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Vacuum-gap and orthogonally aligned double-gate geometry is employed in a nanowire-based elec-
tromechanical resonator device to independently control two nearly degenerate orthogonal vibration
modes. In the device, piezoresistance is the dominant mechanism of motion-induced conductance vari-
ation, which provides an efficient scheme for the self-transduction of vibrational motion into an electric
signal. Two simultaneously applied gate voltages induce an opposite combined effect on the frequency
shift between two vibration modes, which is well explained by model calculations. Using the opposite
double-gate effect, we demonstrate vectorial control of two mode frequencies, which is not possible with

single-gate geometry.
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I. INTRODUCTION

A semiconductor nanowire (NW), one of the most
widely studied nanostructures, has great potential for
application in high-performance electronic and optical
devices [1]. NWs also play an important role in nano-
electromechanical systems (NEMSs), which functionalize
the mechanical degrees of freedom of artificially fabri-
cated three-dimensional nanostructures, in both classical
and quantum domains [2,3]. NWs provide excellent per-
formance, especially as a mechanical resonator [4—11],
enabling us to integrate low-dimensional electronic sys-
tems to fabricate hybrid quantum devices [12—16]. NW-
based mechanical resonators have two nearly degenerate
flexural eigenmodes due to their symmetric cross-section
shape [7-9,17-20]. The two diagonally vibrating modes
are utilized in applications for nanomechanical resonators,
such as vector sensors and scanning probe microscopes
[21-23]. The ability to control these modes externally
would make it possible to further functionalize NW-based
mechanical devices.

In lithographically defined nanobeams, as well as in
carbon nanotubes as nanomechanical elements, multiple-
gate geometries are employed for fine and detailed con-
trol of both their electronic and mechanical properties
[24-27]. The geometry allows the precise control of
not only the specific electronic or mechanical states but
also their mutual coupling. Especially, the independent
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and detailed control of two nearly degenerate mechani-
cal modes in semiconductor NWs is important in both
fundamental physics and sensor applications [25,28-32].

Here, we fabricate a nanoelectromechanical resonator
device using an InAs/InP core-shell NW with two orthog-
onal vacuum-gap gate electrodes and measure its fun-
damental mechanical resonance characteristics. We find
that our core-shell NWs show large piezoresistivity with
a resistance change on the order of more than 1072, in
contrast to InAs NW devices, where the transconductance
effect is dominant [7]. Efficient piezoresistive transduction
allows us to detect vibrational modes at around 70 MHz
without applying a large dc gate voltage. This dc-voltage-
independent detection scheme enables detailed characteri-
zation of the frequency shift induced by the gate voltage.
We observe a double-gate effect, where the two mode fre-
quencies respond differently to the voltages simultaneously
applied to the two gates. Numerical simulation clarifies
that the electrostatic field distribution generated by the
two gates implies the double-gate effect. Using these prop-
erties, we show that the double-gate geometry enables
the separate modulation of the two resonance frequen-
cies through vectorial voltage control, which is, so far, not
enabled by the single-gate geometry.

II. EXPERIMENT

The nanoelectromechanical device consists of a dou-
bly clamped suspended InAs/InP core-shell NW with a
suspended length of 4 um. Due to the employed growth
process, the NW shape is tapered [33], with the diameter
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FIG. 1. Scanning-electron-microscope image of the fabricated
nanowire NEMS device.

proportionally changing from 400 nm (at the left clamping
point in Fig. 1) to 300 nm (at the right), as measured
from the SEM observation. The nanowire has a cylindri-
cal InAs core crystal covered by a 3-nm-thick InP shell,
and two vacuum-gap gate electrodes are formed to con-
trol the mechanical motion. The back and side gates are
separated from the NW by gaps of 250 and 600 nm, respec-
tively. The NW also has source and drain Ohmic contacts
that allow the detection of mechanical oscillation through
conductance measurements. The gated transport character-
istics indicate that the field effect is confirmed for both
back and side gates [34]. A scanning-electron-microscope
image of the fabricated device is shown in Fig. 1. We use
inkjet printing to deposit a NW-dispersed liquid droplet,
followed by indium whisker-assisted micromanipulation to
align the NW on a patterned substrate [35]. The details of
the fabrication process will be reported elsewhere.

The mechanical flexural motion of the NW is driven
by applying an alternating electrostatic force through the
gate electrodes. In our first series of experiments, we apply
both dc and ac voltages to drive the flexural motion, fol-
lowing the procedure in previous reports [6—8,36,37]. In
the case of a single-gate device, the electrostatic force
applied to the grounded NW through the gate voltage
Ve(t) = Vgac + Vgacﬁ cos wyt, where Ve is the modula-
tion amplitude measured in the unit of root-mean-square
(rms) voltage, is given by

10C
Fo= 229y 2,
2 9q |,
IC(q) Vea> | Vac®
= — o7 q—o[ g2 + g2 +ngchac«/§cosa)dt
Vgac2 cos 2wyt
e, (M

where ¢ is the NW displacement measured from the equi-
librium position, and C(q) is the capacitance between the
NW and gate electrode. When the drive frequency, f; =
wgq/2m, is around the resonance frequency, fy = wo/27
(referred to as “fy drive” hereafter), the alternating force
around the resonance frequency has an amplitude propor-
tional to the voltage product VedcVeac; therefore, both dc
and ac voltages are required to induce the resonant motion.
The motion is then detected through conductance variation
by measuring the resistance change between the source
and drain electrodes. To minimize the inductive crosstalk,
we use a mixing technique [6—8,36—38], where an alter-
nate source-drain bias voltage, Vep/2 cos(wy + Aw)t, is
applied at a slightly detuned frequency from the drive volt-
age (Af = Aw/2m ~ 1.23 kHz), and the current varia-
tion is detected at Af by a lock-in amplifier. The setup
is schematically shown in Fig. 2(a). The measurement is
performed under vacuum (<10~* Pa) at cryogenic temper-
ature (25 K).

III. FUNDAMENTAL RESONANCE AND
TRANSDUCTION CHARACTERISTICS

Although both the back gate and side gate can drive the
motion, we first examine the fundamental resonance and
transduction characteristics of the NW by applying a volt-
age only to the back gate. Figure 3 shows the frequency
response of current variation with various dc drive volt-
ages. We observe two resonance peaks, one at around 66.7
and the other at 68.7 MHz, with quality factors (Q) in the
range of 40004500, which correspond to the two orthog-
onal fundamental vibrational modes of the NW (hereafter
referred as low-f and high-f modes, respectively). The
resonance frequency of the tapered NW was already dis-
cussed in Ref. [33]. The mode wave function, w(x), is
given by the linear combination of Bessel functions:

_ [AK(ko8) + B2 (ko§) + CYa(kod) + Db (kot)]

wix) (I — ax)

)

Here, J, and Y, are the first- and second-kind Bessel
functions, and I, and K, are the first- and second-kind
modified Bessel functions, with ¢ = (24/1 — ax/l)/a. | ~
4 um is the wire length and o = (a9 — ar)/ap ~ 0.25
is the tapering parameter, where ay ~ 200 nm and ap ~
150 nm are the radii at the two clamping positions. k
is the normalized wave number, which is determined by
applying the boundary condition of the doubly clamped
beam structure:

w(0) =w()) =0, w(0)=w'()=0, 3)
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FIG. 2.

(a) Experimental setup for the f drive. Suspended NW is highlighted in red. (b) Setup used for fy/2-drive experiments.

Unlike the f; drive (a), detection frequency is twice the drive frequency.

and is related to the resonance frequency, f;, by

k02a0 E
fo=on/2m =55 s (4)

where E ~ 5.2 x 10! N/m? and p ~ 5.7 x 10° kg/m?
are the Young’s modulus and density of InAs, respec-
tively. The numerical calculation gives fy = 58.7 MHz
[33,34], which is about 12% lower than the average of
the two observed frequencies. The origin of deviation
is not known but could be the tension induced by the

fabrication and cooling processes. There are two degen-
erate fundamental modes corresponding to mechanical
vibration in two orthogonal directions, and the observed
splitting of about 2 MHz is caused by the noncylindri-
cal shape of the NW cross section [7-9,13,17-19] and
clamping.

In both modes, we observe a frequency redshift and an
increased amplitude of peak-current variation with increas-
ing Vyqc. Closed-triangle plots in Fig. 4(a) show the peak
frequency as a function of V4. The quadratic voltage
dependence is consistent with the theoretical prediction
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FIG. 3. Drive-frequency response of current variation with

various dc gate voltages (Vg4c), measured under vacuum at 2.2 K.
We use a source-drain voltage (Vsp) of 5 mV . Lines show their
Lorentzian fitting curves.

[39]; the frequency, f (Vyqc), is given by

1 9°C(q)
f(ngc) =f0 1 - 4mw02 Z aqz ng02 > (5)
ij

q=0

where m is the effective mass of the resonance mode, and
C(g) is the capacitance between the NW and back gate
as a function of nanowire displacement, g. Within the
used voltage range (|Vgac| < 30 V), we do not observe the
tension-induced positive frequency shift reported in InAs
NW devices [12], probably because the field effect in our
device is much less than that in their devices.

A remarkable feature is observed in the gate-voltage
dependence of signal amplitude [closed triangles in
Fig. 4(b)]. The peak-current variation is proportional to
Vedc in both the low-f* and high-f modes. It is reason-
able to assume that the signal amplitude is proportional to
both the driving force amplitude and detection efficiency.
As already described in Eq. (1), the force amplitude in the
electrostatic drive at around f; is proportional to Vgac Vyac-
This dependence is also experimentally confirmed by mea-
suring the onset of Duffing bistability in our device [34].
Thus, the linear dependence of current variation with fixing
Veac suggests that the detection efficiency is independent of
Vade-

Two detection mechanisms are reported in nanowire
NEMS devices. One is the transconductance effect, which
is caused by conductance variation through the capacitance
modulation between the gate and NW [7,8,36,37]. The
effect requires a nonzero gate voltage, and the conductance
variation is proportional to V4. The other is the piezore-
sistive effect [6], which is caused by the intrinsic material
properties and is independent of Vg4.. The observed linear
Vedc dependence of the signal amplitude suggests that the
piezoresistance is responsible for current modulation in our

device. This observation is contrary to that for InAs-based
NW NEMS devices, where the transconductance effect
is the dominant mechanism [7]. In addition, piezoresis-
tive current modulation in a NW electromechanical device
using other materials is observed not at the drive frequency
but at the second-order harmonics, reflecting the symmet-
ric cross-section shape [6]. This is also contrary to our
system.

Then, we perform half-frequency-drive measurements
to directly confirm that the detection efficiency is indepen-
dent of Vgqc. The measurement setup is shown in Fig. 2(b).
While detecting the conductance variation at around fy, we
drive the mechanical motion at the half frequency, f; ~
Jfo/2 (referred to as “fy/2 drive” hereafter). From Eq. (5), the
driving force at around the resonance frequency, fy ~ 2f;,
is given by

_9C(q)

F, ~
d aq

(6)

[ Vgac2 cos 2a)dt}
q=0 2

This driving force is independent of Vgqc; thus, we can
directly confirm that detection does not require the appli-
cation of Vgqc.

Figure 5 shows the current-variation amplitude mea-
sured in the fy/2-drive experiments with different dc gate
voltages. The measurement is performed using the modi-
fied experimental setup shown in Fig. 2(b). The mechan-
ical resonance is clearly confirmed when the motion is
driven at the half frequency in the fo/2-drive experiments.
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FIG. 4. (a) Resonance frequency obtained by Lorentzian fit-
ting of measured resonance curves in fy-drive (closed triangles)
and f/2-drive (open circles) experiments. Dotted lines are their
quadratic fitting curves. Constant-frequency difference observed
between fy drive and f;/2 drive is caused by a slow drift in the
resonance frequency between two different series of experiments.
(b) Peak-current variation obtained in fy-drive (closed triangles)
and f;/2-drive (open circles) experiments. Dotted lines are linear
fittings of the former. Source-drain voltages of 5 and 2 mV s are
used for fy and fy/2 drives, respectively.
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FIG. 5. Measured frequency response of current-variation

amplitude in fy/2-drive experiments for (a) low-f mode and (b)
high-f* mode. Back-gate drive voltage of 5 Vs and source-drain
bias voltage of 2 mV,y are used, with a measurement tempera-
ture of 3.7 K. No visible change in peak amplitude is observed in
response to dc gate-voltage (Vgqc) variation.

The peak amplitude is independent of the dc gate volt-
age, while the frequency redshift is again observed. More
detailed plots of peak amplitude and resonance frequency
are shown as a function of dc gate voltage by open circles
in Figs. 4(a) and 4(b). They indicate that the peak-current
amplitude is nearly constant, whereas the peak frequency
quadratically depends on Vg4 in the same manner as
the £y drive. (The constant-frequency difference observed
between the f; drive and £;/2 drive is not caused by the dif-
ference in drive method but by a slow drift in the resonance
frequency between two different series of experiments.)
From the fy/2-drive experiments, we can conclude that the
driving force is proportional to the dc gate voltage, while
the detection efficiency is independent of it. These results
confirm that the piezoresistance is responsible for current
modulation in our device.

Even if we assume that there is no reflection in the actu-
ation rf line and the ac voltage of Vp is fully applied to the
device, which has a two-terminal dc resistance of 3.3 k2,
the current modulation ratio, Alsp/Isp, at the bifurcation
point is estimated to be in the order of up to 1072, in spite
of the small piezoresistive coefficient of narrow-gap InAs.
Furthermore, unlike in previous reports on piezoresis-
tive detection, where the detection frequency is twice the
vibration frequency [6], the detection frequency is identi-
cal to the vibration frequency in this study, showing the
asymmetric piezoresistive response to the vibration direc-
tion. The InAs/InP core-shell structure is reported to have
nonuniform strain distribution localized at the interface
[40], and the Ohmic contact formed around the interface
can play some role in inducing the asymmetric piezore-
sistive properties. While further comprehensive study is

required to clarify the detailed mechanism, the piezoresis-
tive self-transduction scheme confirmed in this study gen-
erates a fundamental harmonic signal without the help of
the dc gate voltage. This highly efficient means of motion
detection will be useful in future sensor applications of
NW NEMS devices.

IV. DOUBLE-GATE EXPERIMENTS AND
FREQUENCY CONTROL OF TWO VIBRATIONAL
MODES

The efficient piezoresistive self-transduction scheme
together with the fo/2-drive technique allows the detailed
and comprehensive characterization of the resonance fre-
quency shift induced by simultaneously applying two gate
voltages. Figure 6 shows the measured frequency as a func-
tion of side-gate and back-gate voltages. As in the case
of single-back-gate experiments, the frequency shows a
quadratic redshift as a function of side-gate voltage. An
interesting feature is observed in the difference between
the low-f" and high-f modes when both gate voltages are
applied. In the low-f mode, the two voltages show a con-
structive contribution, where a larger redshift is observed
when the two voltages have the same sign than when
they have the opposite one. In contrast, the contribu-
tion is destructive in the high-f mode, where the redshift
becomes suppressed when the two voltages have the same
sign. To understand the opposite double-gate response
between the two modes, we perform a model calculation
of the frequency shift.

For qualitative analysis, we use a three-wire-capacitor
model, in which two wires correspond to the gate elec-
trodes and one to the NW mechanical oscillator [Fig. 7(a)].
The effective lateral offset of the back-gate position, dyget,
is considered because the back-gate metal film is deposited
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FIG. 6. Resonance frequency as a function of side-gate and
back-gate voltages determined by fy/2-drive experiments. Back-
gate drive voltage of 5 Vs and source-drain bias voltage of
5 mV;ns are used, with a measurement temperature of 5.0 K.
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only on the side opposite the side gate (see Fig. 1). The
diameters of the nanowire and two gate wires are assumed
to be uniform and identical (400 nm) for simplicity. When
the voltage of each conductor is kept constant, the total
potential energy as a function of eigenmode displacement,
g, is effectively given by [41]
m l
Vg = Jon’q — 3 /Z; Cy @Vl ()

Here, m is the effective mass of the eigenmode with
angular frequency wy; Vg is the dc voltage applied to
the back (i = b) and side (i = s) gates; /o is the effective
length of the nanowire; and C;; (¢) is the capacitance matrix
per unit length, which is the inverse of the elastance matrix,
Pjj (q), approximately given by [34]
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®)

FIG. 7. (a) Schematic illustration of
three-wire-capacitor model. Green arrow
shows the mechanical vibration axis,
which has a tilt angle of ¢ from the device
surface normal. (b) Calculated shift in
the resonance frequency induced by the
dc back-gate voltage V4. = +30 V with
two side-gate dc voltages, Vi = +30 V
(red) and —30 V (blue), as a function
of tilt angle ¢. Circled letters (4—H)
correspond to the vibration axis shown
in (c),(d). Equipotential contour maps of
electrostatic potential generated by the
two gate electrodes, calculated by finite-
element simulation for side-gate voltages
(Vsae) of (¢) —30 V and (d) +30 V, both
with Vpg. = +30 V. Comparison with
experiments shows that low-f mode cor-
responds to the vibration axis shown by
green arrows (¢ ~ 45°), whereas high-f
mode corresponds to that shown by purple
arrows (¢ ~ 135°).

Here, Dy, (I,m = b, s, N) is the dynamic distance between
the two wires given by

Dpg = \/ (doftet + dsc)* + dpa?,

; 9
Dy = \/(doffset —4g S (/))2 + (dsg + ¢ cos (p)z’ )

Dy = dsg +¢q sin ¢,

where dsg is the static (steady-state) distance between
the NW and side gate, dpg is the static vertical distance
between back gate and NW, ¢ is the NW displacement, and
@ is the tilt angle (see Fig. 7).

Using the electrostatic potential, the shift in resonance
frequency is calculated as a function of mode angle ¢, as
shown in Fig. 7(b). As the first simple example to con-
firm qualitative behavior, we use dgg = dsg = 1 um with
doiset = 0. We introduce the coupling strength, g, as a
fitting parameter defined by

golefr
8mm’

g= (10)

and use the value g = 0.002 MHz>m?V~2, which repro-
duces a similar order of frequency shift (~10 kHz).

The simulation qualitatively reproduces the experi-
ments; the two voltages have a constructive contribu-
tion when the angle, ¢, is about 45°, whereas they have
a destructive contribution when the angle, ¢, is about
135°. The results can be well explained by considering
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the electrostatic field distribution. Figures 7(c) and 7(d)
schematically show the equipotential contour lines of elec-
trostatic potential generated by the two cylindrical gate
electrodes calculated by finite-element simulations. The
@ ~ 45° vibration is along the equipotential surface when
voltages with opposite signs are applied to the two gates
[B in Fig. 7(c)] but perpendicular to the surface when volt-
ages with the same sign are applied [F in Fig. 7(d)]. The
opposite tendency is observed when the vibration is in the
¢ ~ 135° direction (D and H). Because the frequency shift
is approximately given by the electric field gradient, the
equipotential maps indicate that the two voltages have con-
structive and destructive contributions when the tilt angle,
@, is about 45° and 135°, which corresponds to the low-f'
and high-f modes, respectively.

The framework of the three-wire model can repro-
duce the experimental results more quantitatively. As
shown in Fig. 8, we obtain good agreement with exper-
iments by employing the SEM-measured gate-wire spac-
ings of dgg — 2a = 0.25 um and dsg — 2a = 0.6 um and
dofiset = 0.1 um. We use parameter values of ¢ ~ 41.5°
and 131.5° for low-f and high-f modes, respectively,
and g = 0.0017. The coupling strength should be com-
pared to the value of g ~ 0.0005 calculated by the material
parameters [ = 4 um and NW diameter of 0.4 um. The
discrepancy is reasonable if we consider the shape of the
gate electrodes, which have a flat plate geometry in the real
device with a larger capacitance than that of the cylindrical
shape used in the model calculation.
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FIG. 8. Resonance frequency calculated using three-wire-
capacitor model as a function of side- and back-gate volt-
ages. Diameter (2a) of both the NW and electrode is assumed
to be 400 nm. In the calculation, we use gate-wire spacing
of dgg —2a = 0.25 um and dsg — 2a = 0.6 um and dofer =
0.1 um, which are values obtained by SEM observation, with
alow-f" (high-f") mode tilt angle of 41.5° (131.5°) and coupling
constant g = 0.0017.

The opposite double-gate response observed in the
two nearly degenerate fundamental modes allows vector-
frequency control, where two appropriately chosen gate
voltages can independently modulate two frequencies.
When the frequency shift induced by the gate voltage is
small enough compared to frequency splitting between the
two modes, we can apply the lowest-order approximation
to the gate-voltage dependences given by

AP = fiV) = filV = (0,0)]
= o/Vaesc” + BiVaenGVaesG + ViVaesa s
MG = fi(D) — il V = (0,0)]

= a3 Vaess” + BiVaes6Vaes + vaVaesa®- (1)
Here, ﬁ(I7) and f;,(l_}) are the resonance frequencies of low-
f and high-f modes at bias voltages V= (VaeBG» Vdesa)-
oy, PByn, and yy; are voltage-independent constants,
which can be experimentally determined. The opposite
double-gate response of the two modes is reflected in the
sign of parameter §, where B; is negative and S is posi-
tive. By solving Eq. (11) for given Af;(V) and Af;, (V) with
respect to Vyepg and Vyesg, we can find the two gate volt-
ages that induce the desired frequency shifts for the two
modes.

Figure 9 shows examples of vectorial-frequency con-
trol. The red circles in Figs. 9(a)-9(d) show the two dc
voltages applied to the two gates, and the red triangles in
Figs. 9(e)-9(h) show the two experimentally obtained res-
onance frequencies corresponding to each set of voltages.
In Figs. 9(e) and 9(f), only one of the high-f and low-f'
mode frequencies is shifted. With the single-gate geome-
try, the dc voltage applied to the gate induces a frequency
shift to both modes, and this separate frequency control is
not enabled. Furthermore, we can demonstrate fixed red-
sideband and blue-sideband frequency modulations, where
the same and opposite signs of shifts are induced, as shown
in Figs. 9(g) and 9(h), respectively. The black dashed lines
indicate the expected frequencies given by Eq. (4), show-
ing their good agreement with experiments. These results
demonstrate that the double-gate geometry enables the
independent control of the two mode frequencies.

In our device, frequency splitting of 2 MHz is nat-
urally formed. This can be caused by the anisotropic
shape of the NW cross section or the effect of the doubly
clamped geometry with deposited electrodes, which cannot
be perfectly eliminated in real devices. By independently
adjusting the two frequencies, we can control the split-
ting and average frequency to utilize the unique properties
reported in nearly degenerate two-mode systems, which
is promising for improving the performance of NW-based
nanomechanical sensors. It should also be noted that the
piezoresistive detection scheme dominant in the core-shell
NW device makes the detection efficiency independent of
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FIG. 9. (a)Ad) Sets of two gate voltages used for vector-

frequency control. (e}~(h) Corresponding measured resonance
frequencies. Low-f" [high-f'] mode frequency is changed using
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/'] mode frequency kept constant. Using the voltage sets shown
in (c¢) [(d)], both frequencies are changed with their difference
[sum] in (g) [(h)] maintained. Dashed black lines in (e)—(h) show
values calculated using Eq. (11).

the gate voltage. This feature that detailed frequency tun-
ing can be achieved without changing the transduction
performance is important in realistic applications.

V. CONCLUSION

We study the mechanical vibrational properties of
an InAs/GaP core-shell nanowire electromechanical res-
onator device with double-gate geometry. We confirm that
the piezoresistance is the dominant mechanism in the
vibration-induced conductance modulation, unlike in InAs
nanowires, where the transconductance effect governs the
modulation. Combined with a half-frequency drive tech-
nique, we can characterize the mechanical vibration prop-
erties without applying a dc gate voltage. We also study
the shift in the resonance frequency of two nearly degen-
erate flexural modes as a function of the gate voltages
applied to the double-gate electrodes. We find that the
two modes have a different double-gate response, which

can

be utilized to determine the vibration axis and for

vector-frequency control.
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