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Utilizing lattice-matched GaAs/ InGaP / GaAs heterostructures, clean micromechanical resonators
are fabricated and characterized. The nearly perfect selectivity of GaAs/ InGaP is demonstrated by
realizing paddle-shaped resonators, which require significant lateral etching of the sacrificial layer.
Doubly clamped beam resonators are also created, with a Q factor as high as 17 000 at 45 mK. Both
linear and nonlinear behaviors are observed in GaAs micromechanical resonators. Furthermore, a
direct relationship between Q factor and resonant frequency is found by controlling the electrostatic
force on the paddle-shaped resonators. For beam resonators, the dissipation 共Q−1兲 as a function of
temperature obeys a power law similar to silicon resonators. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2790482兴
In addition to the many technological applications of
micro- and nanoelectromechanical systems 共MEMS/NEMS兲,
these structures have proven invaluable in fundamental research. This practicality is especially true in experiments
where very small interacting forces are studied.1 Most of the
NEMS resonating structures currently used are based on
single-crystal Si fabricated from silicon-on-insulator substrates, as the mechanical and electrical properties of these
systems are well-known and processing techniques are well
developed. Recently, there have been efforts to utilize other
materials with particularly high Young’s modulus, such as
aluminum nitride,2 silicon carbide,3 and ultrananocrystalline
diamond.4 Yet, GaAs-based NEMS represent an important
alternative; although they have modest mechanical properties, resonators based on this material are more easily integrated with high-speed electronics and intrinsic piezoelectric
properties can be utilized as displacement sensing
mechanisms.5 From the optical cooling of mechanical
micromirrors6 to the mechanical manipulation of spin,7
GaAs-based resonators can be integrated with a wide range
of optical, mechanical, and electronic elements. Thus, a reliable way of crafting clean GaAs NEMS resonators would be
of great benefit to fundamental research.
The sensitivity of a NEMS resonator to ultrasmall forces
is governed by continuum mechanics, at least to first order.
As an illustration of this principle, in mass sensing applications the flexural resonant frequency of a doubly clamped
beam resonator can be expressed as f 0 = 共1.03兲冑E / 共t / l2兲,
where t is the thickness of the beam and l is its length. Thus,
increasing the mass of the resonator will change its resonant
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frequency. The degree to which this change can be accurately
measured also depends on the Q factor of the resonator. The
Q factor 共or Q−1 dissipation兲 of a NEMS structure is determined by many different factors; however, empirical observations indicate that it decreases along with the resonator’s
dimensions.8 At low temperatures, however, even Si NEMS
resonators are dominated by surface effects: their dissipation
characteristics are more suggestive of glassy systems than
single crystals.9 The relationship between the internal stress
of flexural beams and the Q factor has recently been found to
play a critical role in high-stress silicon nitride resonators
and single crystal Si NEMS resonators.10
The purpose of this letter is to characterize a new variety
of GaAs NEMS resonator. Our structures are realized from
lattice-matched GaAs/ InGaP / GaAs heterostructures, and
fabricated without any plasma processing. GaAs is also an
interesting material choice for MEMS applications, as its piezoelectric properties interface well with optoelectronic components. Furthermore, the micromachining techniques used
for GaAs and related heterostructures are now well developed in large part owed to advances in optoelectronic device
applications.11
Most GaAs microresonators reported in the literature are
fabricated from GaAs/ AlGaAs heterostructures, which require a trade-off between etch selectivity and lattice match
with the Al content. The technique described here demonstrates the suitability of InGaP as a sacrificial layer by realizing and releasing a paddle-shaped GaAs resonator, which
requires a significant amount of lateral etching. We demonstrate a nearly perfect etching chemistry for lattice-matched
GaAs/ InGaP heterostructures,12 achieving both paddleshaped and doubly clamped beam resonators without the
need for plasma processing.
Our micromechanical resonators are realized from
lattice-matched undoped GaAs共500 nm兲 / In0.49Ga0.51P共500
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FIG. 1. 共Color online兲 Schematic of the experiment, with SEM images of
the resonators. The optical measurement is depicted in 共a兲; note that the
paddle-shaped resonator is electrostatically driven. A rf lock-in amplifier
reads the photodetector signal. All optical measurements are carried out at
room temperature. For doubly clamped resonators, a schematic of the magnetomotive technique is shown in 共b兲.

nm兲/semi-insulating GaAs共001兲 substrates.13 Epifilms are
grown by Epiworks, Inc. 共Champaign, IL兲 using metalorganic chemical vapor deposition. Resonators are patterned
along the 关100兴 direction by a combination of standard
e-beam and photolithography techniques. This is followed by
lift-off of the physical vapor-deposited metallic layers, typically Ti共5 nm兲 / Au共50 nm兲, which also serve as an etch
mask. The GaAs layer is defined by a standard citric acid/
hydrogen peroxide solution, and the process is carefully
monitored to minimize lateral etching below the metallic
mask. The resonator structures are then released by removing
the InGaP sacrificial layer with an HCl solution. The paddleshaped resonators are characterized at room temperature and
an ambient pressure of ⬃80 kPa. The beam resonators are
characterized in a commercially available 3He cryostat with
a 9 T superconducting magnet or a dilution refrigerator cryostat with an 8 T magnet. These experiments are depicted in
Fig. 1, along with images of the resonators themselves.
Optical interferometry is used to detect the displacement
of the paddle-shaped resonators 关Fig. 1共a兲兴.14 A HeNe laser
共 = 633 nm兲 with a beam diameter less than 2 m is focused
on the paddle-shaped resonator using a long-distance objective lens. The paddle-shaped resonators are actuated electrostatically with a sinusoidal waveform. Reflected light is detected by a high-bandwidth photodetector whose signal is fed
into a rf lock-in amplifier.
The paddle-shaped resonator’s fundamental response to
various electrostatic signal frequencies is plotted in
Figs. 2共a兲 and 2共b兲. For these data, the resonator has a
5 m ⫻ 5 m ⫻ 500 nm paddle and two 1 m ⫻ 5 m
⫻ 500 nm support beams. Near ambient conditions, the resonant frequency is 4.0065 MHz with a Q factor of ⬃410. We
attribute this frequency to the fundamental translation mode.
We can increase the tension in the resonator by adjusting the
dc bias, which determines the electrostatic force between
resonator and substrate. This leads to an increase in the resonant frequency 关Figs. 2共c兲 and 2共d兲兴. As reported by Verbridge et al.,10 we also note that Q increases with tension
关Fig. 2共d兲 inset兴.
Doubly clamped beam resonators are characterized by
the standard magnetomotive technique 关Fig. 1共b兲兴.1 The resonator has dimensions of 0.5 m ⫻ 0.5 m ⫻ 15 m and is
placed inside a 3He refrigerator 共260 mK base temperature兲
in high vacuum 共10−6 Torr兲. The long axis of the resonator is
perpendicular to a magnetic field generated by 9 T superconducting magnet. A network analyzer generates an alternating

Appl. Phys. Lett. 91, 133505 共2007兲

FIG. 2. 共Color online兲 The amplitude 共a兲 and phase 共b兲 of a GaAs paddleshaped resonator as a function of driving frequency. The solid line in 共a兲
traces a Lorentzian fit. The resonant frequency is 4.006 MHz, with a quality
factor of 410. Changes in the resonant frequency as a function of applied
bias are plotted in 共c兲 and 共d兲. Changes in the Q factor are plotted in the inset
of 共d兲.

current along the length of the resonator. The current moves
the beam by generating an oscillating Lorentz force. The
beam’s motion in the magnetic field induces an emf, which is
read by the network analyzer.
The fundamental response of a doubly clamped beam is
plotted in Fig. 3共a兲. The resonant frequency is 17.978 MHz,
and the quality factor is ⬃11 000—nearly an order of magnitude higher than that of similar GaAs resonators realized
from GaAs/ AlGaAs heterostructures.5 Figure 3共b兲 shows the
onset of nonlinear behavior as the driving current increases
共inset兲, as well as the corresponding Vemf resonances. Such
nonlinear effects in NEMS structures may find practical applications in ultrasmall force sensors,15 memory elements,16
and signal processors.17 Figure 3共c兲 shows the expected quadratic dependence between the displacement signal and the

FIG. 3. 共Color online兲 A GaAs doubly clamped beam resonator is characterized by the magnetomotive technique. The resonant frequency is
17.978 MHz, with a Q factor of 11 000 共a兲. A Lorentzian fit to the data is
shown as a solid line. The inset shows the corresponding phase information.
The responses of the system to different driving amplitudes at a fixed temperature 共260 mK兲 and magnetic field 共4 T兲 are plotted in 共b兲. The induced
EMF increases linearly with driving amplitude up to −60 dBm. The points
A, B, C, D, and E represent −85, −77, −71, −65, and −62 dBm, respectively.
The effect of magnetic field intensity on the resonance is depicted in 共c兲; the
inset depicts the expected quadratic behavior. Finally, 共d兲 demonstrates the
quadratic dependence of dissipation on the applied magnetic field. The error
bars are derived by fitting a Lorentzian function to the resonances.
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erostructures. This achievement demonstrates the suitability
of InGaP as a sacrificial layer. Furthermore, we have
achieved resonators with exceptionally high Q factors by
avoiding plasma processing techniques. The resonators behave similarly to previously reported NEMS structures, demonstrating a similar increase in resonant frequency and Q
factor by controlling tension, nonlinear dynamics, and temperature dependence of dissipation.
This work is supported by the Korea Research Foundation Grant, funded by the Korean Government 共MOEHRD,
Basic Research Promotion Fund兲 共KRF-2006-311-C00297兲.
It is partly supported by KOSEF, through CSCMR and
MOCIE. Y.D.P. is partly supported by City of Seoul R&BD.
FIG. 4. 共Color online兲 For these data, a GaAs doubly clamped beam resonator similar to that characterized in Fig. 3 is placed in a dilution refrigerator
with an 8 T superconducting magnet and a base temperature of 45 mK. The
resonator is actuated with −80 dBm in a 4 T field. The temperature dependence of the energy dissipation Q−1 is shown in 共a兲. The energy dissipation
increases according to the power law Q−1 ⬃ T0.32. Degradation of the mechanical resonance is evident in 共b兲, which shows the frequency shift as a
function of temperature. The dashed lines are drawn as a guide to the eye.
The Q factor decreases from 17 000 to 3500 as the temperature increases
from 45 mK to 4 K. The temperature dependence of the resonant frequency
is shown in 共c兲; logarithmic behavior appears below ⬃0.7 K.

applied magnetic field. Figure 3共d兲 demonstrates the expected monotonic increase in dissipation with magnetic field
intensity 共or actuation amplitude兲. The quadratic appearance
of Fig. 3共d兲 suggests the presence of charged defects or
impurities.
To better understand the dissipation mechanism in these
resonators, we measure the dissipation 共Q−1兲 and resonant
frequency shift 共␦ f / f兲 of a doubly clamped beam resonator
between room temperature and 45 mK. The dimensions and
properties of this resonator are similar to those just described
共Fig. 3兲. Both terms approximate the susceptibility function
共0兲 ⬀ 共2␦ f / f + iQ−1兲, which describes the mechanical response of a system to its environment near resonance.
Figure 4共a兲 shows that the dissipation has a weak power law
dependence on temperature Q−1 ⬃ T0.32. This dependence is
similar to the behavior of single-crystal Si resonators, where
the dissipation increases as T0.36. These observations agree
with a recent theoretical calculation18 of low-temperature
dissipation in tunneling two-level systems, where Q−1 ⬀ T1/3
is expected. The resonance shift 关Figs. 4共b兲 and 4共c兲兴 increases with temperature up to ⬃0.7 K, then decreases. The
slightly asymmetric shape of the responses near resonance at
low temperatures 关Fig. 4共b兲兴 may be related to a small intrinsic nonlinearity of the structure.9
In conclusion, we have realized paddle- and beamshaped GaAs microresonators from GaAs/ InGaP / GaAs het-
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