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Regular Paper

Enhancement of sensitivity of Pd-based hydrogen-gas sensor by plasma exposure studied by

wireless quartz resonator

Lianjie Zhou', Nobutomo Nakamura?, Akira Nagakubo',and Hirotsugu Ogi' *

'Graduate School of Engineering, Osaka University, Yamadaoka 2-1, Suita, Osaka 565-0871, Japan
2Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan

Sensitivity of hydrogen-gas sensor based on lattice expansion of palladium highly depends on the surface morphology of
palladium. We find that the sensitivity can be significantly improved by exposing the as-deposited palladium film to low-power
plasma. The hydrogen-gas detection was performed by a wireless-electrodeless AT-cut quartz-crystal resonator with 125-MHz
fundamental resonance frequency. It detects hydrogen gas through bending deformation of the resonator caused by the volume
expansion of palladium. The surface morphology of palladium film before and after the plasma treatment were analyzed
using AFM. The plasma treated palladium film exhibits rougher surface, finer grains, voids, and grain boundary extension.
Such morphology and structure changes along with defects induced by the ion bombardment during the plasma treatment
strongly contribute to increase in hydrogen absorption rate and then the sensor sensitivity. We further investigate the thickness
dependence of the sensitivity, revealing an optimum palladium film thickness of 300 nm.
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1. Introduction

Hydrogen gas is a promising alternative energy carrier,
and a highly sensitive, fast, and repeatable hydrogen-gas sen-
sor is needed with growth of the hydrogen usage. Ultrasonic
resonator has wide application in gas sensors."? In exist-
ing hydrogen-gas sensors, palladium and its alloys have been
used as the hydrogen-gas receptor materials,> owing to their
high selectivity and absorption ability to hydrogen gas. The
sensitivity of palladium-based hydrogen-gas sensor is deter-
mined by the hydrogen atom content near palladium surface
and speed of hydrogen diffusion from surface into the lattice.
For most hydrogen-gas sensor, in order to achieve high sen-
sitivity, the sensing process is performed at elevated temper-
atures to accelerate the absorption reaction. This approach,
however, increases the difficulty of implementation and also
poses a risk for practical application due to the inflammability
of hydrogen gas. A method that can improve the sensitivity
of hydrogen-gas sensor without largely increasing operation
temperature is preferred. Another important issue is improve-
ment of hydrogen-gas absorption behavior of palladium, be-
cause it is known that as-deposited palladium film shows poor
hydrogen absorption performance, limiting the sensitivity of
the palladium-based hydrogen-gas sensor. ' !

Previous studies indicate that introduction of defects in hy-
drogen storing materials improves their hydrogen absorption
ability: A low-energy electron-beam treatment can reduce
the activation energy of hydrogen bulk diffusion in titanium
and enhance the hydrogen absorption ability.!? Introduction
of defects by ion-beam irradiation was also used to enhance
the hydrogen adsorption behavior in single-wall carbon nan-
otubes,!? in palladium,14 and in Pd-Au alloy thin films.!'> An
electron-beam irradiation was also used to fabricate high sen-
sitive ZnO-nanofiber-based hydrogen sensor.'®

We here find that a low-power plasma treatment can sig-
nificantly improve the hydrogen-gas absorption ability of pal-
ladium thin films, resulting in highly sensitive hydrogen-gas
sensor. Plasma has been used as an effective and econom-
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ical surface treatment technique.!” Its effects on materials
are manifold, including chemical etching, mechanical abla-
tion, and plasma annealing'®!° induced by electron and ion
bombardment. Therefore, the surface and subsurface struc-
ture of palladium film can be modified so as to improve the
hydrogen-gas absorption rate by the plasma treatment. In this
research, we investigate the effect of the plasma treatment
on the deposited palladium thin film using a high-frequency
wireless-electrodeless quartz crystal resonator.’%-2! We stud-
ied the effect of plasma treatment with different exposure
time on the response and detection sensitivity of the palla-
dium coated AT-cut-quartz hydrogen-gas sensor. We observed
significant sensitivity improvement by the plasma treatment.
To clarify its mechanism, we analyzed the structure change
of the palladium film before and after the plasma treatment
using atomic force microscopy (AFM). Furthermore, we in-
vestigated the film-thickness dependence of the hydrogen-gas
detection sensitivity.

2. Experiments

2.1 Fabrication of quartz resonator hydrogen sensor

The hydrogen-gas detection sensitivity of palladium thin
film is evaluated using wireless-electrodeless quartz-crystal
sensor.”>">> The AT-cut quartz-crystal resonator has a rectan-
gular parallelepiped area of 2.5x1.7 mm? and the thickness of
13.5 um, exhibiting the fundamental through-thickness shear-
mode resonant frequency of 125 MHz. The metallic thin films
were deposited using the radio frequency (RF) magnetron-
sputtering method: We first deposited 5 nm chromium and
then palladium of various thicknesses from 50 nm to 500 nm
on a single side of the AT-cut crystal. The thickness of the pal-
ladium film was measured by the X-ray total reflectivity mea-
surement.”® The plasma treatment was performed in a low-
vacuum plasma cleaner (PDC-001, Harrick Plasma (115V))
with the power of 30 W by flowing air at a pressure of 850
mTorr.
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Fig. 1. Schematic of the experimental system.27

2.2 Hydrogen-gas detection with a wireless quartz crystal
resonator

Figure 1 illustrates the homebuilt experimental system. The
palladium-coated quartz resonator was lightly sandwiched by
two silicon-rubber gaskets in the sensor cell. The sensor cell
was placed on a heater to keep the temperature at 55°C. (Our
previous study showed that our sensor exhibited the best per-
formance at this temperature.”®) We flowed high purity nitro-
gen gas (99.9999%) to the sensor cell as a carrier gas at a flow
rate of 100 mL/min and the diluted hydrogen gas at a flow
rate of 34.5 mL/min. They got together and entered the sensor
cell with an intended hydrogen-gas concentration. The reso-
nant frequency was monitored by the transmission coefficient
(S12 parameter) by a vector network analyzer (ZNB, Rohde
& Schwarz). Because the vibration excitation and detection
are performed by flat antennas in a wireless manner, the other
surface of the resonator can be remained uncoated. When the
resonator is exposed to hydrogen gas, palladium film expands
because of hydrogen absorption, causing the bending of the
AT-cut crystal. The resonant frequency of an AT-cut resonator
decreases as the bending curvature increases.”® Thus, the sen-
sitivity in hydrogen-gas detection can be evaluated through
the frequency decrease caused by the curvature change.

We first measured the sensitivity of our hydrogen-gas sen-
sor with the as-deposited palladium thin film. Then, we per-
formed the plasma treatment to the palladium-coated res-
onator for different exposure time, after which the hydrogen-
gas detection measurements were performed again to evaluate
the sensitivity enhancement. The morphology and structure
change of palladium film before and after the plasma treat-
ment were studied using AFM.

3. Results and Discussion

3.1 Effect of plasma treatment on the sensitivity

Figure 2 presents the responses of palladium-coated quartz
resonator upon exposure to hydrogen gas of different concen-
trations. The palladium film thickness is 200 nm. As can be
seen in Fig. 2, the quartz resonator with as-deposited palla-
dium film shows the lowest sensitivity. However, the sensitiv-
ity is significantly improved after the plasma treatment, and
the total decrease in the resonance frequency increases with
increasing the plasma exposure time. The steep frequency
drop after the gas injection as shown in the enlargement of
Fig. 2 will be attributed to the hydrogen attachment on the pal-
ladium surface, although a part of this drop was also caused
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Fig. 2. Frequency responses of palladium-coated quartz-crystal resonator
for injections of various concentration hydrogen gas with different plasma
exposure times.

by the baseline shift at the gas injection because of additional
injection pressure. This steep frequency drop is also remark-
ably enlarged after the plasma treatment, indicating that the
surface status of palladium has been changed. Because a part
of the initial frequency jump may be caused by the baseline
shift due to the additional pressure, we focus on the frequency
change after the jump which represents the hydrogen atoms
migration process into palladium bulk. This part of frequency

response can be approximated to a linear form,?®
Af(t
D = -AkCn+ k)1 M)
0

where f; is the baseline resonance frequency, A is a con-
stant, Cy,denotes the hydrogen-gas concentration, k, and k4
are reaction-velocity constants for absorption and discharge
reactions.

We evaluate the hydrogen-gas concentration using the fre-
quency slope after the steep drop, which is illustrated by the
dashed line in the enlargement of Fig. 2. The relationship be-
tween the frequency slope and hydrogen-gas concentration is
shown in Fig. 3(a), showing good linearity. It is clearly shown
that the absolute value of the frequency slope increases with
the increase of the plasma processing time. The effect of the
plasma treatment appears to be saturated over 18 min. The in-
set of Fig. 3(a) shows the relationship between the frequency
slope and the hydrogen-gas concentration including the high
concentration experiment after the plasma treatment for 30
min, demonstrating the good linearity between 10 and 1000
ppm. Therefore, our sensor is capable of detecting hydrogen-
gas in wide concentration range.

The reaction velocity constant for absorption k, is de-
scribed by the Arrhenius law as k, = Apexp(—E/kgT), with
the activation energy E, Boltzmann constant kg, and temper-
ature 7. By fitting a linear function to the measurements in
Fig. 3(a), we extract the quantity Ak, in Eq. (1) and calculate
the absorption constant normalized that for the as-deposited
palladium film. Fig. 3(b) shows the result. The absorption
constant is significantly increased with the plasma-treatment
time, and it saturates after 18 min exposure time. The increase
in the velocity constant indicates reduction of the activation
energy by the plasma treatment.
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Fig. 3. (a) Relationships between the frequency slope and the hydrogen—
gas concentration with various plasma exposure times. The number de-
notes the plasma exposure time in minutes. The inset shows the relation-
ship including the high-concentration experiment (1,000 ppm) with the
sensor chip exposed to the plasma for 30 min. (b) Dependence of the re-
action velocity constant for hydrogen absorption on the plasma exposure
time. k9 denotes the velocity constant for the as-deposited palladium film.

3.2 Palladium film morphology change by plasma treatment

The AFM images of 200 nm palladium film shown in Fig. 4
have been taken in the as-deposited state and after the plasma
treatment for 30 min. The height image of the as-deposited
palladium (Fig. 4(a)) consists of nearly equiaxial grains with
less grain-size distribution. Its Ra roughness was about 3 nm.
The plasma treated palladium film, by contrast, exhibits finer
grains with the Ra roughness of about 6 nm. We observe
some voids in the film. The increased roughness, decreased
grain size, and generation of voids enlarge surface reaction
area for chemical attachment, resulting in improvement of ad-
sorption rate in the plasma treated palladium film. From the
AFM phase images presented in Fig. 4(c) and (d), we can
clearly observe the variation in grain size and grain bound-
aries. The average grain size of the as-deposited palladium
film is about 100 nm, and that of the plasma-treated palladium
film is about 50 nm. Compared with bulk diffusion, hydrogen
atoms can show faster diffusion rate?® and higher solubility°
at grain boundaries, which should contribute to the sensitiv-
ity improvement: The grain structure gets finer through the
plasma treatment, and the volume fraction of the grain bound-
ary significantly increases, accelerating the hydrogen atom
migration into palladium. The hydrogen absorption initially
proceeds from active sites on palladium surface near lattice

3

defects and successive hydrogen absorption-desorption leads
to formation of more active sites.>' Not only grain boundaries,
but also other lattice defects can be introduced by the plasma
treatment.?”> Point defects such as vacancies contribute to re-
duction in the activation energy of hydrogen diffusion and
enhance the hydrogen solubility of the materials,'>3* which
explains our experimental results in Fig. 3(b) as well.

The structure change discussed above will be the conse-
quence of ion and electron bombardment. Existing studies
have shown that the surface temperature of metal exposed to
plasma can reach several hundred degrees Celsius.'® ! Thus,
the post-annealing effect caused by the plasma treatment also
contributes to recovery and recrystallization of the film. These
palladium film structure changes significantly improve the
performance of the hydrogen-gas sensor, allowing lower de-
tection limit, faster response time, and faster recover time.
The plasma treatment, thus, increases the sensitivity by a fac-
tor of 30 and allows detection of hydrogen gas with concen-
trations less than 1 ppm in our sensor.

We also reveal that activation of the the hydrogen-gas
sensor with a high-concentration hydrogen gas achieves the
stable frequency response as shown in Fig. 2. Figure 5(a)
presents the resonance-frequency change in a sequential in-
jection of a 100-ppm hydrogen gas, where the resonant fre-
quency fails to recover to the original baseline by flowing
the high purity nitrogen gas after the hydrogen-gas injection.
However, both frequency change and frequency recovery im-
prove by repeating the hydrogen-gas measurement. Similar
behavior was previously reported,'®!1:34-36 but they did not
clarify the detailed mechanism. In @ phase palladium hydride,
the linear expansivity € is proportional to the hydrogen atom
content 7 inside palladium as®’ € = 0.026 - n. According to
Sievert’s law,* the possible maximum hydrogen atom con-
tent is estimated to be 7.7 x 107 at 100 ppm hydrogen gas
in the experiment of Fig. 5(a). The resulting strain in the Pd
film should be ~ 2 x 107%, which is far less than the strain
for plastic deformation, and we do not expect plastic defor-
mation during the repeated injection of Fig. 5(a). We also find
that this unstable response can be eliminated by repeatedly
injecting high concentration hydrogen gas (1000 ppm) and
the highly purity nitrogen gas about four times as shown in
Fig. 5(c). The experimental results in Fig. 2 was obtained af-
ter the“activation” by the high-concentration hydrogen gas.
Therefore, the repeated exposure to the high concentration
(1000 ppm) hydrogen gas doesn’t affect the following de-
tection of a low concentration (10 ppm) hydrogen gas in-
jection.We suppose that by repeating such hydrogen charge
and discharge procedure at a high concentration will form the
“hydrogen path channels” from the surface to the bulk, and
once such path has been created, the stable adsorption and
discharge behavior is achieved.

3.3 Thickness dependence of the sensitivity

Because the average size of grains affected by the plasma
treatment is ~100 nm, which is of the order of the thick-
ness, we expect that the plasma treatment caused the struc-
tural change in the nearly whole region of the Pd thin film,
improving the hydrogen storage ability. Besides, it will affect
the surface chemical state of Pd: As shown in the inset of Fig.
2, the frequency change takes two steps. The first steep fre-
quency drop and the subsequent slower frequency decrease.
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200 nm

Fig. 4. AFM height images of as-deposited palladium film (a) and plasma treated palladium film (b); AFM phase images of as-deposited
palladium film (c) and plasma treated palladium film (d).
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Our previous Study indicated that the first steep frequency with palladium films of various thicknesses upon hydrogen-gas exposure.

drop was caused by the hydrogen attachment on the Pd sur-
face. The plasma treatment enhances the first frequency drop
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as demonstrated in the inset of Fig. 2, indicating that it im-
proves the hydrogen adsorption ability.

We deposited palladium thin films of various thicknesses
(from 50 nm to 500 nm) on single side of the quartz res-
onators to investigate the influence of the palladium thickness
on the sensitivity in our hydrogen-gas sensor. The palladium-
coated resonators were treated in plasma for 18 min before the
hydrogen-gas detection experiments. The frequency response
with different palladium thicknesses are given in Fig. 6(a).
When the thickness of palladium thin film increases from 50
nm to 300 nm, the sensitivity (frequency slope) increases,
which is in accordance with our expectation, because thicker
film can cause larger curvature in the crystal upon the hy-
drogen absorption. Within the hydrogen exposure time in our
experiments, the resonator with 500 nm palladium, however,
shows smaller frequency change compared with 200 nm and
300 nm palladium films. We observed partial delamination
of the 500 nm film, which released the residual stress caused
by the hydrogen-gas absorption and deteriorated the sensitiv-
ity. Fig. 6(b) shows the relationship between the sensitivity
(frequency slope) and the palladium thickness, revealing the
optimum thickness of 300 nm.

4. Conclusion

We present a method to improve the sensitivity of pal-
ladium based hydrogen-gas sensor by plasma treatment.
The sensitivity enhancement was confirmed using a wireless
quartz-crystal resonator. Palladium thin film was deposited on
single surface of quartz crystal resonator. The frequency de-
crease of resonator caused by geometry change was utilized to
evaluate the sensitivity of hydrogen gas detection. We reveal
that the sensitivity increases, takes a maximum, and becomes
stable as the plasma-treatment time increases, indicating the
optimum exposure time. Through the analysis of palladium
film using AFM, we attribute the enhancement of the sensi-
tivity to the morphology change and post-annealing effect in
palladium film induced by the plasma treatment. The higher
roughness and finer grain size of plasma-treated palladium
film enlarge the effective surface area for hydrogen gas attach-
ment. The increase in volume fraction of grain boundaries and
other defects improves the hydrogen atom diffusion speed.
Compared with as-deposited palladium film, the hydrogen-
gas detection sensitivity is improved by a factor of about 30
after plasma treatment.
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