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Progress Report —

Proposal abstract

Development of fabrication process to realize
nearly intrinsic GaAs-based NEMS
mechanical resonator is proposed. The
development of GaAs-based NEMS
mechanical resonator will allow for
systematic study of intrinsic energy-loss
mechanisms in NEMS resonators. Which
full understanding will allow for the
development of more sensitive NEMS
devices. For such endeavor, a hetero-epitaxy
system with near perfect lattice match as well
as a near perfect selective etch chemistries —
GaAs/InGaP — will be characterized. Along
with GaAs-based NEMS development,
DMS-based spin-diode devices will be
fabricated and characterized.

Report Summary
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We developed a fabrication method to realize GaAs nanomechanical
resonators without a plasma process. Avoiding plasma processing, we were
able to realize GaAs NEMS resonators of high Q factors, comparable to Si
NEMS resonators of similar size. Such realization was made possible by
utilizing latticed matched GaAs/InGaP heterostructures allowing for near
perfect selective etch chemistries. The processing and measurement

techniques are detailed in Appendix I & II.
Publications —

Two manuscripts under preparation &

S.B. Shim, S.W. Kang, J.H. Kong, K. Char, and Y.D. Park, Development of
plasma-free etch chemistry to realize defect-free GaAs micromechanical
resonator structures, Institute of Physics Conference Series: Compound

Semiconductors 2004 184, 349 (2005).

Presentations —

a. “The energy dissipation from Joule heating in GaAs nanomechanical
resonator” MRS Spring Symposium, 4/20/2005.

b. “Development of GaAs based NEMS processing for investigation of
energy loss mechanisms in resonators” 2" US-Korea Workshop on
Nanoelectronics & 4™ US-Kore Workshop on Nanostructures Materials

and Manufacturing, KIST, 4/25/2005

c. “Effect of Induced Strain on GaAs Nanomechanical Resonator” APS

March Meeting, 3/24/2005



APPENDIX I: The following is summary of the following publication (with
funding source properly acknowledged):

S.B. Shim, S.W. Kang, J.H. Kong, K. Char, and Y.D. Park, Development of plasma-
free etch chemistry to realize defect-free GaAs micromechanical resonator structures,
Institute of Physics Conference Series: Compound Semiconductors 2004 184, 349
(2005).

Development of plasma-free etch chemistry to realize defect-free GaAs
micromechanical resonator structures

1. Introduction

Micro-electromechanical systems (MEMS) are of high commercial and scientific
interest as promises of micrometer-sized sensors and actuators are being realized in
such diverse areas as automotive to bio-technology to defense industry/applications.
Recently, mechanical functionality at the nanometer-sized scale has received
considerable attention, as nano-electromechanical system (NEMS) sensors function at
higher fundamental frequencies allowing for highly sensitive force measurements. A
successful development of NEMS based devices promises to expand our physical
understanding of forces at the smallest dimensions to atomic force microscopy-based
memory elements. Along with promises of functional applicable devices, NEMS
systems allow for fundamental insights into science [1].

2. GaAs-based micromechanical resonators

Although Si-based MEMS and NEMS structures have a firm standing, compound
semiconductor based, especially, GaAs-based NEMS structures offer unique
properties advantageous for NEMS development. Recently, Knobel and Cleland
demonstrated nanometer-scale displacement sensing using GaAs-based NEMS
resonator — in efforts to observe quantum mechanical effects on macroscopic
mechanical oscillator [2]. Their detection scheme utilized the piezoelectric properties
of GaAs which signal was coupled to a single-electron transistor [3]. A reason for
such conditioning of displacement signal is the fact that the Q (quality) factor has
been found to scale with volume of the resonator. Energy dissipation, Q”', is known
to be more problematic as dimensions are reduced. Particularly, GaAs-based
resonators are generally fabricated from GaAs/AlGaAs heterostructures. To increase
selectivity between GaAs and AlGaAs (typically HF wet etch chemistries), higher Al
content is required, introducing greater strain in the GaAs resonator. GaAs are also
typically defined by chemical reactive ion etch methods, possibly introducing damage
as well as impurities into the GaAs resonator structure.

3. GaAs/InGaP

3.1 Microresonator structures

GaAs micromechanical resonator structures were realized utilizing plasma-free etch
chemistry, by utilizing nearly latticed-matched GaAs/IngsGagsP alloy system
patterned by selective wet-etch chemistries. Unintentionally doped GaAs (500
nm)/InGaP(500 nm) epilayers were grown on semi-insulating GaAs (001) substrates
by low pressure metal-organic chemical vapor deposition (LP-MOCVD). GaAs cap
layer was defined with photoresists and patterned in a citric acid/hydrogen peroxide
solution, resulting in near vertical side-wall profiles with high selectivity of GaAs
over InGaP. After GaAs cap patterning and resist removal, hydrogen chloride



solutions of varying concentrations were investigated for selectivity of InGaP over
GaAs at varying etch temperatures, with agitation conditions, and for differing
crystallographic directions.

HCI was found to posses near perfect selectivity of InGaP over GaAs. For 12
M HCI solution, vertical etch-rate was found to be nearly 3 um/minute under
agitation. As the GaAs substrate acts as an etch stop, lateral etch of InGaP layer
between GaAs layers starts with initial etch fronts of vee, mixed, and dovetail
observed by cross-sectional scanning electron microscopy with predominance of
dovetail etch front for lateral etch direction 45° from the cleave direction (Figure
1). The lateral etch rate at room temperature for 12 M HCI solution was highly
directional dependent with GaAs cap edge patterned parallel to the cleave direction
[011] of nearly zero lateral etch rate and edge 45° from the cleave direction to be
nearly 1 pm /min, similar behavior as observed by Cich et al. [4]. For increasing
dilution of HCI, the etch rate, especially lateral etch rate, was drastically reduced, with
no observable lateral etch at 1:4 HCI:H,O. Typically, etch rate was found to be
agitation independent. Realization of suspended GaAs resonator structures with
aspect ratios as high as 30 was achieved by simply drying in a flow of dry Nitrogen
gas.

30 sec 45 sec

Figure 1 — Evolution of InGaP etch front in 12M HCI solution. Top
layer is 500 nm thick GaAs. InGaP layer is 500 nm thick on GaAs
(001) substrate.

3.2. Nanoresonator structures

To realize submicrometer-sized resonator structures, electron-beam lithography
(EBL) techniques were utilized to pattern etch-mask (typically Au/T1) from
subsequent e-beam evaporation and lift-off. It was found that although the
commercially available PMMA EBL resist although showed no marked deterioration
during the etch process, etching process through a masked opening was found to
lower the etch rate indeterminately. Thus, Au/Ti was e-beam evaporated to be used as
an etch mask for subsequent processing. Au/Cr did not bid well as an etch mask as
the underlying Cr layer was found to be etched during the HCI InGaP removal.
Utilizing e-beam lithography, we were able to realize both beam resonator structures
with length to width ratios as high as 40 and torsional resonator structures.



A)

B)

Figure 2 — Cross-sectional SEM micrograph of under 500 nm GaAs
suspended by etched InGaP layer (above) and resulting GaAs resonator
structures (2 pm wide) of varying lengths (and aspect ratios).

Figure 3 — 500 nm thick GaAs epilayer is patterned to realize a) beam
resonator structure with width of 400 nm and length of 28 microns (in
foreground, the structure in the background is a higher aspect ratio test
structure); and b) torsional resonator structure of inner 3 x 3 pm’
‘paddle.” For both cases, EBL followed by e-beam evaporation of
Ti/Au were used before standard etch of GaAs and InGaP.



4, Summary

Two different resonator structures have been fabricated by plasma-free chemistry
process. Citric acid based etch was found to be near perfectly selective of GaAs over
InGaP. Concentrated HCI etch was found to be perfectly selective of InGaP over
GaAs. Both etch chemistries were found to be compatible with standard
photolithography and electron-beam lithography processing, although for GaAs etch,
the etch rate was indeterministically slowed though a resist opening. Using EBL,
aspect ratios as high as 40 were realized along with 3 micron x 3 micron torsional
resonator structures suspended by sub-micron mechanical supports.

This work has been supported by KOSEF through CSCMR, by KIST Vision21
Spintronics Project, and by US Army Research Laboratory through the Office of
Naval Research (ONR N62649-03-1-0010) Far East Program.
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APPENDIX II: The following is preview summary of a manuscript describing
the resulting characterization of GaAs resonators:

S.B. Shim, S.W. Kang, Y.D. Park, A. Gaidarzhy, and P. Mohanty, to be submitted.

1. Introduction

The researches in nanoelectromechanical system (NEMS) are being developed
aggressively for widening its application capabilities and for opening new regime
toward quantum mechanics. The application possibilities are such as high frequency
filters [1, 2], ultra sensitive mass sensors which have 10"®g resolution [3, 4], ultrafast
actuators [5] and memory elements using the nonlinear properties of the system [6, 7].
And the studies of NEMS at ultra low temperature give us possibility to realize and
observe quantum system either by attaching small cantilever on the central beam [§]
or by designing ultrasensitive circuit to detect the motion close to quantum limit [9].

Inside of these researches, there is another desire which is realizing low energy loss
system and high quality factor mechanical system. Conventionally, the quality factor
of mechanical resonator decreases when the dimension decreases [10, 11, 12]. The
resonator with mm range size gave us 10°~10° quality factor [13]. But in micrometer
size, usual resonator has 10°~10* quality factor [14, 15]. These values even get lower
in GaAs based mechanical resonators. So, to realize low energy dissipative system
with GaAs, we need to eliminate any possible source of energy dissipation of the
system.

Previous study in GaAs based MEMS and NEMS, GaAs/AlGaAs heterostructure
were used [16, 17, 18]. To fabricate sample with this structure, we need to increase
the Aluminum contents up to 70% to increase the selectivity between GaAs and
AlGaAs [19]. And it gives internal strain on the device layer which can be a source of
energy dissipation due to the dislocation in the interface. In addition to that, the
conventional fabrication process has RIE step for GaAs layer etching. It has an
advantage of side wall profile in the device but at the same time, we introduce plasma
damage in the device layer which is an important source of energy dissipation.

We solved these problems by using lattice matched GaAs/Ing 451Gag s19P
heterostructure with plasma free etch technique. We can minimize the internal strain
because GaAs/InGaP hsterostructure is lattice matched structure. Additionally, GaAs
and InGaP have perfect etch chemistry (Citric Acid and Hydrochloric acid) which
minimize the fabrication damage due to plasma process. In the next section, we will
describe the realization of nanomechanical resonator with plasma free etch technique.

2. Experiment
The lattice matched GaAs/InGaP heterostructure was grown epitaxialy by Metal
Oxide Chemical Vapor Deposition (MOCVD) on semi-insulate GaAs substrate.
500nm thick InGaP sacrificial layer was grown on (100) GaAs substrate and 500nm
thick GaAs device layer was grown on top of InGaP layer.

Standard electron beam lithography technique was used to define the structure on
the sample. The focused electron beam of scanning electron microscope was
controlled by vector utilized beam control system. Followed by development, 50nm
of Au and 5nm Ti adhesion layer were evaporated to define the beam, electrically
connect the structure and act as an etch mask for the following etching processes.

In previous study, the device layer which is GaAs was usually etched by
Chlorine based RIE process. By using RIE with proper ratio of reactive gas, we can



get nice side wall profile for the device. But, during the process, plasma damage is
inevitably introduced on the device layer [20, 21]. And the plasma induced damage
can make dislocations in the device layer and as a result of these dislocations the Q-
factor of the system decreases. As a possible solution of reduce dislocation and
realization of high Q system, we adopted plasma free etch technique with the mixture
of Citric acid and Hydrogen peroxide [22]. Usually, chemical etching is isotropic. But,
GaAs has strong crystallographic dependence in chemical etching process [23]. So, by
rotating the pattern on the device layer, we can get good side wall profile for the
device. Figure 1 shows the side wall profiles according to the orientation of

pattern. The side face of (c) which the

pattern is parallel to (110) direction

shows the highest anisotropic nature. (@)

And this direction matches to the fastest
etching direction of sacrificial InGaP

—— e ——

layer. P —————
The removal of sacrificial InGaP

layer is important to realize suspended ——

structure. First of all, the etching process

needs to be isotropic for the removal of (c)

InGaP right underneath of GaAs device —:_ ——

layer. And the selectivity for the device

layer and sacrificial layer should be high Figure 1. Various side wall
otherwise the device layer can be etched profiles of GaAs layer which are
in the course of sacrificial layer etching. etched by Citric Acid/H,0,. The
For these, we have selected HCI to etch pattern orientations are (a) (0-11),
the InGaP layer. By this choice, we get (b) (011) and (c) (100)

the selectivity which is higher than 100.

We determined the selectivity by

investigation the etch rate of each layers. In 12M HCI solution, vertical etch rate of
InGaP layer is about 1um/min and it doesn’t have any directional dependence. But the
lateral etching is different. Lateral etching has strong dependence on the
crystallographic orientation of InGaP layer face to the chemical because of the
reaction speed between InGaP and HCI [24]. So, we rotated the direction of the beam
parallel to (100) direction to increase the etch rate to same rate with vertical. Figure 3
(a) shows the SEM micrograph of the resonator and the beam has 15um length and
500nm width and 500nm thickness.

— 10t GaAs (004) Figure 2. 6—260 X-ray diffraction scans
o : was performed using Cu Ko radiation.
} 10°F Clear diffraction peak was observed at
B 66 degree same for both GaAs and

g 107 InGaP. The broad peak at 65.5 degree
= .

= shows the weak strain caused by small

10

lattice mismatch from growth.

20



We started the characterization from High Resolution X-Ray Diffraction
(HRXRD) to check the lattice is matched or not. As we mentioned before,
GaAs/InGaP heterostructure is lattice matched structure. So, we can only observe
GaAs (004) peak which means the lattice constant is close enough (Figure 3). So
HRXRD can’t recognize the difference of the lattice constant between two layers. But
in Figure 2, we can see broad peak around 65.5°. This means the lattice constant of
InGaP layer is slightly larger so the relaxed lattice constant shows that broad peak.
This broad peak appears because of the size difference of the ions. The size of In ion
(0.081nm) is bigger than Ga (0.062nm) so when we replace Ga with In, the lattice
constant is slightly increase. With these result, we can say that the lattice of the two
layers are matched well there is almost no internal stress on the GaAs layer which is
good for reducing the energy dissipation.

The GaAs mechanical resonator was characterized with standard magnetomotive
technique [25, 26]. We placed the resonator inside of *He refrigerator (260mK base
temperature) with high vacuum (10 Torr). The long axis of the resonator was located
perpendicular to a magnetic field generated by 9T superconducting magnet. Network
Analyzer generated alternating current along the length of the resonator and measured
the response of the beam. The
alternating current which is

the resulting oscillatory motion of the
beam is o

perpendicular to the magnetic field a) N“-“‘i"o’k <|£| b) 10 <

generates a Lorentz force that makes |_w — [0t

oscillatory motion of the beam. Then, N | 122
" d\[\ -

X(@) = Fy (@) [[(0," - @ +im,w/Q)m]a T N ]
nd this displacement X in the magnetic e Eiﬁ;l 17:99

field B induces V,; (w) = {LBw X(@) 1n

the Au electrode. Here the constant £is
a mode-dependent integration constant measurement circuit. b) The

[27]. And the Veme i? detected by fundamental resonance mode of the beam
network analyzer. Figure 3 (a) shows is at 17.983 MHz with Q of 11,000. The

scilematlc diagram of measurement induced Venr 18 a Lorentizian peak after
setup.

Figure 3. a) SEM micrograph of the 15
pm nanobeam. The diagram shows the

3. Results and discussion
The mechanical resonance frequency for a doubly clamped beam is given by

f, oc \/E % where E is Young’s modulus, pis the density, w is the width of the beam
P

along the direction of motion and L is the beam length. The measured resonant
frequency of the beam is 17.973MHz with 11,000 quality factor. Figure 3 (b) shows
Lorenzian shape of the amplitude which is calculated from magnetomotive relation

i0d*B /m
w,’ - +iow,/Q

Vemf (w) = Idr(w) (1)
And figure 3 (c) shows the phase shape corresponds to the amplitude.

This quality factor 11,000 is the highest value in GaAs based mechanical
resonator at submicron size. In GaAs based MEMS and NEMS studies, the reported
quality factor is order of 10° with sub-micrometer dimension [16, 17, 18]. Our result
is one order higher than previous result at these dimensions. There can be several



interpretation of this result. First of
all, conventional fabrication
method includes RIE process for
etching of device layer. As |
mentioned before, the plasma can
induce unintended fabrication
damage and it gives dislocation on
the device layer. And this
dislocation is a source of energy
dissipation [10]. Secondly, most of
previous researches used
GaAs/AlGaAs heterostructure
which has some disorder in the
interface also can be a source of
energy dissipation. In this report,
by using lattice matched
GaAs/InGaP heterostructure and
plasma free etch chemistry, we can
realize high quality factor
mechanical resonator.

We also have measured the
response of resonator with
different driving power. During
this measurement, the temperature
was held at 260mK and the applied
magnetic field was 4T. The
resonant peak grew linearly in log
scale. And the response shows
nonlinearity at high driving power
[Figure 4 (a)]. Figure 4 (b) is the
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Figure 4. a) The change of resonance peak
as a function of driving power. The peak is
Lorentzian in the linear regime and the
shape shows asymmetric nonlinear shape
when the driving power is higher than -
60dBm. b) Linear dependence of amplitude
as a function of driving power at 4 Tesla
magnetic field. The amplitude corresponds
to the displacement of the beam x, and the
driving power corresponds to the driving
force. The calculated effective spring
constant is 13,200N/m. c) The response of
the oscillator shows quadratic dependence
on applied magnetic field B. d) The energy
dissipation as a function of applied
magenetic field.

plot of amplitude as a function of driving power. By the equation (1), the amplitude is
proportional to the driving current. We also convert the amplitude value to driving

force withF, =11(w)B . And the center beam displacement is given by ax = Venr , SO We

BlLo

can calculate the effective spring constant of the beam. The calculated effective spring
constant, k. = QF, (w,)/Ax of GaAs nano-beam isk_ =13,200N /m. [Figure 4 (b)]

According to the magnetomotive relation, the Vs has quadratic dependence on
the applied magnetic field. Near the resonance, equation (1)

AL, B’ K -
becomesy, - s—wm= % q) (p) Where, - | . The response of the beam satisfies
m

k

this relation as shown in Figure 4 (c). And the field dependence of energy dissipation
is also shows quadratic dependence. [Figure 4 (d)]

We measured the resonant peak shift and the dissipation as a function of
temperature. These are the real and imaginary parts of the susceptibility
x=x+x"= po? 2 / £, +iQ7") [28]. In Figure 5, we can see the logarithmic temperature

dependence in frequency shift data. The resonant peak shows weak degradation when
the temperature is increased. And we can see the saturation of the frequency shift
below 500mK. The energy dissipation shows very weak power law where 0.07 is the
power. And it also shows the saturation below 500mK. In previous research, the



energy dissipation due to two level system is proportional to T or T° [28]. But the
power dependence of this result is much weaker than it. This means out GaAs
resonator has less damage or dislocation on the device layer so the energy dissipation
shows weak dependence on the temperature.

(b)

Figure 5. a) The change of
resonance peak as temperature is
changed. b) Corresponding
frequency shift 6/, as a function
of temperature. c¢) Energy
dissipation when the temperature is
increased. The dissipation shows
weak power law dependence T
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4. Conclusion
We have fabricated doubly clamped nanomechanical resonator from

GaAs/InGaP lattice-matched heterostructure by utilizing plasma free etch technique.
The perfect selective etch chemistries for GaAs and InGaP enable us fabrication
easier. Owing to this plasma free etch technique, we can reduce the fabrication
damage on the device layer. We characterized the GaAs mechanical resonator with
standard magnetomotive technique at low temperature (260mK) with 6T magnetic
field. The resonance was shown at 17.98MHz with high quality factor 11,000. Plasma
free etch technique gives us the increasing of quality factor because there is no plasma
induced dislocation in the device layer. And energy dissipation measurement shows
weak dependence on the temperature. In summary, we realized and characterized
defect free mechanical resonator from GaAs/InGaP heterostructure. And this
resonator has record high quality factor in GaAs based mechanical resonator at sub-
micrometer dimension.
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