adjusted by the choice of the growth parameters, the structure of the films, the state of the surface, the
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Fig. 1. Twin laser–twin target experimental setup.

dopants used, and the substrate type. The use of noble metals
such as Pd and Pt promote gas sensitivity and reduction in the
response time of materials suitable for H sensing such as thin
films of ZnO, InN, etc., [6]–[12]. However, for further optimization of the sensing properties of these films it is necessary
to develop novel approaches and devices that will further increase sensitivity, selectivity, and decrease response times and
working temperatures of the sensing elements. To improve the
gas-sensing characteristics of ZnO further, we have targeted surface modification by incorporating Au nanoclusters, and development of Au–ZnO Schottky devices to achieve better sensing
capabilities by field-assisted processes and enhance sensitivity,
response times and working temperatures.
II. EXPERIMENTAL DETAILS
A. Film Growth
The thin-film samples were deposited using a twin laser/twin
target pulsed laser deposition (PLD) technique [5] (Fig. 1). The
depositions were performed in a stainless-steel vacuum chamber
with nominal vacuum pressure of 5.3 10 Pa. Initially, the
ZnO film was deposited by ablating a metallic Zn target using
193 nm,
12 ns) at
an ArF* excimer laser (
10-Hz pulse repetition rate, in a reactive O gas atmosphere at
1.5 10 torr partial pressure. After approximately 90 min of
film growth, the chamber was evacuated down to its nominal
pressure and the Au target was ablated by the focused beam
355 nm,
10 ns) for about
of a Nd:YAG laser (
6 min in order to incorporate the Au nanostructures in the surface. The fluence values were 4.8 J/cm and 2.4 J/cm for the
ArF* and Nd:YAG lasers respectively. The Si (001) and SiO
substrates were positioned at 50 mm from the targets, in a place
where the two ablation plasmas intersect each other under an
angle of 30 C. The grown films had thickness ranging between
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is the film resistance in air atmosphere and
is the
where
film resistance in gas atmosphere.
In the case of the Schottky-type sensing elements, the relative
response (sensitivity) can be defined as
(2)
where
while
value.

Fig. 2. Au– ZnO thin-film Schottky diode grown on (100) Si substrate.

120 and 250 nm, as measured by a Tencor profilometer. The
Au Schottky diodes (Fig. 2) were deposited on the grown ZnO
films by thermal evaporation in a high vacuum chamber with a
nominal vacuum of 10 torr. Larger area ohmic contacts were
made using silver paste. The influence of the deposition parameters on the electrical and sensing properties of the grown ZnO
films was evaluated by structural measurements [X-ray diffraction (XRD), atomic force microscope (AFM)], electrical measurements (resistivity, Hall voltage), and by dynamic response
tests in a hydrogen environment.
XRD - scans of the grown ZnO films were recorded for
values between 30 and 75 using the Cu K line at
1.54 Å. The surface morphology of the ZnO surface with the Au
nanostructures, was evaluated by scanning electron microscopy
(SEM), while the surface morphology of the ZnO films with the
Au Schottky diodes was evaluated by a tapping mode atomic
force microscope (AFM) at a scan rate of 1.2 Hz. Resistivity
and Hall coefficient measurements, in a 0.4-T magnetic field,
were performed using the four-point contact technique in order
to obtain the conduction type of ZnO films, the carrier concentration, and the mobility while the electrical characterization of
the Au-Schottky diodes included current–voltage ( – ) and capacitance–voltage ( – ) characteristics at room temperature.
For the – measurements at 1 MHz, an HP4275A impedance
analyzer was used.
B. Sensing Properties
Dynamic sensor response measurements were performed
under a 3% H in air flow at working temperatures between
30 C and 210 C in a stainless-steel tube setup. After introducing the gas into the tube, the resistance of the samples versus
time was measured with respect to the working temperature.
The sample holder has a copper heater resistance, capable of
reaching temperatures up to 400 C and controlled with an accuracy of 1 C. A platinum resistor measures the temperature,
and four mechanical point contacts measure film resistance.
Tests were made under H mixed with air or N (carrier gas)
before reaching the tube inlet. The gas flow was controlled
by two calibrated flowmeters and fed into an injection point
located below the sample holder. The electronic circuit for
resistance determination consisted of a current source (Keithley
Model 225) and a digital multimeter (Agilent 34401A). For the
temperature control of the sample, an ITC-502 (Oxford Instruments) controller was used. The relative response (sensitivity)
to gas is determined by the formula
(1)

is the forward current for a specific bias value in air
the forward current in the gas flow for the same bias

III. RESULTS AND DISCUSSION
A. Structural Characterization of ZnO Thin Films
XRD patterns of ZnO on Si and SiO substrates functionalized with the Au-Schottky diodes are shown in Fig. 3. The peaks
that appear at 31.8 and 36.2 are attributed to (100) and (101)
ZnO orientations, while the expected main columnar (002) peak
cannot be clearly resolved due to the large Si (200) peak from the
substrate. Although it is masked by the Si peak, a small hump
is evident on the side of the Si peak indicating the (002) ZnO
orientation. Au (200) and (220) peaks are also evident from the
Au -Schottky metallizations.
Using the Scherrer formula [9], the average grain size was
found to be 10 nm and 25 nm for the films deposited on SiO
and Si substrates, respectively.
SEM micrographs of the Au nanoclusters on ZnO films grown
on (100) Si are shown in Fig. 4. It can be seen that the Au nanoclusters have a uniform distribution extended up to 20–25% on
the surface of ZnO films. The size of the nanoclusters is found
to be about 150 nm.
In Fig. 5, AFM images show the surface morphology of the
two Au–ZnO Schottky diodes grown on SiO substrate.
B. Electrical Properties and Gas Sensing Results
1) Thin Films:
The conduction type as well as the concentration and the mobility of the free carriers of the films, were determined from the
electrical resistivity and Hall coefficient results. Table I shows
the comparative results for ZnO thin films with and without Au
nanoclusters grown on Si and SiO substrates. Fig. 6 shows the
dynamic response ZnO thin films with and without nanoclusters
upon H exposure. The films shown were grown on SiO and
the working temperature was 150 C.
As can be seen in Fig. 6 and Table I, the sensing properties
of ZnO films with Au nanoclusters are strongly enhanced. In
particular, the optimal sensor operating temperature is reduced
from 180 C to 150 C while the sensitivity is increased from
48% to 99%. The Au nanoclusters do not only promote gas sensitivity but also improve response times. The Au nanocluster
sensitized films were found to be markedly faster than the unsensitized ones as the response and recovery times are reduced
by a factor of 15 and 3 for the films grown on SiO , respectively.
In the case of the films grown on Si substrate the sensitivity at
150 C increases from 10.6% to 70%, while the response and
recovery times are reduced by 9 and 15 times, respectively.
The enhanced sensitivity of the ZnO surface towards H resulting from the addition of the Au nanoclusters, could be explained by the catalytic action of the Au in the adsorption–des-
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Fig. 3. XRD patterns of Au–ZnO Schottky diodes on Si and SiO substrates.

Fig. 4. SEM image of ZnO thin films on SiO with Au surface nanoclusters. The black dots in the gray matrix represent the Au nanoclusters.

tion used [3] in a similar case regarding Pd catalysts. In our case,
the reaction equation becomes
H

2Au

2H Au

(4)

and then the species are oxidized according to the following
equation:
Fig. 5. AFM images showing the surface morphology of Au–ZnO Schottky
diodes deposited on Si and SiO substrates.

orption mechanism. In particular, the predominant H sensing
mechanism is described [3], [6] by the following reaction equation:
2H

O

2H O

(3)

where O
are the adsorbed species for temperatures lower
than 200 C. The action of Au could be attributed to the formation of strongly reactive species according to the reaction equa-

4H Au

O

2H O

(5)

The last reaction describes the exchange of charges between
the absorbed species and the metal oxide surface. According to
this exchange, a charge depletion or accumulation is formed on
the film surface having Au nanoclusters or between the grains
of the film. The formation of the strongly reactive species H
(Au) accelerates the charge exchange thus improving the
sensing properties of the film. Furthermore, it can be seen that
the ZnO thin films grown on the noncrystalline SiO exhibit
significantly higher and faster relative response than that exhibited by the films grown on single-crystal (100) Si substrates.
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TABLE I
H -SENSING AND ELECTRICAL PARAMETERS OF AU-SENSITIZED AND
UNSENSITIZED ZNO THIN FILMS DEPOSITED ON SI AND SIO SUBSTRATES AT
200 C.

Fig. 7. I –V characteristics for Au–ZnO Schottky diodes grown on Si and SiO
substrates.

2) Schottky Diodes:
Fig. 7 shows the current–voltage characteristics for Au–ZnO
Schottky diodes grown on Si and SiO substrates at 200 C.
The Schottky barrier height was extracted by fitting the forward characteristics to the relation of thermionic emission over
a barrier:
(6)
where is the current,
the applied voltage, the ideality
factor of the diodes and the absolute temperature. The saturation leakage current is represented as follows [10], [11]:
(7)

Fig. 6. Dynamic response of unsensitized and Au-sensitized ZnO thin films
grown on SiO .

The main factor responsible for the improvement of the sensing
properties of these undoped ZnO thin films is believed to be
the increase in the active surface area per unit volume [9],
which is strongly related to the grain size of the grown films, as
well as the surface roughness of the films. Since the films are
thin ( 200 nm) the roughness of the substrates is transferred
to the film surface and thus the films grown on SiO have a
higher roughness than those grown on (100) Si, which results
in a higher surface area per unit volume for a given deposition
temperature. Thus, ZnO thin films deposited on SiO exhibited
optimal sensing properties.

where
is the Schottky barrier height, the surface area of the
the modified Richardson constant having
Au contact, and
a theoretical value of 32 A cm k for n-ZnO [10]. The
values of the height barrier, extracted from the linear part of the
characteristics, were found to be 0,69 and 0,8 V for
the diodes grown on Si and SiO , respectively. These values
are in good agreement with the values reported previously for
Au/n-ZnO Schottky contacts [10]. The saturation leakage cur0.2 A. The voltage dependence of
rent was found to be
the reverse current is mainly attributed to the generation current
produced in the depletion region of the Schottky contacts.
The barrier height value extracted from the intersect of the
curve was found to be 1.2 V (Fig. 8).
linear part of
From the slope of the linear part, the carrier concentration of
the ZnO films was determined and it was found to be
10 cm which is lower than the value of 5.6 10 cm ,
obtained from the Hall measurements (Table I). The disagreement in these values may be attributed to the assumption of a
uniform distribution of ionized donors in the Schottky depletion
layer as well as interface states and a non-negligible recombination current.
The - characteristics of the Schottky diodes were also
studied under exposure to 3% H mixture with air at working
temperatures between 30 and 90 C. A remarkable increase
in the current was observed and controlled by the applied
bias voltage. The optimal change was observed in the forward
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Fig. 8. 1=C –V measurements of Au–ZnO Schottky diodes grown on Si substrates.
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Fig. 10. Comparative relative response between Au–ZnO/SiO
Au–ZnO/Si Schottky diodes.

and

Fig. 11. Aging effects in sensitivity of Au–ZnO/SiO Schottky diodes after 1
month.
Fig. 9. Relative response in Au– ZnO/Si Schottky diodes at various temperatures. The arrows in the figure indicate the time the H flow is turned on and off.

current for a bias of 0.4 V. The maximum relative response
(
) results, at various working temperatures in the
range of 30 to 90 C, are shown in Fig. 9. The sensitivity,
determined by (2) for a bias of 0.4 V, increases significantly
from 10% to 45% for the diodes grown on Si (100), as the
temperature is increasing from 30 to 90 C. For temperatures
, the dynamic response curves are not fully
higher than 50
reversible. Maximum sensitivity per working temperature is
obtained between 14 and 16 min of exposure, while at 30 C
a maximal response around 10% is evident, indicating that
room-temperature operation of these sensors is possible with
further optimization. The sensitivity of the Au diodes on ZnO
grown on SiO increases from 10% to 14% when the temperature changes from 30 to 90 C. Nevertheless, it is evident
that at 30 C, the response and recovery times are 3 and 5
times, respectively, shorter than these of the diodes grown on
single Si substrate. Comparative relative response between
Au–ZnO/SiO and Au-ZnO/Si diodes is shown in Fig. 10. This
faster dynamic response of the diodes grown on SiO remains
even at 90 C as shown in Fig. 11.
The faster response of the Au–ZnO/SiO diodes can be
explained by the higher active surface area due to the high

porosity of the ZnO epilayer grown on SiO . In addition, the
lower sensitivity values of Au–ZnO/SiO diodes comparatively to these of Au–ZnO/Si diodes are expected due to the
difference of 0.1 V between their active height barriers. Poor
recovery effects pronounced on the Au-ZnO/Si diodes operated
at temperatures higher than 50 C are probably related to the
irreversible desorption process due to increased residual H in
the film surface.
The H -sensing mechanism of Au-ZnO Schottky diodes can
be explained by using the basic properties of a metal–semiconductor rectifying contact biased in the presence of H flow.
When the Fermi level of the metal is lower than that of the
builds up [11]. This
semiconductor, a potential barrier
corresponds to a depletion region due to carrier transport from
the semiconductor to the metal, followed by the ionization of
the impurities under the semiconductor surface, for zero bias.
Under nonzero bias conditions, the width of the depletion region
decreases or increases depending on the applied bias—forward
or reverse, respectively. For a forward bias onto the Au–ZnO
Schottky diode under H flow, the current increases due to the
reduction of the effective barrier height. This is attributed to
the time-dependent diffusion of the atomic hydrogen, created
by catalytic decomposition of adsorbed H molecules on the
Au-Schottky contact under the ZnO surface (shallow donor
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Fig. 12. Aging effects in sensitivity of Au–ZnO/Si Schottky diodes after 1
month.

states) [8], [12]. The H sensitivity of the Schottky diodes is
strongly dependent on the carrier density as well as on the
thickness of the film. For ZnO films of low carrier density (high
resistivity), the H sensitivity increases with increasing film
thickness. For thick films, the gas sensitivity of the Schottky
contacts diminishes [13].
Aging effects were observed on the dynamic response characteristics in both Schottky diodes after one month period as
seen in Figs. 11 and 12. In the case of Au–ZnO/Si diodes, the
above mentioned poor recovery effects appear even at 30 C,
while their sensitivity values after one month remain almost the
same. In addition, in Au–ZnO/SiO diodes, the velocity of dynamic response remains sufficient (being dependent mainly on
the high active area), but a reduction of about 20% is observed
on the maximum sensitivity values. This effect is probably due
to the humidity influence, which results in slow saturation effects of H in ZnO.
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IV. CONCLUSION
Unintentionally doped n-ZnO thin films grown by PLD on
Si and SiO and functionalized with a) Au nanoclusters, and
b) Au-Schottky diodes, exhibited enhanced H –sensing properties. The incorporation of Au nanoclusters in the surface of
the ZnO films resulted in a reduction of the working temperature to 150 C, and an increase in relative response up from
48% to 99%, while response times were reduced significantly.
When, instead of the Au nanoclusters, a Au-Schottky diode was
formed on the surface, a dramatic reduction in working temperature range between 30 and 90 C was obtained, indicating that
room-temperature operation of these sensors is possible with
further optimization. The comparative study between ZnO films
grown on Si and SiO indicates that films grown on SiO have
shorter response and recovery times due to higher roughness and
porosity.
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