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A microhole array in a common single-mode fiber is fabricated by selective chemical etching of femtosecond-
laser-induced fiber Bragg grating (FBG), which has a laser-modified region extending from the fiber core to the clad-
ding–air boundary due to laser self-focusing. The shape and size of the orderly microhole on the fiber surface are
controlled via changing conditions of FBG fabrication and chemical etching. A simultaneous sensing for surround-
ing refractive index and temperature is demonstrated by this microhole array FBG through measurement of the
transmission power change and Bragg resonant wavelength shift. © 2011 Optical Society of America
OCIS codes: 060.2370, 060.3735, 060.4005.

Microstructures in an optical fiber, such as a microhole
[1], a microchannel [2,3], or a microslot [4], can signifi-
cantly change the features of light propagation or
light–ambient matter interactions in a fiber, which have
attracted a lot of interest recently. Microstructured fi-
bers, such as photonic crystal fiber (PCF) [1,5], side-
polished or D-shaped fiber (D-fiber) [6], and chemical
etched thinned fiber (thinned fiber) [7,8], have been
widely investigated for their applications in fiber tele-
communications and fiber sensing. However, the relative
complicated manufacturing process and high cost of PCF
and D-fiber limit their extensive practical applications,
while for thinned fiber, removal of the entire cladding
or even some part of fiber core greatly reduces the fiber
strength and durability. It is necessary to develop a sim-
ple, low-cost approach for introducing microstructures in
common fibers. In recent years, femtosecond (fs) laser
direct inscription in transparent and hard materials has
attracted much attention due to the high spatial resolu-
tion and three-dimensional controllable micromachining
[9,10]. Combined with the selective chemical etching of
the laser-modified material, designed microstructures,
for example, microchannels, have been realized in con-
ventional single-mode fiber (SMF) [3]. Moreover, Zhou
et al. reported on the fabrication of a microslot in a UV-
written fiber Bragg grating (FBG) by additional chemi-
cally assisted fs laser direct writing [4]. This method is
relatively simple and convenient to realize microstruc-
tures in low-cost conventional SMF, but point by point
laser exposure to fabricate a modified region across
the entire fiber is quite time consuming. In this Letter,
we propose a method to fabricate a microhole array
(MHA) in a SMF based on selective chemical etching of
an FBG written by fs laser exposure under a phase mask
[11,12]. The fs-laser-induced FBG has the modified grat-
ing regions extending from the fiber core to the cladding–
air boundary, which are generated synchronously by fs
laser self-focusing [13] during grating fabrication pro-
cess. These laser-modified regions possess higher chemi-
cal activity, resulting in higher sensitivity to chemical
etching than nonmodified regions (etching rate ratio

>100∶1) [14]. So a fast selective etching in the laser-
modified grating regions will be achieved when the fs-
written FBG is immersed in etching solution, forming
a microhole or microchannel array in fiber with the same
period of grating. The generation of microhole does not
need laser exposure to individual holes, greatly simplify-
ing the fabrication process and reducing time and cost.
The microstructures are highly repeatable and have
potential for massive industrial production.

The schematic diagram of the setup for the fabrication
of the FBG and the magnified grating region is shown in
Fig. 1. In our experiments, a Ti:sapphire regenerative am-
plifier laser system (Spectra Physics) operating at 800 nm
was adopted. The pulse duration was 100 fs, and the re-
petition rate was set at 1kHz. The laser beam with 0:8mJ
pulse energy, which was adjusted by a neutral density

Fig. 1. (Color online) (a) Schematic diagram of the experimen-
tal setup for FBG fabrication by fs laser and phase mask.
(b) The FBG region extending from fiber core to cladding–
air boundary is magnified for clarity.
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filter, was focused into the fiber sample (Corning SMF-
28) via a cylindrical lens with focal length of 40mm
and passed through a phase mask with pitch of 3:33 μm.
The space between the phase mask and fiber was about
3mm to generate interference by the �1st-order diffrac-
tive laser beam [11]. The fiber was mounted onto a
three-axis step motor and its two ends connected to a
broadband light source (Superk Compact, NKT Photo-
nics) and an optical spectrum analyzer (OSA) (AQ6370B,
Yokogawa), respectively, to monitor the spectral change.
The threshold power for the laser self-focusing effect
inside the fiber is 0:4mJ=pulse in our experiment, and
the corresponding light intensity is calculated to
6:4 × 1012 W=cm2. An FBG with a length of 6:0mm was
attained after 3 s exposure with the fiber not moving
parallel or perpendicular to the laser beam direction.
The resonant wavelength λB is decided by the Bragg re-
sonance equation mλB ¼ 2neffΛG, where m is the order
number, neff is the effective refractive index (RI) of the
fiber mode, and the grating pitch ΛG is one half of the
phase mask period. A reflectivity of 96.8% located at
1604:4 nm, the third-order Bragg resonance, was ob-
served in the OSA. The optical microscope images of
the fiber grating structure before etching are shown in
Figs. 2(a) and 2(b). The arrows denote laser beam direc-
tion. Obviously, the laser-modified grating area extends
from the fiber core to the cladding–air boundary. The
period of the grating is 1:665 μm, and the width of the
modified region is about 3 μm.
To obtain the MHA, the fs-written FBG was immersed

in a hydrogen fluoride (HF) aqueous solution with vo-
lume concentration of 4% at room temperature (20 °C)
to achieve selective corrosion. A typical transmission

spectra change in chemical etching is shown in Fig. 3(a).
A blueshift of the resonant wavelength and transmission
loss begin after 30min of chemical etching, which means
most of the laser-modified region in the cladding has
been eroded and the fiber core mode evanescent field
is extending into the ambient acid solution. The etching
solution has a smaller RI than the fiber cladding, causing
the effective RI of the fiber core mode decrease and lead-
ing to the resonant wavelength blueshift. After 40min of
etching, the FBG was taken out of the HF acid and rinsed
by a saturated sodium bicarbonate (NaHCO3) solution to
neutralize the acid. Then the grating was put into an ul-
trasonic water bath for 5 to 10min to get rid of residual
NaHCO3 solution and debris that might be generated in
etching. The etched fiber grating was observed under an
optical microscope, and images of the grating structure
are shown in Figs. 2(c) and 2(d). The microchannel array
is clear in the side view of the fiber grating. Figure 2(d),
viewed from the output direction of the laser beam,
shows the MHA on the fiber surface. It is found from
scanning electron microscope (SEM) images [Fig. 2(e)]
that elliptical microholes are arranged in order with
the period the same as the fiber grating’s period. The ma-
jor and the minor axes of the microhole are 3.53 and
1:35 μm, respectively, measured in the magnified figure
in Fig 2(e).

If the chemical etching of fiber grating continues to
45min, the microhole will be enlarged and finally con-
nected to each other to form a microslot. The microslot
will extend from the fiber surface into the fiber cladding
with the etching process [Fig. 3(b)]. Meanwhile, the
transmission power keeps falling along with the contin-
ued etching of the fiber core. The microslot extends into
the cladding partly, and microchannels still exist deep in-
side the cladding. It is a state of microslot and microchan-
nels coexisting in fiber. If the etching time is as long as
60min, the microslot will cover the whole grating area
without microchannels remaining [Fig. 3(c)], leading to
the disappearance of Bragg resonance and a large trans-
mission loss [Fig. 3(a)].

This MHA FBG may be used in optofluidics due to the
microchannels for medium delivery and Bragg grating
sensing of environmental medium RI. Experimentally,

Fig. 2. (Color online) Microscope images of the fs-laser-
induced FBG before and after chemical etching. (a) Side view
normal to the beam axis and (b) cross section before etching.
(c) Side view normal to the beam axis and (d) view from output
side of laser beam after etching. (e) SEM image on the fiber
grating surface after etching.

Fig. 3. (Color online) (a) Transmission spectra change of the
FBG during the etching process. The numbers denote etching
time in minutes. (b) SEM image of the microslot and microchan-
nels coexisting in fiber after 45min etching. (c) SEM image of
the microslot in fiber after 60min etching.
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when the MHA FBG was immersed in different RI
environments, the spectra changed in both resonant
wavelength and transmission power [Fig. 4(a)]. The de-
vice was tested in glycerin aqueous solutions with differ-
ent volume concentrations. The RIs of these glycerin
solutions were measured by the Abbe refractometer at
589:3 nm and room temperature. The transmission spec-
tra exhibit a redshift, and the power loss is reduced with
increasing the surrounding refractive index (SRI). The re-
lationship between the SRI (1.33—1.40) and the other
two parameters (resonant wavelength and transmission
power) are plotted in Fig. 4(a). The left y axis denotes
Bragg resonant wavelength shift (ΔλB), and the right
one denotes transmission power change (ΔPT ) at the
wavelength of 1605 nm. The circles and squares corre-
spond to ΔλB and ΔPT , respectively. From the function
of Bragg resonant wavelength shift and the SRI, we
can get the wavelength-SRI sensitivity of 5:484 nm=
refractive index unit (RIU) in the RI range from 1.33
to 1.40. The minimal detectable change in the RI is 3:65 ×
10−3 when the OSA resolution is 20 pm. For the case of
transmission power change with a different SRI, the sen-
sitivity is 151:347 dB=RIU. Furthermore, we measured
the response of the MHA FBG to temperature in a fur-
nace [Fig. 4(b)]. The transmission power variation is neg-
ligible with temperature, but the Bragg resonance is
sensitive to it. The responsivity of Bragg resonant wave-
length and transmission power to temperature are calcu-
lated to 0 nm=°C and 0:014 nm=°C, respectively. So this
optofluidic device may be used to detect the SRI and tem-
perature simultaneously. The relationship between these
variables can be expressed in the form of matrix,

�
ΔλB
ΔPT

�
¼

�
A1 B1
A2 B2

��
ΔT
ΔnSRI

�
;

where A1 and A2 are the temperature sensitivities for
Bragg resonant wavelength and transmission power,
respectively, while B1 and B2 are the SRI sensitivities

for them, respectively. Substituting the values obtained
from experiments into the matrix, the final expression
can be written as

�
ΔλB
ΔPT

�
¼

�
0:014 5:484
0 151:347

��
ΔT
ΔnSRI

�
:

Simultaneous sensing of the ambient RI and tempera-
ture is enabled through the measurement of the Bragg
resonant wavelength shift and transmission power
change of this MHA FBG.

In conclusion, we have proposed a method to fabricate
an MHA FBG in common SMFs. The microhole or micro-
channel array in fiber is formed by selective chemical
etching of the fs-laser-induced FBG, which has a laser-
induced chemically active region extending from fiber
core to cladding–air boundary. The shape and size of the
microhole can be controlled through changing laser
pulse energy and etching time. Simultaneous measure-
ment for the SRI and temperature by this microstruc-
tured fiber device is demonstrated.
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Fig. 4. (Color online) Bragg resonant wavelength shift (ΔλB)
and transmission power change (ΔPT ) in different environmen-
tal conditions. (a) Wavelength and power change with the SRI.
(b) Wavelength and power change with temperature.
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