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High quality factor indium oxide mechanical microresonators
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The mechanical resonance behavior of as-grown In,O3; microrods has been studied in this work by
in-situ scanning electron microscopy (SEM) electrically induced mechanical oscillations. Indium
oxide microrods grown by a vapor—solid method are naturally clamped to an aluminum oxide
ceramic substrate, showing a high quality factor due to reduced energy losses during mechanical
vibrations. Quality factors of more than 10° and minimum detectable forces of the order of 10~ '°
N/Hz'? demonstrate their potential as mechanical microresonators for real applications.
Measurements at low-vacuum using the SEM environmental operation mode were performed to
study the effect of extrinsic damping on the resonators behavior. The damping coefficient has been
determined as a function of pressure. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4935708]

During the last decade, the study of mechanical micro
and nanoresonators has attracted a great interest due to their
high potential in the field of ultrasensitive chemical,' biolog-
ical,2 and force™* sensing, with sensitivities reaching the sin-
gle molecule detection.” They also found applications as
micro and nanoelectromechanical systems (MEMS and
NEMSYS) in devices such as nanoswitches,6 nanoradios,7 or
mechanical energy harvesters.® Besides, in recent years a
renewed interest has appeared in fundamental studies of the
light-matter interaction through the optomechanical cou-
pling,”'® which could lead to optically enhanced quality
factor mechanical resonators.'""'? Depending on the desired
application, different materials and configurations are used
to fabricate the resonators. High quality factor cantilever-
like resonators are typically made of diamond'*™" or sili-
con,'®!'” either single-crystal or polycrystalline, although
many other materials, such as silicon carbide,3 silicon
nitride,'® carbon nanotubes,* or polymeric materials,'® have
been also investigated. However, diamond cantilevers of suf-
ficient quality are expensive and difficult to obtain, while Si
lacks of optical transparency, of interest for the study of the
optomechanical coupling. In comparison, indium oxide is a
wide bandgap semiconductor characterized for its high trans-
parency and refractive index in the visible range (n~ 2) and
n-type intrinsic conductivity. It can be grown over different
substrates in the form of elongated micro and nanostructures
such as rods,19 wires,zo’21 and belts.”>?® These structures
present waveguiding behavior and it has been recently dem-
onstrated that indium oxide microrods are able to sustain
optical resonant modes,'® making this material an interesting
alternative for the study of the optomechanical coupling or
for the fabrication of transparent MEMS.>* Furthermore, its
high thermal and chemical stability?® makes it a good choice
for its use in harsh environments. Notwithstanding, reports
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on mechanical properties of indium oxide*®° and on its

suitability for mechanical microresonators are very scarce.”

In a previous work, we studied by an in-situ scanning
electron microscopy (SEM) technique the electrically
induced mechanical oscillations of indium oxide microrods
fixed with silver paint to a Si substrate in a cantilever-like
configuration.®® In that work, the feasibility of the in-situ
SEM technique for the determination of the resonance fre-
quency and Young’s modulus of the structures was assessed
and a quality factor (Q-factor o simply Q) for the studied
rods of more than 10° was obtained. However, it is well
known that the clamping condition of mechanical resonators
highly influences their Q-factor as it is a major source of
energy losses.'®'® Microrods grown by evaporation-
deposition methods are naturally clamped to the substrate,
which should lead to reduced energy losses during mechani-
cal vibrations as compared to those clamped with silver paint
or any other adhesive. In order to study the effect of clamp-
ing on the Q factor, the resonance behavior of as-grown
In,O3 microrods has been studied in this work by in-situ
SEM electrically induced mechanical oscillations.

Indium oxide microrods were fabricated by a thermal
evaporation-deposition method using In,S; powder as pre-
cursor by the vapor-solid method described in Ref. 19. After
the thermal treatment, the surface of the alumina boat is cov-
ered by indium oxide rods (Figure 1(a) and inset in Figure
1(b)) with lateral dimensions ranging from several hundreds
of nanometers to few tens of microns, and lengths from
several hundreds of microns to more than one millimeter.
Hereinafter, natural clamping refers to the clamping of the
as-grown rods to the boat. The microrods were characterized
by means of X-ray diffraction (XRD), performed with a
PANalytical’s X’Pert MPD diffractometer with Cu K, radia-
tion. Their morphology was studied by SEM with an FEI
Inspect variable pressure SEM and their chemical composi-
tion was assessed by means of X-ray energy dispersive spec-
troscopy (EDS) using a Bruker AXS XFlash 4010 detector
coupled to a Leica 440 Stereoscan SEM. The crystalline
orientation of the rods was studied by means of electron

© 2015 AIP Publishing LLC
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FIG. 1. (a) SEM image of the surface of the alumina boat, covered by In,O3 microrods. (b) Schematic of the setup employed for the in-situ SEM electrically
induced mechanical resonance measurements. For the sake of clarity, only one rod is represented in the picture. Inset shows a schematic of the alumina boat
with indium oxide rods on its surface. (c) SEM image of a microrod between the Cu electrodes.

backscattered diffraction (EBSD) with a Bruker e FlashHR ™
detector coupled to the FEI Inspect SEM.

To study the mechanical response of the rods with natu-
ral clamping, the alumina boat with the microrods was
placed inside the SEM chamber, and vibration of the rods
was induced in-situ by an alternating electric field®' applied
between two cylindrical Cu electrodes as shown in the sche-
matic of Figure 1(b). An SEM image of an indium oxide rod
with natural clamping placed between both cylindrical elec-
trodes is shown in Figure 1(c). Frequency (v) and voltage
drop (V4¢) were controlled by a Standford Research System
SR830 DSP Lock-In Amplifier, while the vibration ampli-
tude of the rods was monitored by means of the SEM
imaging system. The cylindrical electrodes configuration
produces an inhomogeneous electric field, which may lead to
the occurrence of parametric oscillations®> and/or changes in
the measured resonance frequency.*® These problems can be
avoided using plane-parallel electrodes as demonstrated in
Ref. 30; however, the large size of the alumina boat strongly
limits the electrical field applied between the electrodes,
therefore hindering the measurements, and the cylindrical
electrodes enhance the selectivity of the technique since only
the rod under study is placed between the electrodes. Thus,
in order to check the validity of the data measured with the
cylindrical electrodes, we first compared the results obtained
in several test rods glued with silver paste to a Si substrate in
a cantilever-like shape using this configuration and the
plane-parallel configuration assessed in Ref. 30. The results
were found to deviate less than 0.5% between both
configurations.

Figures 2(a) and 2(b) show, respectively, a representa-
tive image of the tip and the bottom part of different indium
oxide microrods. All the studied rods present rectangular
cross sections and lengths of several hundreds of microns.
Their cross sectional dimensions range from hundreds of
nanometers to several microns, and usually decrease from
the tip to the bottom. The base of the rods usually consists of
a thicker In,O; crystallite of several tens of microns in size
which rapidly tapers to give rise to the rods, forming a natu-
ral clamping with certain curvature radius (see inset in
Figure 2(b)). Figures 2(c) and 2(d) show a representative
EBSD pattern recorded on a lateral face of a rod and its
corresponding pole figure along the [110] axis. From the
pole figure, it can be concluded that the lateral faces

correspond to {110} crystalline planes, and therefore the
growth of the structure takes place along the [100] direction.
This differs from other reported rectangular indium oxide
rods, wires, and belts grown along the [100] direction, which
have been usually described as enclosed by {100} faces.***
One of the main factors that determine the final facets of a
crystal is the surface energy of its different crystallographic
planes which depends on the environmental conditions, such
as supersaturation, indium or oxygen rich conditions, tem-
perature, etc., and therefore, the final faceting of the rods can
change between {110} and {100} planes depending on the
growth conditions.

For the study of mechanical resonances, three different
rods, hereinafter called as microrods A, B, and C, were
selected, whose measured geometrical and physical parame-
ters are summarized in Table I. The vibration of the rods as a

FIG. 2. (a) and (b) Representative SEM images of the tip and the bottom
parts, respectively, of different indium oxide microrods. Inset: Schematic of
the base (clamp) of the microrods. Tapering of the rod and its base has been
magnified for the sake of clarity. (c) and (d) Representative EBSD pattern
recorded from the surface of the rods and its corresponding pole figure along
the [110] axis, showing the {110} planes.
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TABLE I. Physical and geometrical parameters of the studied rods: / is the length, Sp and Sy are the cross sectional area at the bottom and the tip, respectively,
v is the resonance frequency, 7 is the oscillator decay constant, Q is the quality factor, ,, is the spring constant, and F,,;, is the minimum detectable force.

A B* c?
Cross sectional shape Rectangular Rectangular Rectangular
Growth direction [100] [100] [100]
[ (um) 494 *9 438 +9 357 %9
Sp (um®) 1.769 = 0.027 1.369 = 0.023 1.118 =0.015
S (um?) 15.210 = 0.078 2948 = 0.11 5.639 =0.035
vo (Hz) 14579 £ 0.1 34551 5069 £ 1
7(s)° 25.46 = 0.49 45.61 =047 3.95+0.39
o° (1.166 = 0.022) x 10° (4.951 £0.051) x 10° (6.29 £0.62) x 10*
kyoq (N/m) 454 x 1073 229 x 1072 8.78 x 1072
Foin (N/Hz'?) 2.65 x 10716 1.88 x 10716 2.70 x 10716

*Values of k,,, and F,,;,, have been calculated using the effective mass obtained with Eq. (5).

"Measured in high-vacuum conditions.

function of the frequency of the applied voltage was directly
monitored in the SEM (Figure 3(a)). The frequency was
tuned to find the resonance condition of the oscillating rod,
and the oscillation amplitude was measured from the SEM
images. The resonance frequency, corresponding to the max-
imum vibration amplitude, was, for the three studied rods, of
the order of kHz, as shown in Table I. Decay curves were
obtained by driving the rods to the resonance condition and
then turning the AC voltage off. Evolution of the rod’s free
oscillation amplitude was video-recorded and analyzed to
obtain the experimental data. In order to ensure that the SEM
electron beam was not interfering with the rods oscillations,
different measurements were performed by turning the beam
off before starting the decay experiment and turning it on
again after a short period of time so it was still possible to re-
cord some part of the decay curves. All the obtained curves
(normalized to the initial resonant amplitude) matched well
with those obtained when leaving the electron beam on dur-
ing the whole experiment. Figures 3(b)-3(d) show the decay
curves obtained for each microrod, measured at room tem-
perature and 10~ °Torr. The oscillator decay constant, 7, is
determined by fitting the experimental amplitude decay
curves of the rods to an exponential function.'® The obtained
7 values are displayed in their corresponding decay curves

0 20 40 60 80 100 350
Microrod A (b)>300
250
200
r150
r100
50

1=2546+049s
800 T T T e
7001 Microrod C (d)
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300+
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1001 _

0_1:—45.61 +047 s 1=3.95+0.39s = 0
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r200
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FIG. 3. (a) SEM image of an oscillating rod. (b)—(d) Experimentally meas-
ured decay curves (dots) and fitting to an exponential decay function (solid
line). The decay constant is also shown for each curve.

and are also listed in Table I. The Q-factors of these micro-
rods were determined from the equation,

0 = myt, (1)

where v, is the resonance frequency and t is the oscillator
decay constant.

The Q-factors, calculated from Equation (1), were found
to be in the range of 10*-10° (see Table 1), which are about
two orders of magnitude higher than those previously meas-
ured in the microrods clamped with silver paint, and compa-
rable to some of the best cantilever-like mechanical micro
and nanoresonators made of diamond or Si, which have Q
factors in the range between 10* and 10°.'47'%3%37 These
results evidence the importance of the intrinsic losses pro-
duced by radiation of energy through the clamp in In,0;
microrods, which are extensive to other material systems in a
similar cantilever-configuration. Other intrinsic losses, such
as the thermoelastic damping due to the heat flow produced
by the material’s periodic compression and expansion, sur-
face losses due to surface roughness or material damping
due to elastic energy dissipation, e.g., motion of lattice
defects,'®'® can also limit the quality factor of the rods;
however, the determination of their contribution to the total
energy losses is not straightforward and requires further
study.

In order to study the effect of extrinsic damping on the
resonators behavior, which is mainly due to frictional pro-
cess between the resonator and the surrounding atmosphere
or due to the adsorption of molecules, measurements were
performed at low-vacuum using the SEM environmental
operation mode. In this mode, the working pressure is raised
to values of the order of 10~ ' Torr (~10Pa) using a N, gas
source. The low vacuum produces a fast damping of the
rod’s oscillation, thus hindering the measurement of their
decay curves. Therefore, a different approach was used
to determine the Q-factor value, taking advantage of its
dependence with the damping coefficient y

Y

=, 2
Q 2 @)
The damping coefficient can be determined by fitting the

amplitude vs. frequency curves to the equation of a



191910-4 Bartolomé, Cremades, and Piqueras
one-dimensional harmonic resonator.>® Figure 4(a) shows
the amplitude vs. frequency curves obtained for the microrod
A at three different pressures between 0.08 and 0.15 Torr. At
pressures above 0.15 Torr the SEM images were very unsta-
ble, which prevents the proper measurement of the resonance
amplitude. It can be observed that the resonance frequency is
shifted towards lower values with respect to the value of
1457.9Hz, measured in high-vacuum conditions. This is
probably a consequence of the increased adsorption of mole-
cules in the surface of the rods at higher pressures, since, as
demonstrated below, the system is still in the molecular
regime, and therefore the effect of the friction over the reso-
nant frequency should be, in principle, negligible.”® The
obtained values of the Q-factor are in the range of 103, which
represents a decrease of two orders of magnitude with
respect to the value obtained at high-vacuum conditions, and
shows the importance of the extrinsic damping mechanisms
even at relatively low pressures. The inverse of the calcu-
lated quality factor has been plotted versus the gas pressure
in Figure 4(b). The linear dependence observed in the graph
corresponds to the molecular regime, in which the mean free
path of the molecules is larger than the rods’ oscillation
amplitude.®® In this regime the extrinsic damping can be
determined as®*-**

t__rm 3)
Qe Zﬂyomeffl)

where p is the gas pressure, A is the lateral surface area, m,;
is the effective mass of the resonator, and v is the thermal ve-
locity of the gas molecules, which is given by v = /kgT /m,
where kg is the Boltzmann constant, 7 (=300 K) is the tem-
perature, and m is the mass of the gas molecules, in our case
No. By fitting the experimental data in Eq. (3), the effective
mass of microrod A was calculated to be mgr=15.41
x 10711 kg. For the calculation of A, the rod cross section S
was assumed to vary linearly along the longitudinal axis x
(taking the base of the rod as x=0) as S=[(S7— Sp)/l]
x+Sp, where Sp and Sp are the cross sectional area at
the bottom and the tip, respectively, and / is the length of
the rod.

The Q-factor of a mechanical oscillator strongly depends
on its size, rapidly decreasing as the size decreases.'®¥-¢
Therefore, in order to effectively compare the sensitivity of
two different resonators it is more practical to use the mini-
mum detectable force than the Q factor. It represents the min-
imum force per bandwidth unit needed to produce a response

Appl. Phys. Lett. 107, 191910 (2015)

in the resonator distinguishable from the thermal noise, and it
is an important figure of merit commonly used to characterize
the performance of mechanical micro- and nanoresonator
sensors.' It is given by

2kyoakpT
Fin = /2= [NHz /2], (4)
woQ

where k,,, is the spring constant of the rod, kg is the
Boltzmann constant, and T is the temperature. The spring
constant can be calculated from the resonance frequency and
the effective mass by k,,, = (2nvy )Zmef,«-. In the case of micro-
rods B and C, it was not possible to determine the effective
mass by the same procedure used for the microrod A due to
the excessive damping of the rods during the environmental
operation mode. Therefore, it was estimated by calculating
the total mass of the rods from the indium oxide density and
by using the same approximation for the cross section
employed before. Thus,

~——F—1p, &)

where p=7179kg/m’ is the indium oxide density. The
effective mass obtained for the microrod A using Eq. (3)
(mgpr=15.41 x 10~ kg) is of the same order of magnitude
(less than a factor of two) to that obtained with Eq. (5)
(mgp=3.01 x 10 ''kg), meaning that this equation can be
used to make a reasonable estimation of the effective mass
of the microrods B and C. Calculated values of both the
spring constant and the minimum detectable force are shown
in Table 1. The obtained values of the F,,;, are of the order of
107" N Hz "2, and are comparable to some of the best
reported values for cantilever resonators at room tempera-
ture,"”“’14 which constitutes a remarkable result. One possible
explanation for the low minimum detectable force is the
lower Young’s modulus of indium oxide (E ~ 145 GPa)*°
compared to diamond (~1200 GPa)39 or other materials such
as SiC (E ~ 420 GPa)* or SisN, (~280 GPa),*' which com-
bined with the high O, leads to a high sensitivity. Since the
stiffness of a rectangular cross section rod increases with the
third power of its thickness, it should be possible to further
reduce the spring constant of the rods by decreasing their
thickness, thus reducing their F,,;, even more. Our microrods
have thicknesses which vary between several hundreds of
nanometers to few tens of microns, while reported highly
sensitive cantilever-like nanoresonators have thicknesses of

FIG. 4. (a) Resonance curves of micro-
R rod A measured at different pressures
(dots) and fitting to the equation of a
one-dimensional harmonic  resonator
equation (solid lines). (b) Corresponding
plot of the inverse of the calculated
R Q-factor vs the measured pressure.

T T T 8 T T T T T
50 = P=0.08 torr|]
— (a) e P=0.10torr (b)
€ 40 + P=0.15torr| < 81 1
= o
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=)
= g
E— 20' ‘: 2_ A
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< 0.
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the order of few hundreds of nanometers, meaning that there
is still room for improvement. Besides, it has been demon-
strated that not only the nature of the clamping but also its
geometry greatly determines the amount of energy that is
lost through the clamping.**** Therefore, lower values of
F i, should be achievable through the optimization of the
size of the rods (by reducing their thickness) and their clamp-
ing geometry (by reducing its curvature radius or increasing
the lateral size of the supporting medium).

To conclude, it has been shown that naturally clamped
indium oxide microrods constitute a promising alternative
for the fabrication of high Q, high sensitivity mechanical
microresonators for real applications such as force sensors
for the detection of very weak forces as those required in
several operating modes of atomic force microscopy or for
extremely low mass detection, both of which can or need to
operate in the pressure range studied in this work. An
improvement of the Q-factor of two orders of magnitude
compared to similar rods clamped with silver paint has been
observed, obtaining Q-factors of the order of 10°. The esti-
mated minimum detectable force is of the order of 107'® N
Hzfl/z, which is comparable to state-of-the-art cantilever-
like mechanical micro and nanoresonators. It is expected that
both the Q-factor and the minimum detectable force can be
further improved by a proper optimization of the clamping
geometry and the size of the rods.

This work has been supported by MINECO (Project
Nos. MAT 2012-31959 and CSD 2009-00013). I.B.
acknowledges the financial support from Universidad
Complutense de Madrid.
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