View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Open Research Exeter

T flf

:l {
?- \
N
Temperature dependence of the acoustoelectric current in graphene
L. Bandhu and G. R. Nash

Citation: Applied Physics Letters 105, 263106 (2014); doi: 10.1063/1.4905222

View online: http://dx.doi.org/10.1063/1.4905222

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/26?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Macroscopic acoustoelectric charge transport in graphene
Appl. Phys. Lett. 103, 133101 (2013); 10.1063/1.4822121

Acousto-electric transport in epitaxial monolayer graphene on SiC
Appl. Phys. Lett. 102, 221907 (2013); 10.1063/1.4809726

Acoustically induced current flow in graphene
Appl. Phys. Lett. 100, 133105 (2012); 10.1063/1.3697403

Acoustoelectric effects in very high-mobility p -SiGe / Ge / SiGe heterostructure
J. Appl. Phys. 106, 094305 (2009); 10.1063/1.3251568

Acoustic manipulation of electron—hole pairs in GaAs at room temperature
Appl. Phys. Lett. 84, 2569 (2004); 10.1063/1.1695636

/Over 600 Multiphysics

VIEW NOW >>

/ Simulation Projects

N8 COMSOL



https://core.ac.uk/display/43096197?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/264755301/x01/AIP-PT/COMSOL_APLArticleDL_011415/User_Presentation_Banner_1640x440.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=L.+Bandhu&option1=author
http://scitation.aip.org/search?value1=G.+R.+Nash&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4905222
http://scitation.aip.org/content/aip/journal/apl/105/26?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/13/10.1063/1.4822121?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/102/22/10.1063/1.4809726?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/13/10.1063/1.3697403?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/106/9/10.1063/1.3251568?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/84/14/10.1063/1.1695636?ver=pdfcov

APPLIED PHYSICS LETTERS 105, 263106 (2014)

@ CrossMark
& click for update
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The acoustoelectric current in graphene has been investigated as a function of temperature, surface
acoustic wave (SAW) intensity, and frequency. At high SAW frequencies, the measured
acoustoelectric current decreases with decreasing temperature, but remains positive, which
corresponds to the transport of holes, over the whole temperature range studied. The current also
exhibits a linear dependence on the SAW intensity, consistent with the interaction between the
carriers and SAWs being described by a relatively simple classical relaxation model. At low
temperatures and SAW frequencies, the measured acoustoelectric current no longer exhibits a
simple linear dependence on the SAW intensity, and the direction of the acoustoelectric current is
also observed to reverse under certain experimental conditions. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905222]

Surface acoustic waves (SAWSs) have been used exten-
sively over the last few decades as a contactless probe to
study the electronic properties of nanostructures such as
quantum wires and dots."? Tn addition, the transfer of mo-
mentum>* from the wave to charge carriers via the piezo-
electric interaction can be used to trap and transport charge
over macroscopic distances. This effect has been exploited
as a means, for example, of storing light in quantum wells
and generating and manipulating single electrons and pho-
tons, particularly for metrology and quantum information
processing.™ Recently, acoustoelectric charge transport has
been investigated in graphene,”'® and we have previously
reported acoustoelectric charge transport at room tempera-
ture in large area graphene, transferred onto lithium niobate,
between contacts up to 500 um apart.'’ Using double finger
inter-digital transducers (IDTs), we characterised the acous-
toelectric current as a function of both SAW intensity and
frequency, and at all SAW frequencies a positive acousto-
electric current was observed in the direction of SAW, indi-
cating the transport of holes; consistent with the fact that
CVD graphene is thought to be p-doped by water,'* and the
PMMA residues and etchant salts arising from the transfer
process.'> We also showed that these room temperature
results were consistent with the attenuation of the SAW
being described by a relatively simple classical relaxation
model."*

In this manuscript, we report measurements of the
acoustoelectric current in the same devices as a function of
temperature, and also of SAW intensity and frequency. At
high SAW frequencies, the direction of the acoustoelectric
current remains consistent with the transport of holes over
the temperature range studied. However, for low SAW fre-
quencies at low temperature, and also at low SAW inten-
sities, the direction of the acoustoelectric current reverses,
consistent with the net transport of electrons. We believe
that the very different behaviour observed at different SAW
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frequencies, corresponding to different SAW wavelengths,
reflects the different length scales over which the SAW
probes the electronic properties of the graphene.
Commercially available CVD graphene grown on cop-
per was transferred in-between two identical, double-finger
IDTs on 128° YX lithium niobate SAW delay lines. The
IDTs, which had a transducer aperture of 3.25 mm, define an
acoustic path length of 5.2mm and were designed to give
resonances at a number of frequencies. Graphene was trans-
ferred following the standard PMMA transfer technique,'’
with Raman spectroscopy used to confirm that it was single
layer. E-beam lithography and thermal evaporation were
used to define relatively large area contacts (3mm x 20 um),
consisting of 7nm Cr and 70nm Au, on top of the graphene
(see Figure 1). All measurements were made between contacts
C and D that were 300 um apart. Further details of the sample
fabrication and characterisation can be found in Ref. 11.
Samples were bonded to a printed circuit board (PCB),
using a conductive silver epoxy, which was then mounted on
the cold-finger of a close-cycle cryostat and measurements
were undertaken at different temperatures, with the chamber
evacuated to a pressure of approximately 3.6 x 10~° mbar.
The conductivity of the graphene was measured using a two
terminal current-voltage measurement, with no SAW pres-
ent. For acoustoelectric measurements, a continuous SAW
was excited at the input transducer using an Agilent 8648C
RF signal generator, and the SAW amplitude was measured

Contacts
Graphene C
B

FIG. 1. Schematic diagram of the device layout.

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4905222
http://dx.doi.org/10.1063/1.4905222
mailto:g.r.nash@exeter.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4905222&domain=pdf&date_stamp=2014-12-31

263106-2 L. Bandhu and G. R. Nash

at the output transducer using a LeCroyWaveRunner digital
oscilloscope. A Keithley 2400 source-measurement unit
(SMU) was used to measure the acoustoelectric current (I,.)
generated in the graphene (no bias was applied between the
contacts).

In Figure 2, the acoustoelectric current measured as a
function of SAW intensity and temperature is plotted for a
SAW frequency of 269 MHz. At this frequency, which corre-
sponds to a SAW wavelength of approximately 15 um, a pos-
itive acoustoelectric current was observed in the direction of
SAW at all temperatures, although the size of the measured
acoustoelectric current decreases with decreasing tempera-
ture (note that at temperatures below 95K, the measured
acoustoelectric current begins to increase slightly with
decreasing temperature. However, at a SAW intensity of
0.02 W/m, for example, the measured current at 48K is still
approximately 35x smaller than that measured at 300 K).
The straight lines shown in Figure 2 are least square linear
fits to the measured data, where we have taken the acousto-
electric current density j (Refs. 3 and 4) to be given by

Jj=—nQ=p—, (1)
v

where p is the carrier mobility and Q is the phonon pressure
given by O = ’%, and I is the SAW intensity, I' is the attenua-
tion coefficient, and v is the velocity of the wave (approxi-
mately 4000 m/s). In this model, the acoustoelectric current
therefore depends linearly upon the SAW intensity, as
observed in the measured data, and the linear fitting was car-
ried out using the mobility as the fitting parameter. The
attenuation coefficients at each temperature were calculated
using the measured values of the conductivity (which are plot-
ted in Figure 3(a)) and by assuming that the piezoelectric
interaction between the SAWSs and charge carriers is described
by a simple classical relaxation model,"* such that the attenua-
tion per unit length (I') is a non-monotonic function of the
diagonal component of the conductivity tensor ¢*
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FIG. 2. Measured acoustoelectric current (symbols) as a function of SAW
intensity and temperature for a SAW frequency of 269 MHz. The straight
lines are least square linear fits to the measured data.
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FIG. 3. (a) Measured conductivity and calculated values of attenuation coef-
ficient. (b) Values of mobility taken to simulate measured data at 269 MHz,
plotted as a function of temperature. The inset is of an Arrhenius lot of the
extracted mobility values.

where A is the SAW wavelength, Kf,ﬁ is the piezoelectric
coupling coefficient (0.056 for lithium niobate), and the
attenuation coefficient has a maximum at a characteristic
conductivity gy,. For a hybrid system based on lithium nio-
bate (LiNbO3), the characteristic conductivity oy is approxi-
mately given by gy = veg(y/e5,5, + 1) =125 x107°Q"*
where ¢ is the permittivity of free space, ¢5_and & are the
dielectric constants of LiNbO; at constant stress. The attenu-
ation coefficients calculated using Eq. (2) are also plotted as
a function of temperature in Figure 3(a), with the values of
mobility obtained from the fitting plotted in Figure 3(b).

The value of mobility obtained at room temperature is
much smaller than the typical room temperature values
(~1000cm® V™' s7') we have extracted from field effect
characteristics measured on similar 3 mm x 3 mm devices,16
where CVD graphene was transferred into Si/SiO, sub-
strates. However, as no other values of mobility in CVD gra-
phene transferred onto lithium niobate have been reported,
the difference in the mobilities could be due to the different
properties of the substrates. In addition, although the meas-
ured linear dependence of the acoustoelectric current on
SAW intensity and SAW frequency,'' for high SAW fre-
quencies or at high temperatures, suggests that the relatively
simple model of the acoustoelectric transport described
above can be used to describe the measurements presented
here, it should be noted that the attenuation of the SAW by
the charge carriers in the graphene is determined by the con-
ductivity of the graphene on the scale of approximately one
half of the SAW wavelength.'” If the conduction path is in-
homogeneous, the values of mobility obtained from this
model will therefore depend on the SAW frequency used
and may be different to those obtained, for example, from a
field effect measurement.
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On initial cooling (at temperatures above 200K), our
results suggests that the mobility decreases, whereas the car-
rier concentration increases. One possible mechanism for
this increase in the carrier concentration is the condensation
of water, which is a known dopant,12 onto the surface of the
sample as it is initially cooled in the relatively poor vacuum
of the cold-finger cryostat. In addition, the conductivity of
large-area CVD graphene is known to arise from many com-
peting mechanisms.'®'® Even at room temperature the con-
ductivity of transferred CVD graphene is known to be
spatially inhomogeneous, due to grain boundaries (as the
graphene is polycrystalline), tears, wrinkles, and non-
homogenous impurities,zo’21 and the potential barriers asso-
ciated with grain boundaries can lead to thermally activated
conductivity?'** and mobility.”> At low temperature, this
causes the graphene to tend towards insulating, as observed
here (Figure 3(a)). The inset of Figure 3(b) is an Arrhenius
plot of the extracted mobility values, where the dotted line is
a linear fit to the values in the range of 100 K-300K. The
mobility can therefore be fitted well by an Arrhenius rela-
tion, with the mobility ¢ o exp(—E/kT), where E, is the
activation energy and k is the Boltzmann constant, and an
activation energy of 60 meV was obtained from the linear fit
shown in the inset. Yazyev and Louie®” calculated that the
potential barriers associated with grain boundaries lie in the
range of 0.3eV-1.4eV, depending on the structure of the
boundary. Song et al.*' and Kumari er al.>> obtained activa-
tion energies of 10 meV and 16.2 meV for the measured con-
ductivity of CVD graphene, respectively, which they
assigned to the effect of grain boundaries. Kumari er al.*?
also obtained a slightly higher value of activation energy,
18.8 meV, from the temperature dependence of the measured
mobility. The value of activation energy obtained here is
therefore consistent with the conductivity of the CVD gra-
phene, on lithium niobate, also being strongly affected by
the presence of grain boundaries.

At high temperatures, the acoustoelectric current meas-
ured at lower SAW frequencies also has a linear dependence
on the SAW intensity, as shown for SAW frequencies of 32
MHz and 11 MHz in Figures 4(a) and 4(b), respectively, and
a positive acoustoelectric current is also observed in the
direction of the SAW propagation (note that to allow the
results at different frequencies to be compared, we have cor-
rected the SAW intensity using the measured response of the
transducer at each temperature at each frequency). In this
case, smaller values of mobility (6 ecm® V™' 57! for 11 MHz
at room temperature) have to be used to get good agreement
between the calculated and measured values of acoustoelec-
tric current. However, at 269 MHz, one half of the SAW
wavelength is approximately 8 um, which is the order of the
size of typical single crystal grains,>’ whereas at 11 MHz
half of the SAW wavelength is ~180 um. The low frequency
SAW will therefore be much more sensitive to the effect of
grain boundaries in the conductivity, leading to a lower value
of the mobility extracted through the SAW measurements.
The use of different frequencies SAWs therefore could allow
the conductivity of the graphene to be probed over different
length scales.

At low temperatures, the measured intensity dependence
of the acoustoelectric current at low SAW frequencies is

Appl. Phys. Lett. 105, 263106 (2014)
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FIG. 4. Measured acoustoelectric current as a function of SAW intensity
and temperature for SAW frequencies of (a) 32 MHz and (b) 11 MHz.

markedly different from that obtained at high frequencies. For
SAW frequencies of 32 MHz and 11 MHz, the measured
acoustoelectric current no longer shows the simple linear de-
pendence on the SAW intensity as observed at higher tempera-
tures and higher SAW frequencies. Furthermore, at 32 MHz,
below 80K and for SAW intensities below approximately
0.065 W/m, the current reverses direction, indicating that over-
all the SAW is now transporting more electrons than holes. At
11 MHz, this effect is much more pronounced and for all tem-
peratures below 100K a negative current is observed at low
values of SAW intensity. At low carrier densities and tempera-
tures, the conductivity of the graphene becomes strongly
affected by the formation of a large number of electron-hole
charge puddles, and an important component of the conductiv-
ity will be the percolation of thermally excited “activated” car-
riers over potential fluctuations in disorder sites (charge
puddles or grain boundaries).'® The low frequency SAW is
again likely to be much more sensitive to this due to the rela-
tive large length scales over which it probes the conductivity.
Moreover, in this regime the SAW itself could influence the
conductivity of the graphene, through the transfer of momen-
tum to the carriers, as shown in Eq. (1), leading to the observed
non-linear dependence of the current on the SAW intensity.
Finally, one scenario in which a reversal of the current
direction could occur is when the doping of the graphene is
due to relatively widely spaced, but high density, puddles of
holes superimposed on a relatively low density, but more uni-
form, density of electrons. Recently, intrinsic spontaneous
polarization of hexagonal SiC has been proposed as a possi-
ble mechanism of the doping of quasi-free-standing graphene
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on the surface of the SiC.** Lithium niobate is highly pyro-
electric?® and on cooling it is possible that induced surface
charge could cause n-type doping. However, much more
work is required to understand this, and also how the use of a
different substrate influences the doping of the graphene
caused by water.'” Further work is now underway to investi-
gate the temperature dependence of the acoustoelectric trans-
port in devices, in which the carrier density within the
graphene can be varied using an electrostatic gate. This
should allow further information to be extracted regarding
the different conduction regimes.

In conclusion, we have investigated the temperature de-
pendence of acoustoelectric charge transport in large-area
CVD graphene transferred to lithium niobate substrates. At
high SAW frequencies, the measured acoustoelectric current
decreases with decreasing temperature, but remains positive,
which corresponds to the transport of holes, over the whole
temperature range. The measured current is also proportional
to the SAW intensity over the temperature range, consistent
with the attenuation of the SAW by the carriers in the gra-
phene being described using a simple classical relaxation
model. The measured acoustoelectric current at low SAW fre-
quencies at high temperatures is also linearly proportional to
the SAW intensity, but in this case much lower values of mo-
bility have to be used to give good qualitative agreement
between the measured and calculated values of the acousto-
electric current. This suggests that the use of different fre-
quency SAWs with associated different wavelengths allows
the conductivity of the graphene to be probed over different
length scales. At low temperatures and SAW frequencies, the
measured acoustoelectric current no longer exhibits a simple
linear dependence on the SAW intensity, and the direction of
the acoustoelectric current is observed to reverse under certain
experimental conditions. We believe that this is due to the
interaction between the SAW and the complex conductivity
landscape of the graphene in a percolation regime. However,
much more work is required to understand this fully.

The authors would like to acknowledge the financial
support of the Royal Society (RG100570).
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