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We demonstrate the detection of mechanical oscillations of a nanoelectromechanical system (NEMS)
composed of a multilayer-graphene (MLG) membrane by using a Si field-effect transistor (FET). The MLG
membrane of 500 nm in length is suspended above multiple nanowire channels of the FET functioning as
a sensor with high sensitivity. A microwave probe in contact with the FET is connected to double-resonant
circuits composed of two inductors and capacitors, and a radio-frequency (rf) signal drives the FET in the
resonant condition. When the MLG membrane functioning as a gate of the FET oscillates in mechanical
resonance and modulates impedance of the FET, this modulation is monitored using a reflected signal
from the resonant circuits. By adjusting the resonant condition using a variable capacitor, the mechanical
oscillations of the MLG membrane are detected at 340 MHz. Such rf-signal-driven readout of the NEMS
operating at subgigahertz frequency will lead to highly sensitive and functional sensors for small mass and

quantum mechanics as well as timing devices.
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A nanoelectromechanical system (NEMS) is a
submicrometer-scale device having electrical and mechan-
ical functionalities. Such a small structure enables a NEMS
to oscillate mechanically at high frequency and thus to
have fascinating functions such as high-sensitivity mass
sensing [1-3] as well as platforms supporting study of
quantum mechanics [4]. The mechanism of the NEMS
mass sensors is based on that an object of small mass
(Am) to be detected changes the oscillation frequency
fnems of the NEMS. This frequency change Af is pro-
portional to Amf nems/MNems, Where M newms 1s the mass
of the oscillating NEMS membrane. Therefore, smaller
Mngms 1s preferable for high-sensitivity mass sensors.
Graphene [5] is a single-atomic-layer sheet of carbon and
has unique mechanical properties such as high stiffness,
high strength, and light weight [6—10]. These properties
enable a graphene sheet to be used for NEMS sensors
with high sensitivity [11,12]. Since graphene sheets also
function as a charge sensor to detect the charge of one
individual molecule [13], a combination of such charge
sensing with mechanical mass sensing would enable a sen-
sor to identify similar objects such as gas and molecules.
Based on reports on carbon-nanotube-based mass sensors
with atomic resolution, fNgums 1S needed to be several hun-
dreds of megahertz or higher [1-3]. In addition to sensing
applications, graphene NEMSs can be used as platforms
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for academic research on quantum mechanics such as
nonlinear mechanics [14] and optomechanics [15]. Quan-
tum harmonic oscillation or quantum ground state is also
an exciting research field [4], in which a graphene NEMS
may play an important role due to its high quality fac-
tor [14,15] and light weight. These research fields also
need a NEMS to operate at several hundreds of mega-
hertz or higher. However, readout of such high-frequency
oscillations of a graphene NEMS is still difficult. One of
the reasons for this difficulty is that such high oscilla-
tion frequency needs the length of the graphene membrane
to be shortened to the submicrometer range. In order to
read out submicrometer membranes, electrical readout is
desirable because a membrane’s length shorter than the
wavelength of visible light makes use of optical read-
out, such as doppler interferometry, difficult. Electrical
readout at several hundreds of megahertz or higher needs
optimization of measurement systems, such as impedance
matching. However, such optimization of a graphene sheet
at high frequency is not straightforward because electri-
cal and fabrication reproducibility of a graphene sheet is
still challenging. Even for other NEMSs with membranes
composed of other materials including silicon and sili-
con nitride, their oscillation signals at several hundreds
of megahertz or higher are promising for functionalities
such as high-frequency timing devices used for light detec-
tion and ranging, radar, and time of flight. However, such
high-frequency readout is also difficult.

Here, using a high-sensitivity Si field-effect transistor
(FET) having charge sensitivity with single-electron
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resolution, we demonstrate readout of mechanical oscil-
lations of a NEMS. In order to demonstrate readout of
high-frequency signals, the NEMS is composed not of
monolayer graphene but of multilayer graphene (MLG)
with a thickness of 3.5 nm. The MLG membrane above the
FET’s multiple channels functions as a FET gate. In order
to read out membrane oscillations modulating the FET’s
impedance, the FET is connected to resonant circuits and
driven by a radio-frequency (rf) signal in the resonant con-
dition. Since readout at high frequency is optimized in the
FET and resonant circuits, the MLG membrane can be
formed separately from the electrical optimization. In addi-
tion, in order to ease this technique, so-called reflectometry
[16,17], using the rf signal, a commercial microwave probe
connected to resonant circuits mounted on a printed circuit
board is used and put in contact with the FET.

Figure 1 shows the structure of the MLG NEMS inte-
grated with the Si FET. The FET with multiple nanowire
channels is fabricated from a silicon-on-insulator (SOI)
wafer. Initial resistivity of the SOI layer and Si substrate
is about 10 € cm. The thickness of the buried oxide layer
is 400 nm. Ten nanowires and wider channels are patterned
on the SOI layer, followed by oxidation at 1000 °C for
70 min. This oxidation forms a 40-nm-thick gate oxide
and reduces the width and thickness of the nanowire chan-
nels to about 10 nm. The nanowire channel length is about
100 nm. Such a small channel enables the FET to detect
single electrons even at room temperature [18]. The rea-
son why multiple channels are used is explained below.
Next, gate electrodes, hereafter referred to as dc gates,
made of poly-Si are formed, followed by oxidation at
700 °C for 270 min and at 1000 °C for 8 min. The thick-
nesses of poly-Si and oxide are 80 and 40 nm, respectively.
Next, phosphorus ions are heavily implanted, except for
the nanowire channels, followed by thermal activation.
Al contact pads of a ground-signal-ground pattern for a
microwave probe are formed on the source and drain of

(b)

the nanowire channels as signal and ground lines, respec-
tively. Then, other gates (rf gates) made of 30-nm-thick Au
on 3-nm-thick Ti are formed by a lift-off process. The gap
between the two rf gates is 500 nm. Contact pads of the rf
gates are also composed of a ground-signal-ground pattern
for another microwave probe. Finally, a MLG sheet func-
tioning as a membrane of the NEMS is suspended above
the rf gates using a soft polymer film [19].

The MLG membrane suspended above the FET’s chan-
nels functions as an oscillating gate for the FET. The
impedance of the nanowire channels is modulated when
a rf signal, Sy, applied to the rf gates oscillates the MLG
membrane at the mechanical resonance frequency. The dc
gates are used to induce an inversion layer in the Si chan-
nel under the dc gates. They also shield the FET channels
under the dc gates from the electric field from the rf gates,
which makes the Si channel under the dc gates highly
conductive regardless of the rf gates. In addition, since
the threshold voltage of the current-voltage characteristics
originating from the nanowire channels is higher than that
from the wider channel, current flowing through the FET
is dominated by the impedance of the nanowire channels
[20], which means that the area that dominates the FET’s
impedance is restricted to the multiple nanowire channels
under the MLG membrane.

Figure 2 shows schematics of a reflectometry technique
used for detecting mechanical oscillations of the MLG
NEMS. A microwave probe is put in contact with the
source of the FET, and the probe and contact pad of the
FET constitute a stray capacitor, Cgyay 0f 7.2 pF. The probe
is connected to two inductors and a variable capacitor
Cyar, all of which are mounted on a printed circuit board
[Fig. 2(b)], and they function as double-resonant circuits
connected to the FET as shown in Fig. 2(a). Its equivalent
circuit is shown in Fig. 3(a). The double-resonant circuits
connected to the FET have lower and higher resonance
frequencies, freso—L and freso—n, at which the reflection
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FIG. 1.

(a) False-color scanning electron microscope image. The inset is an enlarged image of the area surrounded by the dotted

line. The slightly shaded area is a MLG sheet whose thickness is about 3.5 nm. (b) Schematic of image in (a). For simplicity, the MLG
sheet is not shown here. (c) Cross-sectional view along the dot-dashed line in (b). The drain and source are highly conductive due to
n*-Si and connected to aluminum electrodes. In (a), ten Si nanowire channels connected in parallel between two wider Si channels
used for the drain and source are observed via the MLG sheet suspended between the two rf gates because the graphene sheet is thin

enough for the electron beam to go through it.
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FIG. 2.

(a) Schematics of a reflectometry technique for detecting mechanical oscillations of the MLG NEMS. (b) Photograph of the

microwave probe connected to the double-resonant circuits mounted on a printed circuit board. (c) Photograph of the NEMS chip,
microwave probes, and double-resonant circuits in a probe station. Stray capacitance Cy,y originating from the microwave probe and
contact pad of the FET is evaluated to be 7.2 pF. Cy,; is a variable capacitor (Johanson Manufacturing 5201). The inductance L is
100 nH (Coilcraft 1206CS). For simplicity, dc gates are not shown here because the electrical characteristics are dominated by a rf
gate. A carrier signal whose frequency f camier 1s 140 MHz is supplied from a Keysight N5181B. The network analyzer is a Keysight
E5080A. A rf signal whose frequency is f ;¢ is supplied from port 2, and offset bias, Vyget, is added at a bias tee. A reflected signal at a
frequency of f camier +f rf 1s monitored at port 1 using the frequency offset function of the Keysight ES080A.

coefficient S| characteristics show two dips [Fig. 3(c)]. A
signal around the resonance frequencies can be transmitted
in the circuit because its impedance around these frequen-
cies is close to that for impedance matching. Otherwise, the
signal is reflected from the circuit and thus cannot drive it.
Therefore, a carrier signal Scaier Whose frequency f carrier
is close to freso—L 1S applied to the FET connected to the
double-resonant circuits through a directional coupler. A

L fgrier (b) fcarrier
%T fit fe A
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FIG. 3. (a) Equivalent circuit and (b) schematic frequency

spectrum of a reflected signal in reflectometry. (c) Coefficient
S11 characteristics of the double-resonant circuits connected to
the FET. Higher and lower resonance frequencies, f reso—n and
f teso—L», are 140 and 513 MHz, respectively. S, applied to the
MLG is grounded. (d) Change in f eso—1, and f reso—n as a func-
tion of Cy,. Filled symbols are experimental results. The solid
lines are curves fitted to the experimental results with Egs. (1)
and (2) in the main text. Cy, is evaluated from the resonance
frequency of another resonant circuit composed of one inductor
and Cy,;,.

signal S;r with a frequency fr is added to dc offset volt-
age Vomet and applied to the rf gate connected to the MLG
membrane functioning as the gate of the FET. S;+ modu-
lates the FET’s impedance and thus impedance-matching
condition: when powers of Scurier and Sy are propor-
tional to sin(27w#f camier) and sin(2w¢f ¢+ 6), respectively,
the FET’s impedance modulated by S;¢ is proportional
to  SIN(27 tfeamier) X SINQ2rtfie + 0) = —[cos{2m t(fearrier +
fif) + 0} — cos(2m t(faamrier — fir) — 0}]/2, where 6 is the
difference of phase between Sy and Scarier, because the
FET is driven in the linear region. This modulation cor-
responds to frequency mixing between f camier and f;¢ and
generates signals at f camier £ /¢ like in a frequency mixer.
Then, since a frequency spectrum of a reflected signal
Ster has signals at fi, fcarrier, and fcamier = f 1t @8 shown
in Fig. 3(b), monitoring Sier at f carrier +f 1f COrresponds to
detection of Sy¢. It should be noted that since fcamier +/ 1f
must be close to resonance frequencies for transmitting
the signal in the resonant circuits, their multiple resonance
frequencies play important roles in expanding a range of
detectable signal frequency, which is a technical advance
compared with conventional reflectometry techniques.

The closer f carrier + f1£ 18 t0 f reso—H, the greater is the sig-
nal amplitude of Sier, which means that S;r can be detected
with higher sensitivity. Therefore, we adjust f eso—r and
f teso—n by changing Cy,, so that the sensitivity would be
good at the mechanical resonance frequency f graphene Of
the MLG NEMS. [ (eso—L and f eso—y are given roughly by
the following simplified equations:

1 2Cstray + Cyar — V 4'Cstray2 + Cvar2

Jreso-L = E ZLCStrayCvar ’

(1

L011003-3



NISHIGUCHI, YAMAGUCHI, and FUJIWARA

PHYS. REV. APPLIED 19, L011003 (2023)

1 2Cstray + Cvar + \ 4Cstray2 + Cvar2

Jreso-H = E 2L Cstray Cyar

2
As shown in Fig. 3(d), these equations can trace the exper-
imental results obtained when the resonance frequencies
are tuned by Cyar. f graphene 18 €stimated mathematically as

2
E t 0.57 TA?
raphene = A—— TV 3
Jerapn < \/;Lz) * pL2wt ®)

where E (1 TPa) is Young’s modulus, p (2200 kg/m?) is the
mass density, 7T is tension, 4 (1.03) is the clamping coeffi-
cient, and 7 (3.5 nm), w, and L (500 nm) are the thickness,
width, and length of the graphene [11]. When T is zero,
S graphene 18 estimated to be 307 MHz. Then, according to
these estimations, the charge-sensitivity characteristics are
modulated by Cy,;.

In this work, by using the S, analysis of a vector net-
work analyzer (VNA), frequency f '+ of Si¢ output from port
2 of the VNA is swept, and the ratio Sief/if (= Sref/Sir) of
Stg, input to port 1 of the VNA, at f carrier +/ 1 1S monitored
as a signal originating from the MLG using the frequency
offset function of the VNA. Figure 4(a) shows the change
in Seer/rr as a function of f,r at atmospheric pressure as
reference characteristics. There is a large peak, depicted
by a broken line as a guide, around 370 MHz. This fre-
quency is close to f reso—1 —f carrier, Which means that since
the sensitivity of the FET driven by reflectometry is good
around f reso—t— f carriers Sref/rf becomes large around this
frequency even when the MLG membrane does not oscil-
late. Therefore, the appearance of this large peak means
that the reflectometry works exactly as it is supposed to.
On the other hand, there are other small peaks, e.g., at
355, 368, 374, and 386 MHz. They are likely to originate
from unintentional characteristics of the device because of
its complicated structure, such as two-layer gates having
a gap, as explained below. Therefore, these peaks can be
identified as a background signal.

Figure 4(b) shows fr dependence of Spef/rr at vacuum
and atmospheric pressures. In characteristics at both pres-
sures, Sref/rf increases with frr as a background signal. At
vacuum pressure, one peak appears around 340 MHz. By
subtracting Srer/rr—frr characteristics at atmospheric pres-
sure from those at vacuum pressure, this additional peak
can be fitted by a Lorentzian curve as shown in Fig. 4(c).
These features suggest that the peak at around 340 MHz
originates from mechanical oscillations of the MLG mem-
brane functioning as the oscillating gate of the FET and
that the oscillations are damped at atmospheric pressure.
Additionally, when the offset dc voltage Vgt superim-
posed on the rf signal is changed from 0 to 3 V, the fre-
quency of the additional peak increases, as indicated by the

(@)  JresoTcarrer
s [ < |
» - » 7x1072 Pa
: 1 | b —— atmosphere
300 350 400 450 320 340 360
f. (MHz) f. (MHz)
Cl
£ L
&
!

320 340 360
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320 340 360
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FIG. 4. (a) Change in the ratio Sref/rt Of Srer to Syr when fre-
quency fr is changed at atmospheric pressure. Vogser is 0 V.
Powers of Scamier and Sy¢ are 10 and 5 dBm, respectively. The
dotted line indicates the frequency given by f reso—n —f carrier
(=373 MHz). The broken line is a guide to the eye and represents
a large peak described in the main text. (b) f;r dependences of
Srefyrf at 7 x 1072 Pa and atmospheric pressure. Power and offset
dc voltage, Vogret, of the rf signal are 5 dBm and 3 'V, respectively.
(c) Difference in Syer/rr characteristics at 7 x 1072 Pa and atmo-
spheric pressure shown in (b). The solid line is the Lorentzian
curve fitted to the difference in Syef/r characteristics. The qual-
ity factor estimated from the Lorentzian curve is 57. (d) Sref/rr
characteristics when Vgt is changed. The arrows indicating the
additional peaks are also shown as a guide.

arrows shown in Fig. 4(d). The likely reason for this shift is
that the tension in the graphene sheet increases with Vgt
[9]. On the other hand, other peaks at around 355 MHz are
independent of pressure. Although Si.¢/ increases slightly
with Vet due to a change in the impedance of the FET
channel by Vyger, frequencies of these peaks at 355 MHz
are constant. Other devices also show small dips and peaks
in Sy; and Sfr characteristics, respectively, near reso-
nance frequencies. These features of the peaks at 355 MHz
mean that they originate not from the graphene oscilla-
tion but from the unintentional characteristics of the device
because of its complicated structure.

Finally, we discuss how to improve sensitivity to detect
NEMS oscillations. In this work, we use multiple chan-
nels of FETs. In reflectometry, sensitivity can be improved
by adjusting the impedance of the FET connected to the
double-resonant circuits so as to be equal to the charac-
teristic impedance, 50 €2, for impedance matching. Since
the impedance of the single channel of the FET is too
high to achieve this impedance matching, multiple chan-
nels are used in order to reduce the impedance. However,
since the impedance is still higher than that for per-
fect impedance matching, optimization of the FET and
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double-resonant circuits leads to further improvement of
sensitivity. Another way to improve sensitivity is reduc-
tion in Cgyqy. This time, while we use the microwave probe
in order to ease the reflectometry, use of the probe leads
to larger stray capacitance. Since a smaller capacitance
improves the sensitivity of the FET, an integration of the
FET with the resonant circuits is one way to improve sensi-
tivity. Since improvement of sensitivity leads to detection
of NEMS oscillations at higher frequency, our technique
using reflectometry with the double-resonant circuits holds
promise for functioning as a high-sensitivity mass sensor.

In conclusion, we demonstrate detection of mechani-
cal oscillations of a MLG NEMS using a multichannel
FET. In order to detect the MLG membrane oscillating at a
few hundreds of megahertz, we use reflectometry in which
double-resonant circuits are connected to a microwave
probe in contact with the NEMS. Since reflectometry can
be used to detect change in capacitance, such reflectome-
try can be available for expanding detectable frequency of
other NEMSs in which the signal originates from capac-
itance modulation. Such high versatility of reflectometry
will lead to higher performance not only in graphene
NEMSs, but also in other mechanical resonators, e.g., for
sensors and timing devices.
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