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Abstract—Technology advances provide new processes for
the fabrication and application of novel materials to
acoustoelectric devices. An important advancement would be
the ability to produce practical integrated SAW AE amplifiers.
Notably for practical applications, devices will need to be
capable of operating with a continuous drift field applied rather
than the most often-cited timed pulse approach and be cheaply
manufacturable. With ultra-high mobility materials, such as
graphene, power reduction can be achieved with the
asymmetrical AE effect under a constant applied drift field.

This paper will present a new embodiment of a graphene-
based AE structure on LiNbO3. The first part of the paper will
discuss the theory behind the SAW AE amplifier, including the
critical film parameters for the maximum gain. The second part
will present a new design and results from recent research
efforts to conform graphene to have more ideal thin film
parameters for the AE effect
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I. INTRODUCTION (HEADING 1)

The foundations for Surface Acoustic Wave (SAW)
Acousto Electric (AE) theory date back all the way to the
1960’s, where doped semiconductors were suspended with an
air gap above the propagating surface of a SAW carrying
piezoelectric substrate [1][2][3][4][5]. While early devices
were able to demonstrate the asymmetric amplifying affect,
they were subject to many problems making manufacturing,
reproducibility, and practical applications impossible. More
recent research in this area has eliminated the airgap method
in favor of thin films or direct bonded mediums to create
manufacturing processes with greater reproducibility
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[6][71[8][9]. The basic embodiment is shown in Fig. 1. The
ability to produce a practical integrated SAW AE amplifier
in filters and other devices would provide new opportunities
for SAW RF filters and oscillators. However, to date no
practical devices have been shown which operate with net
amplification in continuous wave (CW) operation, both of
which are requirements for practical applications of these
devices. The ideal material parameters to achieve a practical
integrated SAW AE amplifier will be discussed in this paper.

Graphene is of particular interest as it has many
unique properties which are highly beneficial for current
embodiments of these devices. It can be created and applied
at the wafer level reproducibly as a monolayer, which
decreases the physical load when applied directly to a
propagating surface of a piezoelectric substrate, and as a
monocrystalline solid it has ultra-high carrier mobility

2
reported in excess of 200,000 % in a free-standing film

[10]. Graphene is limited, however, by its simplicity; as a
monolayer it is difficult to alter the material parameters such
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Fig. 1. Basic SAW delay line device embodiment. Delay line consists
of two interdigital bidirectional transducers with a patterned ultra-thin
graphene film in the free-surface delay line path. A DC bias voltage is
applied to the graphene film creating an applied electric field parallel to
the propagation direction [11].
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as carrier concentrations and sheet conductivity without
breaking the monocrystalline structure and greatly reducing
the sought-after carrier mobility [ref needed here].

This paper provides results of a new device
embodiment which uses multi-stage distributed AE elements.
The approach uses metal-oxide gates and the field-effect to
modulate the conductivity of graphene used in the interaction
layer of a SAW AE amplifier.

II. BACKROUND AND DESIGN CONSIDERATIONS

A. AE Effect

When the traveling AE potential created by a SAW
propagates through a thin film interactive layer, free charge
carriers in the film are gathered and pulled along the
interaction length with this traveling potential at the speed of
the SAW.

When an external drift field is added to the thin film
interaction layer in the SAW propagation direction, it is
possible to increase or decrease the SAW potential through
the AE affect. If the external drift field causes carriers in the
interaction layer to move in the same direction as the SAW
induced movement of the carriers, the SAW potential will
increase and there is gain as shown in Fig. 1 [11].

The net current in the thin film layer is

Jarire = Jsaw + Jexe = qn(Vsaw — V) » (D

where Vsaw is the SAW velocity (determined by substrate),
Ve is the free carrier charge velocity where V. = u - &gyt
(where p is the carrier mobility, &g, is the applied external
DC field and 7 is the carrier concentration (#cm?). High film
mobility is desirable to reduce the external field required for
a given velocity. The fraction of the SAW induced
displacement current to the total current is [11]

Jsaw Vsaw
= = 2
Jarift ~ (Vsaw—V¢) &Y

With an applied external field to the film, the
velocity and attenuation constant equations become [11]

(i)
ZSAW
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where Zg,y = (€ Voaw) ™, and k% is coupling coefficient.
The SAW impedance is obtained from the dielectric constant
and velocity, which represents stored charge in the
capacitance traveling at SAW velocity.

When the carrier drift velocity due to the external
field is greater than the SAW velocity, the term y in (2)
becomes negative, and the propagation constant, from (5),

becomes negative which indicates device is now operating in
AE gain mode.

B. Substrate and thin film parameters
The magnitude of the gain achieved per wavelength
while in AE gain mode is dominated by the SAW material
coupling coefficient (k?), the carrier drift velocity, and the
ratio of the impedance of the interaction film and the SAW

Rs_y. Substrates like Lithium Niobite (LN) are
Zsaw

chosen due to their relatively high coupling coefficients
(k?yz,, = 4.8%, k?i55,, = 5.4%,). Their respective SAW
impedances are: Zyz,, =.65M,and Z,,g,, = 47 M.
These are relatively high impedances and not typical for high
mobility thin film materials. The maximum gain occurs when
Ry~ Zsaw. The AE SAW structure presented here as a potential
approach of modulating the carrier concentration for control
of the thin film resistivity. Ideal thin film parameters require
relatively high mobility in order to achieve realizable CW gain
mode operation and relatively high resistivity such that R, ~
Zsaw to maximize the coupling of energy in equation (5). This
indicates that the thin film should simultaneously have low
carrier concentration and high mobility while providing
minimal elastic losses to the SAW; all challenging parameters
to obtain in a thin film.

material (

III.  GRAPHENE FILM IMPEDANCE MODULATION RESULTS

Graphene is an extremely attractive new material for
AE gain devices due to its ultra-high mobility, reported as
high as 200,000 (cm?)/(V-s) [10], its ability to be easily
deposited and defined using photolithography, and the
minimal elastic losses that a mono-layer can incur in a SAW
device. Previous work has shown these devices in CW gain
mode operation with up to 3 dB of asymmetric operation
measured by the ratio of forward to reverse gain on 128 LN
[12]. While graphene can easily show the possibility for CW
gain mode operation due to its ultra-high mobility, the
magnitude of the effect is greatly reduced due to the relatively
low impedance of graphene when compared to the SAW
impedance.

A new embodiment was created to modulate the
carrier concentration in a graphene film using a field effect
device design shown in Fig. 2. Test devices were made using
Trivial Transfer Graphene™ (TTG) from ACS Material. The

SAW IDT SAW IDT

LiNbO3 Substrate

Fig. 2 Cross section of SAW AE amplifier layout with metal-oxide gate
structures for conductivity modulation of graphene interaction layer.
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Fig. 3: 10 consecutive sweeps of current measured through ultra-thin film
graphene with 2V applied at drift field contacts, while sweeping voltage
applied at gate contact from -3V to 3V.

film is a predominantly single layer graphene which is
created through chemical vapor deposition. TTG consists of
single crystal graphene sandwiched between a water-soluble
polymer and a protective polymethyl methacrylate (PMMA)
protective coating. Detail of the material properties is
available from ACS Material on the WEB. The graphene is
transferred to the substrate by first soaking the TTG sheet in
de-ionized water, to remove the water-soluble polymer and
expose the graphene, then lifting the sheet into place on the
target substrate, drying it thoroughly, and removing the
protective PMMA coating with a soak in solvent. The
graphene film is then patterned to be contained in the SAW
propagation path through photolithography and oxygen
plasma etch, with a length of 0.864 mm and a width of 0.33
mm. Surface acoustic wave generating interdigital
transducers and graphene drift field contacts are then created
through photolithography and electron beam deposition.
Finally, aluminum oxide is deposited through electron beam
physical vaper deposition over the AE film with a thickness
of 40 nm, covering 0.635 mm of the film’s length, and a 40
nm aluminum gate structure is deposited on top as seen in
Fig. 2.

Fig. 4: Acoustic beam width was 30 wavelengths, with split electrodes,
having a 1/4 wavelength period of 2.75 pm; yielding a fundamental
operating frequency of approximately 311MHz AE gain structure has 8
sequential stages each with graphene measuring 127 um in length and
330 pum in width. The gate oxide structures were 102 pm of the total
leneth in each stage

Fig. 5: Custom vacuum system for measuring bonded multi-segment AE
devices. System has 4 coaxial feed throughs, 2 are used for RF 2-port
measurements and the other two are used for DC biasing of the graphene

I-V curves are measured using a Keysight B2901A
by applying a potential on this gate structure from -3 V to 3
V and measuring the current through the graphene film while
a constant 2 V is applied across the length of the film through
the drift field contacts. As shown in Fig. 3, the impedance of
the film can be modulated with the field effect through this
gate/oxide structure (change in current). With a measured
impedance value of approximately 975 Q/L] with OV applied
at the gate and a peak impedance of approximately 1500 Q/[]
with 1 V applied at the gate we see an increase of
approximately 53.9% ( 0 V compared 1 V) with relatively
low voltages applied to the gate. Additional research into
oxide materials and deposition techniques to achieve a
compatible thin film oxide with higher breakdown voltages
is required for this simple embodiment to become more
effective.

In order to reach the field strengths required to
achieve gain mode operation through the AE affect
prescribed in section 2, a multi segment design was used,
shown in Fig. 4, which reduces the voltage requirement for
reaching the desired field strength by shortening the length of
the graphene film; additional segments are then added in
series to increase the total interaction length.

IV. AE EFFECT WITH FILM IMPEDANCE MODULATION

Devices were fabricated on YZ-LN wafers, £"2= 4.6%
which provides good AE coupling, and ¥V saw = 3488 m/s.

Total Gain vs Voltage with OV on Gate (Under Vacuum)
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Fig. 6: Vacuum measurements of SAW peak S21 and S12 values at
933MHz with 0V applied at gate, normalized to 0 V applied at AE drift
contacts. With varying DC fields applied to each graphene AE drift
contact segments in the propagation path of the delay line.
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Fig. 7: Narrowband SAW frequency responses at center frequency of 933MHz with 2 V DC electric field applied to ultrathin film graphene in propagation path
of delay line and varying DC Voltages applied to metal-oxide gate. (a) Forward SAW frequency response with varying DC voltages applied to metal-oxide gate
with 2 V electric field applied to thin film graphene, (b) Reverse SAW frequency response with varying DC voltages applied to metal-oxide gate with 2 V
electric field applied to thin film graphene, (c) Plot of total forward and reverse SAW peak values verses applied DC voltage on Metal-oxide gate while 2 V
electric field is applied to thin film graphene (d) Plot of total forward and reverse SAW peak values verses applied DC voltage on Metal-oxide gate while 2 V
electric field is applied to thin film graphene normalized to 0 V applied to gate-oxide.

The acoustic beam width was 30 wavelengths, with split
electrodes, having a 1/4 wavelength period of 2.75 pm;
yielding a fundamental operating frequency of approximately
311MHz. The AE gain stage for these devices included 8
sequential stages each with graphene measuring 127 pm in
length and 330 pm in width. The gate oxide structures were
102 pm of the total length in each stage. The following data
was obtained at the third harmonic of 933 MHz

Devices were diced and bonded out in to gold-plated
die packages and a custom fixture and vacuum chamber were
made for measurements, shown in Fig. 5. With 0 V applied
to the gate the SAW frequency responses were measured with
varying DC fields applied to ultrathin film graphene segments
in the propagation path of the delay line. SAW peak S21 and
S12 values at 933MHz were then recorded and are shown in
Fig. 6. The peak forward energy gained from the AE graphene
stages was recorded at approximately 0.4 dB with 2 V applied
across each graphene segment.

With 2 V applied across each stage of the amplifier
the gate voltages were then swept from 0 V to 0.5 V as shown
in Fig. 7. In the forward direction an increase in the
normalized signal strength is observed. Measurements show
S21 = 0.65 dB with 0.5 V applied to the gate. These
measurements show an increase of asymmetric energy
coupling through the AE effect of approximately 0.2 dB
forward and 0.4 dB reverse. The measurements demonstrate
the asymmetry changes predicted from equation (5) whenever
the ratio of impedances of the substrate and the AE interaction
material is altered.
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