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A Reconfigurable Surface Acoustic Wave Filter
on ZnO/AlGaN/GaN Heterostructure
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Abstract— With the increasing number of filters on ra-
dio frequency front ends, especially in hand held systems
such as cell phones, there has been a growing interest
developing reconfigurable filters to accommodate all of the
frequencies used modern communication protocols. This
article demonstrates a voltage tunable filter by utilizing
the acoustoelectric effect between acoustic waves on Zinc
Oxide (Zn0O) and the two-dimensional electron gas (2DEG)
in the interface of Aluminum Gallium Nitride (AlGaN) and
Gallium Nitride (GaN). The device is capable of tuning
the center frequency by up to 0.78%. Furthermore, the
emergence of an accumulation region at the ZnO/AlGaN
interface allows for control of the side-band rejection ratio
by 16 dB and bandwidth by 12 dB demonstrating a degree
of reconfigurability previously not reported.

Index Terms— Acoustoelectric Effect, Adaptive, Filter,
Gallium Nitride, Reconfigurable, Surface Acoustic Wave,
Thin-Film, Tunable

[. INTRODUCTION

OR many years now, acoustic filters such as surface

acoustic wave (SAW) and bulk acoustic wave (BAW)
devices have dominated the radio-frequency (RF) filtering
applications due to their small size and low cost. Recently,
their utilization has increased substantially in mobile phones
where dozens of filters are required to accommodate carrier
aggregation. This is a protocol which requires the use of
many filters, each with a different center frequency and with a
bandwidth that does not overlap with its neighbor. This forces
designers to cram many filters into valuable area and with the
number of filters single systems growing, it has generated an
interest in the development of acoustic tunable filters [1]. Com-
pounding interest on this topic is the emergence of wide-band
adaptive RF front ends which require reconfigurable filters to
attenuate undesired interference thus enabling the utilization
of software-defined radios in congested and dynamic spectral
environments [2].

There exist several approaches to realizing tunable filters.
One strategy utilizes a bank of SAW transducers of different
center frequencies which are controlled via switches to obtain
a significant tunability of 25% [3], [4]. A popular technique
at higher frequencies, SAW or BAW resonators are combined
with variable capacitors to obtain a tunable center frequency of
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Fig. 1. Implementation of acoustoelectric filter composed of thin-film
piezoelectric SAW filter fabricated on top of compound semiconductor.

up to 2.5 % [5]-[7]. The drawback of these implementations
is that the addition of switches and varactors significantly
increases the complexity and form factor. Thus, a simpler and
more integrated device or architecture is desirable.

A potential solution exist using the acoustoelectric effect
described in [8], where the propagation characteristics, namely
the amplitude and phase velocity, of surface acoustic waves are
modified by free carriers in a nearby semiconductor. Heavily
researched in the 1960’s and 1970’s, this effect was originally
investigated as a means to intrinsically amplify acoustic waves.
Significant demonstrations of this effect were presented in [9],
[10], where the authors obtained substantial amplification in
a piezoelectric semiconductors CdS and GaAs crystals. Ham-
pered by poor electromechanically coupling, efforts to improve
performance focused on combining high-quality piezoelectric
materials such as LiNbOs with high mobility bulk semicon-
ductors such Si [11], [12] or thin-film semiconductors such
as InSb [13] and CdSe [14] deposited on bulk piezoelectric
crystals. While improved performance was achieved in terms
of gain and stability, the devices suffered from large operating
electric fields and high noise figure limiting their adoption in
practical systems [15].

The amplitude of the acoustic wave is not the only aspect of
its propagation affected by the acoustoelectric effect. When the
free carrier concentration of the semiconductor is large enough
to short out the penetrating electric field of the SAW, the
acoustic velocity is decreased. This effect was demonstrated
on two-dimensional electron gas (2DEG) of GaAs/AlGaAs
where the GaAs also functions as the piezoelectric material
[16], [17]. A hybrid LiNbO3/AlGaAs/GaAs structure was
demonstrated in [18] which exhibited a tunability of 0.172%.
Recently, similar work has been extended to GaN/AlGaN
heterostructures also utilizing the GaN buffer layer in an
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Fig. 2. Acoustic gain and phase velocity change due to the acous-
toelectric effect according to normal mode theory model in [15] for
E = 500_%..

AlGaN/GaN epi for acoustic propagation while a metal-
insulator-semiconductor (MIS) structure is used to tune the
SAW response [19]. Unfortunately, the MIS structure results in
a weak interaction only achieving a phase tunability of 0.07%.
In [20], dual ZnO layers are grown on r-AlyO3 to achieve
0.44% relative frequency shift. A similar structure utilizes thin
ZnO as a piezoelectric on top of n-type ZnO on GaN achieving
a high tunability of .9% [21]. In this work, we demonstrate
a ZnO on AlGaN/GaN heterostructure capable of achieving
high tunability of 0.78% while also demonstrating control of
the side-band rejection and bandwidth not previously observed
due to an additional accumulation region.

[I. CONCEPT, DESIGN, AND FABRICATION
A. Operating Principle

A diagram of the device is demonstrated in Fig. 1. A thin-
film piezoelectric material is deposited and patterned on a
compound semiconductor to obtain a high-quality SAW filter.
The surface acoustic waves are induced on the piezoelectric
film via the interdigitated transducers (IDT). Depending on
the characteristics of the semiconductor, the effect can lead
to amplification of the acoustic wave or in modulation of
the phase velocity. Utilizing the normal mode theory model
presented in [15] for the heterostructure structure in Fig. 1
with the material properties ep = 9.6¢p, €g = 10.15¢q,
pu = 160092, Vp = 40002, dp = lum, and a K2, = 1%
where ep and er are the permittivity of the piezoelectric and
semiconductor materials respectively, u is the carrier mobility
of the semiconductor, Vp is the phase velocity of the acoustic
wave, dp is the thickness of the piezoelectric material, and
Kesz is the electromechanical coupling of the piezoelectric
material, the acoustic gain and change in phase velocity can
be predicted as demonstrated in Fig. 2. As the acoustic waves
propagates through the medium, it gives rise to an alternating
electric field. If the free electrons are accelerated beyond the
acoustic phase velocity, the acoustic waves are amplified due
to an energy transfer that occurs when stress leads the strain.
If the concentration is increased, a screening effect occurs

causing a shorting of the electric field that results in power
loss and piezoelectric stiffening.

This piezoelectric stiffening manifest itself in a decrease of
phase velocity and since the center frequency of a SAW filter
is given by

Vo

fo= 3 (1

where )\ is the periodicity of the transducers, this translates
to a decrease in center frequency of the SAW filter. Thus,
if a semiconductor is used to vary the concentration of
free carriers, the degree of stiffening and thereby the center
frequency can be actively modified.

B. Design Considerations

The change in attenuation and acoustic phase velocity from
this effect by a nearby 2DEG is given by
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TABLE |

MAXIMUM TUNABILITY OF THE MULTILAYERED CONFIGURATION IN FIG.
1 WITH DIFFERENT PIEZOELECTRIC MATERIALS. MATERIAL
PARAMETERS ARE TAKEN FROM [22]-[24]

Piezoelectric Material | Vgaw % K g tf At?gzﬁon Tunability
LiNbO3 3890 55 % .002 2.5 %
AIN 4500 2 % .01 1%
ZnO 3500 1.5% 6 75 %

where o is the sheet conductivity of the semiconductor, and
oy is the relaxation conductivity and is expressed as o =
Voeeyr where e.¢5 is the effective dielectric constant of the
layered structure [17].

Table I shows the maximum tunability of different piezo-
electric mediums an AlGaN/GaN epi with carrier density of
10*3¢em =2 and mobility of = 1600 C{}f where the conductiv-
ity is 0g = qNpu. As seen here, the tunability is dominated
by the electromechanical coupling. Thus, the material with
highest electromechanical coupling, LiNbO3, will yield the
highest tunability. However, LiNbO3 cannot be easily grown
on different substrates and only recently have thin-films been
demonstrated on silicon through surface activation bonding
[25]. AIN and ZnO are the most common materials used
in this application since they can be sputtered on many
different substrates. While AIN dominates the high frequency
resonator application space, ZnO is capable of obtaining a
larger electromechanical coupling leading to greater tunability.
For this reason and its low thermal budget during deposition,
ZnO is the material of choice for this work.

Critical piezoelectric characteristics such as acoustic phase
velocity and electromechanical coupling are dispersive accord-
ing to the thickness of the thin-film [26], [27]. This allows for
the thickness of the piezoelectric to be chosen according to the
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Fig. 4. Top view of final structure. Each IDT has 24 pairs of transducers
with a pitch of 2 pm and 1mm apart.

desired frequency of interest without impacting the electrical
properties of the semiconductor. From [27], a piezoelectric
thickness to wavelength ratio, %, greater than 0.1 should
result in an electromechanical coupling above 1% and an
acoustic velocity of in the 3800-4900 “* range. Considering
this, a piezoelectric thickness of 1 um was chosen with a
transducer and gap pitch of 2 um which corresponds to a %
of 0.125. Utilizing the equivalent circuit model in [28] with
the piezoelectric parameters Kff ;= 1% and Vy = 45007,
the number of pairs of the transducers were chosen to be
24 pairs with an aperture of 500um to obtain a transducer
capacitance of 1.2 pF. Although mismatched, this is a high
enough capacitance that can easily be resonated out by a
series inductor. The transducers are Imm apart to allow the
placement of large DC probes directly on the ZnO. This was
utilized instead of patterning an electrode on ZnO to avoid
any further screening and mass loading of the acoustic wave.

C. Fabrication

Figure 3 illustrates the fabrication process used to construct
the device. The AlGaN/GaN/AIN on silicon epi was obtained
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Fig. 5. (a) Scanning electron microscope image of the cross section of
ZnO grown on AlGaN/GaN Epi. (b) X-Ray diffraction results demonstrat-
ing C-axis growth of ZnO on AlGaN/GaN.

as a donation from Rayth;:on Technologies and has an electron
mobility of 1 = 157057 with 2DEG concentration of Np =
2.2 x 103e¢m™2. A bi-layer of photoresist is patterned via
photolithography and developed. Electron beam deposition is
used to deposit Ti (400A), Al (8000A), Ni (400A), and Au
(8000A) for the electrodes on the AlGaN. These are then
annealed in a rapid thermal annealer at 900°C to form ohmic
contacts to the 2DEG.

The ZnO is patterned using the lift-off method. A thick bi-
layer of photoresist is patterned to define the piezoelectric area.
RF sputtering is then used to deposit the ZnO at a rate of 0.7
AJs for 5 hours. The sputtering conditions are the following:
150°C sample temperature, a power of 200W, a pressure of
2 mTorr, and an Ar to O5 ratio of 1:1. The he device is then
placed in remover PG solvent to lift-off the ZnO.

A scanning electron microscope (SEM) image of the cross-
section of a sample processed in parallel to the device is shown
in Fig. 5(a). The thickness of the film was verified to be 1.16
pm utilizing a thin-film spectrometer. The oval deformations
are a result of stress during the cleaving process. Visually, the
image is consistent with crystalline grown of the piezoelectric
with clear appearances of grain boundaries similar to the
epitaxially grown GaN layer underneath. However, to ensure
piezoelectricity, X-ray diffraction (XRD) measurements were
performed on the same sample. Fig. 5(b) depicts the XRD
results which indeed show a C-axis crystal orientation of the
resulting ZnO layer [29].

To finalize the structure, the IDTs are defined by patterning
a bi-layer of photoresist by a laser writer and depositing 600A
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Fig. 6. (a) Forward transmission S-parameter, S21 of device biased at different voltages with a Config.2 setup. (b) Forward transmission S-
parameter, Sz21, of device biased at different voltages with a Config.2 setup. (c) Band diagram of ZnO/AlGaN/GaN heterostructure demonstrating
the emergence of an accumulation layer at the Zno/AlGaN interface. (d) Current/Voltage relationship of vertically applied electric field on ZnO
(Config. 2). (e) Current/Voltage relationship of vertically applied electric field on AlGaN/GaN ohmic contacts (Config. 1). (f) Capacitance/Voltage
relationship of vertically applied electric field at 1KHz with a Config.2 setup.

RF Probe RF Probe
@ prope " brope A. Measurement Results

The device is measured under two different configurations
as seen in Fig. 7 (a) and (b). In each one, the RF probes

are applied to the probing pads connected to the transducers,

however, the electric field is either applied vertically on the

(b) bc REProbe REProbe e ZnO and on one of the ohmic contacts (Config. 1) or laterally

' transmission S-parameters, So1, under different voltage biases

“ for both configurations are shown in Fig. 6(a) and (b). Under

a OV bias in Fig. 6(a), the device shows a center frequency of

the bias grows more negative, the insertion loss increases and

Fig. 7. (a) Configuration 1 (Confg. 1) where electric field is applied  the side-band rejection and bandwidth also increase, however,
across ohmic contacts on AlGaN/GaN. (b) Configuration 2 (Confg. 2) . . .

very little change occurs in the center frequency of the device.

appears, however, the center frequency of the filter is also

of Al. An additional lift-off lithographic step is used to deposit ~down-shifted. This suggest that the acoustoelectric effect is

1000A of Au pads for the RF probing. Micrographs of the dominated by the 2DEG at AlGaN/GaN interface while the

pairs of fingers with a pitch of 1.5um and are Imm apart. be explained by the formation of an accumulation layer at the

ZnO/AlGaN interface as seen in Figure 6(c). This is further

supported by the current voltage relationships of a vertically

Probe " M Pepe across the ohmic contacts on the AlIGaN/GaN (Config. 2). The

586 MHz, indicating an acoustic phase velocity of 4544 . As

where electric field is applied vertically on the ZnO and ohmic contact. Under the Config. 2 setup in Fig. 6(b). the the same effect
finalized structure are shown in Fig. 4. The IDTs have 24 effect observed during the vertically applied electric field can
applied electric field across the ZnO, Figure 6 (d), and a

I1l. RESULTS AND DISCUSSION
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Fig. 8. (a) Forward transmission S-parameter, Sz21 showing wide-band response of the device under 0V and 40V bias in a Config.2 setup. (b)

Forward transmission S-parameter, S21 response of the 3rd HOM under different bias in a Config.1 setup. (c) Forward transmission S-parameter,

S21 response of the 3rd HOM under different bias in a Config.2 setup.

laterally applied electric field across the AlGaN/GaN ohmic
contacts, Figure 6 (e). As the vertical electric field is applied
very little current is observed at reverse bias, but as the voltage
approaches 0 volts and beyond, the Schottky barrier formed by
the probe and the ZnO is forward biased and a large current
flows from the surface of the ZnO to the ohmic contact on the
AlGaN/GaN.

To investigate how much the vertically applied electric field
can gate the 2DEG in the AIGaN/GaN interface, an impedance
analyzer was used to measure the capacitance-voltage (CV)
relationship. Fig. 6 (f) demonstrates the CV relationship of
the vertically applied electric field at 1KHz. While some
electrostatic control is observed, it is very weak, thus verifying
that the acoustoelectric effect observed is mostly due to the
increase in carrier concentration in the 2DEG due to the
laterally applied electric field on the ohmic contacts.
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Fig. 9.  S21 and S11 S-parameters for SAW response at a 80 volt
bias under Config. 1 setup for unmatched raw data and matched data
in simulation software. Circuit shows the configuration utilized to match
both ports. Output match, Sa2, is nearly identical to S11 so it is not
included in the plot.

B. Effect on Higher Order Modes

Higher order modes (HOM) are known to be present in
c-axis ZnO thin-film SAW devices [23], [27] and are often

the focus of the design instead of the fundamental Rayleigh
wave since they can possess higher electromechanical coupling
and phase velocities. Therefore, it is of interest to examine
the if these higher modes also exhibit similar characteristics
due to the acoustoelectric effect. Figure 8 (a) demonstrates
the wide band response of the filter biased at OV and 40V
under Config.2. Since the response of the Ist and 2nd order
modes are obscured and difficult to analyze, the focus of the
discussion will be on the 3rd mode. Fig. 8 (b) demonstrates the
response of the 3rd HOM under a Config.1 setup. Unlike the
fundamental Rayleigh wave, the effect on the center frequency
is evident reaching a total difference of 0.35% while effects
on side-band rejection and bandwidth are very little. Under the
Config. 2 measurement setup, Fig. 8 (c), the effect is much
more pronounced reaching a total difference of 0.556% from
the center frequency at a 40 V bias. Thus, similarly to the
fundamental mode, the acoustoelectric effect is stronger under
Config.2 biasing.

C. Discussion

Fig. 10 (a) and (b) summarize the change in insertion
loss and phase velocity due to the acoustoelectric effect
versus voltage bias under both configuration setups for the
fundamental and 3rd HOM. Both demonstrate a general trend
in insertion loss as it degrades by up to 4dB in as the bias is
increased. Under Config. 1, the phase velocity is decreased by
0.074% the original value when no bias is applied while the
3rd HOM is shifted by 0.23%. When biased under Config.
2, the phase velocity is decreased by up to 0.78% which
corresponds to a 4.64 MHz decrease in center frequency for
the fundamental mode. For the 3rd order mode, the maximum
change of 0.556% or 11.1 MHz is achieved at a bias of 40V,
while beyond 60V the center frequency becomes difficult to
identify. While the effect is present in Config.1, the interaction
is stronger in a Config. 2 setup signifying that it is dominated
by the 2DEG. Additionally, a considerable amount of power
can be drawn in the Config. 2 setup that will result in some
heating of the ZnO thin-film. Since the thermal coefficient
of frequency (TCF) of thin-film ZnO is —425% [29], the
frequency shift is likely dominated by the acoustoelectric
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(a) Insertion loss at the center frequency and change in phase velocity versus applied voltage for both fundamental and 3rd HOM in a

Config. 1 setup. (b) Insertion loss at the center frequency and change in phase velocity versus applied voltage for both fundamental and 3rd HOM in
a Config. 2 setup. (c) Bandwidth and Side-Band Rejection versus applied voltage for fundamental and 3rd HOM in a Config. 1 setup. (d) Bandwidth
and Side-Band Rejection versus applied voltage for fundamental and 3rd HOM in a Config. 2 setup. The side band rejection ratio is calculated by
comparing the insertion loss at the center frequency to the insertion loss of the left side-lobe.

effect. This is further supported by the results under the
Config. 2 setup where very little to no current is drawn.

An interesting feature of this device is the effect the
additional accumulation layer has on filtering metrics such as
the side-band rejection and bandwidth. As seen in Fig. 10
(c) and (d), the side-band rejection and bandwidth of both
modes increase with bias. While this particular measurement
is performed without the application of a vertical electric field,
the same behavior can be seen in Fig. 10 (d). As discussed
previously, this is due to the formation of an accumulation
layer at the ZnO/AlGaN interface which acts as conductive
path which shields the SAW. By applying a vertical electric
field on the ZnO, a high negative bias depletes this region
of carriers. The same effect is achieved by applying a bias
laterally across the ohmic contact of the AlGaN/GaN. As
current increases in the 2DEG, the carrier concentration in the
2DEG causes a depletion at the ZnO/AlGaN interface since
the 2DEG is very close to the surface. Thus, why the 2DEG
also dominates the acoustoelectric effect as well.

This effect is can be observed in simulation using the small-
signal equivalent circuit demonstrated in Fig. 11 (a). A resistor
is used to model the ohmic contact and the 2DEG in the Al-
GaN/GaN interface which is connected to a voltage-controlled
current source which acts as the accumulation region in the
ZnO/GaN interface. The current source is capacitively coupled
to the IDTs on the ZnO. These capacitances represent the
reverse bias capacitance of the ZnO/AlGaN junction. The
piezoelectric properties of the ZnO are modeled by the equiv-

alent circuit reported in [28]. Figure 11 (b) demonstrates the
simulation results at different applied biases from 0V to 80V
in 10V steps. This simulation replicates the behavior seen
in measurements as the voltage is increased thus providing
empirical verification of the mechanisms behind the effect.

While the acoustoelectric effect is strong for fundamental
and higher modes of propagation, the performance of the
piezoelectric material leaves quite a bit to be desired, specifi-
cally in terms of the insertion loss. This is in part due to the
large input and output impedance mismatch at the RF ports. To
investigate how much improvement could be made by properly
matching the transducers, the s-parameter data was imported
into simulation software (Keysight Advances Design System)
where series inductors of 52 nH were added to both input
and output. Fig. 9 demonstrates an improvement of 9.8 dB by
properly matching the input and output impedances. Although
this is significant, the insertion is still substantial. Other
improvements could be made by lowering the impedance of
the transducers by increasing the aperture size or increasing the
number of pairs, albeit the latter will decrease the bandwidth
of the filter response.

While ZnO suffers from high propagation loss, these have
been reported to be in the 6.5% range and since the gap
between transducers in work is 1 mm, a big improvement
in narrowing the gap is not expected [30]. Some improve-
ment could be obtained by increasing the ZnO thickness so
that % > 0.125. Obtaining a % between 0.15 and 0.2 has
been shown to maximize the electromechanical coupling of
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Fig. 11. (a) Cross-section and equivalent circuit to model the effect of
the extra accumulation layer on the ZnO/AlGaN interface. (b) Simulation
results in ADS using equivalent circuit model.

ZnO albeit at the cost of reduced phase velocity [29]-[31].
Significant improvements have also been made by utilizing
ZnO sputtering targets doped with Nickel [31] or Manganese
[32]. The doping of the ZnO offers a very interesting path
in future studies since this would impact the creation of the
accumulation layer in the ZnO/AlGaN interface depending on
the resulting polarity.

Significant improvements can be made by utilizing a higher
electromechanical coupling material such as LiNbO3. While
integrating LiNbO3 with other materials has been difficult
historically, recent techniques utilizing surface activated bond-
ing have been successfully demonstrated to yield very high
Kfff on silicon substrates [25], [33]. Perhaps an even more
interesting path forward is to investigate Scandium Aluminum
Nitride (ScAIN) which as been demonstrated to be a out-
standing piezoelectric material and semiconductor [34]-[36].
This material can be leveraged to improve on this device
significantly.

IV. CONCLUSION

In this article, a reconfigurable SAW filter has been demon-
strated on ZnO/AlGaN/GaN heterostructure. While the inser-
tion loss and center frequency is governed by the acousto-
electric effect between the acoustic waves on the ZnO and
the carriers in the 2DEG at the AlGaN/GaN interface with
a high tunability of 0.78% for the fundamental mode and
0.556% for the 3rd higher order mode, the emergence of
an additional accumulation layer at the ZnO/AlGaN interface
allows for the control of the bandwidth as well as the side-band

rejection ratio. Although the insertion loss of the device must
be improved for practical systems, this device signifies that
these heterostructures are great candidates for reconfigurable
SAW filters. By properly engineering the junction interfaces,
more functionality can be obtained along with tunability.
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