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Abstract

A platform for intimate integration of high-frequency gallium
nitride (GaN) micromechanical resonators and AlGaN/GaN
high electron mobility transistors (HEMTSs) is reported. For
the first time, cascade of a two-port GaN bulk acoustic reso-
nator and AlGaN/GaN HEMT was co-fabricated on a silicon
substrate. A high quality factor (Q) of 7413 is reported for a
GaN contour-mode resonator at the resonance frequency of
119.8 MHz. More than 30 dB of signal tuning was achieved
by using integrated HEMT for signal readout and amplifica-
tion at the resonator output.

Introduction

Extensive research has been recently conducted on compound
semiconductor materials, motivated by their superior material
properties as compared to silicon. GaN, as a wide band-gap
semi-conductor (3.4 eV) exhibits high saturation velocity,
high breakdown electric field, and high sheet carrier density
which make it applicable for high-frequency, high-power
transistors. Also, its chemical and mechanical stability even
at elevated temperatures along with excellent mechanical and
piezoelectric properties make it a perfect candidate for
sensing and timing applications in micro-electromechanical
systems (MEMS) [1]. Fully integrated with CMOS
technology, piezoelectric MEMS resonators based on AIN
have replaced traditionally used off-chip quartz crystals in
oscillator circuits and have shown significant potential as
frequency references. However, pushing transistor cutoff
frequencies beyond that of Si, and developing systems
operable at harsh environments require devices based on
materials such as GaN, which can endure high-frequency,
high-temperature, and high-power operation. Previously,
GaN only [2] and GaN-on-silicon [3] MEMS resonators with
very high Os and high power handling capability have been
demonstrated by our group. However, the co-integration of
MEMS components with GaN electronics has not been
addressed to date.

GaN electronics take advantage of a two dimensional electron
gas (2DEQG) sheet that is induced at the AIGaN/GaN interface
due to spontaneous and piezoelectric polarization. The 2DEG
offers high sheet carrier concentration and mobility, forming
the conducting channel of AlGaN/GaN HEMTs without
intentional doping. Integration of confined 2DEG with GaN-
based mechanical components opens up a wide area of
interesting applications for all-GaN integrated micro-systems.
Particularly, the 2DEG sheet can be employed as the bottom

electrode replacing metallization on backside of GaN
resonators [4], or can be used in HEMTs for field-effect
transistor (FET)-based actuation and sensing [5] with reduced
parasitic feed-through, which is a critical issue in MEMS
resonators and filters especially at high frequencies [6] ,[7].
There are two possible platforms to leverage advantages of
both GaN micromechanical resonators and HEMTs. In the
first platform, a piezoelectric resonant-body transistor can be
implemented, where 2DEG acts as the bottom electrode and
is modulated by the acoustic wave launched through Schottky
contacts (from a second gate or a piezo actuator) (Fig.l).
HEMTs, as strain sensors use the exact same principle of
operation; i.e. applied strain changes 2DEG mobility and
sheet carrier density and thus the drain current [4]. In this
approach, tuning and amplification of electrical signal can be
achieved by different DC biasing of Vpg and Vgs. Thickness
resonance mode can be excited through optimized design of
inter-digitated electrodes to modulate the 2DEG channel
current. This approach is a subject of future research.
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Fig. 1. Platform I (resonant-body HEMT): Confined 2DEG at AlGaN/GaN
interface acts as the bottom electrode to actuate AlGaN layer
piezoelectrically. (Top) Signal is actuated through a Schottky contact, then
picked up and amplified by a resonant HEMT, (bottom) an example of a
piezoelectric resonant-body transistor with two gates.

Platform II, which will be discussed in more detail in the
following sections, incorporates piezoelectric actuation and
sensing of GaN resonators, independent of HEMT (Fig. 2).
The output of the resonator is fed to the gate of the HEMT,
where the electrical signal gets picked up and amplified at the
drain. This configuration has several advantages. First,



HEMT DC characteristics are set independent of the strain in
the resonator; therefore, HEMT characteristics can be tightly
controlled and as a result, any type of GaN-based circuitry
can be fabricated. For instance, by simply connecting the
GaN resonator input to the HEMT drain, a closed loop is
formed, in which the resonance can be sustained with the
addition of two capacitances connected to the gate and drain
configuration) [8].
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Fig. 2. An all-GaN integrated microsystem platform wherein GaN MEMS
resonators are monolithically integrated with Al1GaN/GaN HEMT. Resonator
output is connected to the HEMT gate. SEM images of a GaN resonator co-
fabricated with a two-gate AlIGaN/GaN HEMT. Drain and source are 7 um
apart. Two-fingered gates are each 1 um long and 100 pm wide. The
resonator is a 40 pm x 80 pm contour-mode resonator.

Characterization and Fabrication

GaN is grown epitaxially on high-resistivity Si(111) substrate
by metal-organic chemical vapor deposition (MOCVD).
AlGaN/GaN HEMTs are traditionally fabricated on SiC or
sapphire substrates. SiC is expensive, and sapphire suffers
from low thermal conductivity, and thus high power
limitation. GaN-on-Si takes advantage of the mature Si
technology, which simplifies the resonator release. High
quality wurtzite GaN can be grown epitaxially on Si(111)
using an optimized nucleation layer. Here, the nucleation
layer consists of 400 nm thick AIN and 650 nm thick AlGaN.
GaN buffer layer (775 nm) is then grown followed by 175 A
of AlGaN barrier layer at nominal temperature of 1020 °C.
2DEG exists at about 20 nm below the sample surface, thus
the surface is very sensitive to any electrical or chemical
change and should be treated carefully. The fabrication of the
HEMTs starts with mesa isolation; 2DEG is maintained at the
mesa islands and removed elsewhere by BCIl;/Cl, plasma
etch. Next, source and drain ohmic contacts are formed on the
mesa islands. Ti/Al/Ti/Au multilayer is evaporated and lifted
off, followed by 30 s of thermal annealing in N, environment
at 900 °C to let the low-work function metal penetrate into
the barrier layer and access the 2DEG channel with low
resistance. The low resistance between ohmic contacts
ensures higher current densities. Next, Ni/Au was used as
Schottky contacts for gates and interconnect metallization.

Two-fingered HEMTs are fabricated, having gate length of 1
pm and width of 100 pm. Devices are then passivated with
silicon nitride (Si3Ni,) using plasma enhanced chemical vapor
deposition (PECVD) to improve RF performance and avoid
current slump by reducing surface trapping effects [9].
Following the completion of HEMTs, GaN is plasma etched
to create contours of the resonators, followed by top electrode
(Ti/Au) deposition and lift-off. Openings are then created on
Si3N, film to allow interconnection of HEMTs and resonators
with Ti/Au pads. Finally, devices are released from the
backside using deep reactive ion etching (DRIE), and Ti/Au
is sputtered on the back to serve as the bottom electrode of

the resonators [10].

Fig. 3. (Left) AlGaN/GaN-on-Si epitaxial stack; 2DEG exists at the top
AlGaN/GaN interface. (Right) Fabrication process flow; a) mesa isolation, b)
drain and source ohmic contact formation, c¢) formation of gate Schottky
contact, d) GaN plasma etch for resonator contours, e) resonator top elec-
trode deposition, f) backside etch and gold back electrode deposition (right).

Device Operation

The integration scheme shown in Fig. 2 incorporates
piezoelectric actuation and sensing of GaN resonators. The
output of the resonator is connected to the gate of the HEMT,
where the signal gets amplified by the HEMT intrinsic gain
(gm* Zy), tuned by different DC biasing of Vpg and Vg, and
finally gets collected from the drain of the HEMT.
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Fig. 4. Equivalent circuit model of the MEMS resonator cascaded with a
HEMT. The output port of the resonator is connected to the gate of the
HEMT, where the signal gets amplified and collected at the drain. The
inductances connected to the gate and the drain model the Bias Tees.

The spontaneous and piezoelectric polarization due to lattice
mismatch between AlGaN and GaN creates positive sheet
charges in AlGaN at the hetero-interface. Due to the positive
sheet charges, electrons appear and remain confined in the



potential well forming the 2DEG. In AlGaN/GaN HEMTs,
the 2DEG conduction channel exists even with zero gate bias
(depletion-mode transistor). The concentration of the 2DEG
can be modulated by varying the voltage applied at the gate;
thus, a negative DC voltage is applied to the gate of the
transistor to ensure current is confined to the 2DEG channel
and the AlGaN barrier layer does not get degraded [11].

Measurement Results and Discussion

RF measurements were carried out using a Lakeshore TTPX
probe station, an Agilent N5241A PNA, and GSG ACP40
probes from Cascasde Microtech. Short-Open-Load-Through
(SOLT) calibration was performed prior to measurements.
DC output characteristics of the HEMTs were measured
using Keithly 4200-SCS parametric analyzer at operation
temperature range of 100 K to 350 K. All measurements were
taken with 50 Q termination impedances.

GaN micromechanical resonators demonstrate very high
freqxQ values, which make them desirable RF resonator
blocks for timing and sensing applications [12]. Fig. 5 shows
the frequency response of a two-port contour-mode GaN
resonator. The Q is 7413 at room temperature and ambient
pressure. In Fig. 6, the measured frequency and Q are shown
at a temperature range of 100 K to 300 K. Temperature
coefficient of frequency (TCF) is estimated to be -17.2
ppm/K at 300 K.
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Fig. 5. Room temperature frequency response of a 40 um x 80 um GaN
resonator with center frequency (fieq) of 119.8 MHz and high Q of 7413.
This resonator exhibits the highest freq xQ amongst reported GaN resonators
at room temperature.
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Fig. 6. Normalized resonance freq and measured Q of the GaN resonator
depicted in Fig. 5 vs. temperature. TCF is calculated to be -17.2 ppm/K at
300 K.

Static I-V curves of a typical two-fingered HEMT with gate
length of 1 um and periphery of 2 x 100 pm are demonstrated
in Figs. 7 and 8 at different temperatures. DC characteristics
of HEMTs degrade slightly with increase in temperature due
to an increase in the channel resistance. Unlike Si,
AlGaN/GaN HEMTs have been reported to operate at
elevated temperatures as high as 600 K [13]. Since the
channel is formed without any intentional doping and a
physical separation exists between parent atoms and the
charges that form the 2DEG channel, temperature variations
affect the 2DEG sheet carrier density only very slightly [14].
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Fig. 7. DC I-V curves of a two-fingered, 100 pm wide AlGaN/GaN HEMT.
Drain current is plotted vs. drain-source voltage, with Vgs swept from -0.5 V
to -2 V in -0.5 V steps. Low knee voltage of about 3 V is achieved, where the
slope is proportional to 2DEG mobility, sheet carrier density, and device
periphery. Temperature is varied from 100 K to 350 K. As expected, DC
current decreases with increasing temperature.
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Fig. 8. (Left) Normalized drain DC current variation over temperature range
of 100 K to 350 K with respect to its value at 100 K. The drain current is
measured at Vgs = -0.5 V and Vps = 20 V. GaN HEMTs are expected to
operate at temperatures up to 600 K; 350 K operation reported here is the
measurement tool limit. (Right) Drain current and extrinisic trans-
conductance vs. Vgs at 100 K and 350 K for Vps = 10 V. Both drain DC
current and gain decrease relatively slightly with an increase in the
temperature.

The large parasitic feed-through capacitance in the
piezoelectric resonator is de-embedded from the response,
using the method discussed in [15] where test devices with
the same geometry as the resonators were laid out and
fabricated, but only were not released from the back side. The
test structures were used to de-embed the parasitic feed-



through capacitance created by interconnections and pads.
Subtracting the two-port frequency response of the test
structures from the total response results in a resonance peak
due merely to the resonator piezoelectric response (Fig. 9).
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In Fig. 10, the frequency response of an integrated GaN
resonator and HEMT (as shown in Fig. 2) is depicted. More
than 30 dB of signal tuning is achieved using a HEMT biased
at different DC levels. As shown below, peak values increase
from ~ -56 dB for standalone resonator response to ~ -26 dB
when HEMT is used at the resonator output and biased at Vpg
= 10 V and Vgg = -0.6 V. Further amplification can be
achieved with a proper output matching network, a lower loss
resonator, and an optimized HEMT design. Ultimately,
positive values of S,; can be reached, corresponding to
negative net resistance values, which can be exploited in
designing oscillators.
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Fig. 10. S, response of an integrated resonator + HEMT device shown in
Fig. 2. With the proposed configuration, insertion loss level can be easily
modulated using different gate biasing of the HEMT.

Conclusion & Future Work

In this work, for the first time, a platform for monolithic
integration of GaN MEMS and GaN circuitry was proposed.
As a proof of concept, a cascade of bulk acoustic mode GaN
resonators and AlGaN/GaN HEMTs was successfully co-
fabricated and a signal tuning of more than 30 dB was shown
using the HEMT amplifier. GaN resonators with high QOs
were also demonstrated. This work can be a starting point for
further development of integrated GaN systems, where a
combination of GaN-based devices (MEMS, HEMTs,
resonant body HEMTs, etc.) can be all integrated to build
different architectures such as all-GaN MEMS resonator-
based oscillators or frequency references.
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