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We present high-performance megahertz micromechanical oscillators based on freestanding
epitaxial AlxGa1−xAs distributed Bragg reflectors. Compared with dielectric reflectors, the low
mechanical loss of the monocrystalline heterostructure gives rise to significant improvements in the
achievable mechanical quality factor Q while simultaneously exhibiting near unity reflectivity.
Experimental characterization yields an optical reflectivity exceeding 99.98% and mechanical
quality factors up to 20 000 at 4 K. This materials system is not only an interesting candidate for
optical coatings with ultralow thermal noise, but also provides a promising path toward quantum
optical control of massive micromechanical mirrors. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2952512�

High-quality Bragg mirrors with small mechanical dissi-
pation have generated recent interest due to their versatile
use in both fundamental and applied sciences. Specifically,
mechanical dissipation in optical coatings is known to limit
the performance of high-finesse cavity applications, in par-
ticular gravitational wave interferometry1 and laser fre-
quency stabilization for optical clocks2 because of residual
phase noise, also referred to as coating thermal noise.3 On
the other hand, microstructures of high mechanical and opti-
cal quality have become a leading candidate to achieve quan-
tum optical control of mechanical systems. One specific goal
in this emerging field of quantum optomechanics is to com-
bine the concepts of cavity quantum optics with radiation-
pressure coupling to generate and detect quantum states of
massive mechanical systems such as the quantum ground
state4–6 or even entangled quantum states.7–9 The recent
demonstrations of cavity-assisted laser cooling of mechani-
cal modes10–13 can be considered an important milestone in
this direction.

Most of these schemes rely crucially on mechanical
structures that combine both high optical reflectivity R and
low mechanical dissipation, i.e., a high quality factor Q of
the mechanical mode of interest. In addition, entering the
quantum regime will require operation in the so-called
sideband-limited regime,4–6 in which the cavity bandwidth of
the optomechanical device is much smaller than the me-
chanical resonance frequency. While toroidal microcavities
have recently shown such performance,14 high-quality dis-
tributed Bragg reflectors �DBRs� in combination with Fabry–
Pérot cavities have not yet reached this regime.11,12,15,16 For
example, whereas DBRs based on SiO2 /Ta2O5 can achieve
R values in excess of 99.99%,17 the mechanical quality factor
of freestanding DBRs is limited to below 3000 due to inter-
nal losses in the Ta2O5 layers.18 It is interesting to note that

the low Q-value obtained with these devices is consistent
with the coating loss angles observed in the LIGO studies of
gravitational wave detector coatings of the same material.1,3

On the other hand, the use of SiO2 /TiO2-based DBRs has led
to the demonstration of mechanical quality factors approach-
ing 10 000 at room temperature;11 there, however, optical
absorption in TiO2 at 1064 nm both limits the reflectivity
and results in residual photothermal effects.

The concept outlined here seeks to improve upon these
previous works by fabricating the oscillator directly from a
single-crystal Bragg reflector. In particular, the use of com-
pound semiconductor materials such as GaAs and related
alloys allows for the generation of arbitrary stacks of high-
index-contrast materials that maintain nearly perfect crystal-
line order, resulting in significant improvements in the
achievable mechanical quality factor. Given the alleviation
of the dangling bonds typically found in amorphous dielec-
tric materials such as Ta2O5,3 the use of a single-crystal mir-
ror stack should allow for a significant reduction in the dis-
sipation, while maintaining excellent reflectivity. Neglecting
support loss or modal coupling, mechanical dissipation in a
single-crystal is ultimately limited by intrinsic processes
such as thermoelastic damping, as well as phonon-phonon
and phonon-electron interactions. Our devices do not ap-
proach this fundamental value but are most likely limited by
extrinsic effects including process-induced damage �e.g., ion
bombardment and surface roughness created during micro-
fabrication� as well as acoustic loss to the surrounding sup-
port structure. For example, if thermoelastic damping were
the lower limit to the mechanical dissipation of the device,
we would expect a room temperature Q value of approxi-
mately 4�108 for a GaAs resonator.19

Although a somewhat uncommon materials system for
the development of micromechanical structures, GaAs and
its alloys exhibit a number of advantageous properties.20 The
direct bandgap optical transition in GaAs allows for the in-
tegration of optoelectronic functionality with micromechani-
cal elements.21 Furthermore, the noncentrosymmetric nature
of the zinc-blende crystal structure gives rise to an appre-
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ciable piezoelectric coefficient, allowing for efficient actua-
tion or transduction in these materials. For our purposes, we
take advantage of the ability to produce high-quality single-
crystal Bragg stacks through the use of lattice-matched ter-
nary alloys based on AlxGa1−xAs. These materials may be
epitaxially grown as monocrystalline heterostructures via
deposition methods such as molecular beam epitaxy �MBE�
and metal-organic chemical vapor deposition. The ability to
control the lattice matching condition through alloying gives
one the ability to “strain engineer” films in order to create
built-in tensile or compressive stresses. In addition, varia-
tions in the aluminum composition allow for a wide range of
selective etch chemistries over GaAs. Generally, these films
display extremely high etch selectivites—in fact HF etching
of the lattice-matched binary material AlAs versus GaAs ex-
hibits a selectivity approaching 107:1.22 AlxGa1−xAs hetero-
structures may thus be processed using standard microma-
chining techniques to yield atomically flat optical surfaces
that are ideal for optomechanical structures, as previously
demonstrated in micromechanically tunable surface-normal
photonic devices.23–25

As shown in Fig. 1, the epitaxial materials structure for
the monocrystalline oscillators consists of 32.5 periods of
alternating Al0.12Ga0.88As �high index� and Al0.92Ga0.88As
�low index�, followed by a 250-nm-thick high-aluminum-
content etch-protection layer, grown on a 3 in. semi-
insulating GaAs substrate via MBE. In this design, the thick
high-aluminum-content layer below the Bragg stack is in-
cluded to protect the bottom of the mirror structure in sub-
sequent processing steps. The peak reflectivity of the DBR is
designed to be at 1078 nm at room temperature; in this case,
the wavelength of maximum reflectivity is redshifted to al-
low for thermo-optic effects upon cooling. The refractive in-
dex of the ternary compounds at cryogenic temperatures is
estimated using the modified Afromowitz model developed
in Ref. 26. Assuming no absorption and atomically smooth
interfaces, the maximum reflectivity �after stripping the pro-
tective Al0.92Ga0.08As layer and with air cladding top and

bottom� is calculated to be 99.991% at 1064 nm for tempera-
tures below 20 K and 99.976% at 300 K.

Fabrication of the resonators begins with the deposition
of a SiNx hard mask via plasma enhanced chemical vapor
deposition. Next, the device geometry is patterned litho-
graphically using a standard positive photoresist. This pattern
is then transferred into the SiNx via plasma etching with
CF4 /O2. Definition of the resonator geometry in the
AlxGa1−xAs epilayers relies on electron cyclotron resonance
etching through the mirror stack using Cl2 /Ar, with masking
provided by the resist/SiNx. To undercut the cantilevers, a
buffered citric acid solution is utilized.27 This selective wet
etch allows for the removal of the binary GaAs, in this case
the substrate, over the low-aluminum content ternary
Al0.12Ga0.88As layers with excellent selectivity.25 During the
undercutting process, the SiNx coating protects the top of the
mirror surface, while the thick Al0.92Ga0.08As layer protects
the bottom, ensuring minimal surface roughness and maxi-
mum reflectivity. To complete the fabrication sequence, the
protective SiNx and Al0.92Ga0.08As layers are removed in a
dilute HF solution and the beams are allowed to air dry after
soaking in methanol. The resonators characterized here con-
sist of both fixed-fixed �doubly clamped� and cantilever �sin-
gly clamped� beams with a thickness of 5.5 �m, a nominal
width of 50 or 100 �m, and nominal lengths between 50 and
400 �m. A scanning electron micrograph highlighting a
completed set of cantilevers is shown in Fig. 1.

We have characterized the mechanical properties of the
resonators optically via interferometric measurements of
their displacement. Room-temperature measurements were
performed in a standard fiber interferometer28 while
temperature-dependent measurements were carried out using
a cryogenic Fabry–Pérot cavity, in which the micromirror
formed one of the cavity’s end mirrors �this setup is de-
scribed in detail in Refs. 15 and 18�. In the case of the fiber
interferometer, the displacement power spectrum is directly
obtained from the interferometer output, while in the case of
the cryogenic Fabry–Pérot cavity, the noise spectrum of the
Pound–Drever–Hall error signal of the cavity is used.18 At
room temperature we obtain mechanical quality factors of up
to 7000 for singly clamped and 5000 for doubly clamped
beams. We observe fundamental resonance frequencies of
the beams up to 1 MHz in accordance with theoretical esti-
mates based on standard beam theory �see for example, Ref.
29�. In particular, we identified a doubly clamped resonator
�150�50 �m� with a fundamental frequency of 730 kHz
and higher order resonance at 1.99 MHz. At low tempera-
tures, i.e., operating inside a 4 K helium cryostat, we mea-
sure a quality factor of the high frequency mode of 20 000,
compared to a Q value of 5000 at room temperature. We
observe a similar increase of Q for the fundamental mode of
the micromirror, namely from 2200 at room temperature to
12 000 at 4 K �see Fig. 2�. As expected, the frequency of the
resonator modes does not change significantly upon cooling.
Cryogenic Q values of a similar range �10 000�Q
�30 000� have previously been reported for micromechani-
cal resonators fabricated in this materials system;30,31 how-
ever, these examples exhibited insufficient reflectivity for our
application. Although our devices are not optimized for force
detection, we have estimated the thermal force noise of the
resonators, which provides an upper bound for the achiev-
able resolution.32 For the vibration mode near 700 kHz
�2 MHz�, we calculate an approximate force sensitivity of

FIG. 1. �Color online� �a� Sketch of the initial layers constituting the Bragg
mirror and illustration of the etch process used to fabricate freestanding
structures. �b� Micrograph of a group of cantilevers. The beams shown have
a width of 50 �m and vary in length between 50 and 200 �m. �c� The
finesse of the cavity is obtained by measuring the reflected intensity as a
function of laser detuning �. The observed linewidth � of 1.1 MHz corre-
sponds to an optical finesse of 5500.
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220 fN /�Hz �24 fN /�Hz� at 300 K, decreasing to roughly
20 fN /�Hz �3 fN /�Hz� at cryogenic temperatures. These
values are on par with previous examples of GaAs-based
nanomechanical resonators as presented in Ref. 33.

In order to obtain the micromirror reflectivity, we mea-
sure the finesse of the Fabry–Pérot cavity �see above�, which
provides a measure of the overall intensity losses in the cav-
ity. Knowing the independently determined reflectivity of the
macroscopic input mirror �Rin=99.91% � one hence obtains a
lower limit on the reflectivity Rmicro of the micromirror. The
observed finesse of greater than 5500 �Fig. 1�c�� yields a
reflectivity Rmicro�99.98%, in good agreement with the ex-
pected values from theory. The reflectivity of our AlxGa1−xAs
Bragg mirrors is comparable to that measured in high-finesse
semiconductor microcavities.34

We have demonstrated high-performance micromechani-
cal megahertz oscillators based on freestanding monocrystal-
line AlxGa1−xAs DBRs. We observe optical reflectivities ex-
ceeding 99.98% combined with mechanical quality factors
up to 20 000 at 4 K for mechanical modes as high as 2 MHz.
Given the alleviation of mechanical dissipation compared to
previous high reflectivity dielectric stacks, this materials sys-
tem is an interesting candidate for low-noise optical coatings
as needed for example for gravitational-wave detection or for
high-precision frequency stabilization of lasers as used for
optical frequency standards. The reported performance can
readily achieve an optical finesse of up to 30 000, assuming
a matched input coupler reflectivity of Rmicro, allowing these
micromechanical devices to operate in a regime of
mechanical-sideband limited performance as is required to
achieve ground state cavity-cooling of mechanical systems.
As the microfabrication process does not deteriorate the re-
flectivity of the coating, higher finesse values should be
achievable by further improving the initial DBR quality.
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FIG. 2. �Color online� �a� Fundamental mechanical mode of a 150 �m long
doubly clamped resonator at 300 and 4 K. Central frequencies are 731 and
697 kHz, respectively. The corresponding Q factors are 2200 and 12 000.
�b� Second order mode of the same resonator showing Qs of 5000 and
20 000 for frequencies of 1.997 and 1.971 MHz at 300 and 4 K,
respectively.
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