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Abstract: Diffraction effects will bring about more difficulties
in actuating resonators, which are electrostatically actuated
ones with sub-micrometer or nanometer dimensions, and in
detecting the frequency of the resonator by optical detection.
To avoid the effects of diffraction, a new type of
(NEMS)

fabricated and actuated to oscillate.

nanoelectromechanical — systems resonators  is
As a comparison, a
doubly clamped silicon beam is also fabricated and studied.
The smallest width and thickness of the resonators are 180 and
200 nm, respectively. The mechanical oscillation responses of
these two kinds of resonators are studied experimentally.
Results show that the resonant frequencies are from 6. 8 to 20
MHz, much lower than the theoretical values. Based on the
simulation, it is found that over-etching is one of the important
factors which results in lower frequencies than the theoretical
values. It is also found that the difference between resonance
frequencies of two types of resonators decreases with the
increase in beam length. The quality factor is improved greatly
by lowering the pressure in the sample chamber at room
temperature.
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anoelectromechanical systems ( NEMS) resonators
N are of growing interest, since they have very high
fundamental resonance frequencies,
masses, and extremely low power consumption'' ™. They
can be applied in fields such as RF signal generation and
ultrasensitive detection of displacement, force,
P79 NEMS resonators in doubly clamped beam

minuscule active

and
mass
type made of SiC with fundamental resonance frequencies
ranging from very high frequency( VHF), ultrahigh high
frequency( UHF) to microwave frequency were fabricated
successfully in 2005 and 2008""”, and later the genera-
tion of high frequency was realized by doubly-clamped
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silicon nanowires, which were fabricated by a developed
hybrid process'™'.
cantilever with an oscillating frequency of 1. 04 GHz was
reported in 2008'"".
quency will increase moreover when the dimension of a
resonator beam keeps decreasing into several nanometers.
In nanoelectromechanical mass detection, the first demon-
stration of mass spectrometry based on single biological
molecule detection was reported in 2009'®.
sensitivity of the sensors is described as ém ~2M 6w/ w,,
which means that the effective vibratory mass of the re-
sonator M and the minimum resolvable frequency shift
Sw,,;, by the measurement circuitry determine the ultimate
mass sensitivity &m,, "
smaller structures with smaller mass and higher frequency
is highly desired either in high frequency signal process-
ing or in ultra-sensitive mass detection.

However, when the dimensions of the beam, say the
width and the thickness, shrink down to the deep submi-
cron, it brings about some problems and challenges for
actuating and detecting the motion of the beam. For ex-
ample, it becomes more difficult to detect the vibration of
the beam resonator by optical detection, since the photo
current in the photo detector is proportional to the reflec-

tion light, i.e. I o m[m. If the size of the beam is
too small, the reflected light will be too weak to be re-
ceived by the detector. On the other hand, the strong dif-
fraction effects emerge as the relevant NEMS dimensions
are reduced beyond the optical wavelength'”, and the
detection sensitivity will be determined not only by the
width of the resonant beam but also by the gap between
the suspended beam and the substrate. Moreover, for the
electrostatically actuated beam, the force may not be
large enough to actuate the nano-resonant beam, since the
force is proportional to the dimension of the beam. To
maintain the beam dimension in nano-scale without degra-
dation of measurement results of optical detection, and to
actuate the vibration of the beam more easily, a new kind
of NEMS resonators in another shape needs to be pro-
posed. The first of the H-type micromechanical structure
was proposed to be used in pressure sensors with a high Q
value of 3 x 10° in a sealed vacuum cavity''. But be-

The highest frequency silicon nano-

It is expected that the resonant fre-

The mass

min

Therefore, the realization of

cause the dimension of the beam was in tens of microme-
ters, the resonant frequency was only about several hun-
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dred kHz. The H-beam of a smaller size made of Si;N,
was modeled to have a high resonant frequency of 18
MHz'"' because of the higher Young’s modulus of the
material. In this paper, the NEMS resonator in nano-
scale in H-type with one paddle between two supporting
doubly clamped nano-beams is designed and realized.
The thickness and width of the beam can be as small as
200 and 180 nm, respectively. The dynamic oscillation
performance of this kind of resonators is explored experi-
mentally. The resonant frequency ranges from 6. 8 to 20
MHz. As a comparison, doubly clamped nano-beams are
fabricated on the same wafer, and their dynamic respon-
ses are studied in the experiment as well.

1 Fabrication

The fabrication process has been described previous-
ly“ﬁ*m. A silicon-on-insulator ( SOI') wafer made of
(100) mono crystalline silicon is used to fabricate the re-
sonator. The wafer consists of a 200 nm top layer of sili-
con, a 200 nm buried oxide layer, and a 350 pm sub-
strate. The pattern of the NEMS resonator is first defined
onto the SOI wafer by optical lithography. Then the Si
layer and silicon dioxide sacrificial layer are dry-etched
by RIE. A heavily doped p-type layer is then formed in
the anchor region, followed by sputtering an Al layer of
600 nm. Finally, the silicon dioxide sacrificial layer is
undercut by a buffered oxide etcher (BOE).

Two kinds of beams, doubly clamped beams and H-
type beams, are designed to be as NEMS resonators with
dimension ranges from 180 nm to 3 wm in width, and 8
pm to 20 wm in length. The paddle dimensions of H-type
beams are from 1 pm x1 pm to 2 pm x 1 pm. Since the
sizes of the beams are very small, when the sample is
placed into the ethanol solution and dried after the wet ox-
ide etching, the surface tension of the liquid can pull the
suspended structure down to the substrate, resulting in
sticking of the structure. Therefore, structure releasing
becomes one of the key steps in the whole process. In or-
der to reduce the adhesion of structures, a supercritical
point drying technique is used'™®. The SEM photographs
of the completely released H-type beam and the doubly
clamped beam are shown in Fig. 1.

(a) (b)

Fig.1 SEM of resonators. (a) H-type beam; (b) Doubly clamped
beam

The above process provides us with suspended struc-
tures that are electrically isolated from the substrate. Then

Au wires are bonded to the anchor and to the underlying
substrate. To actuate vibration of the resonator, a voltage
signal is applied between the beam and the substrate.

2 Experiment

A laser Doppler scanning vibrometer ( Polytec MSV —
400M2 —20) is used to measure the vibration performance
of the NEMS resonators. The schematic diagram of the
experiment is shown in Fig. 2.

Optical fiber

Scanner interferometer
Controller
Microscope ’
L
aser beam Computer
Sample

Fig.2 Schematic diagram of measurement system

A sample of nano-beams ( resonators) actuated by a
signal voltage is placed on the sample stage. Incident He-
Ne laser beam (A = 632.8 nm) on the center of
resonator’s surface passes through a microscope adapter
and a 50 x microscope objective lens. When the resonator
is driven to vibrate, the vibration information is superim-
posed on the laser beam and reflected back to the laser in-
terferometer. Then the laser beam is received by the de-
tector and transmitted to the computer to be processed.
The vibrometer controller sends a signal to control the
motion of the scanner. The scanning image of the meas-
ured structure is captured by charge-coupled device
(CCD) and can be shown on the computer screen.

The dynamic characteristics of NEMS resonators with
different dimensions are studied experimentally. Because
of the central paddle, it is easier to measure the perform-
ance of the H-type resonator. All measurements are per-
formed at room temperature. Fig. 3(a) shows the me-
chanical response of one H-type resonator with two sup-
porting doubly clamped beams of 10 pm in length and the
paddle with a dimension of 1 wm x 1.5 pm. It can be
seen that a peak response appears at 6. 8 MHz. The vibra-
tion spectrum response of a doubly clamped nano-beam
with a beam length of 10 wm is shown in Fig.3 (b). It
can be seen that the apparent peak is at 8. 05 MHz, higher
than 6. 8 MHz. It is notable from Figs.3(a) and (b) that
the signal-to-noise ratio of the response for the doubly
clamped beam is lower than that for the H-type beam, be-
cause the effect of diffraction for the doubly clamped
beam is stronger than that for the H-type beam.

The relationship between the fundamental resonance
frequency of the resonator and its length is shown in Fig.
4.
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Fig.3 Mechanical response of resonators. (a) H-type resonator
with two supporting beams of 10 wm in length and the paddle with a di-
mension of 1 wm x 1.5 pm; (b) Doubly clamped nano-beam with 10
wm beam length
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Fig.4 Resonance frequency of the nano-beams with different

lengths

It is found that the resonance frequency follows an in-
verse-length law; i. e., the fundamental frequencies of
two types of nano-beams decrease with the increase in the
beam lengths. In addition, the resonance frequency of the
H-type beam is lower than that of the doubly clamped
beam even though they have the same beam length. The
difference between two resonance frequencies increases
with the decrease in beam length. With the increase in
beam length, the resonance frequency of the H-type nano-
beam gets close to that of the doubly clamped nano-
beam.

It is noticeable that resonant frequencies of two kinds of
NEMS resonators are much lower than the simulation val-
ues by Ansys software. To give a reasonable explanation,
the releasing process is monitored and the samples are

checked carefully. It is found that the sacrifice layer un-
der the anchor is partially etched by the buffered oxide
etcher, which is circled as shown in Fig. 1(a). It means
that the anchor is over-etched. Therefore, the shapes of
the beams are different from the H-type and the doubly
clamped type. By considering the influence of the over-
etched part of the anchor, the resonant frequency is simu-
lated by Ansys software again for two types of nano-
beams. The results are shown in Fig. 5. It can be seen
that over-etching does lower the resonant frequency for
both types of beams. The experimental results are in a-
greement with the simulation results with over-etched
depths of 3 and 4 pm. Therefore, over-etching is consid-
ered to be one of the main factors decreasing the oscilla-
tion frequency of the nano-resonator.
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Fig.5 Comparison of experimental results and simulation re-
sults by Ansys with and without over-etching. (a) H-type beams;
(b) Doubly clamped beams

As we all know, the quality factor Q is a figure merit
of the energy dissipation of the system, and it can be im-
pacted by the temperature and the pressure surrounding
the sample, because the thermo-elastic damping plays a
very important role in the energy dissipation. The Q fac-
tor can be obtained by the formula Q =f,/Af experimen-
tally, where f; is the resonant frequency and Af is the full
width at half maximum power. It can be seen that the QO
factor is about 30 in Figs. 3(a) and (b). To obtain higher
Q, samples are placed into a chamber in which the pres-
sure is about 5 066 Pa. The frequency response of one
sample is shown in Fig. 6. The Q value is about 2 000,
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70 times the Q value when the sample is placed in the air.
It is expected that the Q factor will be improved moreover

when both the pressure and the temperature become low-
[19]
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Fig.6  Frequency response of the H-type beam with 10 pm
beam length under 5 066 Pa

3 Conclusion

H-type NEMS resonators and doubly
clamped resonators in nanometer scale are fabricated suc-
cessfully by using the SOI wafer. Although the H-type
resonator has a lower resonant frequency than that of the

In summary,

doubly clamped beam with the same length, it is easier to
detect the vibration by a laser Doppler scanning vibrome-
ter, because the central paddle can reflect more light pow-
er back to the detector. The difference between the reso-
nance frequencies of the two types of resonators decreases
with the increase in beam length.

The oscillation frequency of the nano-scale resonator is
lower than the expected value and the simulation results
since it is over-etched during the wet etching process.
Therefore, the beam shapes are not the exact H shape and
doubly clamped shape. The releasing process should be
improved in the future. When the pressure is lowered,
the Q factor is improved greatly.
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— T B A ML FE R AR S B R i R R 1
F ok EAR NAR ERR REA B § BAR HAZ

(RdKF MEMS HFHEELRE, @w 210096)

FE A THEIRF 6 DR AD KR ENIBRE ATHAEFAME LR RRHIMEGRFEMNTFE
e B, A S IRATHZ 69 %o, BT AAE T A AR R R —H B R A SRR TR T
3k B X IR B A BEATIRER. 2 AP R 6 N B AR R E 45 2 180 F= 200 nm. AFix 2 Ak 4k My 69 ALK IR
DA REHATT LA R, R B0 ARG M AL 6.8 ~20 MHz 2 18], 4K T 226 FfE 4. B Bty A &
I, A FERIRFRTRELMENEZRAZ—. FHERIN2 FIFRBGBRAEZZEEEN
K E 3 i T 2 BB TR ARSI EIRG ISR BN SRR TIARKRS.
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