.

ROYAL SOCIETY
OF CHEMISTRY

Nanoscale
Advances

View Article Online

View Journal | View Issue

Realization and direct observation of five normal
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resonators by in situ transmission electron
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Mechanical resonators have wide applications in sensing bio-chemical substances, and provide an accurate
method to measure the intrinsic elastic properties of oscillating materials. A high resonance order with high
response frequency and a small resonator mass are critical for enhancing the sensitivity and precision. Here,
we report on the realization and direct observation of high-order and high-frequency silicon nanowire (Si
NW) resonators. By using an oscillating electric-field for inducing a mechanical resonance of single-
crystalline Si NWs inside a transmission electron microscope (TEM), we observed resonance up to the 5%
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Accepted 24th February 2019 order, for both normal and parametric modes at ~100 MHz frequencies. The precision of the resonant
frequency was enhanced, as the deviation reduced from 3.14% at the 1% order to 0.25% at the 5 order,

DOI: 10.1039/cEna00373d correlating with the increase of energy dissipation. The elastic modulus of Si NWs was measured to be

rsc.li/nanoscale-advances ~169 GPa in the [110] direction, and size scaling effects were found to be absent down to the ~20 nm level.
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Introduction

Mechanical resonance is a non-linear response of an oscillating
system to specific frequencies linking the external stimuli and
the intrinsic microstructure and elastic properties of a material.
Resonators are widely used as sensors in micro-/nano-
electromechanical systems (MEMS and NEMS), and are also
employed for the elastic property measurements of resonating
materials."® While using as mass, chemical and bio-
sensors,>™**® the sensitivity (S) of a resonator is defined by
a shift of the resonant frequency with a change of its mass (Am)
calculated as:'*?
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where fand fa,, are the resonant frequencies without and with
the mass changes, and m; is the resonator’s mass. When Am <
m;,, sensitivity is approximately equal to the resonant frequency
divided by twice the resonator’s mass. Eqn (1) implies that higher
sensitivity can be achieved by increasing the resonant frequency
or by reducing the resonator’s mass, i.e., downscaling the reso-
nator size. Since the frequency is higher for higher resonance
orders, increasing the order of the resonant mode provides a way
for increasing the resonator’s sensitivity."*> For example, Ghat-
kesar et al. reported that the mass sensitivity is linearly propor-
tional to the square of the mode order." Moreover, the resonant
response to the driving frequency, defined as a quality factor, is
also enhanced with increasing mode order.**** These facts clearly
point at the significance of high-order and high frequency
nanoscale resonators for NEMS. However, it is still challenging to
realize high-order resonances at high frequencies due to the large
energy dissipation and strict resonant conditions.'>'® By using
the top-down approach, high-order normal and parametric
resonances were demonstrated,'”*® with a resonant frequency of
several MHz."” Bottom-up grown nanowires (NWs) are attractive
as high frequency resonators because of their high crystallinity
and small mass. A high frequency, ~200 MHz, of doubly clamped
silicon nanowire (Si NW) resonators was reported;'® however, the
resonant mode was limited to the 2"¢ order.”

This journal is © The Royal Society of Chemistry 2019
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Silicon is one of the most important materials for MEMS and
NEMS because of the availability of high-quality single crystals
and compatibility with microfabrication techniques of the
semiconductor industry. One of the most fundamental
requirements for application of Si NEMS devices is the elastic
properties on the nanometer scale. In previous studies, the
Young's modulus of Si NWs was reported in a wide range, from
120 to 170 GPa in the [110] direction®*** and 60 to 210 GPa in
the [111] direction.****" In addition, there is still controversy
over the size scaling effects with respect to Si’s elastic
modulus.?****”?* Gordon et al. used a resonance method and
reported that the elastic modulus increases with decreasing the
NW diameter,”” whereas Calahorra et al. reported the opposite
trend under a bending test.” Such a controversy calls for an
accurate measurement of the elastic modulus of Si NWs with
direct correlation with their microstructures, such as crystal-
linity, orientation, diameter and oxide layer thickness.

In this work we investigated the mechanical resonance of
individual Si NW cantilevers using an in situ transmission
electron microscopy (TEM) approach.** By carefully tuning the
frequency of the oscillating electric field acting on the highly
crystallized Si NWs, high-order resonances with high frequen-
cies were realized and visualized up to the 5™ order of normal
and parametric modes at frequencies of ~137.5 MHz and ~68.6
MHz, respectively. The frequencies and their ratios for 10
resonant modes were consistent with the predictions of the
classical Euler-Bernoulli (E-B) beam theory. In addition, the
precision of the resonant frequency was found to be enhanced
for higher resonant mode orders, as the deviations reduced
from 3.14% for the 1°* order to 0.25% for the 5™ order. The
converging trend of the resonant frequency is attributed to the
higher energy dissipation at higher resonant mode orders,
based on the calculation and analysis of the input electric
energy and the output mechanical energy from direct observa-
tion. We applied these highly sensitive cantilevers to evaluate
the elastic moduli of Si NWs and the oxide layer effects. The
elastic modulus was found to be consistent with that of bulk Si
crystals and the length scaling effects were absent down to the
20 nm level.

Experimental

In situ TEM resonance experimental setup for individual Si
NWs

The Si NWs are grown using a vapor-liquid-solid (VLS)
approach® (see also Note S1t). Fig. 1 demonstrates the struc-
tural characterization of a typical Si NW by TEM. The length (L)
of this Si NW is ~2529 nm (Fig. 1(a)), which was carefully cali-
brated by considering the height difference and the TEM
magnification, as explained in Note S2.7 We used the minimum
contrast defocus to estimate the height difference of the two
ends. According to the calculated contrast transfer function
(CTF), the minimum contrast defocus is about —14 nm. The
defocus error should be within 10 nm, and the average error of
the length is ~0.17%, as demonstrated in Note S3.1 The circular
cross-sectional view of the NW (see Fig. S21) shows a uniform
diameter of ~23.3 nm and the NW is covered by a naturally
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Fig. 1 TEM characterization of a Si NW. (a) The Si NW's length (L) was
measured under careful calibration of the tilt angle and TEM magni-
fication. (b) The high magnification TEM image shows a thin silicon
oxide (SiO,) layer on the surface. (c) The high-resolution TEM (HRTEM)
image demonstrates a single crystalline structure revealing clearly
resolved Si (101) lattice fringes. (d) The fast Fourier transform (FFT)
pattern can be indexed as the [1-1-1] zone axis, and the growth
direction is along the [101] orientation.

formed thin amorphous SiO, layer (Fig. 1(b)). The high-resolu-
tion TEM (HRTEM) image shows that the Si NW has a single-
crystalline structure and presents clearly resolved lattice fringes
of Si (101) planes (Fig. 1(c)). The corresponding fast Fourier
transform (FTT) pattern (Fig. 1(d)) is indexed as the Si [1—-1—1]
zone axis, with the NW growth direction along the [101]
orientation.

The mechanical vibration of a Si NW is induced by an
oscillating electric field between the Si NW and a W probe (see
probe preparation in Note S47) in a JEOL-3100F TEM shown in
Fig. 2, as explained in Note S5.1 Based on the Euler-Bernoulli
(E-B) beam theory, the equation of motion for a uniform
circular cross-sectional NW is derived as:*

0u(x, 1)
ar

d*u(x, 1)

pA(x) I

+ Eenr! = F(x,1) (2)
where p is the density, A(x) is the cross-sectional area, u(x,t) is
the displacement of the NW in the lateral direction, E.¢ is the
effective elastic modulus, and I is the area moment of inertia (
= 7D*/64, where D is the diameter) of the Si NW, and F (x,t) is
the external force, which equals to F. in eqn (S2).t For a free
vibration: F(x,t) = 0, the solution for the normal mode resonant

frequency is:

1
B (Eal\?
fi= 5 <pAL4) )
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V(1) = Vp sin(2mf?)

Fig. 2 Experimental setup for in situ TEM resonance observation. (a) A
photograph of the JEOL-3100F TEM operated at 300 kV. (b) An arbi-
trary function generator (AFG3152C) provides a sinusoidal signal v(t) =
Vy, sin(2mfyt), where Vg is the amplitude of the peak voltage and f4 is the
driving frequency. A piezo-controlled tungsten (W) probe is located on
the right side. On the left side, individual Si NWs are attached to
a flattened palladium (Pd) edge. (c) A photograph of the STM-TEM
holder with a fixed Pd electrode and a piezo-controlled W probe as
marked with red circles. (d) An example of a Si NW oscillating at the 3"
order.

where i is the mode order (i = 1), f; is the resonant frequency at
ith order, and L is the length of the NW. In our experiment,
the resonant condition for the fixed-free boundary is given
by: cos B;L-cosh 6,.L = —1, with eigenvalues §; = 1.87, 8, = 4.69,
B3 =7.85, 8, =10.99 and §; = (2{ — 1)m/2 for i = 5. In addition to
the normal mode resonance, parametric modes could be found
at frequencies 2f;/n for the nth parametric modes, by solving eqn
(2) with a non-zero periodic force, as explained in Note S6.}

Results and discussion

Realization and observation of five normal and parametric
resonances

In order to measure the resonant frequency at different mode
orders, we first swept the driving frequency within a certain
frequency range, as predicted by eqn (3) from the NW’s
dimensions. Then, we finely tuned the driving frequency to
induce the largest vibration amplitude to locate the resonant
frequency. Under careful tuning, we were able to realize and
observe up to 10 resonant mode orders for one Si NW. Fig. 3(a)
and Video S11 demonstrate the in situ recorded mechanical
resonant motions, from the 1°* order to the 5™ order, at the
resonant frequencies of ~2.2 MHz, ~14.9 MHz, ~41.8 MHz,
~82.5 MHz and ~137.5 MHz. Another series of resonant
frequencies, from the 1° order to the 5™ order (Fig. 3(b)), were
recorded and could be denoted as the parametric resonance.
The relation between normal and parametric resonances can be
derived by the Mathieu equation (see eqn S(3)t). In the Strutt
diagram® (see Fig. S471), the orange shaded area illustrates the
instability regions, where the parametric resonance can be
excited, as described in Note S6, with the resonant frequency
written as:**%¢

©n _ Ju_ 2
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Fig. 3 Normal and parametric resonances of a Si NW observed by in
situ TEM. (a) Normal mode (n = 2) resonant motions from the 1°' order
to the 5™ order at ~2.2 MHz, ~14.9 MHz, ~41.8 MHz, ~82.5 MHz and
~137.5 MHz. Node positions are marked by red solid circles. (b)
Parametric resonance (n = 4) from the 1% order to the 5" order at ~1.1
MHz, ~7.2 MHz, ~20.4 MHz, ~41.0 MHz and ~68.6 MHz. (c) Simulated
resonant shapes from the 15 order to the 5% order. (d) Plot of resonant
frequencies of normal and parametric resonances (n = 2 and 4) from
the 1% order to the 5 order.

where w, and f,, = w,/2m are the parametric angular frequency
and frequency, n is the parametric mode (n = 1, 2, ...), and w;
and f; = w,;/27 are the normal mode angular frequency and
frequency. To clarify the notation of different orders at different
parametric modes, n denotes the parametric modes, with n = 2
for normal mode resonance, and n = 4 for the 2" parametric
mode. And i represents the resonance orders at the same
parametric mode, from the 1°* order to the 5% order, for both
normal and 2" parametric modes. Simulated resonating
shapes up to the 5% order from the E-B beam theory are pre-
sented in Fig. 3(c). More details for different resonating Si NWs
at different modes are provided in Fig. S5-S6.f It is worth
mentioning that the resonant frequency of the 4™ order at n = 4

This journal is © The Royal Society of Chemistry 2019
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is close to the resonant frequency of the 3™ order at n = 2. In situ
TEM observations and measurements have the advantage of
directly recording the shape of the resonating NW to unam-
biguously identify the resonant mode and order. The ratios of
node intervals from the TEM images of the resonating shapes
are well consistent with the theoretically calculated values as
listed in Table S2.7 The resonant frequencies are plotted against
the resonance orders for both normal and parametric modes
(Fig. 3(d)), where black solid circles mark the normal mode at w;
(n = 2) and blue triangles represent the parametric mode at w;/2
(n = 4). The ratios of frequencies between the two modes are
calculated to be close to 8°/8; (Fig. S71), where j denotes the
mode order, consistent with the prediction from eqn (3). The
ratio between two parametric resonances is described in eqn (4).
The ratio of w,/w, is plotted in Fig. S8;f revealing a good
agreement with the theoretically predicted value of 0.5. It is
found that the deviations are reduced from 3.14% to 0.25% for
the 1" and 5™ orders, respectively.

It is noticed that the lower resonance orders could be excited
in a wider frequency range compared to the higher orders. For
example, for the 1% order, a 10 kHz sweeping step can easily
locate the resonance. However, for the 5™ order, the step needs
to be 100 Hz, which is ~1 ppm of a resonant frequency of ~100
MHz. Such a converging trend for the resonance conditions
could be understood from the analysis of the input, output and
dissipated energies. In previous studies, energy dissipation has
been attributed to environmental factors, such as viscosity,
temperature, clamping loss, intrinsic defects, and the change of
the elastic energy."*>'***> Here, we take advantage of the in
situ technique to directly measure and calculate the input and
output energies. The input energy can be assumed as the energy
of a capacitor, between the free end of the Si NW and the W
probe.**** The energy stored in the capacitor (W,) is expressed
as:

_1 _1 26() As,‘AW 2
WC B EQV? Z(d ASi+AW)(VdC+ Vp) (5)

where ¢, is the vacuum permittivity, d is the gap between the Si
NW and W probe, V is the applied voltage, V = V. + V},, and Ag;
and Ay (Aw = n4s;) are the apex areas of the Si NW and W probe,
where 7 is a geometric factor. The input energy and measured
vibration amplitude at different mode orders are illustrated in
Fig. 4. According to our calculations (see Note S87), the potential
energy stored in the oscillating Si NW increases with increasing
mode order, assuming the same vibration amplitude. The
energy dissipation is predicted to increase with the resonant
modes, when comparing the energy difference between the
input and output energies (see Note S9t). This indicates that
higher input energy is needed, and stricter conditions are
required to induce high-order modes. It should be emphasized
that previously only the 2" order was observed for Si NW
resonators.>® In Note S10,T the intrinsic and extrinsic limits for
observing high resonant mode order have been analysed. For
the first time, our work demonstrates that up to the 5 order of
normal and parametric resonances could be realized and
directly observed by in situ TEM.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Input energy and measured vibration amplitude at different

resonant mode orders. (a) Input energy for five Si NW samples. Higher
input energy and more strict resonant conditions are required for
higher mode orders. (b) The measured vibration amplitudes decrease
with the mode order, indicating higher energy dissipation and more
strict resonant conditions for higher orders.

Evaluation of the Si NW’s modulus and absence of size-effects

The strict resonant requirement at high-order modes provides
an opportunity to precisely evaluate the elastic modulus of Si
NWs. By calculations from eqn (3) using the frequencies of the
2" resonance order, it is found that the effective modulus of the
NW is in the range between ~124 GPa and ~160 GPa (Fig. 5),
depending on the thickness of the oxide layer. The HRTEM
image (Fig. 1(c)) reveals that the Si NW grows along the [110]
direction and its surface is covered by a thin SiO, layer. There-
fore, the Si NW can be modelled as a core-shell structure, where
the bulk Si(;,0y NW serves as the core and the SiO, layer as the
shell. The elastic modulus of the core-shell structure (E.g) can
be calculated using the flexural rigidity model:*

Ecs = aEcorc + (1 - a)Eshcll (6)

where E o is the Young's modulus of bulk Si along the [110]
direction and Egheyi is the modulus of SiO, (Esio,). @ = (Deore/
Dgnen)*, where Do is the diameter of core Si and D, is the

180 T T T T : ;
200
_ e e e s e g o]
& 150 *ﬁ@
B <® ~ B
@ s, 100 Ny
—~ \\X P P
— e 50
S0l ~~o 10 10" 10° |
= LA .,
g B
° _ Eer® oEsicrior T (M )Egi0p i ™4
E 120 & =(Dcore/Dshell)4 T
[ I [ [P Egic110> = 169 GPa
Eg0p =73GPa
100 : ; ; " ) L
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Oxide-diameter ratio

Fig. 5 Elastic moduli predicted from the core—shell model and
experimentally measured results. Circles are calculated by considering
the normal mode (n = 2), and crosses are derived using the parametric
mode (n = 4). The inset presents the full range modelling from pure
Sigioy to pure SiO, of the core—shell NW. Blue dashed and green
dotted lines represent the moduli of bulk Si110y and SiO,, respectively.
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diameter of the whole Si NW; the SiO, layer thickness is equal to
(Dshell = Deore)/2. Ecs is equal to Eeg of the Si NW derived using

eqn (3) as:
ger? \’
Eg=p <ﬁ,TD ff) )

To be noticed, a nanoparticle has been observed attached on
the free-end of the Si NW (Fig. 1(a)). The nanoparticle is the gold
particle used as the catalyst in VLS growth, which can be
considered as an added mass to cause a shift in the resonant
frequency of ~2%; and an error in the E.s of ~0.77%, as
calculated in Note S11.7 Here, we defined an oxide-diameter
ratio as the thickness of the SiO, layer divided by the diameter
(D) of the Si NW. The model predicts an oxide-diameter ratio
ranging from ~0.02 to ~0.15 (Fig. 5), and offers a full range
simulation (Fig. 5 inset) under the combination of Eg;;1¢y (~169
GPa),* Esjo, (~73 GPa)* and «. Comparing the experimental
data of the 2™ order with the flexural rigidity model (Fig. 5), the
coefficient of determination (R*) is 0.97, which indicates that
the model provides a reliable description of the experimental
data for a diameter (Dcore) ranging from ~19 nm to ~33 nm.
Importantly, the Si NW displays no size-effects within this
diameter range, and the modulus is consistent with that of the
bulk crystals, confirming the validity of the classical continuum
mechanics at the NW sizes down to ~20 nm.

Elasticity and size-effects of Si NWs have been intensively
investigated, and controversial results have been reported, and
the feasibility of continuum mechanics is also controver-
sial.>**?%¢ For example, Zhu et al. applied tensile tests to
measure the mechanical properties of Si NWs and demon-
strated that the Young's modulus decreases upon reducing the
size of the NWs.?* There are two models, one is the continuum
model on the macroscale and the other is the atomic model. In
the continuum system, the NW is considered as a homogeneous
and linear elastic material; in the atomic model, the nature of
the individual bonding interactions presents the mechanical
properties of an oscillating chain of atoms. According to the
literature,*** molecular dynamics (MD) simulations and first
principles calculations were used to simulate the elastic
modulus of the Si NWs. Surface effects, such as surface elasticity
and bonding on the NW’s surface, have been addressed as the
main factors of size-effects. The surface area to volume ratio (Rs)
is a parameter used to evaluate size-effects (Rs = 4a/D where a is
the interatomic distance, approximately 0.2 nm). Numerical
results show that when Rg is smaller than ~8%,*® the surface
effects show minor contribution to the elastic modulus. In our
work, Rg is estimated to be ~4%, with the smallest diameter
being ~20 nm. In addition, the surface of the Si NWs is covered
by an oxide layer, which saturates the dangling bonds of the Si
surface. Because of the small proportion of surface atoms and
surface saturation it is reasonable that size-effects are absent
down to the 20 nm level. We have analysed the different size
scaling behaviours from three aspects, by comparing our work
with Zhu et al.’s paper® as an example. First, different experi-
mental methods have been used. We used the resonance
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high frequency working regime.

method and previous work used the tensile elongation method.
Second, different models have been considered. We have
considered the effect of the surface oxide layer by using a core-
shell model, instead of the oxide layer-free model in previous
work. Third, the size range is different. The size related soft-
ening effects were reported to be strong in the sub-20 nm
region, and the minimum diameter in our work is ~20 nm.

Comparison of resonant frequency and mode orders of Si
resonators

As discussed in the Introduction, the sensitivity of mechanical
resonators is related to the resonant frequency, mode order and
oscillator’s mass. Fig. 6 presents a plot of the resonant
frequency and the mode order of micro/nano-Si resonators
fabricated using a top-down approach'"'”*>*-% compared to
nano-Si resonators made using a bottom-up approach.'®?*%
Generally, top-down Si micro/nano-resonators can demonstrate
very high resonant mode orders at low frequencies due to the
micrometer size.'>*>%° To enhance the frequency and reduce
the mass of the resonators, NW resonators have been inten-
sively investigated during the past two decades. Indeed, very
high frequency resonators, at approximately 200 MHz, have
been demonstrated.® However, up to now, only the 1°* and the
2™ orders of normal mode resonances have been realized in
NW resonators.”® By contrast, in the current work, the full
potential of Si NW resonators has been demonstrated by in situ
TEM measurements and direct observations. Normal and
parametric resonances up to the 5™ order were realized and
directly observed at frequencies of ~100 MHz level.

Conclusions

By using an in situ TEM method, we realized and directly
observed both normal and parametric modes of Si NW reso-
nators, up to the 5™ order, at the resonant frequencies of ~100

This journal is © The Royal Society of Chemistry 2019
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MH?z. The frequencies and ratios of different mode orders and
parametric resonances were consistent with the prediction of
the classical Euler-Bernoulli beam theory and the parametric
resonance derived by the Mathieu equation, implying that the
continuum model is valid down to the nanometer scale. The
resonating ranges demonstrated a converging trend with
increasing mode orders and resonant frequencies, implying the
potential applications for precise sensors at high-order reso-
nant modes. The elastic moduli of the Si NWs have been
accurately evaluated, and no size-effects were found for the NW
diameter down to 20 nm.
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