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High-sensitivity fiber-tip pressure sensor with
graphene diaphragm
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A miniature fiber-tip pressure sensor was built by using an extremely thin graphene film as the diaphragm. The
graphene also acts as a light reflector, which, in conjunction with the reflection at the fiber end-air interface, forms a
low finesse Fabry—Perot interferometer. The graphene based sensor demonstrated pressure sensitivity over
39.4 nm/kPa with a diaphragm diameter of 25 pm. The use of graphene as diaphragm material would allow highly

sensitive and compact fiber-tip sensors.
OCIS codes: 060.2370, 120.2230.

Fabry—Perot interferometers (FPIs) built at the tips of
optical fiber have been studied for the detection of pres-
sure and acoustic waves in remote, space limited, and
harsh environment [1-3]. Among key elements that deter-
mine the pressure sensitivity of the FPI are the properties
of the diaphragm. The pressure sensitivity, which is
defined as the ratio of the center deflection of the dia-
phragm to the pressure difference, can be improved by
the use of alarger and thinner diaphragm. To produce min-
iature sensors, the diaphragm diameter is limited and the
most effective method to improve the pressure sensitivity
is to reduce the thickness of the diaphragm. Zhu et al. re-
ported a fiber-tip pressure sensor made by splicing a 66 ym
diameter and 1.88 ym thick silica diaphragm to a microcav-
ity at an optical fiber end, and demonstrated a pressure
sensitivity of 1.49 nm/psi (1 psi = 6.89 kPa) [1]. By
further reducing the thickness through online hydrofluoric
acid (HF) etching, Donlagic and Cibula demonstrated a
fiber-tip sensor with a 62.5 ym diameter diaphragm and ob-
tained a pressure sensitivity of 3.4 nm/kPa [2]. Wang et al.
reported a fiber-tip pressure sensor with a 65 ym diameter
and 0.75 ym thick silica diaphragm and achieved a pres-
sure sensitivity of 11 nm/kPa [3]. Recently, Xu et al.
reported a fiber-tip FPI made with a 125 ym diameter
and 130 nm thick silver diaphragm and demonstrated a
pressure sensitivity of 70.5 nm/kPa [4].

In this Letter, we report the construction of a fiber-tip
FPI sensor with graphene as the sensitive diaphragm.
Graphene is the thinnest film in the universe, and the
thickness of a single layer of graphene is ~0.335 nm [5].
Graphene has very high mechanical strength and can be
stretched by as much as 20% [6]. With such a novel ma-
terial, it is possible to build miniature pressure and
acoustic sensors with high sensitivity and dynamic range.

Figure 1 shows the microscope images of a fiber-tip
FPI sensor. A standard single mode fiber was first
fusion-spliced to a pure silica capillary (inner diameter
25 um) with the same outer diameter. An Ericsson
FSU-975 fusion splicer was used, and the fusion current
and the fusion time of the three-step procedure of the
splicer were set as follows: 10 mA/0.2s, 11.5 mA/
0.2 s, and 10.6 mA /0.4 s. The capillary is then cut, with
the aid of a microscope, at a distance of a few tens of
micrometers from the splice joint. An open air cavity
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at the fiber tip is then constructed, as shown in
Figs. 1(a) and 1(b). The open cavity was then sealed
by a thin grapheme film [Fig. 1(c)], which acts as a dia-
phragm and deflects with external pressure variation.
The process for preparing the graphene film and transfer-
ring it onto the fiber tip to form a sealed microcavity is
shown in Fig. 2. We started with a commercial graphene/
Ni/SiO,/Si sample in which a few-layer graphene film
was grown, by chemical vapor deposition (CVD), on a
Nickel (Ni) film deposited on a SiO;/Si substrate
(Graphene-supermarket.com). To separate the graphene
film from the substrate, the sample was immersed into a
FeCl; solution with a concentration of 0.05 g/mL
[Figs. 2(a) and 2(d)] to etch away the Nilayer. Just before
the Ni layer was completely etched off, which corre-
sponds to the detachment of the graphene film from
the SiO,/Si substrate, the sample was transferred to
de-ionized (DI) water. After suspension on DI water
for ~12 h to remove the residual Fe and Ni ions, the
sample was dipped into clean DI water with a floating-
off process to delaminate the graphene from the
Si0, /Si substrate [7], and the graphene film would then
float on the water surface [Fig. 2(e)]. The next step was
to transfer the graphene film onto the surface of the fiber-
tip air cavity. The fiber tip with the open air cavity
[Fig. 1(a)] was inserted into a ferrule with an inner dia-
meter of 127 ym, and its endface was adjusted to be in the
same plane with the endface of the ferrule. The ferrule—
fiber-tip assembly was then moved down slowly toward
the floating graphene as shown in Fig. 2(b), until it
touched the graphene sample. The graphene together
with a water layer was then attached to the surface of the
assembly. The assembly was then left to dry at room
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Fig. 1. (Color online) Microscope images of (a) fiber—
capillary tip, (b) cross section of the tip endface, (c) the
graphene film-covered fiber—capillary tip.
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Fig. 2. (Color online) Fabrication process of the fiber-tip mi-

crocavity with a graphene diaphragm. (a) Etching off the Ni
layer by immersing the sample into a FeCl; solution; (b) trans-
ferring the graphene film floating on the water surface to the
surface of the fiber-tip open cavity, (c) schematic showing
the graphene film covering the fiber-tip microcavity; photo-
graphs of (d) graphene/Ni/SiO, /Si sample floating on FeCl; so-
lution, (e) graphene film floating on DI water, (f) graphene film
on the surface of the ferrule—fiber-tip microcavity assembly.

temperature in a cabinet for about half an hour. During
the drying process, we found that water was drawn, by
capillary force, into the space between the fiber and the
ferrule. This might have helped to avoid damaging the
graphene film under the water surface tension and
preventing the sealing of water into the microcavity.
After water evaporation, the graphene is firmly stuck
to the surface of the fiber-tip by the van der Waals inter-
action to form a sealed microcavity [8], as illustrated in
Figs. 2(c) and 2(f). The microscope image of a sealed
fiber-tip microcavity is shown in Fig. 1(c).

The microcavity was characterized by using a reflec-
tive system similar to that described in [9]. A broadband
source comprising five light emitting diodes (LEDs) with
a central wavelength from 1200 to 1700 nm was used to
illuminate the microcavity, and the reflection spectrum
was analyzed by an optical spectrum analyzer (OSA)
(0.01 nm resolution) through the use of an optical circu-
lator. Figure 3(a) shows a typical reflection spectrum.
Considering the small reflectivity of the silica—air inter-
face as well as the graphene film [9,10], higher-order re-
flections from these surfaces may be ignored and the
periodic reflection spectrum in Fig. 3(a) may be regarded
as aresult of two-beam interference. The length of the air
cavity d can then be calculated by d = 4%/254, where A
and 61 are respectively the dip (or peak) wavelength
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Fig. 3. (Color online) (a) Measured reflection spectrum of the
FPI, (b) calculated reflectance as a function of the number of
graphene layers. The complex refractive index used in the cal-
culation is 3.45 - j2.32 for graphene at 1550 nm [11].

and the wavelength spacing between the two fringes.
From Fig. 3(a), the cavity length d is determined to be
21 um, in agreement with the value measured by the
microscope [Fig. 1(a)].

The reflectivity of the two cavity surfaces was examined
in detail. Before the graphene film placement, the reflec-
tivity of the fiber end silica—air interface was first mea-
sured with a power meter to be 1.3%-2.0%, depending
on samples. These values are smaller than the Fresnel
coefficient calculated for a perfect silica—air interface at
normal incidence (~3.4% at ~1550 nm), possibly due to
imperfect (tilted) fiber cleaving. The reflectivity of
graphene film was determined, by the curve fit to the
measured reflection spectrum [e. g., Fig. 3(a)], to be
0.27%-0.79%. These results were verified by measurement
with an optical low coherence reflectometer (OLCR). The
reflectivity of the graphene film with an increasing number
of graphene layers was also calculated, and the results are
shown in Fig. 3(b). According to the product datasheet, the
graphene film grown on nickel is not uniform, and its thick-
ness varies from 1 to 4 layers. From Fig. 3(b), the reflec-
tivity of the graphene film should be less than 1%, in
agreement with the experimentally measured values.

The pressure response of the sensor was tested with
the same setup but the sensor head was placed in a
sealed pressure chamber. The wavelength shift Al of
the interference fringe under different pressures was
measured, and the cavity length change Ad, which equals
the diaphragm deflection Ag, was calculated by using the
relationship Ad = d - A1/4 [9]. The cavity length is found
to decrease with the increase of the external pressure,
following a nonlinear curve as shown in Fig. 4(a). This
is expected since the linear model is only applicable
for a deflection smaller than 30% of the thickness of the
diaphragm [12]. The average pressure sensitivity over the
range from 0 to 5 kPa is estimated to be 39.4 nm/kPa.
The relationship between the deflection § of a circular
diaphragm made of a linear isotropic elastic material
and the pressure change P may be described by [6,13]
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where F is the Young’s modulus of the graphene (~1 Tpa),
v is its Poisson’s ratio (~0.17) [6], o, is the graphene film
pre-stress, and a and ¢ are respectively the radius and the
thickness of the graphene film. Through curve fitting of
the experimental data in Fig. 4(a), the pre-stress is found
to be 1.2 GPa, and the thickness of the graphene

40'01:

&t gb (1)

E -500 B —
= £ 400t .
qé’ | ag:) 200 )
8 300t g "
[3) 5] 0 . -
< L < -
5 -200 5 -
5 & -200f =
<. 1001 7o Experimental data - .
S 0 - Fitting by equation (1) 5 .00t
3 0 5 10 15 20 O 0 10 20 30 40 50 60
Pressure (kPa) Time(min)
(@) (b)
Fig. 4. (Color online) (a) Pressure response of the fiber-tip

micro-cavity sensor, (b) cavity length change versus time for
an initially applied pressure of ~13 kPa.



film ~0.71 nm, corresponding to a 2-layer graphene. This
value of pre-stress is within the range measured by use of
an atomic force microscope (AFM) tip, which indicates a
broad range of pre-stresses varying from 0.2 to 2.2 GPa
due to the stretching of the graphene caused by the van
der Waals attraction to the cavity inner wall [6].

It should be mentioned that during pressure tests, the
graphene sealed cavity was found slightly leaky.
Figure 4(b) shows the measured cavity length change
as a function of time T when a pressure of ~13 kPa is ap-
plied at T ~0 and released (chamber opened) at
T ~ 30 min. The graphene diaphragm deflects inward in-
itially because the external pressure is higher than that in-
side the microcavity, and the deflection gradually reduces
and returns to initial state (zero deflection), which indi-
cates that the cavity is leaking. The time to achieve pres-
sure equilibrium is about 20 min. When the applied
pressure is released, the graphene diaphragm deflects
in the opposite direction instantly, and the deflection re-
duces gradually and returns to equilibrium again after
~20 min. As reported in [14], the graphene itself is im-
permeable to all standard gases, and the leakiness might
be attributed to the nonideal adhesion of the graphene
layer to the silica capillary endface, which is affected
by the surface roughness of the capillary end. Due to this
leakiness problem, continuous tests of the sensor under
static pressure would cause measurement errors. Hence,
our measurement of the pressure response was con-
ducted by applying a target pressure, recording the spec-
trum, and releasing the pressure, with all these steps done
within the duration of only several seconds. By repeating
this process with different applied pressures, the pressure
response shown in Fig. 4(a) was obtained. We also carried
out tests for pressure up to 100 kPa, but the interference
fringes were found to shift quickly due to the leakiness of
the cavity, which prohibited accurate determination of the
applied pressure. As demonstrated in [8], the graphene
could withstand pressure up to 2.5 MPa, indicating the
graphene-based fiber-tip sensors could operate over a
large dynamic range. Tight sealing of the cavity by smooth-
ing out the capillary endface and additional adhesion or
bonding is a future possibility.

Several fiber-tip microcavities were constructed and
found to have different pressure sensitivities ranging from
36 to 63 nm/kPa over a pressure range of 0-5 kPa.
According to Eq. (1), the pressure sensitivity depends
on the pre-stress and the thickness of the graphene film.
By least-square curve fitting of the pressure response
curves, the pre-stress and the thickness of the graphene
samples were obtained for different fiber-tip microcav-
ities, and they are shown in Fig. 5. The pre-stress ranges
from 1 to 2.1 GPa, within the previously reported range [6].
The pre-stress is not yet under control with our current
fabrication setup. The graphene thickness ranges from
0.26 to 0.76 nm, corresponding to 1 to 2 graphene layers.

Compared with previously reported fiber-tip pressures
sensors, the sensor presented here used a much smaller
diaphragm (and thus potentially smaller size sensor
head) and has achieved a high sensitivity. Taking the sen-
sor reported in [4] as an example, a pressure sensitivity of
70.5 nm/kPa was achieved with a 125 uym diameter
and 130 nm thick diaphragm. According to the linear
sensitivity formula in [1], if the diaphragm diameter is
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Fig. 5. (Color online) Fitted initial surface pre-stress and gra-
phene film thickness from the measured pressure response of
several fiber-tip microcavity sensors.

reduced to 25 um, the sensitivity of the sensor would
be reduced by 625 times to 0.11 nm/kPa, which is more
than 300 times smaller than the sensitivity we have
achieved. The sensor performance could be further im-
proved by using a larger graphene diaphragm with a bet-
ter quality (e.g., using graphene from mechanical
exfoliation), and better graphene transferring method.
The small size and high sensitivity of the graphene-based
fiber-tip sensors would find applications in miniature and
highly sensitive pressure, acoustic, and mass sensors [15]
for biomedical, environmental, microsystem, and nano-
system applications.
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