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ABSTRACT: This paper reports the effect of post-laser irradiation
on the gas-sensing behavior of nickel oxide (NiO) thin films.
Nanocrystalline NiO semiconductor thin films were fabricated by a
sol—gel method on a nonalkaline glass substrate. The NiO samples
were irradiated with a pulsed 532-nm wavelength, using a
Nd:YVO, laser beam. The effect of laser irradiation on the
microstructure, electrical conductivity, and gas-sensing properties
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was investigated as a function of laser power levels. It was found that the crystallinity and surface morphology were modified by
the pulsed-laser irradiation. Hydrogen gas sensors were fabricated using both as-deposited and laser-irradiated NiO films. It was
observed that the performance of gas-sensing characteristics could be changed by the change of laser power levels. By optimizing
the magnitude of the laser power, the gas-sensing property of NiO thin film was improved, compared to that of as-deposited NiO
films. At the optimal laser irradiation conditions, a high response of NiO sensors to hydrogen molecule exposure of as little as
2.5% of the lower explosion threshold of hydrogen gas (40 000 ppm) was observed at 175 °C.
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B INTRODUCTION

The monitoring of hydrogen under ambient conditions is
important, because of its wide range of applications in
industries, laboratories, and energy storage. Industries are
dealing with the transport, storage, and use of H, on a large
scale. Therefore, there is a need for a stable, highly sensitive
sensor for the monitoring and leak detection of H,. Metal oxide
gas sensors have been considered as an alternative replacement
for current large and expensive analytical techniques, such as
optical spectroscopy and gas chromatography."” Conventional
metal oxide gas sensors consist of large polycrystalline grains
where surface and grain boundaries are two causes of limiting
their electrical transport phenomena.>> The gas-sensing ability
can be intensified by decreasing the grain size to nanoscale. In
the past few years, nanostructured metal oxide gas sensors
(NMOS), such as nickel oxide (NiO), zinc oxide (ZnO), and
tin oxide (SnO,), have attracted much attention, because of
their high sensitivity and fast response and recovery.®™1°
Nanostructured NiO semiconductors have been used in a
variety of applications, such as transparent electrochromic film,
super capacitors, fuel cell electrodes, and chemical gas sensors,
because of their nontoxicity and high chemical stability.'*~"?
NiO can be synthesized by various fabrication techniques, such
as sol—gel, chemical vapor deposition (CVD), spray pyrolysis,
and reactive sputter deposition."*'> Recent works related to H,
detectors by Stamataki et al.'® and Brilis et al.'” reported the
response of 15%—40% for 30 000 ppm H, at 200 °C for gas
sensors that were fabricated by pulsed-laser deposition on
silicon substrates. Steinebach et al. investigated NiO that was
synthesized by radio frequency (RF) sputtering, and the
response value of 55% was reported for 5000 ppm H, at 600
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°C."® Laser modification of metal oxide thin films has been
reported to improve different properties of the sample, such as
electrical conductivity, carrier mobility, microstructure, and
crystallinity.>" Laser irradiation can be used to improve the
surface of metal oxide thin film and increase sensor response.'’
Several appropriate uses of a laser have been introduced, such
as application of a constant or pulsed-wave laser with different
wavelengths to get the desired properties.

In this study, a post-fabrication modification by pulsed-laser
irradiation of nanocrystalline is introduced to improve H,
sensing of NiO thin films. The laser power is used to optimize
the sensor response as a combination of higher response
magnitude and faster response and recovery times. Nano-
structured sol—gel samples were selected for this study for
several reasons, such as small grain size (20 nm), high surface-
to-volume ratio, and low operational temperature, compared to
other conventional sensors. High response of these sensors, as
well as faster response and recovery to H, exposure, can have a
significant impact for industrial applications. Laser irradiation
offers an additional tool to modify the microstructure of thin
film such as crystallinity, grain size, and defects. This study is a
continuation of our efforts to investigate and design a better
metal oxide gas sensor by using laser modification of metal
oxide surfaces. In an earlier study, this group showed that UV
irradiation had an effect on the H, gas sensing of Zn0.*°
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B EXPERIMENTAL SECTION

Nanocrystalline p-type NiO thin films were synthesized using a sol—
gel technique. Nickel nitrate hexahydrate (Ni(NOs),-6H,0) was
dissolved in isopropanol alcohol and polyethylene glycol 200 to make
0.1 M solution by constant stirring at 25 °C. Nanoscale nickel
hydroxide particles were produced in the solution by adding dilute
ammonia into the stirring solution, in order to eliminate particle
agglomeration; Triton X-100 was added to decrease surface tension in
the solution. A very thin and uniform layer of solution was spread on a
2 cm X 2 cm nonalkaline glass substrate by spin coating at 1500 rpm
for 20 s and 3000 rpm for 10 s. After coating each layer, the samples
were heated to 350 °C for 5 min, to remove any organic compound in
the film. Two layers were coated on the substrate to gain the proper
thickness of the active layer. After coating two layers of sol—gel
mixture, they were calcinated at 550 °C in a tube furnace for 3 h in air.
The calcination process improved the microstructure and produced
nanocrystalline NiO grains.

After the annealing step, the samples were subjected to laser
irradiation by Nd:YVO, pulsed-laser system (pulsed width = 8 ns)
with a wavelength of 532 nm, using an Osprey-532 laser source that
was equipped with and controlled by an X-Y scanner. The laser beam
with a window size of 20 ym X 20 ym was irradiated onto the film
surface. The pulsing frequency of the laser system was fixed at 10 kHz,
and the scanning speed was kept at 30 cm/s. The scanning pattern was
designed and calibrated to yield three values for the laser irradiation:
50, 75, and 100 m]J/cm?, respectively.

The X-ray diffraction (XRD) data were collected with a grazing-
incidence X-ray diffraction (GID) technique with chromatized Cu Ka
radiation, using 40 mA and 45 kV in the 26 range of 35°—45° with a
low incident angle of 0.9° (PANalytical, X-ray). The GID method
preferentially probes the surface layer, and it causes an increase in the
reflected intensity, compared to the regular XRD method. The XRD
spectra were used to determine the crystallographic phases of the
samples. Scanning electron microscopy (SEM) (Hitachi, Model S-
4800) was used to study the surface morphology of NiO films before
and after the post-laser-irradiation steps. The Fresnel approach was
used to theoretically estimate the thickness of films."” A program was
developed using Matlab software to theoretically estimate the
refractive indices and the thickness of NiO film, based on the
experimental values of the reflectance data from the bilayer of NiO/
glass substrate. The value of the thickness for NiO films was estimated
to be ~21 + 3 nm.

The chemical binding energy analysis was performed on the surface
of samples using XPS measurements (Kratos Axis Ultra XPS) with Al
Ka radiation at 1486.6 eV and base vacuum of 2 X 107'° mbar. To
minimize the charging effect, a low-energy electron gun was used for
charge neutralization. Corrections of energy shift, due to the steady-
state charging, were made by assigning a binding energy of 284.6 eV to
the C 1s peak.”!

In order to fabricate sensor devices, the gold electrodes with a
thickness of 50 nm were deposited by a vacuum thermal evaporation
method, and subsequent photolithography was used to make
electrodes with a comblike structure with a length of 200 ym and a
space of 20 ym. The schematic diagram of the sensor and testing
system is shown in Figure 1. The samples were mounted in a custom-
built Pyrex chamber (200 cm?) that has gas inlet and outlet to allow
the gas to pass above the sample. The samples were placed on a
resistive heater while the temperature was continuously controlled by a
thermocouple. The carrier gas (dry air) was introduced to the chamber
throughout the process. Various concentrations (1000—3000 ppm) of
high-purity H, in dry air were introduced into the chamber using a
mass flow meter. The time constant for gas exchange in the test
chamber was ~15 s. The resistance between the electrodes was
measured continuously using a Keithley Model 2001 multimeter in
time intervals of 1 s, using Labview software.

B RESULTS AND DISCUSSION

In general, fabricating nanosized grains in metal oxide is a vital
step to gain a high-performance sensor with high response and
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Figure 1. Schematic diagram of NiO sensor testing instrumentation.
The inset is the top view of the sensor.

fast response and recovery.”> >* In this study, nanocrystalline
NiO is fabricated with using a sol—gel method.

By implementing an accurate concentration of a solution and
optimum temperature, during the initial steps of preheating the
sample, a random orientation of nuclei is initiated on the
surface of the glass substrate. Furthermore, these nucleation
sites can be converted to very fine NiO grains after the
annealing step. During this stage, crystal planes that have lower
energy and higher growth rates stabilize and form the final
crystallographic structure of the grains.zs’26

Figure 2 shows the XRD patterns of NiO films irradiated
with different laser power levels. Both simple cubic phase and
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Figure 2. Grazing-incidence X-ray diffraction (GID) pattern of
samples before and after laser irradiation.

face-centered cubic structure have been reported in the
literature for sol—gel derived NiO films.””*® The diffraction
patterns of our samples reveal two peaks, at 37.4° and 43.4°,
which correspond to the (111) and (200) planes of simple
cubic NiO, respectively. The (002) peak intensity is higher than
that of the (111) peak. Moreover, the (111) and (200) peaks
shifted toward a higher angle as the laser intensity increases
(from S0 mJ/cm?® to 75 mJ/cm?), indicating that the films have
a higher thermal stress induced by high laser power levels.”® As
the laser power increases to 75 and 100 mJ/cm? the
crystallinity of the sample decreases. By calculating the full
width at half-maximum (fwhm) for the (200) plane at 43.4°,
the average grain size is calculated, using the Scherrer formula,
to be ~20 nm.** However, because of some limiting factors in
the GID method, the Scherrer formula cannot be used to
evaluate an accurate crystal size of the sample;>' therefore,
additional investigations were carried out with SEM measure-
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Figure 3. SEM images of nanocrystalline NiO on glass substrate with different laser powers: (a) as-deposited, (b) 50 mJ/cm? (c) 75 mJ/cm?, and

(d) 100 mJ/cm?

ments to investigate the surface morphology and the change of
grain size in samples.

Figure 3 shows the SEM morphology of nanocrystalline NiO
samples before and after laser irradiation. It can be clearly seen
that the as-deposited film has spherical grains with a smooth
coverage. As the laser power increases from 50 mJ/cm? to 100
m]J/cm?, the surface morphology and the uniformity of thin film
are changed. The average grain sizes of samples estimated using
SEM data are 17.8, 29.9, 14.4, and 15.2 nm for the as-deposited
and 50-, 75-, and 100-m]J/cm? irradiated samples, respectively.
The surface-to-volume ratio and degree of crystallinity are two
parameters that play an important role in the gas sensing of
NiO thin films.**** The grain size increases slightly by using 50
mJ/cm?, which can enhance the electrical conductivity
throughout the grains.** The corresponding XRD pattern in
Figure 3b also represents higher peak intensities for this sample.
By applying a higher laser power of 75 mJ/ cm?, the grain size
decreases, as shown in Figure 3c. Moreover, as the laser power
is increased to 100 mJ/cm? the grain size is slightly changed
and the degree of crystallinity is degraded significantly, as
shown in Figure 3d. The grain size histogram was inserted in
Figure 3 to better exhibit the grain size distribution in each
sample.

The results from Figures 2 and 3 show that the power level
of laser beam can be used to optimize the size of grains and
maximize the film uniformity of as-deposited NiO thin films. As
the laser intensity (I) increases from zero toward a critical
threshold (I.), the laser functions as a heat source to heal
defects in the grains and, thus, cause an increase in the size and
uniformity of grains. When I > I, the laser heat is adequate to
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start local melting of several NiO layers.>® For laser intensities
greater than I, crystallinity is completely degraded and an
amorphous phase is created. As a result, an optimization of laser
power is required to get the best combination of grain size,
porosity level, and crystallinity of NiO thin film for gas-sensing
applications.

The XPS measurement reveals the chemical states of bonded
atoms.*® Figures 4a and 4b show the XPS spectra of as-
deposited and 75 mJ/cm? laser-irradiated samples, respectively,
for the Ni 2p and O 1s ranges. The peaks for the as-deposited
sample obtained at binding energies of 854.8 eV (Ni 2p;,,) and
873.9 eV (Ni 2p, ;) suggest the presence of NiO.>” For 75 mJ/
cm’-laser-irradiated sample, the Ni 2p,,, peak at 854.7 ¢V and
the Ni 2p;/, peak at 8742 eV indicate the presence of NiO.
Satellite peaks appear at the 861—862 €V (Ni 2p;,,) and 879—
881 eV (Ni 2p, ;,) because of the shakeup processes.”” It is clear
that the portion of Ni 2p;,, at 856.7 eV that corresponds to
Ni** increases with laser irradiation. Figure 4b shows the O 1s
spectrum and two peaks that are clearly separated, which
correspond to the binding states of Ni** (530.2 €V) and Ni**
(532.3 €V).*® It is known that nonstoichiometric NiO contains
Ni** vacancies and, to keep the charge neutral, some Ni*"
should be oxidized to Ni**; hence, the presence of Ni,O;
confirms the nonstoichiometric of NiO samples.”"** It can be
seen clearly that the portion of O 1s from Ni** decreases with
laser irradiation and gives rise to an O s peak at 532.3 eV,
which corresponds to Ni,O;. The concentration of the peak
decreased and the intensities of both peaks are on the same
level. These results suggest that NiO partially turns to Ni,O;
when the films were laser-irradiated.
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Figure 4. XPS spectra of at the original surfaces of as-deposited and 75
mJ/cm? laser-irradiated samples in the (a) Ni 2p and (b) O Is ranges.

The electrical properties of NiO thin films were characterized
by collecting the change in resistance with temperature in the
range of 25-250 °C. The conductivity (o) varies with
temperature in a classical Arrhenius form:*’

=verli)
0 = 0, exp T W

Here, ¢, is the conductivity at high temperature, E, the
activation energy, and k the Boltzmann constant. Figure S
shows a semilogarithmic plot of ¢ versus the inverse of the
absolute temperature (1/T). This monotonic increase in ¢ with
increasing T is a well-known semiconductor behavior.*"** It
can be seen that the conductivity of NiO films increases by laser
irradiation at SO mJ/cm® and significantly decreases by
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Figure 5. Semilogarithmic plot of the conductivity (o) versus
reciprocal of the absolute temperature (1/T) of NiO films before
and after laser irradiation.
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increasing the laser power to 75 and 100 mJ/cm’ As an
example, the values of o, in units of 10° Q' em™ at 100 °C, are
1.00, 1.34, 0.3, and 0.07 for the as-deposited, 50-, 75-, and 100-
mJ/cm’ laser-irradiated samples, respectively. A decrease in
conductivity with increased laser annealing was reported for a
SnO, gas sensor.®® Activation energies can be obtained from
fitting the Arrhenius equation to the data in Figure S. The
calculated E, values are 0.38, 0.37, 0.43, and 0.45 eV for the as-
deposited, 50-, 75-, and 100-m]J/cm? laser-irradiated samples,
respectively. It is noticed that, for the sample with laser
irradiation at 50 mJ/ cm?, the activation energy is the lowest.
This is consistent with the structural data shown in Figures 2
and 3, where the crystallinity increases for the 50 mJ/cm>
irradiated sample and the crystallinity decreases upon
increasing the laser power further to 100 mJ/cm® The
activation energy has been attributed to the tunneling of
charge carriers among NiO grains.** The sample with the
highest crystallinity has the lowest value for E,.

The H, gas response of NiO thin films irradiated by different
laser power levels were investigated by measuring the resistance
versus time over two electrodes for a constant temperature. The
samples were tested at different temperatures between 150 °C
and 225 °C. It was found that the best response of NiO for H,
was exhibited at 175 °C. All data that are discussed further were
collected at this temperature. The sensor response was

calculated based on

T

Rgas ef
§ (%) = == —= x 100

@)

where Ry, and R are the resistances of sensor with and
without the target gas (H,), respectively. After H, gas was
introduced into the chamber, the sensor resistance increased
and reached to a saturation level and, by purging H, gas from
the chamber, the resistance returned to its original value. The
same behavior intensified by exposing the samples to higher H,
concentrations.

The H, sensing mechanism of NiO can be attributed to the
nonstoichiometry of percentage of Ni** and O®” in the
prepared samples. Vacancies that are located in cation sites can
form holes. Oxygen molecules can absorb on the surface of
grains and produce oxygen ions.***> When oxygen ions adsorb
on the surface of NiO grains, they act as an acceptor and force
electrons to be removed from the grains and produce extra
holes in the lattice. As a result of this reaction, the resistance of
the samples decreases by increasing the hole concentration.***”
By exposing the samples to a reducing gas such as H,, the H,
molecules react with adsorbed oxygen and release electrons
back to the lattice. Therefore, hole concentration in the lattice
decreases and the resistance of the film increases, which is
normal p-type semiconductor behavior.*® The reaction
summaries are as follows:**™>°

ref

OZ(Adsorbed) +2e <20 (3)

HZ + Ol_\dsorbed - HZOVapor +e (4)

Figure 6a shows the sensor response to H, concentrations of
1000, 2000, and 3000 ppm in the air for all samples. It can be
seen that, by increasing the H, concentration, the response
values increases for all samples. In the sample that was
irradiated with low laser power (50 mJ/cm?), the response
decreases due to its larger grain size and decrease in surface-to-
volume ratio. By further increasing the laser power to 75 mJ/

dx.doi.org/10.1021/am301024a | ACS Appl. Mater. Interfaces 2012, 4, 4651—4657


http://pubs.acs.org/action/showImage?doi=10.1021/am301024a&iName=master.img-004.jpg&w=186&h=292
http://pubs.acs.org/action/showImage?doi=10.1021/am301024a&iName=master.img-005.jpg&w=202&h=141

ACS Applied Materials & Interfaces

Research Article

70

(a) —=—1000 ppm
—&—2000 ppm

—8— 3000 ppm

50 mJ/en’ 75mdlen? 100 mJ/ent

Sample

As deposited

(b)
3000 ppm

Gas off el

1000 ppm

Gas on
o

30 40 50
Time (min)

0 10 20

'Bﬂl
Figure 6. (a) Response of NiO samples at 175 °C for different H,
concentration of 1000, 2000, and 3000 ppm. (b) Response values for

1000, 2000, and 3000 ppm H, gas at 175 °C for the 75-mJ/cm? laser-
irradiated sample.

cm?, the sample possesses the highest response, compared to all
samples. This phenomenon can be attributed to smaller grain
size and higher uniformity of NiO film irradiated at 75 mJ/ cm?.
Figure 6b shows the experimental response values for 1000,
2000, and 3000 ppm of H, gas at 175 °C for the 75-mJ/cm”
laser-irradiated sample. Furthermore, as the laser power is
increased to 100 mJ/cm?, the response decreases as a result of a
degradation of crystallinity.

The experimentally measured responses (S) of the sensors
were fitted with a theoretical model as the first-order time-step
response with exponential rise and fall functions. The equations
for the sensor response S are given by>'

E=exp(i] 0t

Ry G ©)
R t t—t,

—_— = exp — | X exp tl S t S t2

R, G T (6)

Here, R, is the initial resistance of the sensor, t, is the time
when the gas is turned off, t, is the time when the sensor
recovers to its original value, and 7, and 7, are transient times
for response and recovery processes, respectively. Transient
time was defined as the time needed for the sensor to reach
63% of its initial value. Separate fits to the curve before and
after t; were done to determine 7, and 7,. Figure 7 shows the
experimental values for response and first-order exponential fit
for 1000 ppm H, gas at 175 °C of a NiO sample irradiated with
75 mJ/cm® laser power. By comparison of the experimental
data and first-order response, it can be seen that the fitted
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Figure 7. Real response and first-order exponential fit for 1000 ppm
H, gas at 175 °C of the 75-mJ/ cm? laser-irradiated NiO sample.

values are within 95% accuracy of experimental values. Figures
8a and 8b show the fitted data for H, gas response of NiO
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Figure 8. Response of all samples at 175 °C for different H,
concentrations: (a) 1000 ppm and (b) 3000 ppm.

samples for two different H, concentrations of 1000 and 3000
ppm at 175 °C. Table 1 shows the values of S, 7,, and 7, for all
samples exposed to different H, concentrations at 175 °C.
These concentrations, which have a safety factor of 10 (low
explosion limit of H,, 40 000 ppm), were selected for the H,
concentrations in this experiment. The highest response for
1000—3000 ppm H, gas was measured for the 75 mJ/cm’
sample. Moreover, this sample has a response time of 7,= 134 s,
which is also the highest of the set for 1000 ppm of H, at 175
°C. On the other hand, the recovery times decrease
monotonically while going from the as-deposited sample to
laser-irradiated samples, and decrease further by increasing the
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Table 1. S, 7;, and 7, Values for Different Samples

H, (10> Response, S Response time, Recovery time,

ample  ppm) (%) 7 () (s
as- 26.7 87 788
deposited 2 358 8s 446
3 463 81 322

50 mJ/cm?® 21.7 87 471
2 25.4 80 225

3 323 71 181

75 mJ/cm? 1 324 134 406
2 423 128 259

3 57.9 101 187

100 mJ/ 7.7 80 229
cm’ 2 102 79 145
3 132 67 117

laser power. The 7, and 7, values decreases by increasing H,
concentration for all samples, which can be described by
increasing H, molecules and limited available sites on the
surface of grains.

The sensor characteristics of the 75 mJ/cm? laser-irradiated
sample were improved, compared with the as-deposited
sample: the response values improved by ~21% for 1000
ppm of H, and 24% for 3000 ppm of H,. The effect of using
optimized laser power to improve sensor response is not a
special case for these NiO samples. The same study was done
for thicker NiO films doped with lithium and ZnO thin films
derived from the sol—gel method. In both cases, this group
found similar trends to optimize sensor response for H,
detection with laser irradiation. Detailed results for these
experiments will be reported elsewhere. These data demon-
strate the generality of our results for other types of
semiconducting oxide films.

The sensing properties of samples are determined by two
competing parameters of high conductivity, which correlates
with high crystallinity and also high surface-to-volume ratio for
higher adsorption of H, gas molecules. It can be seen that low
laser power decreases the response, as a result of an increase in
grain size and crystallinity and, therefore, a decrease in surface-
to-volume ratio. As a result, the exposed area decreases, which
is consistent with the SEM observation from Figure 3.
However, the rise in crystallinity causes an increase in
conductivity, as seen in Figure S. By further increasing the
laser power to 75 mJ/cm?, the response increases, compared to
the as-deposited sample, because of its higher uniformity and
smaller grain sizes, as evidenced from the SEM images from
Figure 3c and lower conductivity (Figure S). By using a laser
power of 100 mJ/cm? the grain crystallinity degrades
significantly and the samples show low sensitivity to H, gas.
It is well-known that samples with more porosity have higher
sensitivity. Thus, there is a competition between increasing
crystallinity but decreasing the porosity with high laser power.
Therefore, there is an intermediate power level (in this case, 75
mJ/cm?), which can improve the gas-sensing property of NiO
samples and decrease the recovery time.

Repeatability is a critical factor for commercial gas sensors,
which need to work for long periods of time without the need
for replacement and recalibration.'"®** Figure 9a shows the
repeatability data for the laser-irradiated sample for 1000 ppm
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Figure 9. (a) Repeatability of the 75-mJ/cm? laser-irradiated sample
for 1000 ppm of H, gas at 175 °C. (b) Response values of different
test numbers for the as-deposited and 75-m]J/cm? laser-irradiated NiO
sample for 1000 ppm H, gas at 175 °C.

H, gas at 175 °C. A highly repeatable behavior is observed for
the sample. Small deviation can be attributed to the small
changes in the concentration of target gas using mass flow
meters. The samples also were tested at different times to
address reliability issues. It was found that the samples show the
similar sensing behavior over time. Figure 9b shows the
response values for different measurements. It is shown that the
response values are almost comparable over time.

B CONCLUSION

In summary, a nanocrystalline NiO sensor can be used for H,
gas detection at lower temperature than conventional metal
oxide gas sensors. This lowering of the sensing temperature can
be beneficial in many industrial applications. This oxide has
several advantages of high response, and fast response and
recovery. In this study, pulsed-laser irradiation on NiO film was
employed to improve its gas-sensing properties. Different laser
power levels have been tested to understand the effect of laser
irradiation on the gas-sensing behavior of NiO sample. At
optimal laser power levels, the laser-irradiated samples have
higher response and faster recovery than the as-deposited
sample. The results of this investigation suggest that the laser
irradiation technique is a general and applicable method for
NiO-based gas sensors. Furthermore, authors believe that this
study will influence further improvement of metal oxide gas
sensors by laser treatments in the future.
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