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raphene, a novel material first found
G in 2004," has attracted much re-

search interest due to its excellent
structural and electrical properties. It has a
huge electrical mobility approaching
200000 cm? V™" s for a free sheet for both
electrons and holes.® Moreover, the ther-
mal conductivity of suspended graphene is
~5000 W m~' K" which is the highest
compared with that of other materials.*
With its extraordinary properties, graphene
has many uses in electronic, mechanical,
photonic and thermal applications. Many
kinds of graphene-based devices have been
fabricated such as field effect transistor,
nonvolatile memory,® resonator,’ transpar-
ent electrode® photodetector,” gas sen-
sor,'® and heat spreader."’ ~'® However an
acoustic application for graphene has not
been reported.

In this paper, an interesting phenomenon
that graphene can emit sound was studied.
Our novel paper-based graphene sound
source devices were fabricated by a simple
process. In comparison with a silicon-based
standard technique, paper-based systems
can open a new venue of technologies.'*~'¢
Paper is chosen as a substrate due to its
superior quality. It is lightweight, low cost,
readily available, and easy to manufacture.
Particularly, it has low thermal conductivity
which can be used as an ideal insulating
substrate. Graphene is used as a sound emis-
sion component due to its ultrasmall heat
capacity per unit area (HCPUA). The combi-
nation of exceptional electrical transport and
thermal properties suggests that novel nan-
ometer-thickness thermophones'” ™%’ are
different from conventional arrangements.

RESULTS AND DISCUSSION

Figure 1a shows a schematic diagram
of a graphene-on-paper sound source de-
vice. In this structure, a graphene film is
located at the center of the paper. When

TIAN ET AL.

ABSTRACT We demonstrate an interesting phenomenon that graphene can emit sound. The
application of graphene can be expanded in the acoustic field. Graphene-on-paper sound source
devices are made by patterning graphene on paper substrates. Three graphene sheet samples with
the thickness of 100, 60, and 20 nm were fabricated. Sound emission from graphene is measured as a
function of power, distance, angle, and frequency in the far-field. The theoretical model of air/
graphene/paper/P(B board multilayer structure is established to analyze the sound directivity,
frequency response, and efficiency. Measured sound pressure level (SPL) and efficiency are in good
agreement with theoretical results. It is found that graphene has a significant flat frequency
response in the wide ultrasound range 20—50 kHz. In addition, the thinner graphene sheets can
produce higher SPL due to its lower heat capacity per unit area (HCPUA). The infrared thermal
images reveal that a thermoacoustic effect is the working principle. We find that the sound
performance mainly depends on the HCPUA of the conductor and the thermal properties of the
substrate. The paper-based graphene sound source devices have highly reliable, flexible, no
mechanical vibration, simple structure and high performance characteristics. It could open wide

applications in multimedia, consumer electronics, biological, medical, and many other areas.

KEYWORDS: graphene - sound souce - paper-based - thermoacoutic effect - acoustic
characterization - frequency response

sound frequency electric signal is applied to
graphene through the silver contact, the
joule heating will heat up the air near its
surface, then the periodicity of air vibration
will form sound waves. Figure 1b sum-
marizes the process used in fabricating the
device.

The photograph of a paper-based gra-
phene sound source is shown in Figure 1c.
The 30—50 um apertures filter paper is used
as the substrate. The conductive silver ink is
used as electrode. Figure 1d shows the scan-
ning electron microscope (SEM) image of the
graphene. Some ripples of graphene can be
seen clearly. Figure 1e shows the optical
photograph of graphene after oxygen plasma
etching (OPE). Figure 1f shows the Raman
spectra (514.5 nm laser wavelength) obtained
from the corresponding colored spots in
Figure 1e. Two prominent peaks appear at
1582 and 2700 cm ™, corresponding to G and
2D bands, respectively. The film exhibits typical
multilayered graphene (MLG) characteristics
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Figure 1. Graphene-on-paper sound source devices. (a) Schematic view of a paper-based sound source device using
graphene as the emission component. (b) Fabrication process of the paper-based graphene sound source device. (c)
Photograph of a graphene/paper sound source device with a 1 cm? emission area. (d) SEM image of graphene. (e) An optical
image of the graphene after oxygen plasma etching. (f) Raman spectrum in the range of 1200—2800 cm ' of the graphene.
The red line and green line correspond to the red and green part in Figure 1e, respectively.

with a strong G peak and a broad 2D peak (green line),
while some spots exhibit monolayer graphene feature
with a sharp G peak and a single 2D peak with higher
intensity (red line). The small intensity of D-band
observed at 1350 cm ' indicates the low levels of
defects and local-disorders in the deposited films.
The X-ray diffraction (XRD) cure of MLG is available in
Supporting Information (Figure S2). As the peak inten-
sity of the (002) diffraction line is at 26.48°, it illustrates
the interlayer distance is 0.336 nm. The typical feature
of the graphite peak at (001) is not identified in this
graphene XRD pattern, which indicates MLG is not
composed of conventional thin graphite sheets.?®2°
Three samples of paper-based graphene sound
source devices are measured, named sample 1, sample
2,and sample 3. The resistance of the three samples are
32, 143, and 601 Q, respectively. The area of the
graphene is about 1 x 1 cm?, and the average thick-
ness of three graphene sheet samples are about 100,
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60, and 20 nm, respectively. The test platform contains
a signal generator, a standard microphone, and a
dynamic signal analyzer as shown in Figure 2a. The
graphene sound source is directly tested by using a
standard microphone (Figure 2b). The distance from
the sound source to the microphone is 5 cm.

The output sound pressure (SP) of the paper-based
graphene sound source increases with the input power
(Figure 2¢). The linear fitting line shows that the output
SP has the linear relation with the input power. The
Rayleigh distance can be defined as Ry = A/Ao>> with
respect to sound source area A and isentropic sound
wavelength Ao. Figure 2d shows the SP emission from
graphene vs the distance. For our thermophones tested
at 16 kHz sound frequency, the Rayleigh distance is
about 4.7 x 10> m. SP was tested at the distance of
(1-10) x 1072 m which belongs to the far-field. The
fitting line illustrates that the output SP is inversely
proportional to distance, which is in agreement with
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Figure 2. The acoustic test platform and test results of graphene sound source. (a) Schematic diagram of test platform. (b) On-
site photo of the experimental setup. (c) The output SP from graphene vs the input power. The SP is recorded at conditions of
16 kHz sound frequency and 5 cm distance. (d) The plot of the output SP of graphene vs the measurement distance. The SP is
recorded at 16 kHz sound frequency and 0.02 W input power. (e) Directivity of the graphene sound source in far-field. The
three curves are in arbitrary SP units on-axis. The SP is recorded at 16 kHz sound frequency, 5 cm distance and 0.02 W input
power. (f) The output sound pressure vs the frequency. The three curves are normalized with the input power 1 W/cm?. The
sound frequency is ranging from 3 to 50 kHz. The SP is recorded at the diatance of 5 cm and input power of 0.19, 0.07, and 0.01

W for three samples, respectively.

the estimate of far-field. When the measure distance is
5 cm at 16 kHz sound frequency, the omni-directional
dispersion patterns can be achieved by testing the
change of the SP with the receiving angle. The far-field
directivity of the graphene sound source in Figure 2e
shows that the main sound radiation area is near on-axis
+30 angles. The increase of angle leads to the decrease
of SP in general. The relation between the output sound
pressure level (SPL) and the frequency is shown in
Figure 2f. The frequency is sweeping from 3 to 50 kHz.

TIAN ET AL.

The three curves are normalized with the same power
density (1 W/cm?). The 20 nm graphene sound source
ranks first in the SP performance due to its lowest HCPUA.
The 60 nm and 100 nm graphene rank second and third,
respectively. It indicates that thinner graphene sheets can
produce higher SPL. The sound frequency band can cover
audible and ultrasound. Especially in ultrasound range
20—50 kHz, there exists flat frequency response.
Different theoretical models for thermophones were
compared. The carbon nanotube (CNT) loudspeaker
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Figure 3. Theoretical model and results of graphene sound source. (a) Theoretical model of the graphene sound source. (b)
Theoretical half-space directivity of the graphene sound source in far-field. (c) The theoretical and experimental results of SPL
vs the frequency for sample 3. The SP is recorded at the distance of 5 cm and the input power of 0.01 W. (d) The theoretical and

experimental results of efficiency vs frequency for sample 3.

which was made by Xiao et al.'® radiated sound into

full-space. However, graphene-on-paper device radi-
ates sound into half-space. There exists the emission of
thermal waves influenced by the heat-absorbing paper
substrate. The thermally induced ultrasonic from por-
ous silicon which was produced by Shinoda et al.'® has
a similar structure to graphene-on-paper. However,
Shinoda's theory is not suitable for an on-substrate
thermophone at low frequencies. On the basis of
Shinoda's work, Hu et al.>* put forward a model which
can explain the thermophone both at low and high
frequencies. Nevertheless, both of them omitted the
30 nm aluminum which functioned as the heat source
in their models. They assumed that the conductor was
thin enough that this part of impact could be ne-
glected. In fact, their models are at the upper bound
of the prediction of SP because the existence of the
conductor's HCPUA, which can absorb heat. In our
experiment, the thinner graphene shows a higher SP
in Figure 2f, which can not be explained by those
models, therefore the original model should be mod-
ified by considering the conductor's HCUPA. In addi-
tion, the equations of Hu et al. were derived in near-
field. However, our experimental frequency response
belongs to far-field. The equations can be simply
transferred to far-field by multiplying Ro/ro.>°

TIAN ET AL.

For f < o/(47Ls%) at low frequencies in far-field, the
SP can be written as
Ro Y —1 €g
V2ry vg Mles+acd) +eq

Pims = o (1)
For > o/(4niLs%) at high frequencies in far-field, the SP
can be written as

RO j/*’l €g

P, =
ms \/il’o Vg (es + ac) + €q

9o (2)

where fis frequency of sound; o and L is the thermal
diffusivity and thickness of substrate, respectively; ry is
the distance between sound source and the micro-
phone; y is the heat capacity ratio of gas; vg is the
sound velocity in gas; e; = (k;piCp)""? is the thermal
effusivity of material i. The subscript i represent gas (g)
or substrate (s), respectively. a. = (kcpcCy)"? is the
thermal parameter of conductor (c); g is the input
power density; M is a frequency related factor (see
Supporting Information). Under high frequency, M~ 1,
then eq 1 is the same as eq 2.

The modified formulas in near-field are also given
(see Supporting Information eq 3 and 4). Comparing
with the original formulas (see Supporting Information
eq 1 and 2),** a factor a. = (kcpcCs)'/ is introduced in
our modified model, which takes into account the
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Figure 4. Infrared thermal images and average surface temperature of graphene (sample 2) with different amplitude of input
power: (a) no power is applied; (b) input power g, is 0.0007 W; (c) g, is 0.01 W; (d) g, is 0.03 W; (e) g, is 0.05 W; (f) g, is 0.08 W; (g)
gois 0.11 W; (h) g, is 0.16 W. (i) The average surface temperature of graphene vs the applied electric power. The experimental

and theoretical results are shown. The SP is recorded at 16 kHz sound frequency and 5 cm measurement distance.

effect of the conductor. To demonstrate that this
modified model is reasonable, the modified theoretical
results are compared with the experimental results of
Shinoda et al.'® and the theoretical results of Hu et al.**
(see Supporting Information Figure S6). Through com-
parison, our theoretical curve is slightly lower than that
of Hu?* It indicates that the theoretical model of
Hu et al.** is the upper bound SP. Our modified model
considering the conductor's HCPUA is suitable with
Shinoda's experimental results, so our modified model
is applicable to graphene-on-paper structure.

The theoretical model for graphene-on-paper sound
source device is shown in Figure 3a. Our model is a PCB
board/paper/graphene/air multilayer structure. The
sound emission component graphene has been con-
sidered. Considering the device as a point sound
source in far-field, the theoretical half-space directivity
D(6,¢) is deduced by Vesterinen et al.®

KoLy
D(6, ¢) = sin C(OT sin 6 cos (p)
koL
sin c(% sin @ sin go> (3)

where the 6 and ¢ are the angles of a spherical coordi-
nate system; ko = 27t/Aq is the isentropic wavenumber.
The sound source device is the origin of the system. Ly
and L, are sound source length and width, respectively.

Figure 3b shows the sound radiation of the gra-
phene sound source in far-field. The on-axis direction
has the largest sound intensity, the sound intensity
decreases with the angle and the main intensity area

TIAN ET AL.
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Figure 5. In far-field, comparison of sound pressure for a set
of thermophones with the normalized values of 1 W input
power, 5 cm measurement distance, and 20 kHz sound
frequency. The substrates are also marked.

focuses on axis +30° angles. Those results are accor-
dance with the experimental directivity results in
Figure 2e. Figure 3c shows the theoretical and experi-
mental results of SPL vs the frequency for sample 3. The
theoretical and experimental results are in good agree-
ment. The small discrepancy could be explained
by the surface roughness of the paper substrate.”®
The upper bound limit of SPL is also shown for
comparison. The theoretical formula of the upper
bound SP?? is given by

qGof

T — (4)
\/EI’ 0 Cp, g To

Prms, max —

where, C, 4 is the specific heat of air; Ty is ambient
temperature.
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TABLE 1. The Graphene Sound Source Performances Are Compared to Other Thermophones in Far-Field”

conductor HCPUA (J/(m?-K)) substrate area (cm?) sound pressure (Pa) reference
100 nm graphene sheets 15%x 107" paper 1 0.13 this work
60 nm graphene sheets 93 % 1072 paper 1 0.20 this work
20 nm graphene sheets 311072 paper 0.29 this work
30 nm Al films array 73 %1072 air gap 0.26 23
30 nm Al films array ultimate bound 73 %1072 none (free standing) 0.93 23
40 nm CNT 31x 1072 none (free standing) 0.22 19
10 nm CNT 77 %1073 none (free standing) 9 0.56 19

“The values of input power and measurement distance are normalized with 1 W and 5 cm, respectively, and the sound frequency is 20 kHz.

On the basis of the spherical wave assumption, the
efficiency of the graphene sound source can be calcu-
lated as Pyms/(pgVeGo).>> Because of the interference
effects at high frequency, the ultimate efficiency be-
comes saturation.?® Figure 3d shows the efficiency of
the graphene sound source. At the frequency of 32 kHz,
sample 3 reaches its maximal efficiency. The upper
bound efficiency line is also shown for reference. It is
noted that the efficiency of our device is 1 order of
magnitude lower than the ultimate bound. The SPL and
efficiency analyses of the other two samples are also
available in Supporting Information (Figures S7 and S8).

Arnold and Crandall'” described the scene: While
the thermophone was working, the electric power was
converted into joule heating through conductor. It
would heat up the air near its surface and then the
sound pressure was generated by the changing of the
air temperature. To demonstrate this phenomenon by
experiments, advanced infrared thermal imaging in-
strumentation was used, which can measure the rela-
tions between the surface temperature distribution of
graphene and the amplitude of input power. The
electric power qq increases from 0 to 0.16 W gradually
(Figure 4a—h). At each power stage, a picture is
recorded until the surface temperature reaches a
steady state. This means that the surface temperature
is recorded at constant input power. The surface
temperatures at different power stage (Figure 4a—h)
are summarized (shown in Figure 4i (red pillars)). The
average surface temperature of graphene increases
when g, increases from 0 to 0.16 W gradually. The
improvement of input power leads to the increase of
surface temperature. The average surface temperature
T can be predicted by a theoretical formula:'®

90

\/ijst,s

where ks and G,  are the thermal conductivity and heat
capacity of the paper substrate, respectively; w is the
angular frequency of sound.

The theoretical results of surface temperature are
plotted in Figure 5i (black point and line). Results from
calculation and experiments are in good agreement.
From the test results as shown in Figure 2c, it reveals
that the SP increases with the input power. Therefore,

T=To+ (5)

TIAN ET AL.

the surface temperature of graphene increases with
the SP. It suggests that Joule heating has great
relations with the intensity of sound. This also indicates
that the working principle is related to thermoacoustic
effect.

Figure 5 illustrates the comparison the sound per-
formance among a set of thermophones in far-field.
Table 1 lists those parameters in detail. According to
the comparison, it is found that HCPUA of the con-
ductor and the thermal properties of the substrate play
important roles in the performance of thermophones.
The HCPUA is relative to the conductor's type and its
thickness. For the same kind of material, the thinner
the films are, the higher the SPL becomes. A compar-
ison with different kinds of substrates reveals that heat
insulation materials can reduce heat leakage from the
substrates. Free standing is an ideal and effective way
to realize high SPL and efficiency. Paper is a good
choice when a substrate is needed. We also compare
the graphene and Al films'® in near-field (see Support-
ing Information Tables S1 and S2). The graphene has
higher SP than 30 nm Al due to the contribution of the
paper substrate.

CONCLUSIONS

We demonstrated that graphene can emit sound
which can expand its application in the acoustic field.
Sound emission from graphene is measured as a
function of power, distance, angle, and frequency in
far-field. From 3 to 20 kHz, the SPL shows a linear
relationship with frequency. In addition, significant
broad and flat SPLs are obtained in the ultrasonic
region, ranging from 20 to 50 kHz. A modified model
has been established considering the impact of the
conductor to analyze the sound frequency spectrum.
Sound frequency is independent with sound response
at high frequencies in near-field. In far-field, measured
sound pressure and efficiency are in good agreement
with theoretical results. The infrared thermal imaging
of graphene indicates that the thermoacoustic effect is
the working principle. The surface temperature of
graphene increases with the input power which is in
accordance with theoretical analysis. The performance
of graphene sound source is compared to other ther-
mophones both in far-field and near-field. It reveals
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that the performance of thermophone mainly depends
on the HCPUA of the conductor and the thermal
properties of the substrate. The paper-based graphene
sound source can be widely used because of its highly
reliable, flexible, transparent, no vibration, simple

METHODS

Large-scale MLG films could be synthesized by using chemical
vapor deposition.' " To obtain the desired thickness of gra-
phene films, OPE treatment (Supporting Information, Figure S1)
was used.

Structure characteristics of the multilayered graphene films
were analyzed from Raman spectrum obtained by Raman
spectroscopy with a Renishaw R-1000 system using wavelength
of 514.5 nm. The surface morphology was observed by SEM (DI-
3100). The thickness and surface roughness of the films were
measured using a surface profiler (Dektak150, Veeko). Sheet
resistance was measured by the automatic four point probe
meter (model 280SI, Four Dimensions, Inc.). The interlayer dis-
tance of multilayered graphene was measured (Supporting
Information, Figure S2) by the X-ray diffractometer (XRD, Rigaku).

We fabricated paper substrates by cutting filter paper (30—50
um hole, BB90-DXLZ) using a laser cutter (Figure 1a). We
manually transferred the graphene on the paper (Supporting
Information, Figure S3), and contacted pads using low-resistiv-
ity sliver ink. A stencil mask was generated by cutting designed
patterns using a laser cutter, then we placed the stencil mask on
top of the patterned paper, and filled the openings of the stencil
mask with silver ink. The paper was then attached to PCB board
which was used to improve the mechanical strength and
establish electrical connection. The paper device was baked at
80 °C for 10 min.

The acoustic platform for testing the graphene sound source
contains a signal generator, a standard microphone, and a
dynamic signal analyzer. The '/, in. standard microphone
(Earthworks M50), which had a very flat frequency response
reaching up to 50 kHz and a 31 mV/Pa high sensitivity, was used
to measure the SPL of the graphene sound source. The signal
analyzer (Agilent 35670A) was used to make fast Fourier trans-
form analysis and record the value of SPL. Our test results were
measured in a soundproof box. The box size was 1 x 0.5 x 0.5 m?>.
To avoid the effects of reflections, the box was filled with sound-
absorbing sponges.
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