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ABSTRACT

The performance of a photo-thermo-acoustic (PTA) ultrasonic source can be significantly improved by utilizing
graphene-based materials. Graphene is an excellent PTA material owing to its wide electromagnetic absorption
spectrum, low heat capacity per unit area, and high thermal conductivity. In this study, a broadband graphene-
foam-based PTA ultrasonic source covering the frequency range of 50 kHz to 1.8 MHz was excited by a near-
infrared femtosecond laser beam. The lower and upper frequency limits of the acoustic wave that can be
detected in the experiments were determined by the responsivity of the microphone and the attenuation of the
acoustic wave in air, respectively. The experimental results show that the sound pressure of this ultrasonic source
was independent of the laser polarization and incident angle. The peak-to-peak magnitude of the ultrasonic wave
was proportional to laser energy when the single-pulse energy of the femtosecond laser varied from 0.4 to 1.0 mJ.
Therefore, the sound intensity of the ultrasonic source could be easily controlled by modulating the laser energy.
The experimental results also show that the ultrasonic wave emitted from the graphene foam had a dipole-like
acoustic pressure distribution, and its principal emission direction was normal to the sample surface, regardless
of the laser incidence angle. This characteristic may benefit future applications in directed message transfer/

acquisition and nondestructive testing/imaging.

1. Introduction

Megahertz (MHz) ultrasonic sources have been widely used in
nondestructive testing [1-3], medical treatment [4], and high-
resolution biomedical imaging [5,6]. Limited by its electromechanical
resonance principle, the bandwidth of the MHz piezoelectric ultrasonic
source is only several kilohertz [7]. In contrast, by utilising the photo-
thermo-acoustic (PTA) effect [8,9], one can produce MHz/gigahertz
(GHz) ultrasonic sources with a flat and wide acoustic spectrum [10,11],
the bandwidths of which can reach MHz or even GHz [12-14]. An
ultrabroadband ultrasonic source can achieve a much higher heating
efficiency in multiple-frequency biotissue cutting [15] and better tem-
poral resolution in testing and imaging [16]. Furthermore, compared
with the MHz piezoelectric ultrasonic source, the PTA ultrasonic source

can resist to the electromagnetic interference and achieve remote con-
trol without any type of physical connection.

Although the PTA effect has been known for nearly 140 years [17],
the development of the PTA ultrasonic source was hindered by the low
photoacoustic conversion efficiency of conventional materials until the
emergence of graphene and graphene-based materials. The Dirac-type
band structure [18], low heat capacity per unit area (HCPUA) [19,20],
and high thermal conductivity [19] of graphene-based materials make
them ideal PTA materials with high photoacoustic conversion efficiency
[21-24]. A band structure of this type leads to a broad electromagnetic
absorption band from terahertz (THz) to ultraviolet (UV) wavelengths
[25], whereas the low HCPUA facilitates heating to a high temperature.
Finally, the high thermal conductivity results in a higher sound pressure
during the thermoacoustic (TA) conversion process [21,26]. Compared

Abbreviations: PTA, photo-thermo-acoustic; HCPUA, low heat capacity per unit area; MHz, Megahertz; GHz, megahertz/gigahertz; THz, terahertz; UV, ultraviolet;
HWP, half-wave plate; FWHM, full width at half maxima; RSD, relative standard deviation; PT, photo-thermal; TA, thermo-acoustic.
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Fig. 1. Schematic diagram of the experimental setup for ultrasonic wave generation by femtosecond laser irradiation of graphene foam: HWP, half-wave plate (in this

figure, the z- and z’-axes are identical).
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Fig. 2. (a) Dependence of the peak-to-peak magnitude of ultrasonic wave emitted from the top sample surface (see Fig. 1) on the polarization direction of the
femtosecond laser: the typical time domain waveforms of the ultrasonic waves in the time range of 40-100 ps are presented in (b), and the corresponding Fourier

transforms are presented in (c).

with graphene sheets, graphene foam has a higher photoacoustic con-
version efficiency because no substrate is required for graphene foam
and heat leakage to the substrate is avoided.

In this study, a MHz PTA ultrasonic source was produced by irradi-
ating graphene foam with near-infrared femtosecond laser pulses. The
effects of laser polarization and energy on the generated ultrasonic wave
and the directivity of the ultrasonic emission were investigated experi-
mentally. The experimental results reveal that the peak-to-peak ampli-
tude of the ultrasonic wave was proportional to the laser energy and
independent of the polarization and incident angle of the femtosecond
laser. Therefore, the sound energy could be easily modulated by
adjusting the input laser energy. The experiments also show that the
ultrasonic wave emission had a dipole-like acoustic pressure distribu-
tion, and the preferential emission direction was normal to the sample
surface, regardless of the incident angle. In addition, under the striking
of femtosecond laser, the ultrasonic wave was emitted from both sides of

the graphene foam sample; the forward and backward acoustic emis-
sions had identical directivities and dependences on laser parameters.
These properties make the ultrasonic wave generated from graphene
foam potentially applicable in directed message transfer and imaging.

2. Materials and methods

A schematic diagram of the experimental setup used to generate the
MHz ultrasonic wave is shown in Fig. 1. Laser pulses of 35 fs, 800 nm,
and 500 Hz with a single pulse energy of 1.0 mJ are produced by a
commercial Ti: sapphire chirped pulse amplification system (Legend
Elite, Coherent, Inc.). The linearly polarized femtosecond laser beam has
a 10-mm beam diameter (1/e? spot size). The output laser energy can be
continuously adjusted by the combination of a half-wave plate and the
compressor grating, both of which are located inside the amplification
system. Another half-wave plate (see Fig. 1) outside the amplification
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Fig. 3. (a) Acoustic wave attenuation coefficient in 1 atm, 20 °C air with 20% relative humidity and (b) calculated transmittance of the acoustic wave after

propagating 20 mm from the graphene foam surface to the microphone.
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Fig. 4. Emission directivity of the backward ultrasonic wave produced by
femtosecond laser irradiation of graphene foam: the incident angles of the
femtosecond laser are 68° (red line), 45° (green line), and 0° (blue line), and the
pulse energy of the femtosecond laser is 1.0 mJ. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Femtosecond laser pulse energy effect on the backward ultrasonic wave:
the pump laser irradiates the graphene foam at an incident angle of 68°, and the
detection angle of the microphone is — 35°; the square and circle data points
respectively indicate the peak-to-peak voltage and the arriving time of the ul-
trasonic pulse; some error bars are so small that they are covered by the data
points. The linear fittings (red and black solid lines) of the square and circle
data points are both weighted by the error bars.

system is employed to rotate the laser polarization. Angle o indicates the
orientation of the laser polarization, which is defined as the angle be-
tween the polarization and the y’-axis (see the inset in Fig. 1). Here, a >
0° and o < 0°, respectively, indicate that the polarization rotates anti-
clockwise and clockwise relative to the y’-axis. The femtosecond laser
beam irradiates the graphene foam at an incident angle ¢. The graphene
foam sample has a cylindrical shape with a diameter of 10 mm and
thickness of 2 mm. A microphone (V306, Olympus, Ltd.) combined with
an ultrasonic pulse receiver (5072PR, Olympus, Ltd.) is used to detect
the generated ultrasonic wave, which is displayed on an oscilloscope
(DP0O3034, Tektronix, Inc.). The microphone is mounted on a rotatory
stage and can be moved along the dashed circle with a radius of 20 mm,
as shown in Fig. 1. The location of the microphone is denoted by angle 6.

During the experiments, a femtosecond laser with different incident
angles of ¢ = 68°, 45°, and 0° is employed to irradiate the graphene
foam. Ultrasonic waves are emitted from the top and bottom surfaces of
the graphene foam, as indicated by the blue arcs in Fig. 1. Because the
full width at half maximum diameter of the laser beam is equal to the
diameter of the graphene foam sample, the sound emission areas are
constant for different incident angles, which are all equal to the sample
surface area. The laser pulse energy indicated hereinafter is the effective
laser pulse energy, which is obtained by measuring the laser energy
transmitted through the sample holder after removing the graphene
foam from the holder.

Graphene is an excellent 2D TA material. First, graphene has an
extremely low HCPUA of 5.8 x 107 J m™2K™! (HCPUA = dpC,, where
d, p, and G, are the thickness, density, and constant-pressure specific
heat of graphene, respectively) [26] because it is the thinnest known
material (0.34 nm). The HCPUA is inversely proportional to the acoustic
pressure [27], so graphene is one of the best TA materials, generating a
very high acoustic pressure [20]. Furthermore, the high thermal con-
ductivity (5300 W m~! K1) of graphene benefits the production of
acoustic waves owing to the rapid heat transfer to the ambient material
[21,26]. The graphene foam sample used in the experiments is a 3D
crosslinked monolithic graphene material with an ultrahigh void ratio of
as much as 99.9% and low density of 1 mg/cm?. It can be regarded as a
macro-aggregation of many electronically isolated and structurally
suspended graphene sheets. There is no strong chemical bond structure
between adjacent graphene sheets in the sample. Therefore, the gra-
phene foam retains the properties of graphene, including the Dirac-type
band structure and photoelectric and TA properties. Furthermore, the
heat leakage of the graphene foam to the substrate is much smaller than
that of few-layer graphene, which can further improve the performance
of TA devices. The detailed synthesis processes and parameters of the
graphene foam are described elsewhere [28].
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Fig. 6. (a) Emission directivity of the forward and
backward ultrasonic waves under the irradiation of
femtosecond laser with different pulse energies,
where the pump femtosecond laser irradiates the
graphene foam at an incident angle of 68°, (b) and (c)
the time domain waveforms and corresponding spec-
trum, respectively, of the forward ultrasonic waves
generated by 1.0-mJ femtosecond laser pulse, where
the detection angle is —35°, and (c) spectrum ob-
tained by Fourier transforming the signal in (b) in a
time window of 50-110 ps.
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3. Results and discussion

The voltage V shown in Fig. 2 represents the sound pressure P
through the voltage-to-pressure responsivity # which is a frequency-
dependent coefficient describing the piezoelectric response of the
microphone [29]. Therefore, the peak-to-peak voltage V., of the ul-
trasonic pulse in Fig. 2(a) represents the amplitude of the acoustic pulse
sound pressure. As Fig. 2(a) shows, a femtosecond laser with a single
pulse energy of 1.0 mJ irradiates the graphene foam at incident angles of
68°, 45°, and 0°. The detection angle 6 (see Fig. 1) is — 35° for all cases.
The average relative standard deviation of all data points in Fig. 2(a) is
approximately 8%, which implies that the intensity of the backward
ultrasonic wave (i.e., the one emitted from the top sample surface in
Fig. 1) is independent of the polarization of the femtosecond laser. Po-
larization independent characteristics can also be seen from the time
domain and frequency domain waveforms of the backward ultrasonic
waves, which are presented in Fig. 2(b) and (c), respectively. This po-
larization independent characteristic may originate from the polariza-
tion independent absorbance of graphene. The absorbance of graphene
in the infrared-to-visible range is approximately a constant that is in-
dependent of laser polarization [30,31]. In addition, Fig. 2(a) indicates
that changing the incident angle of the laser does not affect the back-
ward ultrasonic wave.

As shown in Fig. 2(c), the ultrasonic pulse emitted from the graphene
foam covers the frequency range from 50 kHz to 1.8 MHz. The low-
frequency limit is determined by the frequency response limit of the
piezoelectric microphone used in the experiments [29,32]. The upper
frequency limit is mainly determined by the attenuation of ultrasonic
waves in air. Such a broadband ultrasonic pulse generated by graphene
foam is more suitable for ultrasound therapy than narrowband/single-
frequency ultrasonic waves because multifrequency ultrasonic waves
are more efficient in heating the tissue and inducing a larger treating
volume [15].

The upper frequency limit of the ultrasonic waves detected in the

Frequency (MHz)

experiments is mainly determined by the PTA mechanism and attenu-
ation of acoustic waves in air. In the photothermal (PT) conversion
process [24], first, the femtosecond laser is absorbed by the electrons of
the graphene foam and excites the electrons to the conduction band in
the femtosecond timescale [33]. Second, the electron—phonon scattering
causes the generation of hot optical phonons on a picosecond timescale
[33,34]. Third, the temperatures of the electrons and phonons decrease
owing to the emission of acoustic phonons out of the laser deposition
volume on a nanosecond timescale [35]. In the TA conversion stage
[21,24], the acoustic phonons diffuse and heat the air layer adjacent to
the sample surface, inducing quick expansion of the adjacent air layer
and producing an acoustic pulse. This acoustic pulse has a pulse duration
several times longer than the heating time of the air layer [36]. There-
fore, the upper frequency limit of the ultrasonic wave near the sample
surface is mainly determined by the timescale of the heating process of
the air layer.

The acoustic pressure after propagating a distance z is P(z) = Ppe~**
[371, where Py is the acoustic pressure at the graphene foam surface, and
a is the attenuation coefficient, which can be obtained from previous
research [37-40]. Fig. 3(a) and (b) show, respectively, the frequency-
dependent attenuation coefficient of the acoustic wave in air and the
calculated acoustic transmittance at the microphone after the ultrasonic
wave propagated 20 mm from the graphene foam surface. In Fig. 3(a),
the unit of the acoustic attenuation coefficient o is Np/m and 1 N,/m
indicates that the pressure of the acoustic wave will be attenuated to 1/e
of the initial pressure after propagating 1 m in the medium. The trans-
mittance is approximately 99% at 100 kHz and 45% at 1.5 MHz, but only
20% and 10% at 2 and 2.5 MHz, respectively. The peak responsivity of
the microphone used in the experiments appears at 2.3 MHz. Therefore,
combining the calculations in Fig. 3(c) and the experimental results in
Fig. 2(c) reveals that the upper detection limit of 1.8 MHz is mainly
caused by the attenuation of the ultrasonic waves in air.

Fig. 4 presents the measured emission directivity of the backward
ultrasonic wave produced by femtosecond laser irradiation of the
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Fig. 7. Acoustic imaging using the forward ultrasonic wave generated by the graphene foam: (a) schematic diagram of the graphene foam ultrasonic imaging, with
the femtosecond laser striking on the graphene foam at an incident angle of 68° and a femtosecond laser single-pulse energy of 1.0 mJ, (b) schematic diagram of the
polylactic acid target with a thickness of 0.8 mm, and (c) ultrasonic image of the target.

graphene foam. V., is obtained from the measured temporal profile of
the acoustic pulse emitted from the graphene foam (see Fig. 2(b)). The
normalized Vy,, in Fig. 4 is calculated by dividing the measured V., by
the maximal V,.,, The maximal V), appears near the normal of the
graphene foam surface during the irradiation of femtosecond laser with
an incident angle of 68°. The detection angle range is limited by the
geometrical dimensions of the microphone and the relative position
between the microphone and the femtosecond laser beam. For example,
in the case of an incident angle of 68°, the ultrasonic wave at > 20°
cannot be measured because the laser beam is blocked by the micro-
phone. Comparing the ultrasonic emission directivities at these three
incident angles reveals that, in the measurable angle range, the emission
directivity of the ultrasonic wave is independent of the incident angle of
the femtosecond laser. For laser beams with incident angles of 45° and
68°, the ultrasonic wave emitted from the top surface of the graphene
foam exhibits a dipole-like directivity whose preferential direction is
normal to the sample surface. The emission directivity of the ultrasonic
waves produced from graphene foam might benefit applications in
directed information transfer/acquisition and remote nondestructive
testing/imaging.

Fig. 5 shows the effect of femtosecond laser energy on the ultrasonic
wave pressure and arrival time at the microphone. Because a higher
laser energy causes damage to the graphene foam, the effective laser
energy striking the graphene foam sample is no>1.0 mJ. For the
experimental results shown in Fig. 5, the incident angle of the femto-
second laser is 68°, and the detection angle of the microphone is — 35°.
The corresponding results for the other incident angles and detection
angles are similar to those in Fig. 5 and are not presented here. Fig. 5
shows that a linear relationship exists between the peak-to-peak voltage

(i.e., the amplitude of the acoustic pressure) and the single-pulse energy
of the femtosecond laser. In addition, Fig. 5 shows the dependence of the
arrival time of the ultrasonic pulse at the microphone on femtosecond
laser energy. Although the distance between the microphone and gra-
phene foam sample remains constant, the ultrasonic arrival time de-
creases as the femtosecond laser energy increases. This phenomenon
may originate from the PTA acoustic wave generation process. Because
the PT stage completes within several nanoseconds based on the above
analyses and the variation of the arrival time in Fig. 5 can be as much as
0.5 ps, the variation in the arrival time must come from the TA stage.
According to Fourier’s heat conduction law [41], in the TA stage, the
heat flow Q between the hot graphene foam and the cool adjacent air
layer is proportional to the temperature difference AT. The temperature
difference can be calculated by AT = ypraoE/Cgr , where ipr , 0, E, and
Cgr are the PT conversion efficiency, optical absorption coefficient,
pulse energy of the femtosecond laser, and heat capacity of the graphene
foam sample with unit thickness, respectively. Therefore, Q is propor-
tional to E, i.e., Q = yE, and y is a proportional coefficient. It is
considered that when the air layer adjacent to the graphene foam is
heated to a certain temperature Ty, with a sufficiently large pressure, the
emission of the acoustic wave begins. Consequently, the emitting time t.
of the acoustic wave can be estimated using the equation yEte = Cair Ty,
where Cy;; is the heat capacity of the adjacent air layer. Therefore, the
relationship between the emission time of the acoustic wave and the
laser energy can be expressed as t. = CairTw/(7E). After the Taylor
expansion around Eg (Ey is an arbitrary value from 0.4 to 1.0 mJ) is
applied, and ignoring high-order terms, it is found that the emitting time
of the acoustic wave decreases with the increase in the laser pulse en-
ergy, which obeys the relation t. = CairTin (2Eo — E)/(yE3). This explains
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the dependence of the arrival time of the acoustic wave on the laser
pulse energy, as shown in Fig. 5.

Fig. 6(a) shows that the emission directivities of the forward and
backward ultrasonic waves exhibit a dipole-like acoustic pressure dis-
tribution with a preferential direction perpendicular to the graphene
foam surface. Fig. 6(a) also reveals that, for the forward and backward
acoustic emissions, the amplitude of the ultrasonic wave increases
proportionally as the laser pulse energy increases. Furthermore, the
peak-to-peak magnitude of the forward ultrasonic wave is only 15% that
of the backward one when the femtosecond laser pulse energy is 1.0 mJ.
The following physical scenario may help to understand why the for-
ward ultrasonic wave is weaker. The deposited laser energy per unit
sample thickness gradually decreases as the depth increases and is
highest on the top surface of the graphene foam. Therefore, the acoustic
pressure of the ultrasonic wave generated at a specific depth of the
graphene foam also decreases as the depth increases. Considering the
attenuation during the acoustic wave propagation inside the graphene
foam, one can infer that the forward ultrasonic wave is much weaker
than the backward one. Meanwhile, the forward ultrasonic wave has a
lower high-frequency component than the backward one, as shown in
Figs. 2 and 6(c). The high-frequency component loss may be caused by
the propagation of the forward ultrasonic pulse through the porous
graphene foam.

As a practical application of the ultrasonic wave generated by the
graphene foam, an acoustic imaging experiment was performed, and the
results are shown in Fig. 7. To enhance the imaging resolution, a small
circular aperture with a diameter of 3 mm was placed before the imaging
target to reduce the acoustic beam diameter. A microphone was placed
perpendicular to the target to collect the transmitted acoustic wave. The
microphone and target were 20 and 14 mm from the top surface of the
graphene foam, respectively. Fig. 7(b) is a schematic diagram of the
target, which moved along the X- and Z-directions with a step of 0.5 mm
during the imaging process. The measured ultrasonic imaging results are
shown in Fig. 7(c). Because the size of the ultrasonic beam in the near
field is determined by the diameter of the circular aperture rather than
the diffraction limit, the imaging resolution can be improved by simply
reducing the aperture diameter. At present, the sensitivity of the
microphone hinders further reduction of the aperture diameter and
improvement of the imaging resolution.

4. Conclusions

MHz ultrasonic waves were produced by femtosecond laser irradia-
tion of graphene foam, and the physical origin and critical limiting
factors of the ultrasonic bandwidth were investigated. The bandwidth of
the ultrasonic wave generated by graphene foam is obviously larger than
those generated by piezoelectric transducers and can achieve higher
heating efficiency in multiple-frequency biotissue cutting [15]. The ul-
trasonic pulse generated from the graphene foam has a dipole-like
emission directivity, and its acoustic pressure is independent of the
polarization and incident angle of the femtosecond laser. Furthermore,
the amplitude of the ultrasonic wave is proportional to the laser pulse
energy, which is convenient for adjusting the ultrasonic wave intensity
in practical applications.
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