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Abstract—The monitoring of electric current is essential to
ensuring the reliable operation of power systems and electronic
equipment. The present study demonstrates an optomechanical
cavity-based resonator suitable for current sensing. The proposed
device consists of a suspended graphene/Au membrane supported
by a ceramic ferrule with a bore diameter of approximately 125
µm and incorporates optical actuation and detection processes. The
present sensor exhibits high current sensitivities of approximately
7.91 and 18.04 Hz/mA2 when monitoring the resonant frequency
at first and second-order vibrational modes. This optomechanical
current sensor operates for the first time in the 100 mA range,
an advance of more than two orders of magnitude on the sole
previously reported cavity optomechanical current sensor. More-
over, the current sensor shows a short response time of ∼2 ms and
provides the additional advantages of low power consumption and
a compact structure. This device is expected to have applications
in high-precision current and magnetic field sensing.

Index Terms—Current sensor, optical fiber sensor, opto-
mechanical resonator.

I. INTRODUCTION

M ICRO- and nanomechanical resonators that vibrate at
high frequencies provide the advantages of small sizes

and ultralow masses. These resonators have also exhibited
ultra-high sensitivity during the measurement of force [1], [2]
mass [3], [4], and [5], pressure [6] and thermal radiation [7],
[8], during which mechanical vibrations are converted into a
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measurable electrical or optical output signal. The electrostatic
forces generated by gate voltages have been widely used to actu-
ate these micro/nanomechanical resonators, but this mechanism
has various associated deficits, including nonlinear outputs, the
potential for short-circuiting and the requirement to apply high
driving voltages [9]. Optical actuation has been proposed as an
effective means of addressing these issues based on the direct
coupling of modulated light power with the resonator. Various
micro- and nanomechanical resonators for sensing based on
optical actuation and readout systems have been developed,
including optomechanical magnetometers [10], [11], single
molecule detection [12], cavity optomechanical ultrasound sen-
sors [13]and all-optical photothermal sensors [14]. Furthermore,
opto-mechanical coupling is realized by Optical actuation in the
micro- and nanomechanical resonators and is widely used in
nonlinear optics [15], optomechanically induced transparency
[16], optical storage [17], [18], and optomechanical cooling [19].

Compared with commercial current sensors using electronic
sensing components, fiber optic current sensors have attracted
more attention because these sensors provide the intrinsic ad-
vantages of avoiding electromagnetic interference, minimal se-
curity risks, and remote measurement capabilities. However, the
majority of present-day fiber optic sensors are based on the
Faraday effect [20], [21], and [22] and tend to be quite bulky
as a consequence of the small Verdet constants of optical fibers
[23]. In addition, this type of sensor is associated with issues
related to accuracy because of the linear birefringence inherent
in optical fibers [24]. Current can also be measured by combining
magnetostrictive materials with fiber gratings and measuring the
drift of the grating wavelength [25], [26], and [27]. This is an
indirect measurement method that relies on the conversion of
current to magnetic field. Another approach that appears viable
is to take advantage of thermal effects to realize current sensing.
Typically, these sensors used graphene membrane as a sensor
element for current sensing [28], [29]. However, the current
detecting range of these current sensors is restricted due to thin
graphene cannot sustain high current.

The present work demonstrates an optical fiber current sensor
based on an optomechanical cavity concept. This optical me-
chanical current sensor uses graphene/Au composite membrane
with higher current carrying capacity as the current sensing
element. It operates in the 100 mA range, which is two orders
of magnitude greater than the ranges of previously reported
optomechanical current sensors [29]. This device was fabricated
by transferring multilayer graphene to the end facet of a ceramic
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Fig. 1. Diagram of the present fiber optic current sensor based on a
graphene/Au membrane.

ferrule followed by applying an Au layer with a thickness of
approximately 75 nm to form a Fabry-Perot (F-P) cavity between
the graphene/Au membrane and the end face of the optical fiber.
Two electrodes were subsequently etched onto the end face of
the ceramic ferrule using a femtosecond laser. This resonator
was actuated by a modulated pump laser and the resulting signal
was detected using a continuous wave laser. As a result of Joule
heating, any additional current flowing through the membrane
increased its temperature, resulting in a shift in its resonant
frequency. This sensor demonstrated high current sensitivities of
approximately 7.91 and 18.04 Hz/mA2 at resonance frequencies
of 221.4 and 490.5 kHz, respectively. These sensitivities could
potentially be increased by improving the quality factor, Q,
of the sensor based on vacuum encapsulation of the device.
Moreover, a design strategy using an optomechanical cavity
evidently provides excellent recoverability. The present work
demonstrates that the integration of graphene/Au nanomaterials
and fiber optic sensing technology can provide a novel, compact
and sensitive sensor having a wide working range.

II. PRINCIPLES

Fig. 1 provides a diagram of the suspended graphene/Au
membrane-based current sensor fabricated in the present work.
This device comprised a standard single mode fiber (SMF,
Corning Inc., SMF-28), a ceramic ferrule and a graphene/Au
membrane. Where, a pair of gold electrodes are employed to
apply the current into the graphene/Au composite membrane.
The electrode is clamped by two copper foils connecting an
external current source, and the current could be coupled into
the graphene/Au membrane to realize sensing application. In
this sensor, two partially reflective mirrors, i.e., the graphene/Au
membrane and the fiber end facet, form an optomechanical
cavity resonator, of which the resonant frequency is modified
by joule heating induced from a small current change. Here, the
all-optical excitation and readout method is employed by the
current sensor based on the optomechanical cavity resonator.
The mechanical resonance of a thin circular membrane can be

calculated as [30]

f0 =
2.404

πd

√
γ300k
ρt

(1)

where d is the diameter of the membrane, γ300K is the initial
built-in tension at 300 K (in unit of N/m), ρ is the density of the
membrane and t is the thickness of the membrane. Upon apply-
ing a current, the temperature of the membrane increases and
the resulting change in tension affects the resonance frequency
based on the relationship [31], [32]

f0 =
2.404

πd

√
γ300k + γT
ρeff teff

(2)

where γT is the additional tension induced by the temperature
change. Note that the present membrane had a double layer struc-
ture comprising layers of graphene and Au and so this equation
uses both an effective density, ρeff, and effective thickness, teff,
calculated as [33]

teff = tg + tAu (3)

And

ρeff =
ρgtg + ρAutAu

tg + tAu
(4)

where tg and tAu are the graphene and Au thicknesses, respec-
tively, and ρg and ρAu are the graphene density and the Au
density, respectively.

III. SENSOR FABRICATION AND SPECTRAL ANALYSIS

The sensor was fabricated by first transferring six to eight
layers of multilayer graphene (Six Carbon Technology, Shen-
zhen, China) to the end face of a ceramic ferrule having a bore
diameter of 125 μm using a wet transfer method. The graphene
plays important roles. Firstly, it is a support for the deposition
of Au on the hole of ferrule while magnetron sputtering is
employed. The graphene has exceptional mechanical charac-
teristics, such as Young’s modulus of up to 1 TPa and inherent
strength of up to 130 GPa, which makes it very suitable for
supporting Au membrane [34]. Secondly, by using graphene/Au
composite membrane as the current sensing element, the current
carrying capacity of the composite membrane can be improved
to withstand a larger current measurement range. In addition,
graphene can firmly adhere to the end face of the ceramic
ferrule through van der Waals force, which increases the stability
of the graphene/Au composite membrane. The details of the
wet transfer technique have been previously described in the
literature [35]. In preparation for depositing the Au membrane,
the ceramic ferrule was fixed inside the sputtering chamber
with the end facet facing the Au target. During sputtering, a
rotating fixture was used to ensure a uniform coating and the
Au thickness was controlled by adjusting the sputtering time. A
portion of the Au membrane on either side of the ceramic ferrule
was subsequently removed using two pieces of lapping films,
leaving two parallel gap structures. The Au membrane on the
end surface of the ceramic ferrule was then etched with a fs laser
(λ = 514 nm) pulsing at a rate of 200.488 kHz. The laser beam
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Fig. 2. (a) An SEM image of the ceramic ferrule end facet with the membrane
in place. (b) Raman spectrum of graphene acquired using a 532 nm laser. (c)
Atomic force microscopy image of the Au-coated glass slide. (d) The height
profiles of the Au membrane.

was focused onto the ceramic ferrule end facet through a 20×
objective lens with a numerical aperture of 0.29 and a working
distance of 30 mm to form a small channel corresponding to
the lateral gaps. In this manner, a ceramic ferrule with two
separated electrodes was obtained such that the current only
flowed through the graphene/Au membrane. The graphene and
Au membranes are combined to form a composite membrane as
a current sensing element. The current flows in the composite
membrane at the same time, where it is regarded as an entirety
sensing element due to the graphene and Au have the same
order of magnitude resistivity (about 10-6 Ω· cm) [36], [37].
Here, the resistance of graphene/Au composite membrane is
measured to be about 20 Ω. Finally, an SMF having a precisely
cut end facet was inserted into the other end of the ceramic ferrule
using a high-precision displacement platform, such that the end
face of the SMF and the graphene/Au membrane formed an FP
cavity interferometer. The distance between the end face of the
SMF and the graphene/Au membrane equaled the initial cavity
length, L, of the FP cavity and this value could be adjusted by
tuning the displacement platform and subsequently calculated
by reflectance spectroscopy. Furthermore, the tail fiber was fixed
with glue.

Fig. 2(a) shows a scanning electron microscopy (SEM) im-
age of the end face of the ceramic ferrule covered with the
graphene/Au membrane. Fig. 2(b) presents the Raman spectrum
of the transferred graphene membrane on the ceramic ferrule
end facet together with a Lorentz fit to the data. This spec-
trum exhibits three characteristic graphene peaks at 1348, 1584
and 2696 cm−1. The energy difference between the D and G
peaks corresponds to that expected for six to eight layers of
graphene [38]. During the sputtering process, a glass slide was
placed at the same height as the ceramic ferrule’s end face to
allow the thickness of the Au membrane to be determined. The

Fig. 3. (a) The optical measurement set-up. (b) A typical reflectance spec-
trum obtained from the FP interferometer made with a graphene/Au mem-
brane. Legend: BBS = broadband light source, OSA = optical spectrum
analyzer.

thickness of the Au layer deposited on this slide was measured
using atomic force microscopy as shown in Fig. 2(c). Fig. 2(d)
presents the height profiles along the green line in Fig. 2(c),
from which the thickness was estimated to be approximately
75 nm.

Fig. 3(a) shows a diagram of a typical measurement set-up
employed to obtain the reflectance spectrum of the FP interfer-
ometer. This apparatus comprised a broadband light source, a
3 dB fiber coupler and an optical spectrum analyzer. Fig. 3(b)
presents a typical spectrum acquired from a resonator over the
wavelength range of 1525 to 1555 nm. The free spectrum range
(FSR) of the resonator was approximately 11.6 nm, correspond-
ing to wavelengths of 1538.6 and 1550.2 nm. Based on these
data, the length of the FP cavity was calculated using the formula
L = λ1λ2/2nair(λ1-λ2), where nair is the refractive index of air
and λ1 and λ2 are the wavelengths of adjacent valleys in the
spectrum. In this manner, the length of the FP cavity was found
to be approximately 102.8 μm. The contrast of FP reflection
spectrum depends on the reflectivity of fiber end face (4%)
[39] and graphene/Au membrane, where the thickness of the
Au membrane is about 75 nm with more than 90% optical
reflectivity. Therefore, the interference fringe contrast is about
5.3 dB, which is attributed to great difference in reflectivity
between Au membrane and SMF end face. This interference
fringe contrast could potentially be improved in two ways. One
approach would be to reduce the intensity of light reflected
from the graphene/Au membrane by increasing the cavity length
and the other would involve reducing the thickness of the Au
membrane.
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Fig. 4. A diagram of the experimental setup used to generate and receive
a signal from the sensor. Legend: EOM = electro optic modulator, PD =
photodetector, PC = personal computer, ESA = electric spectrum analyzer.

IV. CURRENT MEASUREMENT AND DISCUSSION

A diagram of the experimental setup is provided in Fig. 4.
Two lasers with different central wavelengths were used to excite
the resonator membrane and to detect the induced mechanical
vibrations, respectively. Laser A, having a central wavelength
of 1549 nm, was used for excitation and was modulated by
an electro-optic modulator (Beijing Conquer Optics Science &
Technology Co., Ltd.) driven with a sweeping sine signal from
50 to 600 kHz. This laser beam was transmitted to the resonator
through a 90:10 coupler and a circulator before reaching the
SMF and exciting the vibrational motion of the membrane. The
beam was subsequently filtered using a tunable band-pass filter
(TBF-1550-1.0-FCAPC, Newport). Exposure to laser A induced
periodic fluctuations in the temperature of the graphene/Au
membrane that generated thermal forces on the membrane. In
response, the membrane would expand and shrink such that the
resonator was actuated periodically. A signal was detected using
laser B, which was set to emit at a wavelength equivalent to
the center of the most intense peak in the reflectance spectrum
(1538 nm). This beam was injected into the system through the
other port of the coupler and the circulator. The phase difference
between the laser beams reflected by the end face of the optical
fiber and by the membrane was modulated by the vibration
of the membrane, meaning that the intensity of the reflected
probe beam was modulated. This reflected beam was received
by a photoelectric detector (model 2053, New Fucus, Inc.) and
processed using an electrical spectrum analyzer (R&S FSV4,
Rohde & Schwarz). Finally, the data from this analyzer were
extracted using a computer.

Plots of signal amplitude versus frequency over the range
of 100–600 kHz were generated, as shown in Fig. 5(a). Two
peaks were observed within this frequency range, corresponding
to two thermally excited mechanical resonance modes of the
membrane. These appeared at 221.4 and 490.5 kHz and had
amplitudes of 5.3 and -2.3 dBm, respectively. These modes were
subsequently assessed by generating a simulation model using
commercial finite element analysis software and the insets shows
the corresponding mode profiles. The mode-shapes are labelled
as (m,n), where m refers to the number of nodal diameters and n
to the number of nodal circles. Hereafter, the mechanical mode

Fig. 5. (a) Mechanical frequency data obtained from the resonator. The insets
present images showing the (01) and (11) vibrational modes obtained through
finite element simulations. (b-c) Lorentz fitting of the two resonance peaks in
linear coordinates.

at 221.4 (first order mode) and 490.5 kHz (second order mode)
are referred to as the (0, 1) and (1, 1) mode, respectively. It can be
seen that two peaks observed in the (11) mode, which is result
of a split degenerate motion typically caused by asymmetric
or defective membrane [40]. The amplitude versus frequency
curves in linear coordinates fit well to a Lorentzian with the
results presented in Fig. 5(b) and (c). Thus we can extract the
resonant frequency ƒm, the full width at half-maximum power
(FWHM) Γ, and the quality factor Q = ƒm /Γ. And the Q values
of about 40 and 114 for the frequencies of 221.4 and 490.5 kHz in
this resonator, respectively. These Q values are relatively small,
possibly as a consequence of energy dissipation in the device,
including air damping, thermoelastic damping and surface losses
[41], [42].

The two separate electrodes shown in Fig. 1 were used to apply
current to the resonator in conjunction with the experimental
setup presented in Fig. 4, as a means of evaluating the current
response of the resonator. The electric current was generated
by an electric current generator (SS-L303SP, Dongguan Bufan
Electronics Co., Ltd.). The frequency shifts of the two peaks
described above were monitored while increasing the current
from 0 to 100 mA in increments of 10 mA. Fig. 6(a) and (b)
summarize the variations in the frequency spectra of the res-
onator as the current was scanned. Both mechanical resonance
frequencies are seen to have shifted to lower values as the current
was increased as a consequence of changes in the membrane
tension [32], [33], [43]. As the current was increased from 0 to
100 mA, the resonant frequencies corresponding to resonance
peaks 1 and 2 were found to shift to lower frequencies by 85.5
and 196.9 kHz, respectively.

Fig. 7(a) and (b) summarize the effects of current on the fre-
quencies of resonance peaks 1 and 2, respectively, and indicate
that the peak frequency was directly proportional to the square
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Fig. 6. Evolution of the frequency spectra of the sensor as the current is
increased from 0 mA to 100 mA. (a) Resonance peak 1; (b) Resonance peak 2.

Fig. 7. Resonant frequencies versus current within the range of 0 mA to 100
mA. (a) Resonance peak 1; (b) Resonance peak 2.

Fig. 8. Time response of resonance peaks 1(a) and 2(b) at 50mA; (c)The
frequency bandwidth (BW) of the resonator.

of the current. Three measurements were made at each current
value to obtain an error bar, so as to test the stability of the
current response of the resonator. The current sensitivity values
of the resonator were calculated to be 7.91 and 18.04 Hz/mA2

for peak 1 and peak 2 based on linear fits. Thus, resonance
peak 2 provided higher sensitivity within the same current range,
indicating that the sensitivity of this resonator could potentially
be improved by monitoring higher order modes.

We studied the time response in both resonant modes by
measuring the light intensity change before and after applying
current 50 mA. The time responses of both resonant modes
are shown in Fig. 8(a) and (b), as the current increasing, the
frequency at resonant peak 1 and resonant peak 2 move to a
lower frequency, corresponding to light intensity decrease, and
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Fig. 9. Estimated membrane tension values as a function of the square of the
current.

then reach steady. Where, the sensor response time is defined as
the time interval for the sensor to reach 90% of its steady-state
response [44], so the time responses applied current 50 mA
for both resonance mode are measured to be 2 ms and 2.1
ms, respectively. The frequency bandwidth (BW) is defined
as the frequency scope ranging from amplitude maximum to
its 3 dB value. To evaluate the frequency bandwidth of the
sensor, we plot the amplitude-frequency response curve of the
device by applying current at different frequencies, as shown in
Fig. 8(c), and the BW of the device response is calculated to be
about 250 Hz.

The tension values induced in the membrane by different
currents were calculated using Equation (2) based on the res-
onance frequencies obtained at the various currents. The results
summarized in Fig. 9 indicate that the membrane tension was
decreased from approximately 1.9 to 0.72 N/m as the current
was increased from 0 to 100 mA. Hence, the resonance mode was
shifted to lower frequencies as a result of the gradual reduction in
thermally induced tension. It is worth noting that these changes
in membrane tension resulted from the thermal tension effects
of both the graphene and Au. Specifically, the thermal expansion
coefficient of graphene is negative while that of Au is positive
[45], [46]. Consequently, the thermal tension changes induced
by current variations changed in opposite directions for these
two membrane materials.

The current response of the resonator was also investigated
by monitoring its reflectance spectra, which we refer to as the
static measurement method. Fig. 10(a) shows the evolution of
the spectrum as the current was increased from 0 to 70 mA.
The valley in the spectrum is seen to have shifted toward longer
wavelengths as the applied current increased, indicating that the
FP cavity was elongated. This effect is attributed to expansion
of the membrane induced by the Joule effect. As shown in
Fig. 10(b), we study the response of the device to the current
through the static measurement method. When the current rises
from 0 mA to 100 mA, and the slope of the linear fitting gives
a current sensitivity of ∼1.18 pm/mA2 with a correlation factor
of R2 ∼0.9848, which shows that the wavelength change has a
good linear relationship with the change of the of the current
square value. It has previously been proposed that resonators

Fig. 10. (a) Reflectance spectra obtained using different currents. (b) Exper-
imentally determined resonance wavelengths as a function of the square of the
current.

having thinner Au layers may exhibit higher current sensitivity
due to the temperature dependence of conductor’s resistance
[28]. Thus, a membrane having a thinner Au layer will generate
more Joule heat because it has a greater resistance. However,
it is preferable to avoid the application of high currents to a
resonator with a thinner Au layer because of possible damage
to the membrane.

The static measurement range is limited by the FSR, which
can be improved by reducing the cavity length, however, the
cavity length cannot be infinitely reduced. In addition, the re-
flectivity of the graphene/Au membrane is much higher than
the reflectivity of the optical fiber end face, so the interference
fringe contrast will reduce in the process of shorting the cavity
length, which brings difficulties to wavelength demodulation.
In contrast, there is no such limitation in the optomechanical
method, only a certain resonant peak frequency is recorded to
demodulate. Moreover, the higher resonant peak frequency is,
the higher sensitivity of the device can be achieved.

V. CONCLUSION

This work demonstrated the first-ever optomechanical cavity
current sensor based on a graphene/Au membrane. This de-
vice has a large working range of 0-100 mA along with high
current sensitivities of approximately 7.91 and 18.04 Hz/mA2,
respectively, for the first and second order vibrational modes
at room temperature. The functional element in this sensor is
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the graphene/Au membrane, the tension of which changes with
variations in temperature resulting from Joule heating when a
current is applied. The compact size of this device, the absence
of special packaging requirements and the all-fiber construction
are expected to allow the proposed sensor to have applications
in the sensing of electric and magnetic fields. Furthermore,
the proposed nano optomechanical resonator can be used as
a basic platform to study the nonlinear dynamics and thermal
properties of suspended 2D materials [47], [48], and can also be
applied to the specific detection of gas/biomolecules [49], [50]
by combining different functional materials.
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