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Abstract: Regarding the dependence of the treatment of removing polymethyl methacrylate (PMMA)
from graphene upon the prestress in the film, two typical PMMA removal methods including
acetone-vaporing and high-temperature annealing were investigated based on the opto-mechanical
behaviors of the developed optical fiber Fabry-Perot (F-P) resonant sensor with a 125-um diameter
and ~10-layer-thickness graphene diaphragm. The measured resonant responses showed that the F-P
sensor via annealing process exhibited the resonant frequency of 481kHz and quality factor of 1034
at ~2 Pa and room temperature, which are respectively 2.5 times and 33 times larger than the
acetone-treated sensor. Moreover, the former achieved a high sensitivity of 110.4kHz/kPa in the
tested range of 2Pa—2.5kPa, apparently superior to the sensitivity of 16.2kHz/kPa obtained in the
latter. However, the time drift of resonant frequency also mostly tended to occur in the annealed
sensor, thereby shedding light on the opto-mechanical characteristics of graphene-based F-P resonant
sensors, along with an optimized optical excitation and detection scheme.
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1. Introduction Note that graphene has the -characteristics of

ultra-thin thickness of 0.335nm, high tensile rate up

Graphene, a monolayer hexagonal lattice of  to 20% [11], and extreme fatigue life of more than

carbon atoms, has demonstrated excellent

10° cycles [12]. These extraordinary properties make

mechanical [1], electrical [2], optical [3], and
thermal properties [4]. Due to these superior
properties, the research about the new material has
expanded explosively in the field of micro-electro-
(MEMYS),

frequency transistors [5], surface plasmon resonant

mechanical systems such as high

(SPR) devices [6-9], and mechanical resonators [10].
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the material a suitable candidate as a sensitive and

robust vibration element, especially as a
competitively sensitive vibration diaphragm for
nano-mechanical resonant sensors. Particularly, in
2007, Bunch et al. [10] fabricated the first graphene
resonator by transferring graphene onto trenches and

studied its natural frequency and quality factor.
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Afterwards, Bunch and co-workers transferred
graphene onto a square groove so as to form a sealed
cavity, and then the frequency of suspended
graphene was observed to change with the ambient
pressure [13], thus indicating the feasibility of
graphene resonant pressure sensor. Then more
efforts have been made to investigate the effects on
resonance characteristics by changing the layer
number, film shape, ambient temperature and
pressure [14—16] or actuation-tuning methods [17,
18], along with the corresponding film vibration
detection methods [10, 19]. For example, Chen et al.
[20] demonstrated the temperature response of
monolayer graphene resonators with a high Q factor
of 10* at a temperature of 5K. Then Barton et al. [21]
fabricated multiple circular mechanical resonators
with different film diameters, which showed a
prominent improvement of Q factor with increasing
sizes. It should be pointed out that Ma et al. [22]
recently fabricated an optical fiber graphene
resonator by transferring a multilayer graphene
(MLG) onto a ferrule, which achieved a resonant
frequency of 135kHz and a Q factor of 81 in the
vacuum pressure of 102Pa at room temperature. It
is worth mentioning that, compared with its

electrical counterparts, optical excitation and
detection scheme is a non-contact mechanism with
better
repeatability for suspended resonant structures [23,
24].

The aforementioned experimental investigations

higher =~ measurement accuracy and

have significantly boosted the understanding of
graphene resonance characteristics. However, in
addition to the sensitive structure of resonator and
condition, the film

environment transferring-

dependent fabrication scheme for a graphene
resonator also limits the resonant performance due
to the residue on graphene [25, 26]. As far as we
know, the graphene transfer for micro-mechanical
systems is now commonly realized with the help of
such  as the used

(PDMS)

polymers, widely

polydimethylsiloxane and polymethyl

methacrylate (PMMA) [27]. For the former, PDMS
is durable, unreactive, moldable, resistant to many
solvents, and of low surface free energy. After
transferring the PDMS/graphene onto the target
substrate, MLG tends to adhere to the substrate
rather than the PDMS, thereby being released from
PDMS and stamped onto the new substrate [28—30].
With this dry transfer scheme, MLG can be
transferred on to a supported substrate. However, in
certain circumstance where graphene is expected to
be freestanding over the substrate, such as
micro-trenches, the graphene transfer process using
PDMS is not a good choice. Without the protection
of the substrate, the removal of PDMS could cause
the tearing of graphene. Alternatively, PMMA as a
middle layer is developed. Unlike PDMS that
maintains weak van der Waals force with graphene,
PMMA coating forms covalent bonds with graphene.
Furthermore, PMMA can be easily spin-coated on
the graphene grown on the original substrate [31].
After transferring PMMA/graphene on to a desired
substrate, PMMA coating can be removed by
annealing over 300 °C [32]
acetone solution [33]. Unfortunately, certain PMMA

residues would remain on the graphene surface [34],

or washed off in

thus unavoidably affecting the vibration behaviors
of graphene.

Therefore, in this paper, from the viewpoint of
graphene-based resonant sensors, the acetone-
vaporing and annealing treatment methods of the
PMMA film were compared to examine the resonant
characteristics of the developed graphene-based F-P
resonators by using the methods described above.
The experimental results revealed a strong
correlation of resonant frequency and Q factor with
PMMA residues because of the dominant interfacial
strength change in graphene diaphragm. To be
specific, with a better adhesion with the substrate
and a higher inner-tension within the suspended
diaphragm, the annealed MLG produces a fewer
energy loss in one oscillation cycle with higher O

factor than the acetone-treated counterpart.
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2. F-P sensor fabrication

Figure1 illustrates the schematic diagram of the
fabricated optical fiber F-P resonant sensor. At the
beginning, the graphene diaphragm was prepared
from a chemical vapor-deposited (CVD) ~10-layer
commercial transfer graphene sample (ACS
Material®, Nanjing XFNANO Materials Tech Co.,
Ltd., Nanjing, China), as shown in Fig. 1(a). The
PMMA/MLG sample was further adhered onto a
zirconia ferrule end face, whose inner diameter was
125 um, with the aid of van der Waals force by a wet
transfer process, as given in Figs. 1(b)-1(d). After
that, the PMMA removal operations via acetone
solution or thermal annealing treatment were used to
remove the PMMA coating, as illustrated in
Figs. 1(el) and 1(e2), respectively. For the former,
the PMMA/MLG-attached ferrule was placed in
acetone vapor for 72 hours at room temperature to
dissolve the PMMA on the MLG surface. Further,
the ferrule was put in a drying oven for 30 minutes at
a temperature of 60 °C to evaporate the residual
moisture. For the latter, the ferrule attached with the
PMMA/MLG film was baked in a vacuum furnace
(102 Pa) at a certain high temperature. In order to
analyze the temperature influence upon PMMA
removal, three different temperatures (350 °C,
400 °C, and 440 °C) were used to eliminate the
PMMA coating. After that, a standard single mode
fiber (SMF) was inserted into a ZrO, ferrule with an
inner diameter of 125 um, and the gap between the
fiber end face and the MLG film formed an F-P
cavity. This initial cavity length was controlled by a
1 um resolution translation platform and confirmed
by an optical spectrum analyzer (OSA) (AQ6370C,
Yokogawa Electric Corporation, Tokyo, Japan).
Then the SMF and the ferrule were bonded together
with an epoxy adhesive (3M®). In this way, a simple
and miniature micro-air-gap-based optical fiber F-P
resonator covered with ~10 layer and 125 pum
diameter MLG film was fabricated, shown in
Fig. 1(f). The picture of the fabricated F-P resonator
senor is depicted in Fig. 1(g). In this case, the
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opto-thermally excited F-P resonance for the
developed resonant probe is available to estimate the
applicability of different PMMA removal methods
in graphene resonators.
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Fig. 1 Schematic diagram of graphene transfer process:
(a) MLG on a PMMA substrate, (b) MLG/PMMA on a dust-free
paper, (¢) MLG/PMMA immersed in deionized water,
(d) MLG/PMMA on a ferrule, (e1) MLG/PMMA dissolved in
acetone vapour, (e2) MLG/PMMA annealed in a high-
temperature furnace, (f) F-P resonant sensor with graphene
diaphragm, and (g) picture of the fabricated F-P probe.

3. Experiment and result analysis

To study the opto-mechanical characteristics of

graphene after PMMA removal process, the
experimental setup for the optical excitation
and detection scheme wusing the developed

F-P resonant probe was established as shown
in Fig. 2. A 1 550.12 nm amplitude-modulated
distributed feedback (DFB) Laser 1 with an output
power of 0.3mW was utilized to generate a thermal
excitation upon the circular graphene diaphragm
with a diameter of 125 um. The power of the Laser 1
was under the control of an electro-optic modulator
(EOM) and a lock-in amplifier (HF2LI). Moreover,
an erbium doped fiber amplifier (EDFA) was
introduced to compensate the amplitude attenuation
of the Laser 1 modulated by the EOM. Then, a
1551.72nm DFB Laser 2 with an output power of
3 mW was employed to detect the diaphragm
vibration generated by periodically varying thermal
stress. Thus, the two laser beams in charge of optical
excitation and interrogation were optically coupled
by a 2x1 coupler via a three-port circulator. The
coupled signals were delivered to the F-P resonator
and then irradiated to the surface of graphene
diaphragm suspended on a capillary end face. The
reflected light was collected by a photodetector (PD,
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Beijing Conquer Optics Science & Technology Co.,
Ltd, Beijing, China) with a bandwidth of 200 MHz
and a conversion gain of 1.4x10%V/W for observing
and processing of useful F-P resonance signals. Note
that the F-P resonance experiment was carried out in
a vacuum chamber with adjustable ambient pressure
ranging from 1 Pa to 10° Pa at room temperature.
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Fig. 2 Schematic diagram of fiber optic F-P resonant
experimental setup.

3.1 Effect on MLG surface morphology

After the fabrication of the F-P resonant probe,
the surface morphology of the suspended MLG was
photographed, as illustrated in Fig.3. Referring to
Fig.3(a), along with detectable PMMA residues, the
folds were clearly observed on the MLG surface
after acetone immersion and air-drying process,
which is easy to cause a negative impact on the QO
factor of F-P resonator due to non-uniformly
distributed adsorbates or PMMA residues. In
contrast, 350 °C thermally annealed suspended MLG
surface in Fig. 3(b) revealed a better flatness and
PMMA
residuals due to a lighter image contrast. However,

cleanliness, thereby indicating fewer
the MLG that had been subjected to acetone vapour
and then annealing process was badly damaged with
obvious broken holes scattered on the 125 pm
diameter diaphragm, as labelled in Fig. 3(c). This
phenomenon possibly resulted from the thermal
stress damage caused by unevenly distributed
internal stress in graphene introduced by PMMA

residues during acetone evaporating process.

Actually, during the temperature-rising process
of annealing, PMMA would endure a glass transition
while the inner-tension of PMMA started to rise [35].
With an increase in the temperature, the PMMA
coating occurred to decompose in two stages, i.e.,
the first stage (at about 220 °C) with the terminal
C=C bonds of PMMA and the second stage with
random C—C scission and predominant at a higher
temperature (at about 300 °C) [36]. In view of
mechanical properties of PMMA, the hardness and
elastic modulus of PMMA film showed a tendency
of increase on account of the reduced chain length of
the polymer and cross links of the polymer [37, 38].
After a 350 °C annealing, a thin PMMA coating
remained on the surface of the diaphragm so as to
provide the protection and support for the graphene
diaphragm. The resulting strong covalent bond
between graphene and PMMA enhanced the
equivalent stiffness of the PMMA/MLG. Hence, the
residual stress of PMMA on the graphene surface
would produce an extra tension in graphene,
accordingly enabling an increase in the resonant
frequency of the graphene diaphragm.

Ferrule

td) Ferrule $ (C) Ferrule

Fig.3 Microscopy image of MLG on the ferrule treated by
(a) acetone etching, (b) 350 °C annealing, (c) both acetone
etching and annealing, (d) 400 °C annealing, and (e) 450 °C
annealing. Note that graphene is marked inside the dotted line.
The SEM images of (f) acetone treated MLG and (g) 350 °C
annealed MLG, wherein the cracks are denoted by red dotted
line.

Thermogravimetric (TG) curves can be utilized
to describe the weight of PMMA residues as a
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function of temperature. According to the TG curves
in [39], the PMMA residues on the MLG surface
would rapidly vanish when the temperature rose up
to 400 °C. Hence, higher temperatures (400 °C and
440 °C) were tried in the PMMA/MLG annealing
process. Although the remains of diaphragm showed
an ultra-clean surface via an optical microscope,
numerous cracks were still observed on the surface
of the diaphragm so that the fabricated F-P
resonators were unable to work in a stable resonant
state. As shown in Figs. 3(d) and 3(e), the MLG
diaphragm at higher temperatures indicated an
extremely high rate of breakage (>95%). One
possible explanation for the film breakage is that the
folds or ripples on graphene formed during the
growth and a cooling process had caused a part of
graphene diaphragm to mechanically tear off when
the PMMA coating was wiped off [40]. Another
reason is partly due to the larger thermal interfacial
interaction between the MLG and PMMA coating in
the annealing process. In other words, the mismatch
of the thermal expansion coefficient between the
two materials would cause a bimetallic effect,
therefore aggravating the damage of diaphragm. For
example, when the F-P probe was heated, the ferrule
substrate with a positive thermal expansive efficient
would impose a tensile stress on the graphene with a
negative thermal expansive efficient [41]. In contrast,
when the probe was cooled, the suspended
diaphragm was relaxed and then apt to behave a
rougher morphology. According to the observed
STM image in previous research [42], the suspended
MLG without the support of a substrate tended to be
easier to deform in the annealing treatment. Hence,
it can be inferred from Figs. 3(a)-3(e) that the
PMMA annealing treatment at 350 °C, a relatively
lower temperature, obtained a better smoothness of
graphene diaphragm. Figures 3(f) and 3(g) further
show SEM images (FEI Quanta 450) of the
graphene surface after being treated by acetone and
annealed at 350°C. Note that the number of flaws in
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Fig. 4(h) is much more than that in Fig. 4(f).
Although there is no remarkable breakage on the
annealed graphene diaphragm on a micron scale, in
comparison with the previous work by Cheng [43],
where such flaws did not appear on the graphene
diaphragm with a diameter of 125 um in the 350°C
annealing process, the cracks of tens nanometers
were still available to be discerned, as denoted by
red line in Fig.3(g). The resulting phenomenon is
primarily because that the area of the suspended
diaphragm transferred onto the ferrule end-face is
significantly larger than that in [43]. As a result, the
larger graphene diaphragm without a support would
be more vulnerable to the high temperature
annealing process. It is important to note that the
existence of micro-cracks has no major impact upon
the following resonance experiment.

3.2 Effect
response

on pressure-sensitive resonance

Referring to Fig.2 again, the sensors via acetone
evaporating and annealing treatment, denoted by
FRS 1 (F-P resonant sensor 1) and FRS 2 (F-P
resonant sensor 2) correspondingly, were
respectively placed in a vacuum chamber. The air
pressure in the vacuum chamber was controlled to
be ~2Pa at the beginning, and then the vent valve of
the chamber was unscrewed to let the outside air
into the chamber. Meanwhile, the amplitude-
frequency response was recorded during the rise of
the pressure in the chamber. Figure 4 compares the
measured resonance characteristics of the two
resonators in the tested pressure range of 2 Pa—
40kPa. Then in this way, the relationship between
the measured resonant response and the ambient
pressure could be achieved based on the plotted
three-dimensional image in Fig.4.

It is well known that the resonant frequency and
O factor are the two key parameters for a resonant
sensor. Moreover, the shift of resonant frequency
reflects the response sensitivity to the ambient

pressure. It can be concluded from Fig.(a) that the
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resonant frequency of FRS 1 has increased by
71kHz with the pressure ranging from 2 Pa to 33 kPa.
For FRS 2, it showed a similar shift trend in
frequency to FRS 1; however, the frequency shift
was calculated to be as high as 279kHz in the tested
pressure range of 2 Pa to 40 kPa. Since the shift
remained roughly unchanged after the pressure rose
up to 2.5 kPa as shown in Fig. 4(b), therefore
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indicating a pressure sensitivity of 110.4kHz/kPa in
the effective range of 2Pa to 2.5kPa. Similarly, in
Fig. 4(a), FRS 1 showed a pressure sensitivity of
16.3 kHz/kPa in the same pressure range. The
measured sensitivity of 110.4kHz/kPa is remarkably
superior to those silicon or graphene-based resonant
sensors (15kHz/kPa and 90kHz/kPa) in the previous
work [44, 45].
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Fig. 4 Measured resonant amplitude-frequency response for (a) FRS 1 and (b) FRS 2 at various air pressures and for (c) FRS 1 and

(d) FRS 2 at 2 Pa.

In terms of the monotone increasing frequency
change with the pressure in the chamber, the sensor
can be equivalent to a squeeze film model with
regard to the existence of certain micro cracks on the
graphene surface, as illustrated in aforementioned
Fig. 3. In this case, if the air in the chamber is
compressed at an extremely high frequency, the
internal gas cannot escape owing to the viscous
forces [46—48]. Thus, the added stiffness caused by
the air compression turns out to be a function of

pressure, thereby leading to a change of
eigenfrequency. Hence, the resonant frequency of
the diaphragm under pressure can be written as [45]
S (1)
4 g,p
where f and f; are the resonant frequencies of
graphene at the ambient pressure p and vacuum
pressure, respectively; go is the gap size between the
diaphragm and the substrate lying underneath, and p

means the mass per unit square. It can be concluded
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that the resonant frequency is positively correlated
with the pressure. Furthermore, according to (1), the
low mass density of graphene enables a super-high
pressure sensitivity of this sensor. It can be also
induced that the resonant frequency is the power
function of pressure. In fact, as the pressure further
increases, the air damping exerts a resistance on
frequency variation. In this case, the resonant
frequency tended to be stable when the pressure rose
up to ~40kPa, as denoted in Figs.4(a) and 4(b). In
particular, Knudsen number (K,) can be introduced
to estimate the air damping, which can be described
as Amrp/laevice, Where Aurp is the mean free path of air
modules and /lgevice is the characteristic length of
graphene device. As the pressure increases from 2 Pa
to 40kPa, K, decreases from 4 to 2.5x107*, which
means the flow state of air turns from the transition
regime (0.1<K,<10) to the continuum regime
(K,<0.001). Consequently, the rate of increase in
frequency slowed down when the pressure rose up
to 10*Pa, where K,=0.001 means the critical point of
continuum air flow regime.

The Q factor, as the energy loss in per oscillation
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circle, can be calculated by wo/Aw, where wy is the
natural frequency and Aw is the 3dB bandwidth of
the amplitude-frequency curve. The upper section of
Fig. 5 shows the measured decreasing O factors of
FRS 1 and FRS 2 as a function of the pressure range
of 2 Pa to ~40kPa. It can be clearly found that FRS 2
obtained much better factors than FRS 1 as a whole.
More specifically, the O factors of FRS 2 were
measured to be 1 034 and 632 at the pressures of
~2Pa and 1 kPa, respectively, which were around
33.4 times and 45.1times more than the results (31
and 14) of FRS 2. That is to say, the
high-temperature annealing process is better than the
acetone-treated method for a higher factor that
means a more stable vibration and a stronger ability
to resist external interference. In short, the fabricated
annealed sensor behaves a relatively high quality
factor and sensitivity. To better express the
numerical characteristics of the developed sensor,
the performance results of the typical graphene
resonant pressure sensors are compared as listed in
Table 1. Note that RT in Table1 is short for room
temperature.

Table 1 Performance comparison of graphene resonant pressure sensor.

Number Layer Film Side length/ Exciting Detection Resonant Quality Pressure sensitivity Ref
number shape diameter (um) method method frequency factor (RT) (kHz/kPa)

. . 30 MHz-

1 1-75 layers Square 4.75 Optical Optical 90 MHz ~25 [13]
. . . . 60kHz—

2 Multilayer Circle 125 Optical Optical 81-103 - [22]
240kHz

3 Few-layer Circle 5 Optical Optical ~12MHz 100 90 [45]

4 10 layers Circle 125 Optical Optical 481 kHz- 1034 110.4 This

760 kHz work

According to the previous literatures [49], O multilayer  graphene  diaphragm, the air

factor can be described as
1 1 1 1
=+
Q Qa QS Qi

where 1/Q,, 1/Qs, and 1/Q; represent the energy

2)

losses in surrounding environment, in the coupling
of the resonator and the supporting substrate, and
in the material, respectively.

For the developed FRS 1 and FRS 2 with

damping-dependent value of 1/Q, should be nearly
equal due to the same experimental conditions. In
this case, the Q factor mainly depends on the latter
two items in (2). As illustrated in [43], for a
single layer graphene on a silicon oxide substrate,
the average height # and the root-mean-square
(rms) of surface roughness R, of graphene sheet
were measured to be 1.5 nm and 0.54 nm,
respectively. After an annealing process of 400 °C,
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Fig. 5 Upper section: measured @ factor of the

acetone-treated and annealed resonant sensors as a function of
air pressure. Lower section: calculated diaphragm tension of
graphene for FRS 1 and FRS 2 at different pressures.
h and R, then behaved a reduction of 73.3% and
72.2%, which indicated a closer distance between
graphene and silicon oxide, i.e., a flatter diaphragm
surface. In fact, when the used multilayer graphene
was transferred onto the substrate, wrinkles and
contaminant polymers on graphene would hinder a
perfect adhesion between the graphene diaphragm
and the substrate. However, these contaminant
polymers could be decomposed while being heated
at an appropriate temperature. Thus, the interfacial
contact between the substrate and the diaphragm can
be further optimized so as to achieve a better
interfacial adhesion and then less energy loss in a
vibration cycle of resonator. This also explains the
reason why the value of 1/Q;o0f FRS 2 is lower than
that of FRS 1.

In reality, Oshidari et al. [50] ever fabricated
graphene resonators on a trench of SU-8 substrate
by employing the 600 °C thermal treatment, wherein
the shrinkage of SU-8 trench produced an extra
tensile stress in graphene beam, thereby leading to
an extremely high Q factor of more than 7 000 in
one of the fabricated graphene resonators. It is
important to note that the annealing temperature in
[50] is far above the temperature in our experimental

setup. That is due to the small size of the device

(~5 um) which is conducive for graphene to support
itself and greatly reduces the risk of damage. Hence,
the unnecessary energy loss in vibration can be
avoided by increasing the internal tension in the
graphene diaphragm [51]. In this way, with regard to
the energy loss in graphene membrane (1/Q;), the
diaphragm tension of the vibrating graphene can be

approximately given by [52]

2 2
S :r—'OZ f;izr J1+ pairrr _ 022Ezl - (3)
0146 pl ) p=v)r

where f.ir is the resonant frequency in air; p and pair

are the mass densities of graphene and air; 7, S, E, /,
and v are the radius, tension, Young’s modulus,
thickness, and Poisson’s ratio of graphene,

[53, 54]. Note that [I' is a

non-dimensionalized added virtual mass incremental

respectively

factor as a function of mode shapes and boundary
conditions, and /=0.746 in the fundamental resonant
mode fo,1. In this way, the diaphragm tension of
graphene for the fabricated F-P resonators is shown
in the bottom half of Fig.5. A lower diaphragm
tension represents a smaller film stiffness,
corresponding to a possible high vibration amplitude.
In generally, the diaphragm tension of graphene for
FRS 1 showed a minimum S value of 0.07N/m and a
fluctuation of less than 2.7dB in the tested pressure
range, which was obviously smaller than that for
FRS 2 with a fluctuation of approximately 4.0 dB
and a minimum S value of 0.42N/m. Furthermore,
the difference in diaphragm tension for the two
PMMA removal methods to a certain extent showed
that the graphene-PMMA interfacial interaction
induced by the annealing treatment was more
sensitive to the pressure change with a more
outstanding pressure sensitivity as well as the
pressure measurement range. In other words, the
graphene sensor fabricated by the acetone-vaporing
treatment is more suitable for a limited measurement
range with a high sensitivity. In addition, in
combination with the two halves of Fig.5, higher air
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damping and diaphragm tension further reduced the
O factor at the pressure above 1kPa. Also, the flaws
on the diaphragm caused unnecessary energy loss
due to the atom collision within the graphene
harmonic vibrator.

3.3 Effect on stability of resonant frequency

Frequency stability is another important

parameter for an applicable resonant sensor.
Figure 6 compares the short-term time drift of
resonant frequency within 15 minutes for FRS 1 and
FRS 2 at a vacuum pressure of ~2 Pa. It can be
observed from Fig. 6 that FRS 1 behaved a
frequency increase of 1.0kHz in 15 minutes with an
average frequency drift of about 0.067 kHz/min.
However, this increase accounts for negligible less
than 0.5% with regard to the initial frequency of
199.12 kHz. By contrast, for FRS 2, its resonant
frequency drifted with a larger average frequency
change of ~1.48kHz/min, which was 22 times higher
than that for FRS 1. With respect to the beginning
value of 470.75kHz, the relatively high frequency
change rate of FRS 2 (3.4%) was primarily due to
the vibration instability of diaphragm that was
concerned with certain micro-flaws generated by the
annealing process. In order to further clarify the
problem, the surface morphology image of the
graphene diaphragm suspended on the two F-P
resonators was monitored via a microscope, as
presented in the inset in Fig.6. From the inset of
FRS 2 in Fig.6, a little central hole with a diameter
of around 10 pm appeared in the center of the
annealed MLG after 15 minutes of optical excitation,
which was marked in the red circle. The size of the
defect hole would gradually spread with the
continuous irradiation of laser as time went on. Then
the effective optical reflection surface area would
gradually decrease so as to accordingly result in the
reduced reflected optical intensity. Along with the
occurrence and then enlargement of a defect hole,
the gas passage tended to be established at both

sides of graphene diaphragm adhered on the ferrule
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end-face. As a consequence, the air pressure in the
vacuum chamber approached to increase, therefore
to some extent degree leading to a slightly larger
resonant frequency.
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Fig. 6 Time drifts of the resonant frequency for FRS 1 and
FRS 2 at ~2 Pa.

It should be clarified that there is a threshold in
the power of laser that has an influence on the
stability of graphene resonator. For instance, when
the probe and pump lasers were respectively set as
the higher laser powers of 5SmW and 0.5 mW, the
developed resonator behaved a rather unstable
vibration state, and the suspended graphene sheet
would even be burned through in 90seconds. Thus,
to decrease the damage caused by the laser with a
high power output, the output laser power was
reduced by 40% with the corresponding powers of
3 mW and 0.3 mW for the probe laser and pump
laser. However, it is worth mentioning that a
reduction of laser power would lead to a weaker
reflected signal power, thereby resulting in a lower
SNR.

4. Conclusions

Optical fiber F-P
multilayer graphene diaphragm were fabricated to

resonant sensors Wwith
examine the effect of both acetone-vaporing and

high-temperature =~ annealing  treatments  on

opto-mechanical response of graphene by optical

excitation and detection. Compared with the
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acetone-vaporing method, the annealing process
strengthened the diaphragm stiffness in addition to
reduced PMMA residues with a cleaner diaphragm
surface, thus significantly improving the resonant
frequency and Q factor of graphene resonator.
Hence, the annealed F-P sensor demonstrated a
resonant frequency of 481kHz and Q factor of 1034
at ~2 Pa and room temperature, which are
approximately 2.5 times and 33 times higher than
that of the sensor treated by the acetone method.
Furthermore, the former behaved a high pressure
sensitivity of 110.4kHz/kPa in the pressure range of
2Pa-2.5kPa, which is outstandingly 6.8times higher
than the latter. Unfortunately, the annealing process
would negatively weaken the mechanical strength of
diaphragm itself, such that the annealed diaphragm
was found to be more easily broken under a
long-time harmonic excitation of laser with a high
output power. In particular, the resonant frequency
of the annealed resonator presented a more obvious
time drift due to an irreversible film damage caused
by continuous

photothermal expansion and

contraction. Therefore, in combination with

optimized optical excitation and detection
parameters of laser, appropriate PMMA removal
methods contribute to the fabrication of high-

performance graphene-based optical resonators.
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