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Abstract

A highly sensitive hydrogen-gas sensor fabricated using MEMS technology is
presented. The sensor chip consists of glass substrates, silicon substrate, and
an AT-cut quartz crystal resonator, which is embedded in the microchannel
constructed on the substrates. The quartz resonator has a fundamental reso-
nant frequency of 165 MHz and a 200 nm palladium film deposited on its sin-
gle surface as the hydrogen-gas sensing material. The MEMS hydrogen-gas
sensor operates in a wireless manner by exciting and detecting the resonator
vibration using the non-contacting antennas. The curvature induced reso-
nant frequency change of the resonator plate caused by the expansion of the
palladium film is used for the detection of the hydrogen gas. We succeeded
in improving the hydrogen absorption rate and then the sensitivity for the
hydrogen-gas detection by applying the air-plasma treatment method, and
clarified the role of palladium oxide in lowering the energy barrier for the
hydrogen-atom migration from surface to subsurface with the X-ray photo-
electron spectroscopy. Thus sensitivity enhanced MEMS hydrogen-gas sensor
exhibits a detection limit of 10 ppm or less at room temperature.
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1. Introduction

The development of sensitive, reliable, and low-cost hydrogen-gas sensor
is of great importance with consideration of the widespread usage of hydro-
gen gas as a clean and sustainable energy carrier in the short future. In the
recent decades, various types of hydrogen-gas sensors have been developed,
including acoustical[1, 2], optical[3], catalytic[4], electrochemical[5] methods
and so on. Hydrogen-gas sensors based on palladium and its alloys rely
on the changes in volume or electrical impedance upon their selective hy-
drogen absorption ability[6, 7, 8, 9, 10, 11]. For the hydrogen-gas sensors
using discontinuous palladium film, the nanogaps between micropillars[8] or
nanoclusters[11] must be controlled precisely. In the ball surface acoustic
wave (SAW) hydrogen-gas sensor, the optimum propagation path has to
be precisely searched because of the crystallographic anisotropy, which is a
time-consuming procedure, and temperature compensation is also necessary
because of low temperature stability of the SAW [12, 13]. In addition to pal-
ladium, metal oxides like ZnO[14, 15, 16], TiO2[17], and SnO2[18], are used
as the sensing materials. However, they invariably need to be heated up to
∼150 ◦C–900 ◦C [19]. A sensitive hydrogen-gas sensor that works at room
temperature without temperature controlling is then preferable, especially for
long term monitoring applications. In our previous study, we demonstrated
that a quartz resonator coated with a palladium thin film can be used as
a highly sensitive hydrogen-gas sensor[20, 21]. The absorption of hydrogen
leads to the palladium-film expansion and then the geometry change of the
quartz resonator, resulting in the resonant-frequency change. However, we
needed to increase the resonator temperature up to 55 ◦C. Furthermore, we
needed to manually set the sensor chip in the flow channel and to flow the
sample gas; such measurement configuration deteriorates the practicalness.

In this paper, we present a wireless hydrogen-gas sensor with a thin
quartz-crystal resonator embedded in a microchannel fabricated using micro-
electromechanical-systems (MEMS) technology. The MEMS sensor chip has
advantages of a compact size, low-cost, reusable, and low power-consumption,
hence it is suitable for portable and in situ hydrogen-gas detection. Moreover,
the hydrogen-gas sensor works in a wireless-electrodeless manner, in which,
the resonator excitation and signal readout are contactlessly performed by
antennas; no mechanical contact is needed to the sensing area, allowing a
high-Q value (∼ 80,000 at 125 MHz). Also, this avoids many safety concerns
considering the highly flammable and explosive properties of hydrogen gas.

2



We intend to detect hydrogen gas through the frequency change caused by
the resonator bending induced by hydrogen absorption, because this mech-
anism is more dominant than the mass loading effect[20]. Therefore, free
deformation of the resonator should be realized, but existing quartz-crystal-
microbalance sensors fail to achieve this, because quartz resonators there are
tightly fixed. On the other hand, in our MEMS sensor developed in this
study, a very thin quartz resonator is located in the microchannel without
fixed and clamped parts, allowing nearly free bending deformation of the
resonator.

Experimental and theoretical studies[22, 23, 24, 25] have proven that a
subsurface layer exists in palladium film, which acts as an intermediate be-
tween chemisorbed and dissolved hydrogen atoms. Accordingly, the hydro-
gen absorption into palladium proceeds in three steps[26]: (i) Dissociative
chemisorption on palladium surface, (ii) migration from surface to subsur-
face, and (iii) bulk diffusion inside palladium lattice. The activation energy
for hydrogen-atom migration from surface to subsurface is around 0.4 eV[25],
which is higher than that of bulk diffusion (∼ 0.23 eV[27]). Consequently, for
a palladium film, the overall absorption rate is more likely to be limited by
the second step. In the work by Ward and Dao[26], the authors concluded
that the bulk diffusion is the rate-limiting step for palladium membranes
thicker than 1 µm at moderately high temperatures. Other critical thick-
ness, such as 10 µm and 20 µm have also been reported[28, 29]. In our
previous study, the evaluation of reaction constant performed on a 200 nm
thick palladium film yielded an activation energy of 0.372 eV[20], indicat-
ing that the surface-to-subsurface transition is the rate-limiting step in this
thickness.

For making a sensitive resonator for room-temperature use, we propose
the surface oxidation procedure on the palladium film using the air-plasma.
We have previously observed remarkable increase in the reaction constant of
hydrogen absorption into palladium film after the air-plasma treatment[21].
In this study, we investigate its mechanism by studying the hydrogen absorp-
tion kinetics using the MEMS hydrogen-gas sensor after the plasma treat-
ment, and find that the activation energy is significantly lowered. We also
study the surface oxidation effect using the X-ray photoelectron spectroscopy
(XPS) to confirm the subsurface oxygen atoms, which decrease the energy
barrier and promote the surface-to-subsurface migration of hydrogen atoms.
After enhancement by the air-plasma treatment, the MEMS hydrogen-gas
sensor with 165-MHz resonator shows high sensitivity, being able to detect
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hydrogen gas with concentration as low as 10 ppm or less even at room
temperature.

2. Sensor fabrication and experiment

2.1. Fabrication of MEMS hydrogen-gas sensor

Figure 1 shows the components of the hydrogen-gas sensor fabricated
using a MEMS process similar to that we developed before [30, 31]. The
bottom glass substrate was pre-bonded to a silicon layer. The microchan-
nel constructed on the silicon layer and upper glass substrate is 70 µm in
depth. An exposure window was constructed in the upper glass substrate.
The quartz resonator has an in plane area of 1.8×1.6 mm2 . The thickness
is 13.5 µm or 10 µm, corresponding to the fundamental thickness-shear res-
onant frequency of 125 or 165 MHz, respectively. Using the radio frequency
(RF) magnetron-sputtering method, we deposited films of 5 nm chromium
and 200 nm palladium on one side surface of the resonator as bonding layer
and hydrogen sensing material, respectively. The quartz resonator is located
between the glass and silicon micropillars. Because the resonator thickness
is smaller than the gap between micropillars, the resonator deformation is
not restricted. After inserting the quartz resonator, the sensor chip was
packaged using the anodic bonding method. Finally, the air-plasma treat-
ment was performed for 2 minutes using a plasma cleaner (PDC-001, Harrick
Plasma, 115 V, 30 W) through the top window of 1.4 mm in diameter. The
size of the rectangular microchannel is 2.1 mm in length and 3.2 mm in
width. It is worth noting that although the above describes the fabrication
process of a single sensor chip, we have succeeded fabricating many sensors
simultaneously from a single set of silicon and glass wafers.

2.2. Effect of plasma treatment on hydrogen absorption kinetics

We first investigated the influence of the plasma treatment on the energy
barrier for hydrogen migration using the 125-MHz MEMS sensor by measur-
ing the absorption behavior at various temperatures. The MEMS sensor chip
treated by the air plasma was set into the homebuilt sensor room, which was
placed on a heater to maintain a desired temperature. The sensor chip was
exposed to a 99.9999%(6N) nitrogen-gas flow, and we then injected the sam-
ple gas, which was prepared by mixing the 6N nitrogen gas and 1,100-ppm
hydrogen gas. The hydrogen concentration in the sample gas was controlled
by changing the mixing ratio. The excitation of the resonator vibration and
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the signal readout were performed by the antennas located outside the mi-
crochannel (Fig. 1). The resonant frequency was monitored using a network
analyzer (ZNLE3, Rohde & Schwarz).

2.3. XPS characterisation of palladium surface

The chemical state of palladium surface with and without the air-plasma
treatment was investigated by XPS. The XPS experiments were carried out
using a photoelectron spectrometer (Quantera SXMTM , ULVAC-PHI, Inc.,
Kanagawa, Japan). The spectra were acquired using the AlKα X-ray source
(hν=1486.6 eV). The take-off angle of photoelectron was 45◦.

2.4. Room temperature hydrogen-gas detection with 165-MHz MEMS sensor

The hydrogen-gas detection at room temperature was performed using
the MEMS sensor chip packaged with the 165-MHz resonator. The sensor
chip was exposed to the sample gasses with hydrogen gas of 1-250 ppm in the
nitrogen gas. We monitored the transmission signal (S12) using the network
analyzer during exposure. Importantly, we did not control the temperature
during the measurement.

3. Results and discussion

3.1. Hydrogen absorption kinetics on plasma treated palladium film

Figure 2 shows the frequency response of the MEMS sensor when ex-
posed to the hydrogen gases with different concentrations between 50 and
250 ppm at various temperatures. The frequency drop is observed upon the
hydrogen-gas injection, and after this drop, the resonant frequency nearly
linearly decreases. This slope becomes larger as the hydrogen-gas concentra-
tion increases. After replacing the sample gas by the 6N nitrogen gas, the
frequency recovers.

Figure 3 illustrates the frequency decreases during exposure to hydrogen
gas. When hydrogen is adsorbed in the palladium film, it expands and causes
bending deformation of the resonator. We previously found that the increase
in the resonator curvature results in the decrease in the resonance frequency
for an AT-cut quartz plate[20]. Therefore, the frequency decrease during
exposure to hydrogen gas indicates the progress of the absorption reaction of
hydrogen in the palladium film. Owing to higher diffusion speed of hydrogen
atoms in palladium at higher temperature, faster rate of frequency decrease
can be observed accordingly.
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The frequency drop at the injection, which will be attributed to fast at-
tachment of hydrogen gas on the palladium surface, becomes insignificant at
elevated temperatures. This indicates that hydrogen-gas molecules on palla-
dium surface is more stable at lower temperatures as shown previously[32].
However, because slightly high gas pressure in our injector also causes the
transient frequency change as shown in measurement of the nitrogen-gas
injection in Fig. 3, it is difficult to extract the hydrogen-attachment contri-
bution at present.

The frequency response caused by the curvature change of an AT-cut
quartz resonator during hydrogen-gas exposure can be described as[20],

∆f(t)/f0 = −A(kaCH2 + kd) · t (1)

where CH2denotes the concentration of hydrogen gas, ka and kd represent the
reaction-velocity constants for hydrogen absorption and discharge reactions,
respectively. Figure 4(a) shows the relationship between the slop of frequency
decrease and the hydrogen-gas concentration, showing good linearity at var-
ious temperatures. The reaction-velocity constant ka, which represents the
absorption rate follows the Arrhenius law as,

ka = A0 · exp(−E/kBT ) (2)

here, A0 is a pre-exponential factor, and E is the activation energy for hydro-
gen atom migration. The reaction constant ka can be calculated as the slope
of the frequency slope versus hydrogen concentration according to Eq.(1).
Figure 4(b) plots the value of ka at different temperatures, in which, the
Arrhenius fitting of logarithmical ka to 1/T yields the activation energy of
0.238 ± 0.024 eV. Therefore, the air-plasma treated palladium film exhibits
significantly smaller energy barrier for the hydrogen atom migration from sur-
face to subsurface compared with the palladium film without the air-plasma
treatment in our previous study(0.372 eV[20]).

3.2. XPS characterisation of palladium surface oxidation by air-plasma

Figure 5 represents the Pd 3d and Pd 3p core level spectra of as-deposited
and air-plasma treated palladium films. In Figure 5(a), the Pd 3d spectrum of
as deposited palladium film shows a doublet with binding energies at 334.16
eV for the Pd 3d5/2 component and at 339.45 eV for the Pd 3d3/2 component.
The atomic oxygen at palladium surface and subsurface can be detected as
a binding energy shift of palladium core level because of the bond to oxygen
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atoms[33]. For the palladium film treated by the air plasma, both peaks
of Pd 3d core level shift to higher binding energy by 0.65 eV. This energy
shift is in good agreement with that between palladium and palladium oxide
reported previously (0.6 eV[34], 0.62 eV[35, 36]).

Figure 5(b) shows the core level spectra of Pd 3p3/2. The spectra were
decomposed using a combination of Gauss and Lorentz functions with a linear
background. The peaks at binding energy 531.07 eV correspond to palladium
metal. After the air-plasma treatment, a new peak appears at 530.09 eV,
which is a characteristic peak of O 1s core level (528.92–530.38 eV[35], 529.2–
530.2 eV[37], and ∼530 eV[38]). In addition, a shift of the palladium peak to
higher binding energy can be observed because of the existence of palladium
oxide[38].

It is reported that surface oxidation of palladium and its alloys by heat
treatment in air improved the hydrogen absorption rate[41, 42, 43, 44, 45],
and this was explained by the increase in the surface roughness. Our results
here, however, indicates that that oxygen atoms in the surface and subsurface
layer of palladium significantly decrease the energy barrier for hydrogen atom
migration from surface to subsurface: Increase in the effective surface will
increase the amount of adsorbed hydrogen atoms, but it fails to affect the
kinetics of absorption. Indeed, recent theoretical studies [39, 40], report the
decrease in the energy barrier of hydrogen diffusion into subsurface by the
presence of other gas species, including oxygen, on Pd surface, supporting
our experimental result.

3.3. Room temperature hydrogen-gas detection with 165-MHz MEMS sensor

The enhancement effect of the air-plasma treatment on hydrogen absorp-
tion rate was demonstrated and the mechanism was thus clarified, and we
subsequently performed hydrogen-gas detection at room temperature using
the MEMS hydrogen-gas sensor packaged with a 165-MHz quartz resonator.
Since the MEMS sensor detects hydrogen gas by the frequency change caused
by the deformation of quartz resonator, a higher frequency resonator with
thinner thickness can conduce to a higher sensitivity.

The response of a 165-MHz MEMS hydrogen-gas sensor to the exposure of
hydrogen gas at room temperature is shown in Figure 6. As can be seen, the
sensor shows no response when nitrogen gas is injected except the initial drop,
whereas the frequency decreases linearly after the initial drop during the
hydrogen-gas exposure with larger descending slope for higher concentration
as illustrated in Figure 6(b). Therefore, the MEMS hydrogen-gas sensor
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shows excellent sensitivity even at room temperature; hydrogen gas with
concentration of 10 ppm or less is detectable.

4. Conclusion

We have presented here a MEMS sensor with wireless quartz crystal res-
onator for hydrogen-gas detection at room temperature. The decrease in
resonant frequency of the resonator due to its curvature change caused by
palladium film expansion was used as a measure of the hydrogen-gas con-
centration. The fabricated MEMS hydrogen-gas sensor chip has advantages
of compact, reusable, low cost and low-power consumption, which make it
suitable for portable and in-situ monitoring application. We also proposed
a convenient method to remarkably improve the sensitivity of the MEMS
hydrogen-gas sensor by the air plasma. We investigated the effect of the
air plasma on the hydrogen absorption kinetics onto palladium film. By
studying the reaction-velocity constant of hydrogen absorption at various
temperatures, an activation energy of 0.238 eV for hydrogen atom migration
was obtained, which was significantly lower than that for untreated palla-
dium film (0.372 eV). Furthermore, we investigated the chemical state of
palladium surface treated by air plasma and found that considerable amount
of atomic oxygen exists in the palladium film, indicating that the surface
oxidation by the air plasma can significantly lower the energy barrier of hy-
drogen migration from surface to subsurface. We performed hydrogen-gas
detection at room temperature using a 165-MHz MEMS sensor. Attributed
to the acceleration in surface-to-subsurface transfer of hydrogen atoms by
the air-plasma treatment, hydrogen gas with concentration as low as 10 ppm
or less can be detected.
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Figure Caption

Fig. 1 Structure of MEMS hydrogen-gas sensor. (a) top view; (b) cross-
section view.

Fig. 2 Frequency responses of the 125-MHz MEMS hydrogen-gas sensor
upon exposure to hydrogen gas at various temperatures. Three in-
dependent measurements are shown.

Fig. 3 Frequency responses of the 125-MHz MEMS hydrogen-gas sensor
during exposure to hydrogen gas with different concentrations at var-
ious temperatures. The error bars indicate the standard deviations of
three independent measurements.

Fig. 4 (a) Relationship between the slop of the frequency decrease and the
hydrogen-gas concentration at various temperatures; (b) An Arrhenius
plot between the reaction velocity constant ka versus 1/T . The data
point at 0 ppm in (a) (green circle) represents the measurement for
nitrogen injection.

Fig. 5 Pd 3d (a) and Pd 3p (b) core level spectra of palladium film with
and without air-plasma treatment.

Fig. 6 (a) Frequency responses of the 165-MHz MEMS hydrogen-gas sensor
during exposure to hydrogen gas with various concentrations at room
temperature. (b) Relationship between the slop of the frequency de-
crease and the hydrogen-gas concentration.
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