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We characterized the thermoacoustic and photoacoustic properties of large-area, few-layer gra-
phene by pulsed microwave and optical excitations. Due to its high electric conductivity and low
heat capacity per unit area, graphene lends itself to excellent microwave and optical energy absorp-
tion and acoustic signal emanation due to the thermoacoustic effect. When exposed to pulsed
microwave or optical radiation, distinct thermoacoustic and photoacoustic signals generated by the
few-layer graphene are obtained due to microwave and laser absorption of the graphene, respec-
tively. Clear thermoacoustic and photoacoustic images of large-area graphene sample are achieved.
A numerical model is developed and the simulated results are in good accordance with the meas-
ured ones. This characterization work may find applications in ultrasound generator and detectors
for microwave and optical radiation. It may also become an alternative characterization approach
for graphene and other types of two-dimensional materials. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945661]

As the first discovered two-dimensional (2D) material,
graphene has fueled extensive interests in its exciting poten-
tial applications propelled by its outstanding thermal, electri-
cal, and mechanical properties.'™ We report thermoacoustic
and photoacoustic characterizations of a large-area, few-
layer graphene sample with pulsed microwave and optical
excitations, respectively. The thermoacoustic effect refers to
the excitation of acoustic waves by absorbed electromagnetic
energy, delivered by a modulated or pulsed electromagnetic
wave, in an electromagnetically lossy sample.*~® For electro-
magnetic frequencies falling in the optical regime, this effect
is named the photoacoustic effect. Such an electromagnetic-
to-acoustic energy conversion process is enabled by a con-
comitant local temperature boost due to energy absorption
and thermal expansion in the sample. Thermoacoustic and
photoacoustic effects have been most widely applied in bio-
medical imaging and are referred to as thermoacoustic imag-
ing and photoacoustic imaging, respectively.” '

Owing to its excellent microwave and optical absorbing
capabilities™' as well as low heat capacity per unit area,'®>°
graphene is an excellent thermoacoustic and photoacoustic
signal generator.'’2° The graphene sample opted in this work
contains 2-3 layers, exhibiting enhanced energy absorption
compared to monolayer graphene in both the microwave and
optical regime.""*? Thermoacoustic and photoacoustic signals
unambiguously attributed to the graphene sample were
observed. A corresponding numerical model was established
to predict the time-domain thermoacoustic signal profile,>>**
which exhibited good resemblance with the measurement
results. Thermoacoustic and photoacoustic images of the gra-
phene sample were also obtained, which further undoubtedly
validates the signals originated from the graphene.
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This work is different from the reported works in
Refs. 17-20 mainly in two aspects. First, the reported works
use sound frequency alternating current applied to the gra-
phene, while the excitation mechanism of the presented char-
acterization work is a remote heating approach by means of
pulsed radiation. Second, audible thermoacoustic signals are
generated in the reported works, while ultrasonic waves are
launched in the current work. In addition, in contrast to the
work using oxidized graphene nanoribbons as thermoacous-
tic and photoacoustic contrast agents,” this work investi-
gates a large-area graphene sample. This work might provide
an alternative perspective to reveal the thermal and mechani-
cal properties of graphene. The applied characterization
approaches may serve as a potential fundamental study tool
for graphene and other 2D materials.

A schematic description of the thermoacoustic signal
generation mechanism is given in Fig. 1(a). Electromagnetic
energy delivered by pulsed microwave or optical signals is
assimilated by the few-layer graphene. The absorbed energy
instantaneously heats up the graphene and the immediately
adjacent surrounding materials, i.e., the substrate and coupling
liquid touching the graphene.”®® Thermal expansion thereby
takes place in the substrate and coupling liquid, which effec-
tively launches thermoacoustic or photoacoustic waves. The
resulting ultrasonic waves subsequently propagate to the sur-
rounding environment as illustrated in Fig. 1(a).

Schematic thermoacoustic experimental setup is shown in
Fig. 1(b). The sample to be investigated contains 2—3 layers of
graphene residing on a 1-mm thick glass substrate.”” The
dimensions of the graphene and glass substrate are provided in
Fig. 1(c), from which it is seen that the graphene is rectangular
with a size of 16 mm x 9 mm while the shape of the substrate
is somewhat irregular on one side. The photo of the sample is
given in Fig. 1(d). The sheet resistance of the multilayer gra-
phene is about 1000 Q/sq,” which is translated to a surface

© 2016 AIP Publishing LLC
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FIG. 1. (a) Side view of a schematic
describing the thermoacoustic signal
generation mechanism of graphene. (b)
Schematic of the experimental setup,
in which the employed few-layer gra-
phene is simplified to a single layer
graphene. (c) Schematic of the top
view of the examined graphene sam-
ple. The gray region is the few-layer
graphene and the blue line is the
boundary of the glass substrate. (d)
Photo of the graphene sample. (e)—(g)
Side view of the scenarios with gra-
phene on top of the substrate, on bot-
tom of the substrate, and without the
sample.
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conductivity of 1 mS/sq and classified as a good absorptive
material in the microwave frequency band.”' The sample was
immersed in mineral oil and situated on a petri dish made of
polystyrene which acts as a sample holder as sketched in Fig.
1(b). A 1.4 GHz microwave signal from a high power ampli-
fier (117L, Applied Systems Engineering) with 20 kW peak
power was modulated by a 1-us square pulse. The output
of the microwave amplifier fed a rectangular waveguide
(WR430 with an aperture dimension of 109.2 mm x 54.6 mm)
antenna,’’ which radiated the sample from the bottom. The pe-
tri dish sat on the flange of the waveguide and the sample was
10mm above the aperture. A 1-in.-diameter single-element
spherically focused ultrasonic transducer (V302, Olympus)
centered at 1 MHz was also immersed in the mineral oil to har-
vest the emanated acoustic signals from the sample. The trans-
ducer was mounted on a 3D motorized stage by a cantilever
and was scanned in a 5 cm X 5 cm square region with a step of
1 mm in the xy plane defined in Fig. 1(b). The thermoacoustic
signal obtained by the transducer was first amplified by a low-
noise amplifier (5072PR, Olympus) with 50dB gain and then
sampled by an oscilloscope (PXI-5922, National Instruments)
with a sampling rate of 15 MHz. The signal was also averaged
1000 times to increase the signal-to-noise ratio and the aver-
aged signal was recorded for subsequent data processing.

Thermoacoustic experiments were performed for three
different scenarios. First, the sample was arranged so that the
graphene was on top of the glass substrate as schematically
shown in Fig. 1(e). Second, the sample was flipped over to
have the graphene on bottom of the glass substrate (Fig. 1(f)).
The third scenario contained no sample except the petri dish
(Fig. 1(g)).

Pulse echo ultrasound was first carried out to locate the
entire sample in the scanning region for the first two scenar-
ios, and the consequent images are shown in Figs. 2(a) and 2

(b). The shape of the substrate is faithfully recovered in both
situations and the areas with graphene are approximately
aligned to each other. Measured time-domain thermoacoustic
signals for different cases are given in Fig. 2(c), which corre-
spond to the focusing locations of the transducer at P; (on
the graphene) indicated in Figs. 2(a) and 2(b). Filtering is
applied to remove DC components in the signals plotted in
Fig. 2(c) to provide a better visibility. A pronounced pulsed
ultrasonic signal, with a dominant positive pulse sandwiched
by two weaker negative pulses, manifests itself starting
around 48 us in the time-domain signals acquired when the
transducer focuses at P; in the graphene region for both the
graphene on top (the peak of pulse occurs at 50.1 us) and
bottom (the peak of pulse occurs at 50.4 us) scenarios. The
48 us accounts for the acoustic wave propagation time in the
mineral oil from the sample to the transducer about 70 mm
above. However, for the situations when the transducer
focuses on merely the petri dish (the sample is removed) in
the third scenario, no thermoacoustic signal is generated in
the same time window, implying that the petri dish is lossless
and does not induce thermoacoustic signal. The distinction
between with/without graphene cases unambiguously dem-
onstrates that the pulse shaped thermoacoustic signals are
ascribed to the graphene whose high conductivity and energy
absorption capability launch the thermoacoustic effect indi-
rectly in the adjacent substrate and mineral oil. The lossless
glass substrate and mineral oil do not directly absorb any
microwave energy themselves. Moreover, there is a 0.3 us
distinguishable time delay between the acoustic pulses for
the graphene on top and bottom cases, which represents a
1.1 mm distance offset given the fact that the substrate bears
a speed of sound of 3.7 mm/us and corresponds well to the
extra acoustic wave propagation time in the 1-mm thick sub-
strate for the graphene on bottom scenario. This further
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FIG. 2. Experimental results of the thermoacoustic characterization of the graphene sample. (a) and (b) acoustic pulse echo images (in dB scale) for the gra-
phene on top (a) and bottom (b) scenarios. (c) Filtered time-domain thermoacoustic signals for different cases. The focusing location of the transducer is at P,
defined in (a) and (b). (d) Comparison between normalized measured and simulated time-domain signals. (e)—(g) Thermoacoustic images (hot color in dB
scale) for the scenarios with the graphene on top (e), on bottom (f), and without the sample (g). The pulse echo images in (a) and (b) are co-registered with their
corresponding thermoacoustic images in (e) and (f) in gray scale, respectively. The magnitude in (e) and (f) are normalized. The scale in (g) is made identical

to that in (e).

corroborates the conclusion that the conspicuous pulsed ther-
moacoustic signals stem from the conducted heat in the vi-
cinity of the graphene. The peak magnitude of the acoustic
pulse for the graphene on bottom case is about half of that
for the graphene on top case, which is by large measure
caused by the acoustic wave reflections in the glass due to
acoustic impedance mismatch between the glass and mineral
oil.

A corresponding numerical model was developed to
provide an auxiliary benchmark to compare with the experi-
mental outcome. Electromagnetic simulations were carried
out first to calculate the heat distribution in the sample by a
commercial software package High Frequency Structural
Simulator (HFSS®), in which the sub-nanometer thick gra-
phene can be accurately approximated by a 2D impedance
boundary bearing surface resistance of 1000 /sq. Acoustic
simulations were done afterwards by MATLAB® using the
specific absorption rate as the thermoacoustic source to
obtain the generated acoustic pressures.®>*?* From the com-
parison shown in Fig. 2(d), good resemblance is observed in
terms of temporal profile of the thermoacoustic pulses,

quantitative magnitude difference in the pulses between the
graphene on top and bottom instances, and time delay in the
pulses between the two scenarios.

Thermoacoustic images were developed to reconstruct
profiles of the heat density distribution in the three scenarios,
which are provided in Figs. 2(e)-2(g). For the first two sce-
narios, the heat density profiles (shown in hot scale) are co-
registered with the corresponding pulse echo image of the
substrate (depicted in gray scale). The imaging approach has
been reported in our previous work.”> Apparent hot spots
appear in the region of graphene in Figs. 2(e) and 2(f), which
are associated with the pronounced peaks in the thermoa-
coustic signals in Fig. 2(c). The reason why elliptical rather
than rectangular spots are obtained is because the 4.3-mm-
diameter focal spot of the transducer effectively blurs the
boundary of the actual heat density distribution in the sam-
ple. The relative locations between the high heat density
spots and the substrate show good agreement with the struc-
ture shown in Figs. 1(c) and 1(d). The dimension of the
heat density spot approximately accords with the actual
dimension of the rectangular graphene in Fig. 1(c) despite
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the elliptical shape. For the third scenario without the sam-
ple, no discernible signal is presented since the petri dish
does not absorb heat.

The same sample was also characterized by a photoa-
coustic system sketched in Fig. 3, in which case a pulsed
laser instead of the microwave source was used as excitation.
The acoustic coupling medium was changed to deionized
water. A wavelength-tunable laser source (blue-pumped
[355 nm] optical parametric oscillator [OPO], Surelite 1-20,
Continuum Inc.) provided 5-ns wide laser pulses, which
were coupled into a multimode optical fiber (diameter is
1.6 mm, Ceramoptec Inc.). The fiber was connected to a pho-
toacoustic enabling device (2013, Montilla), which irradiated
the sample and enabled real-time photoacoustic imaging
using a standard 14 MHz hockey stick clinical ultrasound
linear array probe (L10-5, Zonare Medical Systems). The
fiber and photoacoustic enabling device were scanned in the
y direction to cover the entire sample. The optical radiation
resulted in a fluence of 10 mJ/cm” in a 2mm x 15 mm large
illumination area on the sample. Although the optical wave-
length was tunable between 430 and 670 nm, we present here
data at 590 nm. The measurement was performed with the
graphene on top of the substrate as illustrated in Fig. 3.

The obtained real-time photoacoustic images were
recorded and processed to form the time-domain photoacous-
tic signals and image of the graphene sample. The signal in
Fig. 4(a) is a typical time-domain photoacoustic signal when
the laser illumination is on the graphene, which implies that
the graphene produces a prominent photoacoustic signal
starting around 17.5 us. In contrast, no evident photoacoustic
signal is yielded in the same time window when the illumi-
nation is purely in the area of substrate without graphene as
shown in Fig. 4(b). Moreover, the photoacoustic image
shown in Fig. 4(c) clearly delineates the boundaries of the
graphene (hot scale) and substrate (gray scale). Unlike the
thermoacoustic images of the graphene, which exhibit an el-
liptical shape with a blurred boundary, the photoacoustic
image reliably reveals a rectangular boundary due to the
higher spatial resolution offered by the higher frequency of
the generated acoustic signals.

This study characterizes a large-area, few-layer graphene
sample employing pulsed microwave and laser excitations.
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FIG. 3. Schematic of experimental setup of the photoacoustic characteriza-
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FIG. 4. Experimental results of the photoacoustic characterization of the
graphene sample using laser source at 590 nm. Time-domain signal when
the laser illumination is on (a) graphene and (b) glass substrate (no gra-
phene). (c¢) Co-registered photoacoustic image of the graphene (hot scale)
and pulse echo ultrasound image of the glass substrate (gray scale).

Obtained thermoacoustic and photoacoustic signals are unam-
biguously attributed to the graphene. Clear thermoacoustic
and photoacoustic images of the graphene sample are recon-
structed. This work provides a fertile ground for applications
ranging from an alternative type of ultrasound generator to a
potential paradigm of detectors for microwave and optical
radiation. Thermoacoustic and photoacoustic techniques may
evolve into a potential adjuvant characterization tool for gra-
phene and other types of 2D materials.
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