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In this work, we compare the performance characteristics of two different zinc oxide films
layered on a quartz crystal microbalance (QCM) as gas-sensing elements. The films were
prepared by different methods, i.e., RF sputtering on a QCM surface and drop-casting a colloid
of ZnO nanoparticles generated via laser ablation in liquid. Prior to use, both films were
characterized in terms of their surface morphology and chemistry, after which their gas sensing
properties were evaluated by using the QCM method. The film prepared from a laser-generated
material was much more porous than its sputtered counterpart. Gas sensing of ethanol using
the QCM coated with the two films showed that the sensing response differs depending on the
state of the detection film. This demonstrated that there is a correlation between the surface
characteristics and the gas adsorption characteristics of the sensors based on two different ZnO
materials.

1. Introduction

In modern industry, as well as in our daily life, numerous volatile organic compounds (VOCs)
are potentially harmful and can affect human health and activity. VOC gases are also one of
the causes of photochemical smog around us, being released from gasoline, adhesive liquids,
printing ink, cleaning agents, paints, and so on.!' "' Most of such gases are typically invisible,
and therefore their detection by special devices, i.e., sensors (often based on semiconductor
nanomaterials), becomes necessary to examine their availability and quantify their concentration
in air. Semiconductor gas sensors, whose work exploits the ability of a semiconductor surface
to change its resistance in the presence of a target gas, are widely used these days, mainly with
metal-oxide films as detection elements. Such sensing elements have working temperatures
typically between 100 and 300 °C. Therefore, the development of alternative gas-sensing

systems, which work at room temperature, is still in high demand.®'11?
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There is another approach that exploits a quartz crystal microbalance (QCM) operating at
room temperature and relying on the mass change of the QCM membrane that absorbs gas
molecules.'*2  Among the top layers coated onto the QCM, zinc oxide materials are also
used as detection films.1425 It is expected that, depending on their preparation methods, their
sensing properties will be affected by their roughness and surface morphology. The reason for
using zinc oxide as the top layer on the QCM is that it is easy to prepare and control its surface
morphology, as well as to compare its performance with those of other sensors based on ZnO
and previously reported in the literature.1472>

In this work, the surface properties of two different ZnO films prepared by different
techniques were evaluated by using the QCM. More specifically, the ZnO layers studied
here were deposited directly on the QCM surface either by radiofrequency (RF) sputtering
or by drop-casting from a ZnO colloid prepared by laser ablation in liquid (LAL).(3’28’33)
The two ZnO nanomaterials gave rise to films with a relatively smooth or porous surface
morphology, respectively. This allowed us to test two samples with contrasting gas adsorption
characteristics. The absorption and desorption behaviors of the target gas on such ZnO surfaces
were expected to be different, as some gases could remain much longer inside the rougher
surface. It was indeed confirmed that the more porous film demonstrated a somewhat different
detection behavior, which is related to its larger surface area and porosity.

2. Experimental Section

2.1 QCM method

When an AC electric field is applied to the quartz oscillator, the oscillator vibrates at a
certain frequency.'> ") When a substance is adsorbed on the detection membrane, a change in
frequency occurs depending on the mass of the substance. The amount of adsorbed substance
is expressed using the Sauerbrey equation.!) As the amount of adsorbed substance increases,
the frequency decreases, and when the amount of adsorbed substance decreases, the frequency
increases.1>"27 Hence, the change in frequency can be detected, after which the change in the
amount of gas adsorbed on the quartz oscillator is measured.!?) Equation (1) below shows how
the difference in frequency caused by absorption (AF') relates to the mass of the absorbed gas (Am),
the fundamental frequency of the QCM (F)), the surface area (4), the shear stress of the quartz
crystal (x), and its density (p).

AF =—xAm 1)

2.2 LAL

As a technique, LAL is an easy-to-use, environmentally friendly, and convenient physical

method of preparing various nanomaterials at the laboratory scale.:!1-28733)

laser beam focused on a solid target immersed in a liquid medium. Upon hitting the target

It exploits the
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surface, the high-energy laser pulse generates plasma (or liquid-metal droplets), which then
reacts with the liquid medium, becomes quenched, and condenses as various nanostructures
(whose morphology, size, and chemical composition depend on laser parameters, target,
and liquid).(“’]z’zg’“) Among other materials, this method is known to be efficient for the
preparation of various metal oxide nanostructures, including ZnO.®?3¥ This explains why it
was chosen in this study as one of the preparation approaches that provide ZnO colloids, which
were drop-cast as films on the QCM. The setup used in this study is presented in Fig. 1, while
more details on procedures can be found elsewhere.>?°3D The laser used was a nanosecond
pulsed laser with a pulse duration of 7 ns, a frequency of 10 Hz, an ablation time of 30 min,
a pulse energy of 50 mJ/pulse, and a wavelength of 1064 nm. A quartz cuvette was filled
with pure water and a zinc plate was fixed on its wall (Fig. 1). A laser beam was projected
horizontally onto the surface of the zinc plate, the focal point being adjusted using a lens. A
stirring bar was placed at the bottom of the cuvette, and water was agitated during the ablation
process. The prepared ZnO nanoparticles were collected after separation using a centrifuge.

2.3 RF sputtering of ZnO film

For the sputtering method, a zinc plate was placed on the target and a crystal oscillator (QCM)
was placed on the opposite side. Oxygen was introduced into the chamber after the evacuation
of air in the chamber, and the operating pressure was adjusted. During sputtering, pure oxygen
(99.5%) was used as atmosphere inside the chamber. The main parameters used during sputter
deposition are given in Table 1.

2.4 Drop-casting ZnO colloid

A few microliters of fresh colloidal solution with ZnO nanoparticles prepared by LAL was
deposited using a pipette on the QCM surface and then dried on a hotplate at 80 °C for 30
min. Upon drop-casting, the sample was annealed in air for 2 h at 200 °C. This temperature
was previously found to be the maximum at which QCMs survive without any deterioration in

Quartz cuvette Table 1
Experimental conditions during RF sputter deposi-
tion.
Water Operating pressure Oxygen 1nﬂ0\.}v amount
(Pa) (ml/min)
4 20
| Zinc plate
iIII\IIIII\IIIIIIIII\IIIIIIIIIIIIIII\ i 4
\
Laser device /
Lens
Stirrer

Fig. 1.  Schematic presentation of LAL.
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their properties. The annealing was performed to stabilize the ZnO layer drop-cast onto the
gold electrode surface and improve its adhesion as a detection film. The aggregation of ZnO
nanoparticles is known to occur at higher temperatures, resulting in larger grain growth,® that
is why annealing was performed at such a low temperature.

2.5 Sample gas preparation

Figure 2 shows the setup used to prepare a target gas, the system being based on
vaporization. A cotton tissue (Bemcot) previously immersed in ethanol was placed in a bin
where it started releasing ethanol gas into the volume. After that, water surrounding the bin
was set to 30 °C. The base gas was introduced at a rate of 100 ml/min for a fixed period of
time, and ethanol was vaporized and collected in a gas sampling bag. The gas concentration
in the sampling bag was measured using standard gas testing tubes and then diluted to a
specified concentration. Gas sensing characteristics due to the gas concentration difference
were previously reported to be linear in the range of 250 to 2500 ppm.”) In this study, the gas
sensing characteristics of the two above-mentioned samples were tested by changing the gas
concentration in the test chamber and monitoring the frequency change (AF) of the samples.
Ethanol was chosen as a model target gas to clarify the relationship between the gas adsorption
and surface topography of the two ZnO films with contrasting surface roughnesses. In addition,
ethanol is known to be easy in handling and use, and it was previously detected by ZnO-coated
QCM sensors.>1?)

2.6 Gas sensing experiments

Gas sensing tests were carried out in the setup schematically shown in Fig. 3. The
temperature was set to 27 °C to minimize the influence of outside air. The QCM membranes
used had a frequency of around 9 MHz, with an electrode of 5 mm diameter. A gas sampling
bag containing ethanol gas was connected to a valve tube. To take a reference value of the gas,
a bottle containing silica gel was connected to the sampling bag that contains the base gas. The
crystal resonators were attached to ceramic cells at intervals of about 8 mm and connected
to computers through probes. The flowing gases were removed at a rate of 100 ml/min each.
The frequency change was recorded using the software QCMeasur. To measure the frequency

Gas
sampling
bag

o
& meter

Bottle

Constant temperature
water tank

Ethanol

Fig. 2. Experimental setup used to prepare and collect gas samples.
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Fig. 3. (Color online) Experimental setup for estimation of adsorption mass of VOC gases.

change in the presence of the sample gas, we measured the stable frequency rate under the base
gas and then set it as a start value. After measuring for 60 s with the base gas, the valve was
closed and opened repeatedly and the sample gas was flown in for 600 s to be adsorbed. After
measuring for 600 s, the base gas was introduced again, and the trend was double-checked and
confirmed.

3. Results and Discussion
3.1 Atomic force microscopy (AFM) results

The obtained AFM results are presented in Fig. 4, where panels (a) and (b) show the surface
images of RF-sputtered and drop-cast samples, respectively. The average roughness R, values
of sputtered and LAL-prepared samples [see Figs. 4(a) and 4(b)] were 0.86 and 38.81 nm,
respectively. From Figs. 4(a) and 4(b), it is clearly seen that the two films had very different
surface morphologies. As seen in Fig. 4(a), the RF-sputtered (SP) sample had a dense surface
morphology and was relatively smooth. In contrast, the sample in Fig. 4(b) had a much rougher
surface, with more surface pores and hills. The latter sample is thus concluded to have a larger
surface area than its sputtered counterpart.

3.2 Scanning electron microscopy (SEM) results

Figure 5 shows the surface images of the same samples taken at different magnifications:
panels (a—c) exhibit the surface of the sample drop-cast from the LAL-generated ZnO colloid,
while panels (d—f) demonstrate the surface of the RF-sputtered sample. In agreement with
Fig. 4, it is well seen that the sputtered sample was much smoother than the drop-cast one.
Accordingly, many more physical adsorption sites are expected on the latter sample, which is
much rougher and much more porous.

3.3 X-ray photoelectron spectroscopy (XPS) results

The results of XPS measurements are presented in Figs. 6(a) and 6(b), where narrow-scan
(a) Zn2p3/2 and (b) Ols spectra are given for both samples. From Fig. 6(a), both samples were
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Fig. 4. (Color online) AFM surface images of samples prepared by (a) sputtering and (b) drop-casting of LAL-
produced ZnO colloid.

(b)

@ © (®)
Fig. 5. SEM surface images (taken at different magnifications) of samples prepared by (a—c) magnetron sputtering
and (d—f) drop-casting of LAL-produced ZnO colloid.

concluded to consist of ZnO because their peaks are seen to be symmetrical and have their
top near 1021 eV.*¥ The component observed at 532 ¢V in Fig. 6(b) was assigned to surface-

adsorbed water or hydroxyl groups.(35)

Since the LAL-generated ZnO nanoparticles were
prepared in water, their higher degree of surface hydroxylation (shoulder at 532 eV) compared
with the sputtered sample was well expected. It is thus concluded from Fig. 6 that both samples
were composed of ZnO nanoparticles, the latter having some degree of surface hydroxilation.!>2”
The formation of such ZnO nanoparticles from metal Zn during both RF sputtering in oxide
or LAL in water was well expected since Zn has a low melting point and is known to be easily

oxidized.
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Fig. 6. XPS (a) Zn2p3/2 and (b) Ols spectra of samples SP-prepared (lower curve) and drop-cast from LAL-
generated nanoparticles (upper curve).

3.4 Gas sensing results

Figure 7 shows how the frequency of the two QCM samples changed over time when ethanol
(with a concentration of 500 ppm) was added into the chamber. It this work, both samples
deposited on QCM membranes were prepared with comparable masses (5.94 and 4.94 pg,
respectively, for the LAL-generated ZnO nanomaterial and sputtered ZnO) as we intended to
reduce the possible effect of ZnO mass and focus on the surface morphology of the two samples.
The results shown in Fig. 7 are presented as AF per coating mass, which was done to minimize
the mass effect even more. It is seen that both QCM devices (coated with both types of ZnO
material) demonstrated similar behaviors. Although the film prepared by the SP method (lower
curve in Fig. 7) is seen to have lower detection characteristics, it also demonstrates a smaller
detection error than its counterpart prepared based on a laser-generated ZnO nanomaterial.
Based on the curves presented in Fig. 7, we can conclude that the concentration of ethanol
used in the two experiments (at 500 ppm) was higher than the actual sensitivity limit of the
two sensors. Because of the preparation technique adopted in this study (see Sect. 2.5 and Fig.
2 above), it was difficult to prepare ethanol samples with lower concentrations; thus, further
optimization and improvement of the devices are underway. Moreover, ZnO sensors reported
before (both chemiresistive and based on QCM) demonstrated sensitivity to ethanol as low as
15-50 ppm,3?

Figure 8 shows how two samples based on LAL-prepared ZnO with different membrane
masses (5.94 and 7.06 pg) responded to the same ethanol concentration. The behavior of the

which is still quite challenging for the devices discussed in this work.

two curves in Fig. 8 is seen to be comparable, and the lighter sample appears to be even slightly
more sensitive than its heavier counterpart. This implies that the experimental approach used
in this study indeed allowed us to minimize the effect of ZnO mass, and the difference between
the two curves observed in Fig. 7 is explained by different surface morphologies of the two
samples. After measuring both ethanol concentrations tested (500 and 3000 ppm), the sputter-
prepared ZnO film regained its initial frequency in 10 min upon switching to the base gas
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Fig. 7. Ethanol gas sensing performance of the Fig. 8. Ethanol gas sensing performance of drop-

sputter- (lower curve) and drop-cast prepared (upper cast prepared samples with different membrane mass

curve) samples (ethanol concentration: 500 ppm). The of 5.94 and 7.06 ug (ethanol concentration: 500 ppm).
membrane mass of the sensors was 5.94 (LAL) and 4.94

ug (SP).

atmosphere (see curves in Fig. 7 for 500 ppm). At the same time, under the same conditions, the
QCM coated with the film formed by the LAL-generated nanoparticles did not reach the initial
value of the base gas, the difference being larger at a higher detection concentration of the target
gas (16 and 10% differences after measuring 3000 and 500 ppm, respectively). This finding
can also be explained by the larger surface area of the more porous sample prepared via drop-
casting. It is reasonable to assume that ethanol molecules absorbed onto its pore surface will be
washed out with some delay when the atmosphere in the chamber is replaced by an ethanol-free
one.

Our results thus allow us to conclude that the higher sensitivity demonstrated by the ZnO
film drop-cast from laser-generated nanoparticles is due to its higher porosity and larger surface
area, which were well documented by both AFM and SEM analyses [see Figs. 4(a), 4(b), and
5(a)-5(c)] It is also worth mentioning that the LAL—produced nanomaterials are well known to
have more surface defects, which result in large temperature differences during quenching (and
particle formation) and are favorable as surface absorption sites for gas molecules.?>D At the
same time, this also explains the lower desorption rates on such surfaces.

4. Conclusions

In this work, we studied the gas sensing characteristics and surface morphology of ZnO
films deposited on a QCM by RF sputtering or drop-casting of nanoparticles prepared by
laser ablation in water. Both samples demonstrated similar chemical states of elements, as
both films deposited on the QCM were based on ZnO. However, the surface morphologies
of the two membranes were different. Correspondingly, the gas sensing characteristics of the
samples were somewhat different. The sample prepared from laser-produced ZnO nanoparticles
was more sensitive than its sputtered counterpart. This can be explained by the much higher
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porosity of the former ZnO film than the latter, which is believed to result in more adsorption

sites and thus a higher sensitivity. Thus, the correlation between the surface characteristics,

such as roughness and porosity, and the gas adsorption characteristics of the same ZnO surface

was demonstrated using a QCM.
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