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Epitaxial graphene (EG) produced from SiC surfaces by silicon sublimation is emerging as a

material for electronic applications due to its good electronic properties and availability over large

areas on a semiconducting substrate. In this contribution, we report on the transport of charge

carriers in EG on SiC using high-frequency (>1 GHz) surface acoustic waves (SAWs). In our devi-

ces, the EG is coated with hydrogen-silsesquioxane, SiO2, and a ZnO layer. This allows the effi-

cient generation of SAWs and is compatible with the deposition of a metal top gate. Measurements

of frequency- and time-resolved power scattering parameters confirm the generation and propaga-

tion of SAWs with frequencies of up to more than 7 GHz. Furthermore, the ZnO coating enhances

the acoustoelectric currents by two orders of magnitude as compared to our previous uncoated sam-

ples. These results are an important step towards the dynamic acoustic control of charge carriers in

graphene at gigahertz frequencies. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4949756]

The strain and piezoelectric potentials accompanying sur-

face acoustic waves (SAWs) provide a powerful tool for the

dynamic modulation of the band structure in semiconductors,

as well as for the transport and manipulation of elementary

excitations in low-dimensional structures.1–4 In the case of a

two-dimensional electron gas lying close to the surface of a pie-

zoelectric substrate, the interaction between the electric charges

and SAWs has been thoroughly studied,5–9 and acoustoelectric

currents have been experimentally observed.10–13 Recently, the

interaction between SAWs and the pseudo-relativistic carriers

in graphene has also been investigated.14–16 Different experi-

ments have demonstrated that SAWs can efficiently transport

electric charges in a graphene layer transferred to the surface of

an insulating piezoelectric substrate.17–20 In addition, the use of

dynamic SAW potentials for coupling light and plasmons has

been proposed,21 as well as for the modulation of the graphene

band structure.22 These applications, however, require acoustic

wavelengths comparable to the carrier mean free path, which is

typically below a few hundred nanometers.

Among the various techniques nowadays available for

graphene fabrication, epitaxial graphene (EG) on SiC is poten-

tially advantageous for applications since it delivers large

areas with reasonable mobilities. In addition, the material is

directly on a semiconducting substrate, where it can be easily

processed using conventional planar techniques. Recently, we

have demonstrated that SAWs can induce unipolar electric

currents in EG on SiC.23 Due to the weak piezoelectricity of

the SiC, however, the interaction between SAW and graphene

carriers is relatively weak, yielding acoustoelectric currents of

only a few pA. Future applications of SAWs in EG require

efficient techniques for the generation of strong acoustic fields

which, in addition, must be compatible with the control of the

density and type of charge carriers.24

In this contribution, we study the structures for the efficient

generation of SAWs in EG with frequencies compatible with

those of radio-frequency (RF) electronic devices (>1 GHz). For

that purpose, epitaxial monolayer graphene formed on the Si

face of SiC substrates (10 mm� 10 mm size) by silicon subli-

mation25 was etched into Hall bar structures of 10lm width

and 350 lm length, and contacted by Ti/Au metal pads for

electric measurements, cf. Fig. 1(a). The Hall bars were

then spin-coated with a 100 nm-thick hydrogen-silsesquioxane

FIG. 1. Processing of SAW delay lines in coated graphene on SiC. After

graphene etching and patterning of Hall bar structures (a), a dielectric layer

of HSQ/SiO2 is deposited prior to the evaporation of a semitransparent top

metal gate (b). The samples are then coated with a piezoelectric ZnO layer

and interdigital transducers (IDTs) for SAW excitation and detection are

fabricated on the ZnO surface. Finally, the ZnO and HSQ/SiO2 layers are

selectively etched to access the graphene contacts and gate (c).a)E-mail: alberto.h.minguez@pdi-berlin.de
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(HSQ) layer and baked at 300 �C. During the baking, the

HSQ solidifies and its properties become similar to those of

amorphous SiO2. On top of it, we deposited an additional

50 nm SiO2 layer by sputtering. This HSQ/SiO2 stack provides

a suitable dielectric material for the application of vertical

electric fields26 by a semitransparent top metal gate that

allows for later optical characterization, cf. Fig. 1(b). In addi-

tion, it protects the EG during the subsequent sputtering of a

350 nm-thick piezoelectric ZnO layer. Acoustic delay lines

with single finger interdigital transducers (IDTs) deposited at

the opposite edges of the graphene Hall bars are responsible

for SAW excitation and detection, cf. Fig. 1(c). The IDTs

were designed for a fundamental acoustic wavelength kSAW

¼ 2.8 lm, with 50 lm aperture. The center-to-center distance

between IDT1 and IDT2 in Fig. 1(c) defines the length of the

delay line, ldelay¼ 1385 lm.

We have probed the impact of the fabrication process on

the EG properties using both Raman spectroscopy27 and

electric measurements. The electric properties are tested on a

field-effect transistor with 14� 10 lm2 graphene area. Fig. 2

shows the source-drain (SD) resistance as a function of the

voltage applied to the top gate, Vgate, recorded at different

temperatures. For that purpose, the sample was placed in

vacuum in a low temperature probe station cooled by liquid

nitrogen. The electrical resistance was obtained from the

slope of the SD-current, ISD, as a function of the SD-voltage,

VSD, at each Vgate, cf. inset of Fig. 2. As the measurements

were performed in a two-contact configuration, they include

the contribution of the contact resistance between the EG

and the Ti/Au contacts, which is typically of several kX. The

resistance increases with negative bias, which indicates that

the EG is n-doped. Taking into account that the gate voltage

V0 required to bring the Fermi level to the Dirac point is

V0<�40 V, we estimate that the electron concentration is

n0 ¼ jV0jC=e > 4� 1012 cm�2. Here, e is the electron charge

and C¼ �0�r/d¼ 177 lFm�2 is the gate capacitance, obtained

using a total thickness of the HSQ/SiO2 layer of d¼ 150 nm

and a relative dielectric constant of �r� 3.28 The value of n0 is

in accordance with the electron densities in our uncoated

samples.29

The field-effect carrier mobility in the coated EG was esti-

mated from Fig. 2 using the same procedure as in Ref. 24. It

increases from 100 cm2/V s at room temperature to 160 cm2/V s

at 78 K, and is therefore ten times lower than in the uncoated

EG at millikelvin temperature.29 It is, however, one order of

magnitude larger than in graphene mechanically transferred to

a piezoelectric insulating substrate like LiNbO3.
19,24

We studied the SAW generation and propagation prop-

erties by measuring RF-power reflection (s11) and transmis-

sion (s12) coefficients of the IDTs at room temperature, cf.

Fig. 1(c). The s11 spectrum (black curve) in Fig. 3 shows two

fundamental acoustic modes with frequencies 1.99 and

2.52 GHz, as well as several higher frequency modes up to

7.13 GHz. Interestingly, the corresponding s12 measurement

(red curve) shows that only three of the modes generated by

the IDT1 (those with frequencies 1.99, 3.87, and 7.13 GHz)

are efficiently detected by the IDT2 after traversing the Hall

bar. Several factors must be taken into account to understand

this result. First, there is a frequency mismatch between

IDT1 and IDT2 in the delay line, which reduces the sensitiv-

ity of the s12 measurements. This is attributed to thickness

variation of the HSQ, SiO2, and ZnO layers along the sample

surface. At higher frequencies, the reduction in sensitivity

induced by the mismatch is partially compensated by a wid-

ening of the resonance peak. Second, we expect the SAW

attenuation caused by scattering, by absorption at the differ-

ent layers, and by the interaction of the SAW with the EG

FIG. 2. Source-drain (SD) resistance as a function of gate bias, Vgate, meas-

ured on a field-effect transistor in the structures of Fig. 1 at different tempera-

tures. The dotted lines are a guide to the eye. The inset shows the source-drain

current, ISD, as a function of the source-drain bias, VSD, for three different

Vgate values, measured at 80 K.

FIG. 3. Power reflection coefficient, s11 (black curve), and transmission

coefficient, s12 (red curve), as a function of the applied RF frequency. The

green curve displays the numerically simulated s11 for IDTs with the same

finger periodicity as the real sample. The simulation is vertically shifted

for clarity.
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charge carriers, to be more intense for certain modes. A thor-

ough study of this discrepancy is beyond the scope of this

manuscript.

To understand the results of s11, we have performed nu-

merical simulations, cf. green curve in Fig. 3 (details of the

calculations are described in the supplementary material27).

These reproduce the generation of the different modes, with

two fundamental resonances at 1.70 and 2.18 GHz. We show

in the supplemental material that the acoustic field of these

modes is strongly confined in the overlayers due to the high

contrast between their acoustic velocity and the one of the

substrate.27 The latter accounts for the high electromechani-

cal transduction as well as for the excitation of several over-

tones of the fundamental resonances.30–35 In addition, the

�64% metallization ratio in our IDTs allows the generation

of third harmonics of the fundamental wavelength36,37 at fre-

quencies 5.66 and 7.13 GHz (5.34 and 6.76 GHz in the simu-

lation). The spatial profiles of these modes are also displayed

in the supplementary material.27

Although the simulations reproduce the generation of the

different frequency modes, the measured resonances are blue-

shifted with respect to the ones of the simulation. In addition,

our calculations do not reproduce the amplitude of the resonan-

ces in the s11 spectrum. In the case of the two fundamental

modes, for example, their relative amplitude is reversed with

respect to the simulated ones, as well as to our previous

uncoated devices, where no HSQ was used.23 In our calcula-

tions, we use the nominal thickness of the deposited layers,

and we treat the HSQ/SiO2 stack as a single amorphous SiO2

layer. Therefore, the observed discrepancies between measured

data and simulation could be related to experimental deviations

from the nominal layer thickness. They could also be related to

the differences in the mechanical properties of the HSQ with

respect to SiO2 that are not fully accounted for in our model.

Time-resolved s11 and s12 spectra for modes with fre-

quencies 1.99 and 3.87 GHz, acquired using a network ana-

lyzer with Fourier transform capability, are displayed in Fig.

4. In the case of 1.99 GHz, only one echo appears at the

transmission coefficient, s12 (dark red curve), at a transit

time tt� 230 ns. No echo is observed at s11 (not displayed

here). Taking into account that during tt the SAW travels a

distance equal to ldelay, the acoustic group velocity can be

estimated as vgroup� ldelay/tt¼ 6022 m/s. The s12 spectrum

for 3.87 GHz (red curve) shows echoes not only at one transit

time but also at triple and quintuple transit times. These are

attributed to multiple acoustic reflections at the IDTs, indi-

cating that long living acoustic modes are efficiently gener-

ated in these structures. As expected, the corresponding

echoes in s11 (black curve) appear after two and four transit

times. As shown in the supplementary material, up to 3

transit times are observed even for the 7.13 GHz mode.27

We have measured the acoustoelectric current, Iae, along

the EG bar at room temperature for the different acoustic

modes and compared it to the currents obtained previously in

uncoated devices.23 For each RF frequency and power

applied continuously to the IDT, we measured Iae between

two contacts separated 120 lm by using a Keithley ammeter.

FIG. 4. Time-resolved profile of s12 for the 1.99 GHz mode (dark red curve),

as well as s12 (red curve) and s11 (black curve) for the 3.87 GHz mode. The

vertical arrows mark the SAW transit time, tt� 230 ns, between IDT1 and

IDT2. The curves are vertically shifted for clarity.

FIG. 5. (a) Spectral dependence of the acousto-electric current, Iae (cf.

Fig. 1(c)), induced in the graphene layer by the 1.99 GHz mode for several

nominal RF-powers, PRF, applied to the IDT. The dashed lines are

Gaussian fits to the data. (b) Amplitude of the Gaussian fits of panel (a) as

a function of PRF. The red line is a linear fit to the data.
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Of all modes, only the one at 1.99 GHz showed an acousto-

electric current above the sensitivity of our setup. Figure 5(a)

displays the dependence of Iae on the frequency and nominal

power, PRF, of the RF signal applied to the IDT, while the

squares in Fig. 5(b) show the amplitude of the Gaussian fit to

the data vs. PRF. As in our uncoated devices in Ref. 23, the

acoustoelectric current increases and is linearly proportional

to PRF (red line in panel (b)). This is in agreement with the

relaxation model for the interaction between SAWs and car-

riers in a two-dimensional electron gas.7,8,13,18 The acousto-

electric current in the ZnO-coated sample, however, reaches

the values of up to 0.8 nA. These current levels are about

300 times larger than the ones measured under similar SAW

frequencies and nominal RF powers in uncoated samples,

where the acoustic transport was attributed to the weak pie-

zoelectric field induced by the SAW in the SiC substrate. We

attribute this large current enhancement to the much stronger

piezoelectric fields created by the top ZnO layer at the gra-

phene region, which are estimated to be at least 20 times

larger than the SiC contribution.

Finally, we have studied the effect of the top gate on the

acoustoelectric current. As shown in the supplementary ma-

terial, the free carriers in the metal gate locally screen the

SAW piezoelectric field but not underneath.27 We did not

observe, however, an effect of the gate voltage on Iae. To

modulate the acoustoelectric current by the top gate, the

SAW-induced polarization charge density at the SiC/HSQ

interface must be comparable to the graphene carrier density.

For the maximum nominal RF-power used in our experi-

ments, the estimated SAW-induced polarization charge den-

sity is, at least, 1000 times lower than the EG carrier density.

In order to efficiently control Iae using the top gate, it is thus

necessary to significantly reduce the carrier doping of the

EG on SiC.

In summary, we have demonstrated the generation and

propagation of SAWs on epitaxial monolayer graphene on

SiC coated with a HSQ/SiO2/ZnO film. Due to the acoustic

velocity mismatch between the SiC and the top layers, high

frequency modes up to 7 GHz are generated, including third

harmonics with submicron wavelength. The stronger acous-

tic fields generated by the ZnO induce acoustoelectric cur-

rents substantially larger than the ones obtained in uncoated

devices. This result is an important step towards the control

of elementary excitations in graphene using dynamic poten-

tials. Here, possible applications include the dynamic modifi-

cation of the graphene conductivity by short range periodic

modulations,22 and the manipulation of the spin vector of the

transported carriers by strain-induced gauge fields.38
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