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Abstract Nanocomposite thin films formed by gold nano-
particles embedded in a nickel oxide matrix have been syn-
thesized by a new variation of the pulsed laser deposi-
tion technique. Two actively synchronized laser sources,
a KrF excimer laser at 248 nm and an Nd:YAG laser at
355 nm, were used for the simultaneous ablation of nickel
and gold targets in oxygen ambient. The structural, morpho-
logical, and electrical properties of the obtained nanocom-
posite films were investigated in relation to the fluence of
the laser irradiating the gold target. The nanocomposite thin
films were tested as electrochemical hydrogen sensors. It
was found that the addition of the gold nanoparticles in-
creased the sensor sensitivity significantly.

1 Introduction

Nanocomposite metallic oxide thin films with Au nanopar-
ticles find extensive applications, including among oth-
ers: electrochemical SnO2:Au sensors for CO with in-
creased sensitivity [1], biochemical sensors with enhanced
response [2], optical detection of CO based on absorbance
changes of NiO:Au compounds [3], gas detection selectivity
between CO and H2 by means of optical sensing based on
CuO:Au compounds [4], and ozone detection by conducto-
metric SnO2:Au-based gas sensors [5].

NiO, one of the very few known p-type metal oxide
semiconductors [6], is a dielectric, antiferromagnetic, elec-
trochromic [7, 8], and catalytic [9] material with excellent
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chemical stability [10] and good gas sensing properties [11,
12]. NiO thin films have been prepared in the past by several
methods, such as sputtering [12], chemical spray pyrolysis
[13], and pulsed laser deposition (PLD) [7, 8, 14, 15].

The nanocomposite system NiO:Au has been developed
previously by pyrolysis [4, 16]. The nanoparticles had a di-
ameter of a few tens of nanometers and caused a catalytic
enhancement on the optical detection of CO. Recently, a new
thin-film chemical growth process has been proposed and re-
alized [17] that led to a device operating as a solid-state gas
sensor with enhanced performance. Metallic (Au, Ag, Pt)
nanoparticles served as nanoelectrodes between SnO2 crys-
tallites to reduce the resistivity of the device and facilitate
gas detection using electrochemical sensing.

In Ref. [17], the metallic nanoparticles have been de-
posited either below (“bottom layout”) or on the surface
(“top layout”) of the functional SnO2 film. In this paper, we
report on the growth of NiO:Au nanocomposite thin films,
where Au nanoparticles are stochastically embedded inside
the NiO matrix (“intermediate layout”). The setup we use
has been developed previously [18] as an extension of the
typical PLD technique. It consists of a synchronized dual-
laser, dual-target system that allows the control of the con-
centration of any element into any metallic oxide matrix.
This is achieved by adjusting the fluence of the laser inci-
dent on the impurity (additional element) target during film
growth. In this way, the structural and electrical properties of
the synthesized nanocomposite materials may be efficiently
optimized for specific applications.

In the present study, the grown nanocomposites have
been employed as hydrogen sensors. We manage to detect
hydrogen efficiently for operating temperatures much lower
than those found in the literature [12, 13, 16], in order to
reduce the energy consumption of the sensor without sacri-
ficing sensor sensitivity. Hydrogen sensing is important for
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Fig. 1 Schematic of the geometrical arrangement in the ablation area,
showing the two lasers irradiating the Ni and Au targets

many applications because hydrogen becomes explosive in
air with a lowest explosion limit (LEL) of 4% (40,000 ppm).

2 Materials preparation and methods

The versatile reactive pulsed laser deposition (R-PLD) tech-
nique consists of a 248 nm KrF excimer laser for the ablation
of the metallic Ni target and a 355 nm Q-switched Nd:YAG
laser for the ablation of the Au foil. The two laser systems
are actively synchronized and driven at 10 Hz by a com-
mon pulse generator. The KrF (“laser 1”) laser fluence was
fixed at 5.5 J/cm2. The Nd:YAG (“laser 2”) laser fluence was
varied and set at 0, 1.3, 2.4, and 4.3 J/cm2, in order to con-
trol the amount of Au embedded into the NiO martix. This
way, four different sets of samples were prepared with vary-
ing Au concentrations. To avoid fast drilling, both targets
were placed on a vacuum-compatible, computer-controlled
XY translation stage (Fig. 1). Thermally oxidized Si sub-
strates were positioned 40 mm away from the targets, in or-
der for the two ablation plasmas to intersect on the substrate
surface, as shown in Fig. 1. The substrates were heated at
400°C during thin film growth. The target irradiation time
for every film was 90 min. Prior to each irradiation, the vac-
uum chamber was evacuated down to a residual pressure of
10−4 Pa. All depositions occurred in a dynamic 40 Pa oxy-
gen pressure in order to obtain NiO.

The morphological and structural characteristics of the
obtained films were investigated by scanning electron mi-
croscopy-energy dispersive spectroscopy (SEM-EDS) and
by an X-ray diffraction (XRD) Siemens D 5000 instrument
in the 35°–50° range. The resistivity of the films was mea-
sured using the four-point van der Pauw method.

Hydrogen sensing has been investigated inside an alu-
minum vacuum chamber [18]. The chamber was initially
evacuated down to 1 Pa and then filled with the air/hydrogen
mixture. The hydrogen concentration was calculated accord-
ing to the partial pressures of the gases under static exper-
imental conditions. The films were resistively heated, and

Fig. 2 Diffractograms of the compound thin films with increasing Au
concentration (from bottom to top)

their temperature was measured by a thermocouple placed
near them on the oven surface. A bias of 1 V was applied,
and the current through the NiO thin films was measured
with a model 485 Keithley picoammeter. Current changes
due to hydrogen sensing were recorded, digitized, and dis-
played by a computer in real time.

3 Results and discussion

3.1 Structural properties

In Fig. 2 the diffractograms of four samples with different
Au concentrations are presented. The Au concentration in-
creases as the fluence of the Nd:YAG laser, which is the laser
that ablates the Au target during film growth, increases. The
fluence of the Nd:YAG laser for each sample is indicated in
Fig. 2. We observe that the NiO films crystallize mainly at
the (1 1 1) and (2 0 0) orientations, which are in agreement
with previous studies concerning NiO thin films grown by
PLD [7]. The average grain size D of the NiO nanocrys-
tallites is estimated at 46 nm by using the Scherrer equa-
tion (1):

D = 0,9 × λ

FWHM × cos θ
(1)
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Fig. 3 (a) SEM image of the
reference NiO sample. (b) EDS
spectrum of the background
surface. (c) EDS spectrum of a
Ni droplet

where λ = 1,5418 Angstrom (CuKα), θ is the central peak
angle, and FWHM is the full width at half maximum of the
XRD peak.

From Fig. 2 it is clear that Au crystallizes as well, mainly
at the (1 1 1) orientation; Au peak intensities increase and
the corresponding FWHM values decrease with increasing
Nd:YAG laser fluence. The reduction in the FWHM values
indicates that the mean size of Au particles increases with in-
creasing laser fluence. In particular, employing the Scherrer
equation (1), the average size of Au nanoparticles deposited
with an Nd:YAG laser fluence of 2.4 and 4.3 J/cm2 is esti-
mated at 20 and 22 nm, respectively. The size of Au particles
deposited with the 1.3 J/cm2 laser fluence could not be es-
timated using the Scherrer equation, because of the partial
overlap of the two peaks corresponding to Au and NiO in
the diffractogram.

3.2 Morphological properties

In Fig. 3a the SEM image of a NiO film containing no Au
particles (“reference sample”) is shown. On this SEM im-
age, the white spots are metallic Ni particles randomly dis-

tributed on the gray background. Figure 3b is an EDS spec-
trum of this background, which shows the height of the Ni
peaks relative to the Si peak originating from the substrate
on which the NiO film has been deposited. Figure 3c shows
the EDS spectrum taken on one of the white spots shown
in Fig. 3a, with a remarkable increase of the Ni peaks rel-
ative to the Si peak. Such metallic droplets, consisting of
the target material, are not uncommon in PLD depositions
[19] and are created by insufficient oxidation of the target
material inside the laser-produced plasma. In Fig. 3a the Ni
nanoparticles are a few hundred nanometers or less in size.
Nanoparticles with sizes below ca. 100 nm could not be re-
solved by the SEM apparatus. Therefore, there is no contra-
diction with the XRD results shown in Fig. 2 that revealed
an average NiO grain size of 46 nm. In Fig. 2 we observe
that there are no Ni peaks in the XRD spectra. This is due to
the small amount of Ni droplets on the NiO film surface.

Figure 4a shows SEM images of the nanocomposite
NiO:Au films fabricated with the lowest 1.3 J/cm2 (a1) and
highest 4.3 J/cm2 (a2) fluence of the Nd:YAG laser, obtained
with the same resolution as Fig. 3a. From these images,
it is clear that the number of Au nanoparticles on the film
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Fig. 4 (a) SEM images of the
NiO:Au compounds with (a1)
the lowest and (a2) the highest
Au concentration. (b) EDS
spectrum of the background
surface in sample a2. (c) EDS
spectrum of an Au droplet on
sample a2

surface increases significantly with increasing laser fluence.
Figure 4b shows the EDS spectrum of the gray background
of the sample obtained with the highest laser fluence (a2).
Comparing it with Fig. 3b, it follows that Au is embedded in-
side the NiO matrix. From the XRD results presented above

we calculated the average diameter of Au nanoparticles de-
posited with this laser fluence to be ca. 22 nm. Therefore,
due to the restricted resolution of the SEM apparatus, they
cannot be distinguished from NiO nanoparticles (46 nm av-
erage diameter). Only the larger Au nanoparticles on the film
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Fig. 5 Resistivity of NiO and NiO:Au thin films vs fluence of the
Nd:YAG laser

surface, with diameters of a few hundred nanometers, can be
identified. Figure 4c shows the EDS spectrum of such an Au
nanoparticle on the film surface, where we can see that the
Au concentration is increased compared to the gray back-
ground shown in Fig. 4b.

3.3 Electrical properties

The resistivity of the samples was measured using the four-
point van der Pauw method at room temperature, and the re-
sults are presented in Fig. 5. The resistivity of the undoped
NiO film is of the same order of magnitude with what has
been reported in the literature [9]. The increase in Au con-
centration into the NiO matrix, which follows the increase
of the Nd:YAG laser fluence, causes a fast decrease of the
resistivity toward conducting values. For clarity, the resis-
tivity is fitted by an exponential dependence on the Nd:YAG
laser fluence. Given the average sizes of the Au and NiO
nanoparticles as they resulted from the XRD spectra above,
we conclude that Au “nanoelectrodes,” in view of Ref. [17],
are embedded between the NiO nanoparticles and contribute
to the strong reduction of the film resistivity.

3.4 H2 sensing measurements

When the p-type NiO semiconductor reacts with a reducing
gas like hydrogen, its resistivity increases [15]. The response
S of such a sensor is given as follows:

S = (Rg − Ro)/Ro

where Rg and Ro is the resistivity of the sensor in the gas/air
mixture and in pure air, respectively. The sensor response
increases with gas concentration in the gas/air mixture and
in general with the sensor operating temperature. There-
fore, the expected increase of the response S of the NiO:Au

Fig. 6 Hydrogen response of the NiO:Au thin film with the highest
Au concentration, operating at 117°C

nanocomposite films with respect to the reference NiO sam-
ple can be practically realized in two ways: (a) for a constant
gas concentration, to measure S for an operating tempera-
ture as low as possible, (b) for a constant operating temper-
ature, to measure S for a gas concentration as low as possi-
ble. For practical reasons, we compared the sensor response
of the reference NiO sample with the response of the sam-
ple with the highest Au concentration, varying the operating
temperature. The reference NiO sample did not respond at
all to hydrogen in the 2000–10,000 ppm range for operating
temperatures lower than 140°C. Figure 6 shows the response
of the NiO:Au film with the highest Au concentration to hy-
drogen at 117°C operating temperature. The response of this
sensor to the presence of hydrogen is rather fast, of the or-
der of a few minutes, and increases slightly with decreasing
hydrogen concentration.

From the signal-to-noise ratio in Fig. 6, it is obvious
that this sensor can detect lower gas concentrations than
1000 ppm H2 in air. To our knowledge, the operating tem-
perature and sensitivity of this NiO:Au hydrogen sensor is
the optimum combination found in the literature.

In order to understand the effect of Au nanoparticles on
the sensitivity of the NiO sensor, we need to consider the
mechanism for hydrogen detection in air for the p-type NiO
semiconductor [11]. Briefly, atmospheric oxygen is initially
adsorbed on the NiO surface as O− or O−

2 and thus the num-
ber of holes (majority charge carriers) increases. When H2

reacts with the adsorbed oxygen on the sensor surface, the
delocalized electrons recombine with the holes in the bulk
and the resistivity increases, as shown in Fig. 6. Based on
this mechanism, the effect of Au nanoparticles on the sensor
sensitivity can be described as follows. From the XRD re-
sults, we estimated the Au nanoparticles’ average size to be
almost half the average size of the NiO crystallites. There-
fore, the larger Au nanoparticles form new electrical paths
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between NiO nanocrystallites. This reduces the sensor re-
sistivity dramatically (see Fig. 5), and this reduction results
in an increase in the sensor sensitivity [17]. Smaller Au
nanoparticles lie entirely on the NiO nanocrystallites and
function as catalysts, which affect the sensor sensitivity by
two different processes [20]. According to the first process,
an Au nanoparticle dissociates both the O2 (in the initial ad-
sorption process) and the H2 (during the sensing process)
molecules, and the atoms “spill over” onto the surface of the
supporting semiconductor [5]. This process facilitates and
speeds the reaction between the two species, according to
the sensing mechanism described above. In the second pro-
cess, we neglect the charged oxygen atoms adsorbed on the
semiconductor and consider the adsorbed oxygen on the cat-
alyst itself. This is the case when the growth process has re-
sulted in a large dispersion of the catalyst nanoparticles on
the semiconductor grains, which results in a large increase of
the effective sensor surface. The adsorbed oxygen removes
electrons from the catalyst, and the latter removes electrons
from the supporting semiconductor. This increases the num-
ber of holes and thus reduces the sensor resistivity. There-
fore, when H2 reacts with the adsorbed oxygen on the cata-
lyst, the sensor resistivity decreases again, resulting in larger
changes in the recorded signal.

4 Conclusion

Applying a versatile PLD technique with two synchronized
lasers (a KrF excimer and a Nd:YAG) and two targets (Ni
and Au), crystalline nanocomposite NiO:Au thin films were
grown. XRD spectra show that the fluence of the Nd:YAG
laser, used for the ablation of the Au target, determines the
concentration and size of Au nanoparticles inside the NiO
matrix. The fluence of the Nd:YAG laser also affects the ef-
fective surface morphology of the films, a fact that plays
a crucial role in gas sensing. In addition, the resistivity of
the films is found to strongly decrease with laser fluence.
Finally, initial gas sensing measurements reveal that the
NiO:Au nanocomposites can effectively detect 1000 ppm
and even lower amounts of hydrogen in air, at an operating
temperature as low as 117°C with a fast response, resulting
in an improved overall sensor performance compared to the
results in the literature.
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