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Silicon-Based Suspended Microchannel Resonator
Developed Using Au Thermal Diffusion Bonding

for Mass Sensing of Biomaterials
Keita Funayama , Atsushi Miura, Fumihito Arai , Member, IEEE, and Hiroya Tanaka , Senior Member, IEEE

Abstract— Suspended microchannels are of great interest in
applications such as physical and chemical sensor systems.
In this study, we developed a suspended microchannel resonator
(SMR) by bonding two separate Au-coated silicon–insulator–
silicon substrates via thermal diffusion bonding. To obtain a
secure bond between Au films, we investigated different bonding
temperatures and Au film thicknesses. As a result, we successfully
fabricated an SMR. We show that the developed resonator has a
resonance frequency of 229.55 kHz and a quality factor of 171 for
the empty channel. The response of the channel to absolute
mass was 18.7 pg/Hz. The measurement results were in good
agreement with the results of numerical simulations. In addition,
we estimated the practical mass detectability of the developed
SMR via statistical analysis. The developed SMR enabled mass
detection with a resolution of 710.6 pg. Our SMR can be
produced via typical semiconductor fabrication technology, which
is advantageous in terms of mass production. [2023-0164]

Index Terms— Mass sensor, suspended microchannel resonator,
micro electromechanical system, semiconductor process, thermal
diffusion bonding.

I. INTRODUCTION

MICROELECTROMECHANICAL systems (MEMSs)
have attracted great attention in the field of physical and

chemical sensors [1], [2]. In addition, suspended microchan-
nel resonators (SMRs) have been developed for sensing
biomaterials because their resonance frequency is highly
sensitive, thereby enabling the detection of nano/microscale
materials [3], [4], [5]. Burg et al. have reported an SMR
with resonance frequency of 426.8 kHz, mass resolution of
2.7 × 10−20 kg in 1 kHz bandwidth, and a quality factor of
approximately 9000, where the device was surrounded by a
vacuum and filled with nitrogen gas [6]. Barton et al. have
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shown a suspended polysilicon doubly clamped beam with
a resonance frequency of 25 MHz and a quality factor of
2900 for an empty channel [7]. The sensing capability of
the nanochannel resonators was 103 Hz/fg. These devices can
be used to determine the mass of biomaterials such as single
bacterial cells and single nanoparticles.

Biomaterials are immobilized on the inside surface wall
of the SMR, and their masses are detected as a change
in the resonance frequency resulting from a change in the
SMR’s effective mass. SMRs have been produced using
several processes, including bonding of two substrates [8],
[9], [10] and etching of sacrificial materials [7], [11], [12],
[13], [14]. In particular, fabrication based on the two-substrate
bonding method is advantageous with respect manufacturing at
low temperatures and controlling the channel dimensions and
shape. This advantage stems from the process being conducted
using mature semiconductor fabrication technology.

Meanwhile, self-assembled monolayers (SAMs) bind to and
accumulate on solid surfaces to form nanoscale thin films [15],
[16], [17]. Such SAMs are widely used for immobilizing
nano/micromolecules in biosensors and have been actively
studied because of their easy fabrication. Thiol and disul-
fide derivatives are known to form dense thin films on the
surface of precious metals (e.g., Au, Ag, Cu, Pd, and Pt).
In particular, SAMs formed by thiols and disulfides on Au
substrates are commonly used in biosensors such as surface
plasmon resonance (SPR) spectrometers [18], [19] and quartz
crystal microbalances (QCMs) [20], [21], [22], [23]. Given
this background information, the interior wall of the hollow
beam in SMRs should have a Au surface, like the substrates
used in SPR and QCMs, to immobilize the nano/microscale
materials.

In the present study, we fabricated SMRs by joining
two separate Au-coated silicon–on–insulator (SOI) substrates
with Au-Au thermal diffusion bonding, which is a welding
technique to create a joint between materials [24], [25].
We investigated different bonding temperatures and Au film
thicknesses to attain a robust bond between the Au films. As a
result, we successfully fabricated an SMR with a Au-coated
channel wall. The developed SMR had a resonance frequency
of 229.55 kHz and a quality factor of 171 for the empty
channel at normal temperature and pressure. We found that
the response of the channel to absolute mass was 18.7 pg/Hz.
The measurement results were in good agreement with the
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results obtained using a numerical simulation. In addition,
we estimated the practical mass detectability of the developed
SMR via statistical analysis, and found that it enables mass
detection with a resolution of 710.6 pg.

Importantly, in our proposed SMR, the Au film coated
on the substrate plays two roles: (i) as the Au–Au bonding
material and (ii) as the S–Au bonding material. The first
role is critical for the bonding of two substrates because
our SMR is fabricated via Au–Au thermal diffusion bonding,
which enables the substrates to be joined at low temperatures.
Low-temperature joining minimizes thermal damage to the
substrates. Actually, our process provides a fine bond at
200 ◦C, which is lower than the melting temperature of
Au. The second role is important for the immobilization of
biomaterials. The formation of an organosulfur monolayer on
the Au surface is preferable because such monolayers are
easy to prepare and because of the high stability imparted
by the strength of the S–Au bond as a result of van der
Waals interactions. Moreover, Au is an inert and biocompatible
material that is easy to acquire. Our process provides a Au-
coated channel wall that enables the easy fabrication of SAMs
on the inner wall in an SMR.

The remainder of this paper is organized as follows.
In Section II, we explain the mass-sensing mechanism for
SMRs. We then present details of the fabrication process
in Section III. In Section IV, we specify the conditions for
obtaining a fine bond in Au–Au thermal diffusion bonding.
In Section V, we discuss the resonance frequency and quality
factor for the developed SMR. We also calculate the minimal
detectable mass. We conclude with some final remarks in
Section VI.

II. PRINCIPLE OF MASS SENSING VIA SUSPENDED
MICROCHANNEL RESONATORS

We begin with a brief explanation of the biomaterial sensing
mechanism for SMRs, which is illustrated in Fig. 1. Au is
coated over the channel wall in the resonator. Organosulfur
compounds form self-assembled monolayers on Au [26], and
the resulting assemblies are often used as a bioprobe to immo-
bilize biomaterials. When a solution containing biomaterials
flows through the channel, the biomaterials are immobilized
on the wall surface of the SMR. The mass of the immobilized
biomaterial can then be determined by measuring the shift in
the SMR’s resonance frequency.

To explain the operating principle of SMRs in detail,
we consider the mass–spring equation. The resonance fre-
quency f0 for an SMR including the solvent alone (refer to
the top-left panel in Fig. 1) is given by

f0 =
1

2π

√
k
m

, (1)

where k is the spring constant and m is the effective mass.
When biomaterials are immobilized on the interior wall of
an SMR (bottom-left panel in Fig. 1), the change in mass,
1m ∈ R+, translates into a shift in the resonance frequency,
1 f ∈ R+:

f0 − 1 f =
1

2π

√
k

m + 1m
. (2)

Fig. 1. Mass-sensing mechanism for SMR.

When we know the mass of the solution as a reference, we can
calculate 1m from (1) and (2).

We note the treatment of the spring constant k in (1)
and (2). The spring constant is associated with temperature
and stress, which affect the resonant frequency and sensitivity
of the SMR. However, when measurements are conducted
in the same environment, the spring constant can be treated
as invariable. Moreover, the immobilized biomaterials have
little effect on the spring constant because the stiffness of the
immobilized biomaterials differs substantially from that of the
SOI wafer, i.e., the biomaterial is more flexible than the wafer.

III. FABRICATION PROCESS

We formed the buried microchannel in the suspended res-
onator via a semiconductor process. Figure 2 illustrates the
SMR considered in this case. To create the hollow resonator,
we prepared two Au-coated SOI substrates and then joined
them via thermal diffusion bonding. Photolithography and dry
etching were used to fabricate the channel on the first (bottom)
substrate to create the trench that patterns the stream of the
microchannel. The channel on the bottom substrate was then
sealed by the second (top) substrate. The thicknesses of the
bottom (top) substrate for the device layer, the buried SiO2,
and the base substrate were 8 µm (3 µm), 2 µm (2 µm), and
250 µm (250 µm), respectively. Figure 3 shows a summary
of the fabrication process. The process started with defining a
marker recess on the surface of the substrates as an alignment
guide for the subsequent lithography and bonding processes.
The bottom and top substrates were then processed as follows.

A. Process for Bottom Substrate

The channel and inlets (and outlets) were etched to a depth
of 5 µm via reactive-ion etching (RIE) using the Bosch process
with SF6 gas at an etching power of 1250 W and a pressure of
4.0 Pa (MUC-21 ASE-Pegasus, Sumitomo Precision Products)
[Fig. 3(a)]. We also created a recess of 8 µm using RIE to form
the pattern for the suspended resonator [Fig. 3(b)]. The device
layer was then coated with 5 nm Cr and 500 nm Au films
via magnetron sputtering with sputter equipment (SPM-403L,
Tokki); sputtering of Cr and Au was conducted at a power of
100 W and 1 kW, respectively, at a pressure of 5 × 10−1 Pa
in an Ar gas flow of 50 sccm [Fig. 3(c)]. The Au film on the
SiO2 layer was removed by chemical etching [Fig. 3(d)].
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Fig. 2. Schematics of suspended microchannel. The size of the resonator
was W = 140 µm, L = 600 µm, Th = 12 µm, w = 60 µm, t = 500 nm, and
d = 5 µm. The device electrode was placed at D = 2 µm to induce vibration
to the resonator. The top-left top panel is a cross section of the beam. The
sidewall thickness of the channel was 40 µm to prevent sealing failure as a
result of alignment error.

B. Process for Top Substrate

In addition to forming the bottom substrate, we used RIE
to form inlets (outlets) and a cover to cap the channel at a
depth of 3 µm [Fig. 3(e)]. Also, 5 nm Cr and 500 nm Au thin
films were deposited via magnetron sputtering onto the whole
surface [Fig. 3(f)] and were subsequently removed except for
a patterned Au film on the device layer [Fig. 3(g)].

C. Process for Bonding and Suspension

We cleaned the bottom and top substrates by dipping
for 10 min with the piranha solution (i.e., 4:1 mixture of
H2SO4 and H2O2). After being rinsed with DI water and
dried by nitrogen air blow, the bottom and top substrates
were joined via solid-state diffusion bonding of the deposited
Au films at a pressure of 230 MPa and a temperature of
200 ◦C over 60 min using nanoimprint equipment (SCIVAX,
X-300 BVU-ND) [Fig. 3(i)]. The bonded substrate was then
etched to fabricate the inlet/outlet, beam, and driving electrode
[Fig. 3(j)]. The remaining SiO2 layers were then etched with
buffered hydrofluoric acid, and part of the buried resonator
was suspended [Fig. 3(k)]. Finally, the device was dried
in supercritical liquid of hydrofluoroether at a pressure of
2.6 MPa and a temperature of 200 ◦C over 10 min.

IV. SOLID-STATE DIFFUSION BONDING OF AU FILMS

As described in the previous section, we bonded the top
substrate to the bottom via thermal diffusion bonding of Au
films deposited onto the substrates. Solid-state diffusion bond-
ing should be conducted at an appropriate temperature and
pressure to avoid destruction and peeling of the substrates. The
purpose of this section is to specify the operating parameters
for the Au–Au thermal diffusion bonding that enabled the
successful fabrication of an SMR.

TABLE I
SUMMARY OF AU–AU BONDING RESULTS

A. Conditions

We investigated the effect of the thickness of the deposited
Au, h, and the temperature during the Au–Au diffusion
bonding process, T . We used two Si substrates to elucidate the
fundamental properties. One substrate had a Au film evenly
coated over the whole surface, and the other substrate had a
sparse Au line pattern [Fig. 4(a)] because we aimed to use
the sparse Au line pattern to control the pressure applied
during the bonding process. More specifically, we applied
F = 41,000 N to the whole surface of the top substrate, which,
according to the relation P = F/S, gave P = 230 MPa on
the contact area S of Au on both substrates. The pressure was
set referring to the prior literature [24].

Thermal diffusion bonding is typically achieved at a tem-
perature lower than the absolute melting temperature of
the materials. We carried out thermal diffusion bonding at
200 ◦C, 300 ◦C, and 400 ◦C for specimens with a Au film
thickness of 100 nm. We also conducted experiments using
a thermal bonding temperature of 200 ◦C and specimens
with Au film thicknesses of 50 nm, 100 nm, 500 nm, and
1000 nm. We examined the durability of the bonded substrate
and visually inspected part of the Au–Au interface using
cross-sectional scanning electron microscopy (SEM) images
of the bonded substrates.

B. Results

We summarize the test results in Table I. We attained a
secure bonding interface for a Au film thickness of 500 nm
(and 1000 nm) and a thermal bonding temperature of 200 ◦C.
Figure 4(b) shows a cross section of the bonding interface
as an example of the fine samples. For the specimens pre-
pared under the other investigated parameters, the bonding
process failed. For the specimen prepared with a thickness
of h = 100 nm and a bonding temperature of T = 300 ◦C
(and 400 ◦C), we observed a void at the bonding interface.
Moreover, the specimens were broken during the cleaning and
etching processes. These results are attributed to Au readily
aggregating as a result of high-temperature deformation above
300 ◦C, which resulted in the observed voids at the bonding
interface. Moreover, for the specimens prepared with a film
thickness of h = 50 nm and at a bonding temperature of
T = 200 ◦C, the substrates were partly not joined because
inadequate Au was distributed over the bonding area.
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Fig. 3. Fabrication process for (a)–(d) bottom, (e)–(h) top, and (i)–(k) bonded substrates.

Fig. 4. (a) Au line pattern on top substrate. (b) SEM images of a cross section of a bonded interface after two substrates are joined under conditions of a
500 nm thick Au layer and a temperature of 200 ◦C. The inset shows an enlarged view of the interface.

From (1) and (2), the frequency shift is given by

1 f = f0

(
1 −

√
1

1 +
1m
m

)
. (3)

Equation (3) suggests that the observable frequency shift
depends on the resonator mass m. Thus, the mass m is a key
parameter affecting the sensitivity of an SMR. Specifically,
when the resonator mass m is smaller, the frequency shift
is larger even though the change in mass is slight. This
result means that a lower resolution is acceptable for the
instrumentation used for the frequency measurement.

On the basis of the above discussion, we should reduce
the thickness of the Au film because the mass density of
Au is much higher than that of Si. Again, a secure interface
was observed for the resonators with a Au film thickness of
h = 500 nm or h = 1000 nm. We used the bonding condition
of h = 500 nm rather than h = 1000 nm in our fabrication
process to reduce the resonator mass. Notably, when h =

500 nm, we expected the mass of the fabricated SMR to be

21.6% smaller than that of the SMR with h = 1000 nm; that
is, the total resonator weight was 2.15 µg for the SMR with
h = 500 nm and 2.61 µg for the SMR with h = 1000 nm.

V. CHARACTERIZATION RESULTS FOR FABRICATED SMR

Here, we present the measurement setup and design specifi-
cations for the SMR. We then present the measurement results
for the fabricated resonator. Finally, we discuss the practical
mass detection limit for the fabricated SMR.

A. Measurement Setup

Figure 5(a) shows the setup used to measure the vibration
amplitude of the suspended microchannel. All of the fabricated
devices were measured at normal temperature and pressure.
A function generator (RIGOL, DG972), a stable direct-current
power supply (Kikusui Electronics Corporation, PMX110-
0.6 A), and a bias tee (Tektronix Keithley Instruments,
PSPL5530B) were used to apply a continuous sinusoidal
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Fig. 5. (a) SMR vibration measurement setup. (b) Overview of substrate and
solution infusion.

electrical signal to the device electrode to induce vibration
on the suspended microchannel. The vibration velocity in the
suspended channel was detected by a laser Doppler vibrometer
(Ono Sokki, LV-1800); the signal was filtered and amplified by
a lock-in amplifier (NF Corporation, LI5660). The amplitude
of the perpendicular vibration was displayed by a digital
oscilloscope (Tektronix, MSO64B). We used a four-axis stage
controller (Sigmakoki, VSGSP60(XY), VSGSP60 (Z), and
SHOT-304GS) to externally control the position of the test
device.

Figure 5(b) shows a photograph of the inlet and outlet of
the device. Silicon tubes were glued to the inlet and outlet,
and the solution was infused into the channel. The resonator
could be directly observed at the center of the substrate, where
an observation window was located.

B. Simulation

We numerically investigated the resonator using the finite
element method simulator COMSOL Multiphysics [27].
We analyzed the eigenfrequencies for the mechanical struc-
tures of the SMR. The dimensions of the resonator were
140 µm × 600 µm × 11 µm, and those of the internal
channel were 60 µm × 600 µm × 5 µm. Thickness of
the Au layer was 370 nm, which was adjusted to match
the resonance frequency of the simulation to that of the

Fig. 6. SEM image of fabricated device.

TABLE II
EIGENFREQUENCY AND QUALITY FACTOR

measurement. The mass densities in the simulation were set as
2.329 ×103 kg/m3 for Si and 1.93 ×104 kg/m3 for Au. The
first eigenfrequency was 229.74 kHz, and the displacement
was strongly amplified at this frequency.

C. Device Characteristics

1) Fundamental: Figure 6 shows a SEM image of the
developed SMR. The image visually confirms that the SMR
was successfully fabricated using the proposed process.

We deduced the fundamental properties of the fabricated
SMR by measuring the bulk fluid mass of water and isopropyl
alcohol (IPA). Figure 7(a) shows the vibration amplitude
as a function of the frequency of the voltage applied to
the driving electrode. The eigenfrequency is clearly shifted
to lower values depending on the type of solution in the
microchannel. This shift is attributable to the solution in the
channel increasing the total mass of the beam. Table II shows
the resonance frequency and the quality factor. We fitted the
acquired data to a Lorentzian function in the calculation of the
resonance frequency. The best fits are plotted as solid lines in
Fig. 7(a). For the empty channel, the resonance frequency was
determined to be 229.55 kHz, which is in good agreement with
the value obtained in the simulation (i.e., 229.74 kHz).

The quality factor decreased when the solution was loaded
into the SMR because the channel became dispersive as a
result of friction between the inside wall and the contained
liquid. Such dispersive behavior has been noted in previous
studies [7], [11]. In addition, self-assembled monolayers will
contribute to the dissipation of the SMR vibration as well as
the liquid when sensing the biomaterials.

Considering the frequency shift and (3), we calculated the
mass of the water and IPA in the channel. The calculated
masses are plotted in Fig. 7(b). The mass of the solution in
the channel was 259.5 ng for IPA and 354.9 ng for water.
In addition, we calculated the sensing ability of the devel-
oped SMR in a noiseless environment. The sensing ability
depends on the SMR’s response to absolute mass. From the
slope of the linear fit [refer to the solid line in Fig. 7(b)],
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Fig. 7. (a) Vibration amplitude of fabricated SMR as function of driving
frequency. Markers indicate the acquired frequency spectra, and solid lines
show the spectra fitted using a Lorentzian function (red: empty; blue: water;
green: IPA). (b) Mass contained in channel as the function of peak frequency.
The solid line is a linear fit.

we found that the response of the channel to the absolute mass
is dm

d f = 18.7 pg/Hz.
From the channel volume of the SMR (600 µm ×

60 µm × 5 µm) and nominal mass density of the liquids
(786 kg/m3 for IPA and 997 kg/m3 for water), we can
theoretically predict the mass of the filled IPA and water to
be 141 ng and 179 ng, respectively. A discrepancy exists
between the measured and theoretically predicted masses.
We speculate that this discrepancy arose from the prediction
error of the SMR mass, as follows. The estimated thicknesses
of the Au and Cr layers would differ from those of the
fabricated SMR because of an apparent fabrication error in
the sputtering process, despite the sputtering process being
carefully controlled. Thus, the thicknesses of the Au and Cr
layers were smaller than the value used in the mass calculation.
In addition, according to the SEM image in Fig. 6, the size of
the resonator was smaller than the designed one because of the
over-etch of the Si layer. As a result, the mass calculated from
our measurement result was not perfectly matched with that
obtained from the nominal mass density. Again, (3) suggests
that the observable frequency shift strongly depends on the
resonator mass m. Hence, for precise measurement of the mass
change 1m, we should deduce the correct size of the materials
(i.e., Si, Au, and Cr) in the SMR; this deduction will constitute
one aspect of our future studies.

Fig. 8. Three examples of numerically generated frequency spectra corre-
sponding to frequencies similar to resonance frequency f = 229.55 kHz (blue
lines). The black solid line shows the fitted spectrum gfit( f ). The arrow in
each figure points to the frequency fmax providing the maximum amplitude.

2) Practical Lower Mass Detection Limit: Because we
acquired the frequency spectra in Fig. 7(a) at atmospheric
pressure and room temperature, the spectra had blunted peaks
and fluctuations resulting from dissipation and thermal noise.
To this end, SMRs have a discernable mass detection range
(i.e., a resolution). Here, we aim to reveal the practical
resolution of the developed SMR.

For this purpose, the frequency spectrum is modeled as
follows. We have the measured frequency spectrum s( j) for
the empty SMR [see red circles Fig. 7(a)], where j ≡ flow+iδ
is the sampling frequency, flow is the lower bound of the
observation frequency, i = 1, · · · , I is the sampling point,
and δ is the step size during sampling. In addition, we have
the fitting curve g( f ) as a function of frequency f [red solid
line in Fig. 7(a)]. Assuming that the noise n( f ) has a Gaussian
distribution for any f , the frequency spectrum for the empty
channel is written as

g( f ) + n( f ). (4)

The noise n( f ) is described using the Gaussian distribution
N (0, σ 2), where σ 2 is the variance. The variance σ 2 can be
extracted from the dataset {s( j) − g( j)} over all sampling
points: σ 2

= 6.80 × 10−5 Hz−1 for the empty channel.
We can then generate multiple spectra via Monte Carlo

experiments, enabling us to estimate the possible mass res-
olution. Specifically, we estimate the resolution from the
confidence interval of the frequency providing the maximum
amplitude; this confidence interval can be reliably discerned
from numerical experiment data with a certain level of con-
fidence. Figure 8 shows examples of the frequency spectra
generated using (4). In addition, we plot the fitting curves
gfit( f ). The maximum amplitude, fmax = arg max f gfit( f ),
exists at different frequencies for each sample because of
the fluctuation resulting from the noise. Figure 9 shows a
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Fig. 9. Probability distribution for fmax, which is assumed to be described
by a Gaussian distribution function. The mean and variance were extracted
from 1000 numerically generated samples.

probability distribution extracted from 1000 samples of fmax.
Under the assumption that fmax has a Gaussian distribution,
we calculated the 95% confidence interval as 0.038 kHz.
As a result, we obtained a resolution of 710.6 pg, which was
calculated from the 95% confidence interval and the response
to absolute mass: 0.038 kHz × 18.7 pg/Hz.

VI. CONCLUSION

We have developed suspended microchannels by bonding
two separate Au-coated silicon–insulator–silicon substrates.
The thickness of the Au films was 500 nm. We carried out the
bonding process at a temperature of 200 ◦C and a pressure of
230 MPa. Consequently, we successfully obtained an SMR
with a resonance frequency of 229.55 kHz and a quality
factor of 171 for the empty channel at normal temperature
and pressure. In addition, we found that the response of
the channel to absolute mass is 18.7 pg/Hz. Our suspended
microchannels can be developed via typical semiconductor
fabrication technology, which is advantageous in terms of
mass production. The performance of the developed SMR
was measured at normal temperature and pressure; thus, the
dissipation will be further reduced when the SMR is used
under vacuum conditions.

In future studies, we expect to further investigate device-
to-device variation and reproducibility. Statistical analysis
using other measures such as Allan variance is another
expected aspect of our future work. Moreover, additional
studies involving simulations for the whole system, including
the biomaterials and liquids in the channel, are needed for
the SMR-based mass detection. In addition, calibration is
required to compensate for differences between measuremtnt
and theoretical values in practical applications.
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