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ABSTRACT
During the deposition of a metallic material on a substrate, a nanocluster-array structure with an extremely narrow gap is formed transiently
at the transition between isolated clusters and the continuous film. It is known that the nanocluster array shows a unique electrical prop-
erty different from that of isolated clusters and the continuous film. The electrical property of the nanocluster array changes significantly
depending on its morphology, and precise control of the deposition time is indispensable to obtain a desired electrical property. However, the
detection of the transition is not straightforward. To overcome this problem, we develop the multi-mode resistive spectroscopy. It evaluates
the morphological change during deposition using resonant vibrations of a piezoelectric material and enables the fabrication of nanocluster
arrays with a slightly different morphology. Palladium nanocluster arrays with different morphologies are fabricated using this method, and
the availability of the multi-mode resistive spectroscopy is demonstrated by evaluating their electrical response to hydrogen gas.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0049536

I. INTRODUCTION

When a metallic material is deposited on a substrate, iso-
lated nanoclusters are formed in the early stage of deposition, and
after they grow and contact with each other, the continuous film
is formed. During the film growth process, the electrical resistance
of the deposited metal decreases drastically depending on the mor-
phology.1–3 Therefore, by interrupting deposition at a certain time,
a nanostructure (nanoclusters or the continuous film) with a desired
resistance is obtained.

Among nanostructures, we here focus on the nanocluster array
that appears in the transition between isolated nanoclusters and
the subsequent continuous film. In the nanocluster array, because
some clusters are isolated with an extremely narrow gap and others
are contacting with each other, it shows an intermediate resistance
between an insulator and a conductor. The electrical property of the
nanocluster array is quite sensitive to the gap distance and fraction
of isolated and contacting clusters. For example, in the palladium-
nanocluster-based hydrogen-gas sensor,4–7 which is a representative
application of the nanocluster array, a slight difference in the depo-
sition time causes a remarkable change in the sensing mechanism as

shown in this study. Therefore, to fabricate a nanocluster array, it is
important to monitor the morphological change during deposition
and interrupt the deposition at an appropriate moment.

The morphological change during deposition has been mon-
itored using the resistance measurement,1,8 the curvature mea-
surement,9–11 a combination of surface differential reflectance
spectroscopy and the multiple-beam optical stress sensor,12 a com-
bination of the curvature measurement, spectroscopic ellipsometry,
and the resistance measurement,13 and resistive spectroscopy.14,15

The resistive spectroscopy is more sensitive to the morphologi-
cal change around the transition, and it is, therefore, suitable for
fabricating the nanocluster arrays. It evaluates the morphological
change using a resonant vibration of a piezoelectric material placed
beneath the substrate. Without contacting the nanocluster nor the
substrate, the moment of the transition is precisely identified by
monitoring the vibrational loss, which shows a peak at the transition.
By detecting the transition using this method, a nanocluster array is
obtained by interrupting the deposition at a proper moment. How-
ever, there was a difficulty in the control of the gap distance. Using
the resistive spectroscopy, making the gap narrower is somewhat
easy because it is performed by interrupting the deposition just after
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the loss peak is detected. However, to make the gap slightly wider,
deposition must be interrupted before the loss peak is detected, but
it is difficult to know when the loss peak appears. To overcome this
problem, we here develop the multi-mode resistive spectroscopy.
In this method, two or more resonant vibrations of the piezoelec-
tric resonator are simultaneously monitored, and the morpholog-
ical change that occurs within less than 1-nm thickness change is
detected.

In this study, the advantage of the developed method over the
conventional method is confirmed by fabricating palladium nan-
ocluster arrays and evaluating their electrical response to hydro-
gen gas. When palladium is exposed to hydrogen gas, the electrical
resistance and the volume increase due to the hydrogen absorp-
tion. Using these characteristics, palladium-based hydrogen-gas sen-
sors, including the nanocluster-array-based sensor, have been devel-
oped.4–7,16–21 In the nanocluster-array-based sensor, hydrogen gas
is detected from the change in the electrical resistance of the nan-
ocluster array. The resistance change is caused mainly by two mech-
anisms: (i) decrease in the tunneling current between isolated nan-
oclusters by the hydrogen adsorption and (ii) gap closing between
nanoclusters caused by the volume increment by the hydrogen
absorption. When the gap between clusters is somewhat wide, the
former mechanism becomes dominant and the resistance increases
in hydrogen gas. When the gap becomes extremely narrow, the latter
mechanism becomes dominant and the resistance decreases. Thus,
the response of a palladium nanocluster array to hydrogen gas is sen-
sitive to the gap distance, and precise control of the deposition time
is indispensable to obtain an optimum response.

II. EXPERIMENTAL SETUP
Figure 1 shows a schematic image of the mechanism of the

resistive spectroscopy. The metallic material is deposited onto the
substrate, and the piezoelectric plate vibrating at a resonant fre-
quency is placed below the substrate. The vibrating piezoelectric
plate excites the electric field around it, causing the current flow in
the deposited material. The current flow spends a part of the vibra-
tional energy of the piezoelectric plate, increasing the vibrational
loss. During deposition, the loss shows a maximum when the mor-
phological transition occurs.14 Therefore, by monitoring the change
in the loss, we can identify the moment of the transition. The change
in the loss is monitored by obtaining resonant spectra repeatedly
around a resonant frequency and measuring the full-width at half
maximum (FWHM). Vibrations of the piezoelectric plate are excited

FIG. 1. Schematic image of the mechanism of the resistive spectroscopy.

FIG. 2. (a) Resonant spectra measured at different times after starting the depo-
sition. (b) Corresponding FWHM change during the deposition. The dashed line
indicates start time of the deposition.

and detected by using line antennas22 and a network analyzer. The
piezoelectric plate used here is a rectangular parallelepiped lithium
niobate, measuring 2.5 × 1.7 × 0.2 mm3 along the crystallographic
X, Y , and Z axes, respectively. Details of the experimental setup are
described in Ref. 14.

Figure 2 shows representative resonant spectra measured at dif-
ferent times during the deposition of palladium on MgO. In the
figure, a resonant mode around 1.238 MHz is monitored. Just after
starting the deposition, the resonant peak appears clearly. As the
deposition progresses, the peak becomes broader and the FWHM
increases. After the FWHM shows a maximum value at 85 s, the
resonant peak becomes sharp again. When a resonant spectrum is
measured using the antennas, some resonant peaks appear in the
spectrum, and the amplitude differs for each resonant mode. Among
the peaks, we selected three peaks, including the peak around
1.2 MHz, that appear clearly at different frequency bands, and their
FWHM was monitored in the following experiments.

Palladium was deposited on the MgO(001) single crystal sub-
strate with a thickness of 0.3 mm by the RF magnetron sputtering.
Background pressure was lower than 4.0 × 10−4 Pa, and Ar pressure
during deposition was 0.8 Pa.

After fabricating the palladium nanocluster array, to measure
their electrical response to hydrogen gas, aluminum wires were
attached to the surface by the wire bonding. The sample was placed
in a home made hydrogen flow cell, and electric resistance was mea-
sured with the two-terminal method. Nitrogen gas was flowed into
the cell at 117 ml/min as the carrier gas. The hydrogen detection
was performed by mixing hydrogen gas with the carrier gas using a
syringe pump. The hydrogen gas is composed of 0.1% hydrogen and
99.9% nitrogen, and its flow rate is 13 ml/min. Therefore, during
the hydrogen flow, the hydrogen concentration was 100 ppm and
the flow rate was 130 ml/min in the cell. The duration time of the
hydrogen flow was 231 s. All experiments were performed at room
temperature. Before the hydrogen-gas injection, nitrogen gas was
injected to the carrier gas as the control experiment.

III. SINGLE-MODE RESISTIVE SPECTROSCOPY
First, we fabricated two palladium nanocluster arrays (array I

and array II) using the conventional resistive spectroscopy in which
the FWHM of a resonant mode around 26 MHz was monitored
during deposition. Figures 3(a) and 3(b) show the FWHM change
during the deposition. Two nanocluster arrays were fabricated by
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FIG. 3. Change in the FWHM during deposition of two palladium nanocluster arrays
[(a) array I and (b) array II], and their electric response to nitrogen and hydrogen
gases [(c) array I and (d) array II], respectively.

interrupting the deposition during the increase in the FWHM (array
I) and after it showed the peak (array II). After interrupting the
deposition, the FWHM sometimes changes with time due to the
morphological change in the deposited material.15 However, notable
change in the FWHM was not observed in the present study. The
response of the two arrays to the hydrogen gas is shown in Figs. 3(c)
and 3(d). In both nanocluster arrays, notable resistance change was
not observed during the nitrogen-gas flow. In contrast, the resis-
tance increased in array I, while it decreased in array II during the
hydrogen-gas flow. These results indicate that the mechanism of
the hydrogen-gas detection changes around the FWHM peak: The
tunneling-current change increases the resistance before the FWHM
peak, and the gap closing decreases the resistance after the FWHM
peak.

IV. MULTI-MODE RESISTIVE SPECTROSCOPY
A. Model calculation using the equilibrium circuit

The gap in the nanocluster array near the FWHM peak thus
drastically affects the sensor performance, and it is very impor-
tant to know the time for peak appearance. However, we could not
expect when the FWHM peak appears, and it is difficult to interrupt
the deposition just before the FWHM peak. In this study, we find
that this difficulty is solved by simultaneously monitoring two or
more resonant modes. We call this method the multi-mode resistive

spectroscopy. The principle of this method is discussed below using
the equilibrium circuit.

In the resistive spectroscopy, a resonant spectrum is obtained
by measuring the strength of the electric field excited by the vibrat-
ing piezoelectric material with changing the vibration frequency.
This experiment can be reproduced by the equilibrium circuit in
Fig. 4(a).14 This circuit reproduces the setup in Fig. 1, and the

FIG. 4. (a) The equilibrium circuit of the measurement setup. (b) Relationship
between the resistance of nanoclusters and the FWHM for different resonant
modes calculated using the equilibrium circuit. (c) Change in the FWHM observed
during the deposition of two samples. Resonant modes around 1.2 and 26 MHz
were measured for a sample (solid curves), and resonant modes around 1.2 and
61 MHz were measured for another sample (dashed curves). The horizontal axis
is normalized by the time at which the FWHM of the 1.2-MHz mode shows a peak.
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resonant spectrum is obtained by calculating the potential differ-
ence EP in a piezoelectric material with changing the frequency
f . The change in the FWHM during deposition is then simu-
lated by measuring the FWHM of the calculated resonant spec-
trum with decreasing electrical resistance RNP of the nanocluster
array.

Figure 4(b) shows the change in the FWHM obtained by the
model calculation. The change in the FWHM is normalized so that
the maximum and minimum values become 1 and 0, respectively. In
the calculation, parameters in Fig. 4(a) were used. CP was changed
to be 2.533 ×10−19, 6.333 ×10−22, and 7.036 ×10−23 F so that the res-
onant frequency f0 of the piezoelectric material becomes 1, 20, and
60 MHz, respectively. In the calculation results, as the resistance of
the nanocluster array decreases, the FWHM increases and shows a
peak. As the resonant frequency increases, the FWHM peak appears
at a smaller resistance.

In the experiment using the single-mode resistive spectroscopy,
it was found that the hydrogen-sensing mechanism changes around
the FWHM peak of the 26-MHz mode. This result indicates that
the FWHM peak of the 26-MHz mode will be an indicator to select
the operating mechanism of the hydrogen sensor; the tunneling-
current based sensor and gap-closing based sensor are obtained
by interrupting the deposition before and after the FWHM peak,
respectively. However, it was difficult to estimate when the FWHM
peak appears during deposition. Therefore, monitoring of a sin-
gle resonant mode was not enough to obtain a desired hydrogen
sensor. According to the model calculation, the FWHM peak of
the 1-MHz mode appears earlier than the peak of the 26-MHz
mode. Therefore, the appearance of the FWHM peak of the lower
(1 MHz) mode can be a pre-signal for the FWHM peak of the higher
(26 MHz) mode. Usage of two or more resonant modes thus should
be helpful for the precise control of the morphology of the nanoclus-
ter arrays.

To confirm the validity of this mechanism and availability of
the multi-mode resistive spectroscopy, we performed two experi-
ments. In the first experiment, two resonant modes around 1.2 and
26 MHz were monitored during deposition, and in the second exper-
iment, two resonant modes around 1.2 and 61 MHz were monitored.
The results are shown in Fig. 4(c). The horizontal axis is normalized
so that the FWHM peak of the 1.2-MHz mode appears at 1 since the
time at which the FWHM peak appears differs in each deposition:
85.5 s in the first experiment and 100 s in the second experiment.
A FWHM peak of the 26-MHz mode appears later than that of the
1.2-MHz mode, and a peak of the 61-MHz mode appears later than
them. This behavior shows good agreement with the model calcula-
tion, confirming the validity of the model calculation and concept of
the multi-mode resistive spectroscopy.

B. Fabrication of palladium nanocluster arrays
Eight palladium nanocluster arrays, named sample 1 to

sample 8, were prepared referring to the changes in FWHM values of
resonant modes around 1.2 and 26 MHz. For measuring the FWHM,
resonant spectra around 1.2 and 26 MHz were measured alternately.
Deposition times for fabricating the samples are listed in Table I.
One sample was fabricated in each deposition. The deposition rate
was 0.027 nm/s, and the thickness of the nanocluster arrays ranged
from 2.9 to 5.0 nm.

TABLE I. Deposition time, time at the FWHM peak of the 1.2-MHz mode, and the
change ratio of the resistance measured in the hydrogen-detection experiment.

Sample Deposition Time at FWHM ΔR/R
number time (s) peak (s) (%)

1 109 90 119.5
2 124 100 64.9
3 112 84 19.5
4 147 99 39.6
5 150 93 −38.3
6 125 89 −29.9
7 159 115 −27.0
8 184 109 −29.8

Figure 5 shows the FWHM change for the representative two
samples. In both samples, the FWHM peak of the 1.2-MHz mode
appears earlier than that of the 26-MHz mode as expected. In Fig. 6,
the timing at which depositions were interrupted to fabricate the
eight nanocluster arrays is plotted on the data shown in Fig. 4(c).
Note that the peak appearance time is not exactly the same for
each experiment. Experimental conditions were controlled to be the
same, but the peak time varied between 84 and 115 s as shown in
Table I; fluctuation in the peak time was inevitable due to slight dif-
ference in the conditions. Therefore, the data are plotted referring
to the relative position to the FWHM peak in Fig. 6. For example,
sample 7 was fabricated by interrupting deposition just after the
FWHM peak of the 26-MHz mode appears, and the time was at
159 s [Fig. 5(b)]. In Fig. 6(b), the sample is plotted just after the
FWHM peak, but the time is not at 159 s.

C. Hydrogen-gas detection
Figure 7 summarizes the change ratio of the resistance after

the hydrogen flow for 231 s. In Fig. 7(a), the change ratio is plotted
against the deposition time. The change ratio changes from positive
values to the negative values as the deposition time increases, and the

FIG. 5. Change in the FWHM during the deposition of (a) sample 3 and (b) sample
7. Palladium was deposited during the time between the two dashed lines.
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FIG. 6. The time at which the deposition was interrupted is plotted on the FWHM
of the (a) 1.2-MHz mode and (b) 26-MHz mode in Fig. 4(c) (solid curves).

transition of the mechanism from the tunneling current to the gap
closing is observed around 130 s. However, it is difficult to identify
clearly the transition time in Fig. 7(a).

In Fig. 7(b), the change ratio is plotted against the sample num-
ber. The change ratio decreases as the sample number increases, and
it changes from positive values to negative values between samples
4 and 5. The transition of the resistance-change mechanism clearly
appears in this figure. These results indicate that monitoring of the
FWHM is more efficient than that of the deposition time. As seen in

FIG. 7. Change ratio of the electric resistance after exposure to 100-ppm hydrogen
gas for 231 s. The horizontal axis of (a) is the deposition time and that of (b) is the
sample number. The sample number is indicated in (a).

Table I, the time at which the FWHM peak appears varied between
84 and 115 s in each deposition. Therefore, deposition time cannot
be necessarily used for evaluating the morphology of the deposited
nanocluster arrays. In contrast, the FWHM reflects the morphologi-
cal change, and the FWHM peak of the 26-MHz mode indicates the
transition of the mechanism.

From these results, if one wants to fabricate a gap-closing
based hydrogen sensor (samples 5–8), the sensor is obtained by
interrupting the deposition after the FWHM peak of the 26-MHz
resonant mode appears. When one wants to fabricate a tunneling-
current based hydrogen sensor (samples 1–4), it is obtained by inter-
rupting deposition after the FWHM peak of the 1.2-MHz mode
appears.

By monitoring two resonant modes, we could control the mor-
phology and hydrogen-detection mechanism. However, by selecting
resonant modes more carefully, the morphology of the nanocluster
array will be controlled more precisely. Regarding the gap-closing
based hydrogen sensor, the change ratio of the resistance becomes
maximum when the deposition is interrupted at the FWHM peak
of the 26-MHz resonant mode (sample 5). Because it is difficult to
identify the moment at which the FWHM peak appears during depo-
sition, the 1.2-MHz mode was monitored together with the 26-MHz
mode. However, the time interval between the FWHM peaks of the
1.2 and 26-MHz modes was somewhat large, and the 1.2-MHz mode
was not necessarily suitable for fabricating sample 5. If a resonant
mode with a slightly lower resonant frequency than the 26-MHz
mode, for example, around 20 MHz, is monitored instead of the
1.2-MHz mode, its FWHM peak will appear just before the FWHM
peak of the 26-MHz mode appears. Then, an optimized gap-closing
based hydrogen sensor is obtained by interrupting the deposition
just after the FWHM peak of the lower mode (∼ 20 MHz) appears.
Regarding the tunneling-current based hydrogen sensor, the change
ratio of the resistance increased as the deposition time became
shorter, and timing of interruption is important. These sensors were
obtained by interrupting deposition after the FWHM peak of the
1.2-MHz mode appeared and the FWHM of the 26-MHz mode
started to increase. In this case, it is also necessary to wait for a while
after the FWHM peak of the 1.2-MHz mode appeared before inter-
rupting the deposition. Therefore, a resonant mode whose frequency
is higher than 1.2 MHz should be used for controlling the mor-
phology and response to hydrogen of the tunneling-current based
sensors. Thus, by selecting proper resonant modes and monitor-
ing their FWHM, a palladium nanocluster array possessing precisely
controlled morphology and hydrogen-gas response is obtained.

V. CONCLUSIONS
We developed the multi-mode resistive spectroscopy and

demonstrated that it enables the control of the response of a pal-
ladium nanocluster array to hydrogen gas. Two resonant modes
were monitored in this study, but by monitoring three or more
resonant modes, the morphology and electrical properties of nan-
ocluster arrays will be adjusted more precisely. In this study, we con-
firmed that the FWHM peak appears at different times depending
on the resonant mode. The FWHM peak generally appears around
the morphological transition from the discontinuous clusters to the
continuous film. Therefore, there will be a resonant mode whose
FWHM peak indicates the percolation. Finding the resonant mode
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will contribute to the research on the evolution of the morphology
during deposition.

In the fabrication of the nanocluster array using the multi-
mode resistive spectroscopy, the electric field generated by the oscil-
lating piezoelectric material may affect the morphology of the nan-
ocluster array. The effect of the electric field on the morphology will
be investigated for controlling the morphology of the nanocluster
array more precisely in future work. We hope that the multi-mode
resistive spectroscopy and the morphology-controlled nanocluster
array are applied to more than just hydrogen sensors in the future.
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