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Abstract— We report on the experimental verification of the 
acoustoelectric effect in gallium nitride (GaN) and present a 
model to describe this effect in GaN thickness-mode bulk 
acoustic filters.  Filters are fabricated using 2.2 µm thick n-type 
GaN on high resistivity silicon epiwafers obtained from 
SOITEC. Acoustoelectric effect was observed by applying an 
electric field parallel to c-axis, the direction of acoustic wave 
propagation.  Improvement in the insertion loss and out-of-band 
rejection was observed and Q amplifications exceeding 240% 
was achieved.  Acoustoelectric effect makes it possible to 
dynamically tune the frequency response of GaN resonators and 
filters. 

I. INTRODUCTION  
Gallium nitride (GaN) is increasingly gaining popularity as 

a wide bandgap semiconductor material capable of operating 
in high temperature regimes and at high power levels.  This is 
of significance to monolithic microwave integrated circuit 
(MMIC) technology.  Research into GaN has been mostly 
focused on its application in microelectronic devices such as 
high electron mobility transistors (HEMTs), which offer 
higher power, efficiency and bandwidth than their silicon-
based counterparts.  However, application of GaN in micro-
electromechanical systems (MEMS) has not been much 
explored.  GaN film bulk acoustic resonators (FBARs) have 
been demonstrated recently by Muller et al [1].  However, the 
quality factor (Q) of the previously reported GaN filters has 
not been sufficiently high to allow their use in RF circuits or 
as frequency references.  This paper discusses a method that 
makes it possible to dynamically improve the Q of the device 
using acoustoelectric effect.  This effect allows us to amplify 
the acoustic waves in a thickness mode GaN filter by applying 
an electric field in the direction of acoustic wave propagation.  

The acoustoelectric effect is caused by the interactions 
between the acoustic phonons and electrons.  When the 
velocity of electrons exceeds the velocity of the acoustic 
phonons, energy will be transferred from electrons to phonons.  
This effect can be manifested as an amplification of Q in 
micromechanical resonators. Acoustoelectric effect is easier 

achieved in piezoelectric semiconductors.  GaN exhibits both 
strong piezoelectricity and possesses large number of intrinsic 
charge carriers and as such is a strong candidate for the 
observation of the acoustoelectric effect.  In this work, we 
present measured results that support the theory of Q 
amplification using acoustoelectric effect in GaN 
micromechanical devices.  From a phenomenological 
perspective, we attempt to explain the acoustoelectric effect in 
terms of the equivalent electrical model of the GaN filter.  The 
change in the motional and electrical parameters of the model 
agrees with the theory of acoustoelectric amplification in bulk 
materials.  

II. ACOUSTOELECTRIC EFFECT 
A.  Acoustoelectric Attenuation  

Historically, the term “acoustoelectric effect” has been 
associated with the attenuation of a propagating acoustic 
wave.  This attenuation is due to phonon-phonon and electron-
phonon interactions in the material. Purely mechanical 
material losses due to phonon-phonon interactions are well 
known.  The effect of electrons as a loss mechanism was first 
suggested by Shaposhnikov [2] in 1941, who discussed for the 
first time the absorption of acoustic wave energy by electrons. 
This was substantiated by Parmenter [3] in 1953 by observing 
a DC electric current in the direction of the acoustic wave. 
This effect was explained in detail in a definitive work by 
Weinreich [4] who modeled wave-particle drag in a 
semiconductor.  Fundamentally, when an acoustic wave 
travels through a piezoelectric material, an AC electric field is 
set up due to the periodically strained regions. Conduction 
electrons react to this, leading to a spatial redistribution of the 
carriers.  Electrons bunch up at the minima of potential energy 
which are periodic due to the acoustic wave.  Due to the 
difference in velocities between the electrons and the acoustic 
wave, there is a phase difference between the electric field and 
the wave, which causes an energy transfer from the sound 
wave to the electrons and a resultant attenuation of the 
acoustic wave [5]. 
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B. Acoustoelectric Amplification  
The converse of this interaction (i.e., acoustoelectric gain) 

is also possible and was experimentally discovered by Hutson 
et al, in 1961 [6].  Their work demonstrated the amplification 
of acoustic waves in photoconductive single crystal cadmium 
sulphide (CdS) when the velocity of conduction electrons was 
higher than the sound velocity in the material (Fig. 1).  The 
increased electron drift velocity was attained by increasing the 
strength of the electric field in the direction of the acoustic 
wave propagation. The electron-phonon energy transfer was 
analytically modeled by Spector [7].  This model yields the 
criterion that the acoustic wave will be amplified when 
electron drift velocity exceeds the acoustic velocity, causing a 
crossover from net acoustic loss to net acoustic gain. 

 

 
Figure 1. Crossover from acoustic attenuation to acoustic gain in a CdS 
crystal. After Hutson et al [6].  

 
C. Current Saturation in Piezoelectric Semiconductors 

An alternate way of looking at the phenomenon of 
acoustoelectric amplification is purely from the perspective of 
electrical resistance. Smith [8] showed that piezoelectric 
semiconductors exhibit non-ohmic behavior upon application 
of strong pulsed DC signals. In Smith’s experiments, the 
acoustoelectric amplification was verified in CdS by 
measuring the electric current passing through the CdS 
crystal as a function of the applied electric field.  It was 
shown that as the electric field increases beyond a certain 
point, the current exhibits non-ohmic behavior and tends to 
saturate.   The value of the electric field at the transition point 
from ohmic to non-ohmic region was in agreement with that 
at the transition from acoustic loss to acoustic gain in CdS.  

The current saturation or increase in electrical resistance 
can be explained from the energy standpoint.  As the electric 
field is increased beyond a critical value, although the total 
energy of the system increases, due to the electron-to-phonon 
energy transfer, the increased energy is absorbed by the 
acoustic wave and does not drive a proportionally greater (or 
in other words ohmic) electric current. This result was 
confirmed by Hutson [9].  

 

III. ACOUSTOELECTRIC AMPLIFICATION IN GAN 
A. Acoustoelectric Gain coefficient 

Early experiments using CdS led to a large amount of 
experimental and analytical work on acoustoelectric 
amplification. However the inherent processing limitations 
and the poor quality of CdS crystals available at the time made 
further research difficult. At the same time, the low electron 
mobility of CdS made it necessary to use DC voltages on the 
order of kilovolts in order to measure this amplification (see 
Eq. 1 for the relation between mobility and amplification). 
This made practical applications prohibitive in CdS. Research 
on this effect in bulk semiconductor materials was eventually 
abandoned due to these practical limitations, and the focus 
was changed to the more viable surface acoustic wave (SAW) 
technology [2], [5].  

Recently, interest in GaN has been revived due to its use in 
RF applications as mentioned above. Along with this, 
analytical treatment by Abdelraheem et al [10] and Mensah et 
al [11] indicated that GaN is potentially a good candidate for 
observing amplification of ultrasonic wave using the 
acoustoelectric effect. Based on the small signal theory 
originally developed for piezoelectric semiconductors by 
White [12], Abdelraheem et al [10] presented an expression 
for the acoustoelectric attenuation (or gain) coefficient ߙ as 
given by (1).  ߙ ൌ ଶ2ܭ ߱஼ሺݒௌ െ ሻܧߤ ቈ1 ൅ ߱஼ ଶݒௌଶሺݒௌ െ ሻଶ߱ଶܧߤ ቆ1 ൅ ߱ଶ߱஼߱஽ቇ቉ିଵ , ሺ1ሻ 

where ܭ is the electromechanical coupling coefficient, ߤ is the 
electron mobility, ݒௌ is the acoustic velocity, ܧ is the applied 
DC electric field, ߱ is the acoustic frequency, ߱஼  is the 
dielectric relaxation frequency, and ߱஽is the dielectric 
diffusion frequency [10]. The coefficient ߙ is positive for net 
acoustic attenuation and negative for net acoustic gain. 

Most of the quantities here are dependant solely on the 
material properties.  The only real variable is the value of the 
applied electric field.  The critical term in the expression is the 
difference between the acoustic velocity and the electron drift 
velocity,ሺݒௌ െ  ሻ. For net acoustic gain, the electron driftܧߤ
velocity, ܧߤ, must exceed the acoustic velocity, ݒௌ. Therefore, 
a material with high electron mobility is desirable. The value 
of electron mobility for CdS is approximately 200 cm2/Vs 
whereas the theoretically predicted value for GaN is 1500 
cm2/Vs. The highest experimentally measured value for GaN 
electron mobility is 950 cm2/Vs (at 300 K) [13], which is still 
far greater than that of CdS. Therefore, theoretically, GaN is a 
superior material for exhibiting acoustoelectric amplification 
at low electric fields. The theoretical models together with the 
availability of high-quality epitaxially grown thin film GaN on 
substrate provide us with a strong motivation to study the 
acoustoelectric effect in GaN at the micro scale and using 
micromechanical bulk acoustic filters, for the first time.  

B. Q amplification in thickness mode filters 
The device under investigation is a two-port, 

piezoelectrically transduced, thickness mode, bulk acoustic 
wave (BAW) filter with electrode configuration as shown in 
Fig. 2. In this configuration, two acoustic resonators are 
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Figure 2. Schematic showing a cross section of the BA
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Figure 3. XRD analysis indicates that the peak for [000
detector angle of 34.51º. The FWHM for this peak is 
316.8 arc seconds. 

efore, there exist 
dividual resonator 
oupling the two 

C bias to one of the 
e two ports as well 
und) electrode. If 
ation of sufficient 

the shear waves 
f the shear wave 

mplification of the 
-of-band rejection 

mplification of the 

 
AW filter and electrode 
des for acoustoelectric 

lly available GaN 
m SOITECH [14]. 

g molecular beam 
silicon substrate. 

buffer layer was 
ween the substrate 
X-ray diffraction 

quality of the GaN 
detector angle (2-
mum (FWHM) of 
316.8 arc seconds, 
ure (Fig. 3).   

 
02] GaN is found at a 
found to be 0.088ºor 

We deposited a 50 nm thick sil
GaN film to increase the feed-thro
associated with the semiconducting 
was then etched down to form the
inductively coupled plasma (ICP) 
etch chemistry. Top electrodes consi
nm Au were patterned using electro
liftoff. The contact pads had a thick
nm Au to reduce the probe to wafe
GaN membranes were released using
(DRIE) through the back side of 
metallization using 10 nm Ti and 10
using sputter deposition for confor
DRIE trench profile. 

Several designs were studied w
GaN membrane area, aspect ratio, t
gap between electrodes. Fig. 4 show
of the fabricated devices. 

Figure 4: An SEM image of a fabricated
electrode placement. 
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Figure 5. Nominal measured response of the GaN fi
microscope image of the device.  

 
B. Effect of Applied Electric Fields 
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Figure 6. The acoustoelectric amplification of the filter 
increasing DC bias.  

VI. DISCUSSION 
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Figure 9. Equivalent model for the filter at 0 V DC 
 

Figure 10. Modeled vs. measured response of the filter a
 

Figure 11. Equivalent model for the filter at 44 V DC.  

B. Motional Impedance 
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D. Port Parasistic Impedances 
The parasitic impedances of the reson

from the input/output ports to ground increas
DC bias. The same argument used for the
through resistance can be applied here.  Elec
to the ground port increases as the long
waves are amplified. The increased parasiti
results in increased out-of-band rejection for
shows the trend for port parasitic imped
function of DC bias. The increase in both Z
acoustoelectric gain thus contributes to the
the response of the filter. 

 

 
Figure 14. Normalized trends showing increase in para
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