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Abstract—This letter presents the first fully integrated
GaN-based Lamb-wave oscillator on Si substrate for high
temperature operation. The 58 MHz oscillator prototype was
implemented by monolithically integrating a two-port Lamb-wave
delay line with electronics using AlIGaN/GaN high electron mo-
bility transistors (HEMTs). Electrical characterization from room
temperature (RT) up to 250°C was performed on the open-loop
Lamb-wave delay line device and the integrated oscillator. It is
shown that this oscillator is able to deliver high output power
(>11 dBm) up to 250°C. Over the temperature range from RT
to 230°C, the oscillation frequency exhibits a linear dependence
on temperature with a small temperature coefficient of frequency
(TCF) of —47.5 ppm/°C. The frequency drift is less than 1%.

Index Terms—AlGaN/GaN HEMT, integrated high-tempera-
ture environmental sensors, integrated oscillator, lamb-wave.

I. INTRODUCTION

MART sensors with integrated electronics that can operate

at high ambient temperatures without external cooling can
greatly benefit a variety of industrial applications, especially
in automotive, aerospace and deep-well drilling [1]. For ex-
ample, automobile engine and brake sensors are required to op-
erate reliably at ambient temperatures above 150°C, telemetry
during underground mining and oil drilling requires sensors and
electronics to handle up to 225°C, and aircraft engine intelli-
gent control and structural health monitoring systems with var-
ious sensors to function up to 500°C and higher [2], [3]. In
such applications, monolithic integration of the sensor circuits
with wireless transceivers would greatly reduce the system form
factor, weight, and complexity. An essential component in these
wireless sensor systems with high-temperature tolerance is a
radio-frequency (RF) local oscillator possessing low-temperate
dependence and coefficients. The RF carrier signal will be mod-
ulated by the sensor signal and transmitted to the cooler part of
the system.

Comparing to their conventional counterparts such as silicon
and GaAs technologies, circuits based on wide bandgap ma-
terials (GaN and SiC) offer superior performance under high-
temperature environment. Recently, there have been several re-
ported results of hybrid oscillators based on SiC operating at
high temperatures ranging from 200°C to 475°C [4]-[6]. These
oscillators used Cree’s SiC MESFETs mounted onto a substrate
carrier. In addition, an NMOS SiC ring oscillator operating at
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625 kHz under 300°C [7] and a 66 MHz, 375°C ring oscillator
based on AIGaN/GaN HEMTs on sapphire substrate [8] have
also been demonstrated. However, these oscillators suffer from
a relatively large temperature drift with large TCF on the order
of 103 ppm/°C.

Crystalline III-nitride semiconductors offer many advanta-
geous material properties, such as good piezoelectric property,
high acoustic velocity, and inherent chemical inertness and
thermal stability. Hence, it is suitable for fabricating surface
acoustic wave (SAW) devices for harsh environmental sensing
applications. High-sensitivity Lamb-wave sensors [9], [10] and
a fully integrated SAW/HEMT oscillator [11] have recently
been developed using GaN-on-Si structures.

In this letter, we demonstrate an on-chip GaN-based mono-
lithic Lamb-wave oscillator on Si substrate for the first time.
The 58 MHz oscillator operates at the lowest order anti-sym-
metric (Ag) mode. The high temperature characteristics of the
Ay wave were investigated in an open-loop delay line config-
uration, showing a superior temperature stability of the GaN-
based Lamb-wave device (TCF of —62.6 ppm /°C). The inte-
grated oscillator functions properly up to 250°C while main-
taining a high output power of >11 dBm and a small TCF of
—47.5 ppui/°C. Demonstration of this highly integrated de-
vice suggests the potential of monolithic GaN-based miniature
sensor systems for high-temperature environments.

II. CIRCUIT DESIGN AND FABRICATION

A. Lamb-Wave Delay Line Oscillator Design

The Lamb-wave oscillator consists of an amplifier con-
figured in a feedback loop with a Lamb-wave delay line. A
five-stage HEMT amplifier was designed and each stage was
an active-load common-source configuration, as illustrated in
Fig. 1(a). Passive elements including metal-insulator-metal
(MIM) capacitors and mesa resistors were fabricated on the
same chip. On-chip bypass capacitors are also included for the
gate (V) and drain (Vq) supplies, which are not shown in
the schematic. The Lamb-wave delay line has a wavelength
of 16 pm, which determines the operation frequency of this
oscillator. More details of the circuit design were given in [11].

B. Circuit Fabrication

The integrated oscillators along with individual device test
structures were fabricated on an AlGaN/GaN HEMT sample
grown by metal-organic chemical vapor deposition (MOCVD)
on a 2-inch (111) Si substrate. The structure consists of a thin
AIN seed layer, a 1 gm GaN buffer layer with a thin interlayer
in between, and an AlGaN barrier layer. The fabrication process
was modified from a conventional AIGaN/GaN HEMT process
flow. The electrode of the Lamb-wave device shared the same
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Fig. 1. (a) Circuit schematic and (b) micrograph of the integrated Lamb-wave
oscillator.
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Fig. 2. Measured insertion loss (|Sz21]|) of the fabricated Lamb-wave delay line
at RT.

metal layer with the HEMT gate electrode and the Si substrate
was selectively removed from backside in the last step to release
the Lamb-wave device membrane. Details of the layered struc-
ture and fabrication process have been reported in [10] and [11].
A micrograph of the fabricated circuit is shown in Fig. 1(b). The
oscillator occupies an area of 2 x 1.2 mm?.

III. EXPERIMENTAL RESULTS

On-wafer high-temperature characterization of the devices
and circuits was performed from RT to 250°C. A high-temper-
ature probe station with a thermal controller to adjust and keep
the temperature constant was used. The measurements were car-
ried out in air ambient. Before each measurement, the tempera-
ture was held constant for 5 minutes to assure thermal equilib-
rium is reached.

A. Lamb-Wave Delay Line Characterization

The magnitude of So; from 10 to 600 MHz of a Lamb-wave
delay line in RT is plotted in Fig. 2. A sharp peak was clearly ob-
served at 59.73 MHz with an insertion loss of 30.27 dB, which
indicates the propagation of the Ay mode wave. The corre-
sponding phase velocity is ~956 m/s for the 16 m wavelength
and the 1 pm thick GaN-based membrane. This is in agree-
ment with results using the numerical calculation suggested in
[12]. The two other peaks at 435 and 474 MHz, are believed
to be shear horizontal acoustic plate mode (SHAPM) and the
lowest order symmetric mode (Sg) of acoustic waves, respec-
tively. They are not included in this study.
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Fig. 3. Temperature dependence of the A, -wave peak frequency and insertion
loss at the peak frequency.
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Fig. 4. DC characteristics of the AlIGaN/GaN HEMT at RT and 250°C.

The peak frequency drift and insertion loss of the Ay wave
are plotted as a function of temperature in Fig. 3. The peak
frequency moves linearly with the temperature at a rate of
—62.6 ppm/°C and the insertion loss drops to —34.94 dB
at 250°C. Three devices in the same wafer were measured
and the fluctuations of the frequency drift were very small,
within 380 ppm, as shown by the I-shaped error bars in Fig. 3.
Given the different device configurations, the TCF of this
GaN delay line device is somewhat larger than the reported
value (~ —28 ppm/°C) of the one-port AIN lamb-wave res-
onators [13], [14]. However, similar temperature-compensation
technique, i.e., using SiO», can be implemented in this GaN
Lamb-wave device as well, to further improve the thermal
stability. To our knowledge, this is the first reported high-tem-
perature characterization for a GaN-based Lamb-wave device.

B. AlGaN/GaN HEMT dc Performance

The measured typical dc characteristics of a D-mode HEMT
are shown in Fig. 4. The device features a low dc output conduc-
tance and a peak transconductance (g,,,) of 210 mS/mm with a
threshold voltage of —2.1 V at RT. The devices in the amplifier
path are sized to provide sufficient gain to satisfy the require-
ment for starting up the oscillation even at high temperature. At
250°C, the peak g,, decreased to 132 mS/mm, which sets the
required device width to be 100 pm.

C. Measured Oscillator Performance

The integrated oscillator oscillates at 58.58 MHz and pro-
duces an output power of 15.15 dBm at RT (Fig. 5), which
matches well with the Lamb-wave delay line characteristics. As
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Fig. 5. Measured frequency spectrum of the integrated Lamb-wave oscillator
operating at 58 MHz at RT.
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Fig. 6. Measured phase noise of the 58 MHz integrated Lamb-wave oscillator
at RT.

59.2 T T T T T 18
m Frequency Response 16
5901 ¢ w Output Power
. =
—_~ —— Linear Fit of Frequency Response 4 g
58.84 v =)
F12 =
= v v =
~ 58.64 v [ )
S 58.4- rs &
2 -
g Lo 2
& =
E 58.2 4 =
TCF -47.5 ppm/ °C 4 &
58.0 4 I3
- 2
57.8 T T T T T 0
0 50 100 150 200 250

Temperature ("C)

Fig. 7. Dependence of the oscillation frequency and the output power on tem-
perature.

shown in Fig. 6, the measured phase noise of this 58 MHz os-
cillator at RT is —83 dBc/Hz at 1 kHz offset frequency and the
phase noise floor is as low as — 148 dBc/Hz. This oscillator de-
sign was chosen mainly for its simplicity to demonstrate the fea-
sibility of monolithic integration and was not an optimized cir-
cuit for phase-noise performance. To further improve the phase
noise, the amplifier configuration needs to be modified to a more
complex topology.

Fig. 7 illustrates the dependence of the oscillation frequency
and the output power on temperature. Over the temperature
range from RT to 230°C and with a fixed bias condition,
the oscillation frequency decreases linearly from 58.576 to
58.0 MHz, which is less than 1%. The TCF of the oscillator is
—47.5 ppm/°C, which is lower than temperature dependence
for the stand alone Lamb-wave delay line. This enhancement
in TCF can be attributed to the feedback mechanism and the
temperature dependence of the amplifier. By adjusting the gate

in the HEMT amplifier at high temperatures. By optimizing the
Lamb-wave device and designing a higher gain amplifier, or
with better heat dissipation, the temperature performance could
be further improved.

IV. CONCLUSION

For the first time, a monolithically integrated Lamb-wave
oscillator operating up to 250°C has been developed using
an AlGaN/GaN-on-Si platform. The oscillation frequency ex-
hibits a linear dependence on temperature with a small TCF of
—47.5 ppm/°C. This work represents a major step toward the
integration of GaN-based electronics with acoustic functions
for high-temperature environmental sensing application.
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