THE UNIVERSITY of EDINBURGH

Edinburgh Research Explorer

Realization of a graphene/PMMA acoustic capacitive sensor
released by silicon dioxide sacrificial layer

Citation for published version:

Xu, J, Wood, G, Mastropaolo, E, Newton, MJ & Cheung, R 2021, 'Realization of a graphene/PMMA acoustic
capacitive sensor released by silicon dioxide sacrificial layer', ACS Applied Materials & Interfaces, pp. 1-11.
https://doi.org/10.1021/acsami.1c05424

Digital Object Identifier (DOI):
10.1021/acsami.1c05424

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
ACS Applied Materials & Interfaces

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN () ACCESS

Download date: 17. Aug. 2021


https://doi.org/10.1021/acsami.1c05424
https://doi.org/10.1021/acsami.1c05424
https://www.research.ed.ac.uk/en/publications/a41ff6fb-a47f-4905-9f07-6d25f9c299c1

Downloaded via UNIV OF EDINBURGH on August 5, 2021 at 14:15:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

I APPLIED MATERIALS
INTERFACES
eo®se06

www.acsami.org

Realization of a Graphene/PMMA Acoustic Capacitive Sensor
Released by Silicon Dioxide Sacrificial Layer

Jing Xu,* Graham. S. Wood, Enrico Mastropaolo, Michael. ]J. Newton, and Rebecca Cheung*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsami.1c05424

ACCESS | [l Metrics & More | Q Supporting Information

ABSTRACT: We report the realization of an acoustic capacitive microphone formed by graphene/
poly(methyl methacrylate) (PMMA). It is the first time that the ultra-large graphene/PMMA
membrane suspended fully over the cavity has been fabricated by releasing the silicon dioxide
sacrificial layer underneath the membrane. The novelty in the fabrication method is that the silicon
dioxide layer has been etched by hydrogen fluoride vapor from the back of the partly etched silicon
substrate. Using the new process, the ultra-large graphene/PMMA membrane, with a diameter to
thickness ratio of 7800, has been suspended over the cavity with a 2 ym air gap. The spacing of 2 ym
is the minimum gap over the graphene-based acoustic capacitive microphones which have been
reported so far. The static deformation of the suspended graphene/PMMA membrane after silicon
dioxide has been etched is estimated to be 270 nm. The aspect ratio of the membrane’s diameter
over its static deformation is around 13,000, which shows that the graphene/PMMA membrane with
a diameter of a few millimeters can be transferred and suspended over the substrate with relatively
small deformation by releasing the sacrificial silicon dioxide layer. The dynamic behavior of the
device under electrostatic actuation has been characterized. The acoustic response of the graphene/
PMMA capacitive microphone has been measured, and the sensitivity has been observed to be —47.5 dB V (4.22 mV/Pa) + 10%.
The strain in the graphene/PMMA membrane is estimated to be 0.034%.

KEYWORDS: graphene, graphene transfer, audio sensing, electrostaticc MEMS

B INTRODUCTION

Graphene has many attractions for the research and industrial
communities since it was discovered' due to its remarkable
electrical and mechanical properties, including ultra-high
Young’s modulus (~0.5—1 TPa), mechanical strength (~130
GPa), high electron mobility (200,000 cm* V™' s71),> and
super low mass density (2200 kg/m®). The attractive

order to increase the stability of the devices. A 10-layer
graphene diaphragm with up to a 4 mm diameter has been
fabricated but with a complex vacuum-assisted sublimation
transfer method.'® Additionally, unlike the precise process of
fabricating the commercial capacitive microphones where the
diaphragm and backplate electrode have been fabricated onto
one substrate,” the graphene-based acoustic sensor has been

properties of graphene show its potential applications in
pressure sensors,3 electromechanical actuators,4 resonators,s_9
biosensors,'® and microdrums."’

For acoustic sensors, graphene is also a desirable material.
Compared to polysilicon or silicon nitride membranes used in
the commercial microphones, graphene-based membranes
possess the potential of achieving high-sensitivity microphones
due to the small thickness and low mass density. However, for
sensing audio frequency (20 Hz to 20 kHz), the diameter of
the graphene-based membrane reported in graphene-based
acoustic sensors has been required to be a few millimeters
(3.5-7 mm)."*""° Considering that the multi-layer graphene
membrane is about a few atoms thick, it is challenging to
transfer graphene due to the large aspect ratio of the
membrane. So far, there have been a few acoustic applications
based on graphene.”””'” In recent research, the graphene
membrane has been thickened by increasing the graphene layer
number ranging from 67'* to 1800'* or by attaching 200 nm">
or micrometer thick poly(methyl methacrylate) (PMMA)'* in
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processed with a two-step method: the flexible graphene-based
membrane has been transferred first onto a ring or a spacer to
serve as a diaphragm with the support; then, the supported
membrane has been assembled manually into the case or
cartridge'>™'® with the backplate electrode inside to form the
capacitive microphone. The two-step fabrication method
increases the complexity and decreases the consistency of the
sensors, which limits its application in the further minimization
of the air gap. The air gap of the sensors with a diameter of a
few millimeters in the literature has been reported to be from
8.8 to 172 um."””'® The air gap of the devices is a variable
parameter which could not be controlled due to the manual
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Table 1. Comparison of Our Work to Other Research on Graphene-Based Acoustic Sensors

bias voltage sensitivity

membrane type references air gap fabrication W) (dB V)
300-layer graphene 13 18.6 ym  dry transfer with the PET support ring 200 —60
1800-layer graphene and 2 um PMMA 14 10 pm dry transfer with the gold support ring N/A -20
Monolayer graphene and 200 nm our work'® 8.8 yum dry transfer with the silicon support ring 1 —60

PMMA
10-layer graphene 16 172 ym  vacuum-assisted sublimation transfer on the partly open 200 —60
substrate

6-layer graphene and 450 nm PMMA  this work 2 ym silicon dioxide as the sacrificial layer 2.6 —47.5

assembly. Furthermore, the bias voltages of the graphene-based
acoustic sensors with more than 100 gm have been reported to
be 50 and 200 V DC'*'® to boost the sensitivity of acoustic
response, which limits the potential of integrating the
graphene-based devices on the smart phone, hearing aid, or
other wearable electronic devices. To improve the acoustic
sensors’ sensitivity, it is critical to minimize the air gap distance
between the membrane and the substrate, thus maximizing the
variable capacitance generated by sound pressure and
accordingly the capacitance of the static graphene-based
microphone. Therefore, the development of a new process
for minimizing the air gap between the membrane and the
substrate is essential in improving the performance of the
graphene-based acoustic sensors.

Releasing graphene by etching the silicon dioxide under-
neath with hydrogen fluoride (HF) acid has been reported to
form cantilever’' or bridge*™** devices in graphene nano-
mechanical systems. The length of the graphene membrane in
the nanomechanical devices has been shown to be a few
micrometers, and the thickness of silicon dioxide has been
designed to be around 300 nm.”' ~** Using HF acid to etch the
silicon dioxide sacrificial layer for the development of the
micrometer-size graphene-based fully clamped microphone
could be difficult. The diameter of the graphene-based
membrane over the thickness of the silicon dioxide layer
should be designed to be around 1000 to achieve the relatively
large capacitance and improved performance of the graphene-
based microphone, which can increase the complexity of
releasing the graphene-based membrane by etching silicon
dioxide. Additionally, unlike the cantilever and bridge
structure, the etchant could flow from the sides of graphene
to etch the oxide. The fully clamped design increases the
difficulty to etch silicon dioxide.

We have developed a process involving the etching of a
silicon dioxide sacrificial layer to form an ultra-large graphene/
PMMA membrane microphone. The sacrificial layer can be
used to control the distance of the air gap between the
membrane and the substrate with the electrode. It is the first
time ultra-large graphene/PMMA has been suspended fully
over a closed cavity by sacrificing a silicon dioxide layer. The
thickness of the silicon dioxide layer can be changed with a
view to optimize the capacitance of the device and the total
acoustic/mechanical (i.e., vibroacoustic) damping. The diam-
eter to thickness ratio of the sacrificial silicon dioxide in our
work is about 1750. The difficulties in the method are to etch
the thin silicon dioxide layer under the fully clamped large area
of the graphene/PMMA membrane and to prevent the
membrane from being attached to the substrate. Henceforth,
around 1500 square holes with a S0 ym diameter have been
designed and etched into the silicon substrate from the back.
Then, the sacrificial layer is etched from the back side of the
substrate by HF vapor in the oxide etcher (Xeric Oxide Etch,

memsstar). HF vapor has been used instead of HF liquid in
order to decrease the humidity and to prevent stiction between
the membrane and substrate.

In this work, with the new transfer method, an air gap of 2
um has been achieved, which is the minimum spacing that has
been reported, as shown in Table 1, giving a capacitance of
26.3 pF estimated from eq 1

€A
d (1)

where C is the capacitance of the device, ¢ refers to the
permittivity of dielectric, A is the area of plate overlap in square
meters, and d is the distance between plates in meters.

The device has been actuated electrostatically, and the
resonant frequency under electrostatic actuation has been
measured to be around 8.96 kHz + 2%, which is within the
audio frequency range (20 Hz to 20 kHz). In the case of the
acoustic actuation, the device has been connected to the gate
of a MOSFET with a relatively small bias voltage of 2.6 V DC.
The acoustic sensitivity of the sample has been measured to be
around —47.5 dB V. The sensitivity of the graphene-based
microphone has been reported to be from —60 to —20 dB
V."7'° The sensitivity of the device reported here is
comparable with those reported in other works.

C=

B EXPERIMENTAL SECTION

Operating Principles and Methods. Figure 1a shows the optical
microscopy image of the graphene/PMMA electrostatic microphone.
The graphene-based membrane consists of 450 nm PMMA and 6-
layer graphene. The silver paste has been used to make contact to the
graphene/PMMA membrane for electrostatic actuation. The mem-
brane has been suspended over a 3.5 mm diameter cavity. As shown in
Figure 1b, the graphene/PMMA membrane has been clamped fully
over the silicon dioxide anchor on the silicon substrate. The air gap
between the membrane and the substrate has been measured to be
around 2 gm under a Leica 150x optical microscope. The graphene/
PMMA membrane and the silicon substrate work as two plates for the
capacitive structure. The natural frequency formula for the graphene/
PMMA membrane can be expressed as

b = fg + (2)
= ,% t‘g + pP tP
off
fg 1 (3)
2p. R
Am = palr
3Pgetet 4)

f _ ﬂmn 1\]1 + I\Ia
mn - 97R peffteff(l +A,) (s)

where t and p are the thickness and density of the material,
respectively; t.; and p.g refer to the effective thickness and effective
density for the graphene (g)/PMMA (p) bilayer membrane,
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Figure 1. Optical microscopy image (a) and cross-section schematic
(b) of the graphene-based electrostatic microphone.

respectively; R is the radius of the membrane; p,;, is the air density;
A, is the air mass; N; and N, represent the built-in tension and the
tension caused by the dynamic actuation, respectively; and S, is a
dimensionless coeflicient of the resonant mode.

Fabrication. The fabrication schematic is depicted in Figure 2a.
First, 2.3 um thick silicon dioxide has been deposited on the p-type
silicon substrate in which the resistivity is 1—10 Qcm. The silicon

substrate has been used as the bottom electrode in the electrostatic
actuation configuration. After that, around 1500 square vent holes
with a 50 ym width have been patterned within a 3.5 mm diameter
circle and then etched into silicon from the back side of the substrate.
The membrane consisting of 6-layer graphene and 450 nm PMMA
has been dry-transferred on the silicon dioxide substrate, and the
details of the dry-transfer method are shown in ref 19. Last, the
graphene/PMMA membrane has been released with HF vapor
flowing through the partly etched silicon substrate to remove silicon
dioxide. In this way, the graphene-based membrane has been
suspended over the silicon dioxide anchor, with an air gap of around
2 um. The cross-section of the sample in each fabrication process is
illustrated in Figure 2bI—IV accordingly.

Figure 2¢,d shows the optical microscopy image before and after
the silicon dioxide sacrificial layer has been etched. The thickness of
silicon dioxide changes the reflectivity of the visible light under the
microscope. Therefore, the color of the graphene-based membrane
appears to be changed when silicon dioxide has been etched. With
silicon dioxide as the sacrificial layer, the ultra-large graphene-based
membrane can be transferred over the air gap of 2 ym. The use of HF
vapor reduces the humidity of the membrane in order to avoid the
membrane being stuck on the substrate. The vent holes are designed
for allowing the HF vapor to flow in to perform the etch release and
also for reducing the damping of a device with such a small air gap.

The PMMA-laminated layer has supported the graphene layer in
the dry-transfer method and the process of silicon dioxide etch
release. The interface of the graphene/PMMA membrane and silicon
dioxide allows the millimeter-size membrane to be suspended fully
over the closed cavity. The silicon dioxide on silicon has been
designed to be the substrate for the graphene/PMMA membrane to
be transferred onto. In addition, silicon dioxide has worked as a
sacrificial layer to control the air gap between the membrane and
substrate.

SiO/Si

\/Si etching \/
a dry transfer on SiO:

Gr/PMMA

Gr/PMMA/SIO/Si

1l \Y%

(d)

Figure 2. (a) (I) Deposition of 2.3 um silicon dioxide on the p-type substrate; (II) patterning and etching of the 50 ym width vent holes into
silicon from the back; (III) dry transfer of the graphene-based membrane on the silicon dioxide layer; (IV) etching of the silicon dioxide sacrificial
layer via HF vapor (the diameters of the substrate, graphene/PMMA, and the partly open cavity have been designed to be around 7 mm,
approximately S mm, and 3.5 mm, respectively); (b) cross-section of the graphene/PMMA microphone during the process; suspended graphene-
based membrane before (c) and after (d) the sacrificial silicon dioxide etch.
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B RESULTS AND DISCUSSION

The graphene/PMMA closed cavity resonator has been
characterized using a Polytec laser doppler vibrometer
(LDV). The Raman spectra recorded by Raman Spectroscopy
(inVia Renishaw) have been shown in the Supporting
Information. All measurements have been conducted on one
device at room temperature and under atmospheric pressure.

Capacitance. As mentioned above, the capacitance
between the membrane and the substrate is calculated to be
26.3 pF. Under the measurement of an HP 4280A 1 MHz CV
meter, the capacitance is measured to be 26.2 pF. From the
capacitance measurement, the air gap of the sample is
estimated to be around 2.03 um. Considering that the
sacrificial silicon oxide layer is measured to be 2.3 ym thick,
the average deformation of the membrane has been estimated
to be about 270 nm when using this transfer method. The
aspect ratio of the membrane’s diameter over its static
deformation is estimated to be around 4500. Therefore, the
ultra-large graphene-based membrane has been transferred to
the substrate with small static deformation.

Electrostatic Actuation. The graphene-based membrane
has been actuated electrostatically by the bottom silicon
substrate (in which the resistivity is 1—10 Qcm) with the AC
voltage ranging from 6 to 10 V and a constant 0.01 V DC
voltage. The frequency response and mode shape of the
membrane have been measured using LDV. As shown in
Figure 3a, the resonant frequency has been measured to be
around 8.96 kHz + 2%. The quality factor of the device is
estimated to be 1.53 + 5%. The wide shape of the frequency
response might be due to the large damping generated by the
small air gap. The velocity of the graphene/PMMA membrane
at a resonant frequency of around 8.96 kHz has been observed
to change from 5.79 to 17.56 um/s with increasing AC voltage.
The sensitivity of the velocity is shown in Figure 3b. The black
squares represent the measured velocity of the membrane with
a 6—10 V actuation AC voltage, while the red dashed line
indicates the linear fitting. No resonance has been observed
below 6 V AC, which might be due to the effect of damping
and the relatively large resistance of the p-type silicon and the
silver paste used to contact the sample. The sensitivity of the
resonant vibration velocity has been estimated to be 2 ym/s by
the scope of the linear fitting. The mode shape, which is shown
in Figure 3c, illustrates that the membrane has been actuated
under the (1, 1) mode at the resonant frequency of 8.96 kHz.
The absence of the (0, 1) mode also suggests the presence of
damping of the sample.

Strain Analysis. The total tension in the graphene/PMMA
membrane under electrostatic actuation has been calculated
with eq S, and the results are shown in Table 2. In our other
work,'”** the bilayer membranes have been suspended over
the same cavity diameter, but the graphene-transfer methods
are different. In comparison to similar samples actuated
electrothermally by 1 V AC and 1 V DC,"”*® the tension and
strain in this work are the minimum.

The increasing DC voltage might increase the electrical
stiffness and soften the strain in the membrane, and thus, the
nonlinear response might be observed.”® A DC voltage of 0.01
V has been applied to this work, which is supposed to
minimize the electrical softening, compared to our work."”**
In the suspended graphene/PMMA structure, the built-in
tension dominates the overall tension.'”** The decrease in the
overall tension (N; + N,) in this work might indicate that using
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Figure 3. (a) Frequency response and (b) velocity sensitivity of the
device by electrostatic actuation varying the AC voltage from 6 to 10
V; (c) mode shape for the 3.5 mm diameter graphene/PMMA
membrane at a frequency of 9.10 kHz actuated by 9 V AC.

the silicon dioxide sacrificial layer compensates the built-in
stress generated in the graphene-transfer method.

Acoustic Actuation. The graphene-based electrostatic
microphone has been connected to an n-channel depletion
mode MOSFET in order to measure the electronic signal
transduced by the audio signal. The schematic measurement
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Table 2. Comparison of the Tension and Strain to Similar Designs

actuation tension strain
references method actuation voltage types of the devices’ substrates graphene-transfer method (N/m) (%)
our electrothermal 1V AC 1V DC open cavity wet transfer 1.89 0.048
work®®
our electrothermal 1V AC 1V DC closed cavity with a 220 pm dry transfer 1.53 0.041
work"” spacing
this work  electrostatic 6 VAC0.01 VDC a22 pum air gap with multiple vent released by etching the sacrificial silicon 1.26 0.034

holes

dioxide layer

circuit setup is illustrated in Figure 4a. Cy represents the
capacitance of the graphene-based microphone, which is
variable when the sound pressure from the loudspeaker
changes. The graphene-based microphone (Cy,) applied with
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Figure 4. (a) Schematic of the measurement circuit under acoustic
actuation; the output voltage response (b) and the output voltage
sensitivity (c) of the graphene-based electrostatic microphone system.

a bias voltage (V) of 2.6 V is connected to the gate of the
MOSFET. The gate voltage (V) of the MOSFET has been
measured to be 0.1 V, which suggests that the voltage drop
across Cy is 2.5 V when the graphene-based electrostatic
microphone is without acoustic actuation. The drain supply
voltage (Vpp) and drain resistor (Rp) have been set to 13 V
and 380 Q, respectively. When the graphene-based membrane
has been actuated by the sound pressure, V; varies with change
of the voltage drop across Cy. Therefore, the drain current
(Ip) of the MOSFET changes. The drain has been connected
to a band-pass filter in which the lower and upper cutoff
frequencies are designed to be 159 Hz and 16.8 kHz,
respectively. A low-noise audio amplifier (Zoom F4 Multi-
Track Field Recorder) has been connected to the readout
circuit output, giving the output voltage (Voyr) with a voltage
gain of S. The graphene-based electrostatic microphone has
been actuated by the sound pressure from 0.2 Pa (80 dB) to 2
Pa (100 dB). The measurement has been conducted from 1 to
20 kHz with a 1 kHz step. As shown in Figure 4b, Voyr has
been measured to vary from 0.5 to 13 mV with increasing
sound pressure. The output voltage has been observed to
ascend with the increasing sound pressure. The output voltage
sensitivity has been estimated by the output voltage over the
sound pressure. Dividing the sensitivity value relative to 1 V/
Pa has been expressed in dB V, which is illustrated in Figure
4c. The sensitivity of the device has been estimated to be
around —47.5 dB V (4.22 mV/Pa) + 10%. At frequencies
between 1 and 4 kHz, a change in the sensitivity as a function
of sound pressure is evident, as shown in Figure 4c. The
observation could be related to the damping effect’” and a
smaller signal to noise ratio in the lower-frequency range. The
device’s sensitivity as a function of sound pressure is observed
to be relatively constant with an average variation of 0.02 mV/
Pa in the frequency range from 5 to 20 kHz.

B CONCLUSIONS

The fabrication and characterization of a graphene/PMMA
electrostatic microphone are reported. A novel process of using
silicon dioxide as the sacrificial layer has been developed. It is
the first time that an ultra-large graphene-based membrane has
been suspended over the substrate with a 2 ym air gap and
actuated electrostatically. Using the new processing method, an
ultra-large graphene-based capacitor has been fabricated
controllably to minimize the spacing between the membrane
and substrate. From Raman spectra, the strain of the
membrane has been estimated to be around 0.034%. The
frequency response of the graphene/PMMA microphone
under electrostatic actuation shows that the resonant frequency
of the device is around 8.96 kHz + 2%. The velocity of the
graphene/PMMA membrane under resonance has been
observed to be linear with input AC voltage. The acoustic
response with a sensitivity of —47.5 dB V (4.22 mV/Pa) +
10% has been estimated, which is comparable with that of
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research in similar fields, suggesting the potential of
commercial microphone development with good performance.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on July 31, 2021. A correction
was made to the title and the corrected version was reposted
on August 3, 2021.
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