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One-port surface acoustic wave resonators (SAWRs) are fabricated on semi-insulating high-quality bulk GaN and
GaN film substrates, respectively. The semi-insulating GaN substrates are grown by hydride vapor phase epitaxy (HVPE)
and doped with Fe. The anisotropy of Rayleigh propagation and the electromechanical coupling coefficient in Fe-doped
GaN are investigated. The difference in resonance frequency between the SAWs between [112̄0] GaN and [11̄00] GaN
is about 0.25% for the Rayleigh propagation mode, which is smaller than that of non-intentionally doped GaN film (˜1%)
reported in the literature. The electromechanical coupling coefficient of Fe-doped GaN is about 3.03%, which is higher than
that of non-intentionally doped GaN film. The one-port SAWR fabricated on an 8-µm Fe-doped GaN/sapphire substrate
has a quality factor of 2050, and that fabricated on Fe-doped bulk GaN has a quality factor as high as 3650. All of our
results indicate that high-quality bulk GaN is a very promising material for application in SAW devices.
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1. Introduction
Surface acoustic wave (SAW) devices such as filters, res-

onators, and oscillators have been used in various areas, in-
cluding wireless communication, radio frequency identifica-
tion (RFID) and sensing applications.[1–3] Substrate materials
are of great importance for the performance of SAW devices.
Piezoelectric substrates, such as LiNbO3, LiTaO3, and quartz
crystals, are widely used to fabricate the SAW resonators and
filters. To enhance the performance of SAW devices, III-
nitride semiconductors, such as GaN and AlN, with excellent
optical, electrical and acoustical properties, are also expected
to be used to prepare the monolithic SAW devices.[4]

The GaN substrate has received great attention due to
its good piezoelectric properties, high mechanical and chem-
ical stability. The phase velocity of SAW on GaN is close to
3800 m/s, which is higher than those on quartz (∼ 3150 m/s),
GaAs (∼ 2470 m/s) and LiNbO3 (∼ 3480 m/s).[5] Conse-
quently, it is a perfect alternative to the fabrication of high-
frequency SAW devices of up to 2 GHz by conventional pho-
tolithography. Moreover, the SAW devices on GaN can work
in a harsh environment (e.g., high temperature and high volt-
age) for a long time, which makes it is possible for them to be
widely used in a power monitoring system.[6,7]

In the traditional heteroepitaxial growth of GaN on for-
eign substrates, the GaN film thickness and quality are very

limited, while the development of GaN based SAW devices
is greatly hindered by the availability of high-quality material
with high resistivity. However, SAW delay lines have been
fabricated and characterized on semi-insulating bulk GaN sub-
strate. Zhou et al. reported a GaN SAW delay line resonator at
about 2 GHz, which was fabricated on a semi-insulating self-
standing GaN substrate.[8] The insertion loss of GaN SAW de-
lay line is −10 dB in this report, which is higher than that
of SAW delay line on GaN film (lower than −30 dB). How-
ever, there are fewer reports about the one-port SAW res-
onators based on semi-insulating bulk GaN. One-port SAW
resonators, which are the foundation for designing and opti-
mizing SAW devices, have been extensively studied and used
in various fields. The main parameters for resonators are res-
onant frequency and quality factor (Q). High-frequency SAW
resonators can be used in fixed frequency oscillators, narrow
band modulation oscillators and wireless sensors, while high-
quality factor SAW resonators can be used in low phase noise
designs.[9]

Recently, our group has realized bulk GaN growth by
the hydride vapor phase epitaxy (HVPE), and high-resistivity
bulk GaN can be achieved by Fe doping.[10] This makes it
possible for us to explore the characteristics of SAW fabri-
cated on bulk semi-insulating GaN. In this article, one-port
SAW resonators are fabricated and characterized on semi-
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insulating GaN grown by HVPE and doped with Fe. The
relevant device properties are then investigated. It is found
that the anisotropy of Rayleigh propagation is smaller than
that of non-intentionally doped GaN film and the electrome-
chanical coupling coefficient in Fe-doped GaN is higher than
that of non-intentionally doped GaN film. Moreover, a one-
port SAWR fabricated on an Fe-doped bulk GaN substrate ex-
hibits a higher quality factor than that on an 8-µm Fe-doped
GaN/sapphire substrate. In addition, the temperature coeffi-
cient of frequency (TCF) of Fe-doped bulk GaN substrate is
slightly lower than that of GaN film. This implies that high-
quality bulk GaN is a very promising material for applications
in SAW devices, especially high-temperature sensing.

2. Experimental details
To fabricate SAW devices, high-resistivity bulk GaN is

needed. The resistivity of GaN substrate is an important fac-
tor for surface acoustic modes and electromechanical cou-
pling coefficients (k2

eff).
[11–14] Fe-dopant is typically used as

stable deep acceptor impurities to obtain high-resistivity GaN
substrates.[10,14,15] In this study, Fe-doped semi-insulated bulk
GaNs and GaN films were grown by the home-made HVPE
technique that was provided by Suzhou Nanowin Science and
Technology Company, China. The thickness of bulk GaN was
above 350 µm. The GaN films were grown on (0001) sapphire
substrate with a thickness of 8 µm. The resistivities of the two
GaN substrates were both higher than 108 Ω·cm. The crystal
quality of the GaN substrates was investigated by high resolu-
tion x-ray diffraction (Bruker, D8 Discover). The dislocation
density values of the two GaN substrates were both lower than
2 × 107 cm−2. Meanwhile, a homogeneous surface of sub-
strate material was also critical for low propagation loss and it
was evaluated by the root mean square (RMS) roughness.[16]

The surface morphology of bulk GaN and GaN film were mea-
sured by atomic force microscopy (AFM, Dimension ICON).
As indicated in Fig. 1, a homogeneous surface with an RMS
roughness of about 1 nm was obtained.

The one-port SAW resonator consisted of one interdigi-
tal transducer (IDT) and two identical symmetrical reflectors.
The IDT was located inside the reflectors as shown in Fig. 2(a).
The IDT had 50 pairs of electrodes with a width and gap of
2 µm, i.e., the periodicity of 8 µm. The reflectors contained
500 short-circuited gratings and the distance (Lg) between IDT
and reflector was in a range of (5-1/8) λ . The acoustic aper-
ture (W ) was 100λ . The structures were prepared by means
of electron-beam evaporation. The metal structure is 30-nm
nickel (Ni), which was used as an adhesion layer, and 80-nm
gold (Au), which formed a Schottky contact and was litho-
graphically structured by standard lift-off technique. The de-
tailed SEM image of the IDT fingers is shown in Fig. 2(b).

The S parameters (the logarithm of the ratio of output energy
to input energy) of the resonators were measured by a vector
network analyzer (Agilent E5071C) with a micro-probe sta-
tion at room temperature and atmosphere.

(a) RMS=0.877 nm 3.5 nm

-3.9 nm
2 mm

(b) RMS=1.25 nm 5.9 nm

-7.3 nm
2 mm

Fig. 1. (a) Surface property of bulk GaN by AFM in a range
of 10 µm×10 µm, (b) AFM image of GaN film in a range of
10 µm×10 µm.
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Fig. 2. (a) Schematic presentation of one-port SAWR, and (b) SEM
image of IDT fingers.
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3. Results and discussion

To analyze the influence of the SAW propagation direc-
tion on the bulk GaN, two one-port SAWRs are processed
in two vertical directions of bulk GaN substrate. In one res-
onator, the SAWs propagate in the [112̄0] direction corre-
sponding to direction A; while in another resonator, the SAW
propagates along the [11̄00] direction corresponding to di-
rection B as indicated in Fig. 3(a). The performance of the
resonator is characterized by its admittance. In Fig. 3(b), the
SAWs propagate in direction A, the fundamental resonance
mode—which corresponds to the maximum value of the ad-
mittance at 474.81 MHz—and the anti-resonance mode—
which corresponds to the minimum value of the admittance
at 475.26 MHz. Figure 3(c) shows that the fundamental res-
onance mode and the anti-resonance mode at 473.68 MHz
and 473.97 MHz, respectively, corresponding to SAWs prop-
agating in direction B. The response center frequencies of
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Fig. 3. (a) Orientations of SAWRs on GaN wafer. For resonators in
direction A, acoustic waves propagate along [112̄0] direction. While in
direction B, acoustic waves propagate along [11̄00] direction. (b) Ad-
mittance of SAWs propagating along [112̄0] direction. (c) Admittance
of SAWs propagating along [11̄00] direction.

these two resonators are very close. The SAW velocity (VSAW)
can be calculated according to the following equation:

VSAW = f ·λ . (1)

From the resonance frequency and the wavelength, we obtain
VSAW ≈ 3800 m/s. So the frequencies that we have detected
correspond to the fundamental Rayleigh (R) mode in GaN.

Compared with the [11̄00] direction, a higher value of the
resonance frequency is observed for the [112̄0] direction of
the acoustic wave. The difference in resonance frequency be-
tween the SAWs from [112̄0] and [11̄00] is about 0.25% for
the Rayleigh propagation mode. Muller et al.[7] and Calle et
al.[17] have obtained even bigger results (about 1%) for a GaN
membrane grown on sapphire regarding the Rayleigh propa-
gation mode. The substrate material may also induce SAWs
to anisotropically propagate. The GaN has a wurtzite crystal
structure, point group 6 mm, which leads to isotropically elas-
tic and piezoelectric properties in the c plane. However, the
trigonal crystal class of sapphire −3 m is non-piezoelectric
and shows a 6-fold symmetry of the elastic properties in the
c plane. This crystal mismatch induces a dependence of the
SAW frequency on orientation.[17] High-crystal quality bulk
GaN is a bulk substrate material. Compared with epitaxial
films, its crystal mismatch is smaller than that of thin film sub-
strate material. Consequently, the difference in SAW velocity
between two different directions is also smaller than that of
thin film material. Therefore, the difference in frequency be-
tween the two directions is smaller.

The electromechanical coupling coefficient (K2
eff) is also

assessed in this work, which is a measure of energy conversion
efficiency between the electrical domain and the mechanical
domain. A high K2

eff value means a high energy conversion
efficiency. To explore the piezoelectric properties of GaN sub-
strate, the K2

eff of the device is calculated from[18]

K2
eff =

2(v0 − vm)

v0
=

π

4N
G( fr)

B( fr)
, (2)

where v0 and vm are the SAW phase velocity along the free
surface and the SAW phase velocity along the electrically
short-circuited surface of the GaN substrate, respectively. The
electromechanical coupling coefficient is calculated by the ra-
diation conductance G( fr) and the susceptance B( fr), which
are derived from Smith’s equivalent model by measuring S11

parameter (reflection) at response center frequency; N is the
number of finger pairs of the IDT. At room temperature, the
mean value of K2

eff that we obtained for the Fe-doped GaN
substrate is about 3.03% in the [112̄0] direction and also in
the [11̄00] direction. The K2

eff that we measured is also larger
than some other published results, which are generally con-
sidered between 0.1% and 1.9% with different thickness and
different resistivities.[19–21] Lee et al. reported that the K2

eff of
Mg-doped GaN film grown on (0001) sapphire by MOCVD
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is about 4.3%.[22] It is shown that the Fe-doped GaN substrate
has a high K2

eff value, suggesting a high energy-conversion effi-
ciency, which is beneficial to the Q-factor. The Q-factor of the
SAW resonator is evaluated by its SAW propagation loss. For
the acoustic device, the Q-factor and SAW propagation loss α

is related by[23,24]

α (dB/λ ) =
8.686π fr

Q f g
, (3)

where fr = vp/λ0 and fg = vg/λ0 with λ0 being the wavelength
of SAW, vp the SAW phase velocity, and vg SAW group veloc-
ity. When the electromechanical coupling coefficient is larger,
it represents a higher piezoelectric effect and more energy is
converted into acoustic energy of the SAW device, the propa-
gation loss is reduced, and the Q-factor is increased, relatively.

The Q-factor of one-port SAWR is a measure of the en-
ergy loss in the period and significantly influences the insertion
loss and rectangle coefficient in SAW device applications.[25]

The most basic definition of Q-factor is

Q = 2π
Es

Ed
, (4)

where Es is the energy stored in the system and Ed is the en-
ergy dissipated per radian of the vibration cycle. Several meth-
ods can be used to estimate the Q-factor practically. The Q-
factor characterizes the sharpness of the resonance peak and
is defined by the ratio of the resonance frequency to the 3-dB
bandwidth and is expressed as

Qr =
fr

∆ f 3 dB
. (5)

The calculated Qr values of the fundamental resonance mode
are 3650 and 3900, corresponding to SAWs propagate along
the [112̄0] and [11̄00], respectively. For the bulk GaN sub-
strate, the one-port resonator fabricated on it has a high Q-
factor and the Q values of the one-port SAWRs are above 3600
in the two different crystal orientations.

To ensure good comparison, we fabricate a one-port res-
onator with the same structure on Fe-doped GaN film in
the [112̄0] direction, and the various parameters remain un-
changed. As shown in Fig. 4(a), the resonant frequency of the
SAWR on Fe-doped GaN film is detected at 471.20 MHz. The
resonant frequency drops by about 3 MHz, which may be due
to various accidental factors in the device fabrication process.
The reflection coefficient (S11) measured by VNA represents
the ratio of reflected signal energy to incident signal energy,
which is usually shown in unit dB. It does not characterize the
size of energy loss directly. A small S11 value represents that
the reflected signal energy is small. It also suggests that there
is a large energy absorption in the SAW device. This means
that more energy is stored in the resonators that we have fabri-
cated. In Fig. 4(a), the S11 of resonator fabricated on the bulk
GaN is smaller than that on the GaN film. This means that

the more energy is stored in the resonators fabricated on the
bulk GaN, while the signal in the resonator fabricated on the
bulk GaN is better than that in the resonator fabricated on GaN
film. These results indicate that the Q-factor on the bulk GaN
is higher than that on GaN film. Furthermore, the Q value of
device fabricated on the Fe-doped GaN film is significantly
reduced, generally around 2000; as shown in Fig. 4(b). More
energy absorption in the resonator is one of the reasons why
the one-port SAWR on the bulk GaN has a higher Q-factor
than that on the GaN film.
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Fig. 4. (a) Frequency response of two SAW one-port resonators, both acoustic
waves propagate along the [112̄0]. (b) Admittance of one-port SAW resonator
on GaN film, and the acoustic waves propagates along the [112̄0].

400 420 440 460 480 500 520

-80

-70

-60

-50

-40

-30

-20

T
ra

n
sm

is
si

o
n
/
d
B

Frequency/MHz

 GaN film
 bulk GaN

R

R

Fig. 5. Transmission characteristics of two SAW delay lines. SAW de-
vices are based on GaN film and bulk GaN, respectively. Wavelengths
for both delay lines are 8 µm. The resonance marked by R located at
about 470 MHz is Rayleigh mode.

The Q-factor of one-port SAW resonator mostly depends
on the energy loss of the SAW propagation process, which can
be evaluated by S21 parameter. A high S21 value means a low
energy loss. Then, a delay line SAW device of the same struc-
ture is fabricated on both substrates. As shown in Fig. 5, it
is found that the insertion loss of the delay line on the bulk
GaN is much higher than that of the GaN film. It is very likely
that the device produced on the high-crystal quality bulk GaN
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has a small SAW propagation loss, which leads to a significant
increase in quality factor in Fig. 4. The propagation loss is
related to the material and the resonator structure. The most
important part is the propagation path loss of the SAW on the
substrate material surface, including absorption loss, scatter-
ing loss and dispersion loss. It is very likely that the device
produced on the high-crystal quality bulk GaN has a small
propagation loss, which leads to a significant increase in qual-
ity.

Considering the thermal stability of the one-port SAWRs,
the temperature coefficient of frequency (TCF) is calculated
for the Rayleigh mode of the one-port SAW resonator from
the following equation:

TCF =
1
f0

d f
dT

=
1

T −25 ◦C
f (T )− f (25 ◦C)

f (25 ◦C)
, (6)

where T is the temperature in Celsius and f (T ) denotes the
resonance frequency at T . Two SAWRs based on different
substrates are examined in a temperature range from 25 ◦C to
150 ◦C. Figure 6 shows the variations of response frequency
with temperature of two one-port resonators. As the temper-
ature increases, whether a GaN film substrate is used or a
bulk GaN substrate is adopted, the resonant frequencies of the
two SAWRs based on two substrates gradually decrease. It
can be seen that both resonant frequencies linearly decrease,
and the downward trend of the bulk GaN substrate is slightly
larger than that of the GaN film. According to formula (5),
we can calculate the TCFs of the two substrates, which are
−22.8 ppm/◦C and −23.8 ppm/◦C, respectively. The TCF of
bulk GaN substrate is slightly lower than that of GaN film, and
large enough to be used in temperature sensors. All of our re-
sults suggest that SAWR fabricated on bulk GaN is sensitive
to high temperature monitoring.
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Fig. 6. The change in resonant frequency with temperature of SAWRs
based on GaN film and bulk GaN.

4. Conclusions
In this work, the properties of one-port SAWRs fabricated

on semi-insulating Fe-doped GaN substrates are investigated.
The transmission characteristics of the Rayleigh mode are
evaluated in two vertical propagation directions, i.e., [112̄0]
GaN and [11̄00] GaN. The electromechanical coupling coef-
ficient for the Rayleigh mode is 3.03%, and the quality factor
is above 3600 for the resonator fabricated on semi-insulating

bulk GaN, which is a high value for the quality factor of GaN
SAW device. The temperature coefficient of frequency for
bulk GaN SAWR is slightly lower than that for the device fab-
ricated on GaN film grown on sapphire substrate, indicating
that it has potential in high-temperature sensing applications.
It is shown that the high-quality bulk semi-insulating GaN will
open up a new method to fabricate GaN SAW devices.
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