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Abstract— In-fiber microchannels were fabricated directly in 

standard single mode fiber using the femtosecond laser inscribe 
and etch technique. This method of creating in-fiber 
microchannels offers great versatility, since it allows complex 
three dimensional structures to be inscribed and then 
preferentially etched with hydrofluoric acid. In addition, 
inscription does not require a photosensitive fiber; the 
modification is induced through nonlinear processes triggered by 
an ultrashort laser pulse. Four in-fiber microchannel designs 
were experimentally investigated using this technique – 
microhole, microslot channel along the core, microslot channel 
perpendicular to the core and helical channel around the core. 
Each device design was evaluated through monitoring the optical 
spectral change while inserting a range of index matching oils 
into each microchannel - an R.I. sensitivity up to 1.55 dB/RIU 
was achieved in these initial tests. Furthermore, an all 
femtosecond laser inscribed Fabry-Pérot based refractometer 
with an R.I. sensitivity of 2.75 nm/RIU was also demonstrated. 
The Fabry-Pérot refractometer was formed by positioning a 
microchannel between two femtosecond laser inscribed point-by-
point fiber Bragg gratings.  
 

Index Terms—Etching, laser machining, liquids, optical device 
fabrication, optical fiber devices.  
 

I. INTRODUCTION 

 n-fiber microchannels enhance the diverse sensing 
capability of optical fibers to interrogate liquids. Optical 
fibers are well suited for sensing in harsh environments, 

which makes them well positioned for sensing hazardous 
liquids. Similarly, the size and flexibility of optical fibers 
allows them to be installed in most locations. Optical fibers 
have previously been used for liquid and gas sensing. Jensen 
et al. were able to interrogate liquids using photonic-crystal 
fiber by injecting a fluid into the cladding holes [1]. Liang et 
al. formed a Fabry-Pérot (FP) interferometer refractive index 
sensor using a KrF excimer laser and an amplitude phase mask 
to inscribe two gratings and HF to thin the liquid sensing 
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region of the fiber [2]. Similarly, others have used laser 
micromachining and etching techniques to fabricate sensors 
based on micro-wires [3, 4]. Other fiber-tip devices have been 
used for measuring refractive index [5, 6] and liquid flow [7] . 
In addition, surface plasmons have also been used to construct 
sensitive optical fiber hydrogen sensors [8].  

The recent development of femtosecond lasers has enabled 
novel devices to be fabricated into both photosensitive and 
non-photosensitive optical fibers [9-11]. Femtosecond lasers 
can create highly accurate and highly localized permanent 
changes in both opaque and dielectric transparent materials 
through several non-linear processes [12]. The interaction 
between a femtosecond laser pulse and a dielectric transparent 
material can result in a change in refractive index (R.I), 
birefringence or the creation of a void. The type of 
modification is selected through the careful control of a vast 
number of parameters, such as the laser pulse duration, laser 
fluence and the focusing condition for a given material. In-
fiber microchannels fabricated using the femtosecond laser 
inscribe and etch technique were first demonstrated by Lai et 
al. in 2006 [13]. Lai and co-workers inscribed and 
preferentially etched a single 4 µm wide microhole through 
the fiber core and cladding. This method of creating in-fiber 
microchannels offers great versatility, since it allows complex 
three dimensional structures to be directly inscribed with 
minimal sample preparation. In addition, the final structure of 
the microchannel can be fine-tuned during the etching process. 
In this paper, the work of  Lai et al. [13] was extended to 
explore and characterize more complex microchannel designs. 
Four in-fiber microchannel designs were experimentally 
investigated in standard single mode fiber using the same 
inscribe and etch technique. In addition, an all femtosecond 
laser inscribed FP based refractometer was demonstrated 
through the inscription of two identical point-by-point fiber 
Bragg gratings (FBGs) [9] with a microchannel situated in the 
intrinsic cavity. This paper derives from the paper presented at 
the 23rd International Conference on Optical Fibre Sensors 
[14].  

II. FEMTOSECOND LASER AND EXPERIMENTAL SETUP 

The microchannel and refractometer devices were 
fabricated using an Amplitude Systèmes s-Pulse HP 
femtosecond laser that produces sub-500 fs laser pulses at a 
center wavelength of 1026 nm. The microchannel devices and 
the FBGs were inscribed using a repetition rate of 100 kHz 
and 1 kHz respectively. All inscriptions were conducted using 
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a 100x objective (Mititoyo MPlan Apo NIR Series) with a 
numerical aperture of 0.5. The approximate FWHM of the 
laser spot size incident on the samples was 1.5 μm. All devices 
were fabricated in standard single mode fiber (Corning SMF-
28e). The fiber samples were secured to a standard microscope 
slide with a small section of the acrylate coating removed to 
facilitate the inscription. A small amount of index matching 
oil was applied to the area of the fiber where the coating was 
removed and a cover slip was placed on top of the oil. This 
fiber mounting configuration was used to reduce the 
defocusing-induced distortions created by the curvature of the 
fiber to allow the femtosecond laser beam to remain tightly 
focused while focusing into the fiber. The microscope slide 
containing the fiber sample was secured to a motion control 
system – an X-Y air bearing stage (Aerotech ABL1000) 
positioned perpendicular to the inscription lens and a 
mechanical Z stage (Aerotech ANT-4V) for depth control. The 
motion of the stages was controlled using custom written CNC 
programs.  

III. MICROCHANNEL DESIGN AND LASER INSCRIPTION 

Fig. 1. shows the four in-fiber microchannels designs that 
were tested. The microhole design was implemented by 
translating the fiber sample through the femtosecond laser 
beam; the inscription began from bottom of the fiber, through 
the core and to the top of the fiber. The microslot channels 
were fabricated through inscribing the desired microslot length 
in the XY plane and then writing the same microslot layer by 
layer in the Z plane from the bottom to the top of the fiber. 
The helical channel around the core was formed by translating 
the laser beam around the core while maintaining a given 
distance from the center of the core; two microholes were also 
fabricated at both ends of the spiral to allow liquids to enter 
the microchannel. The microhole channel is the simplest of the 
four designs and the easiest to align prior to laser inscription 
since the alignment is only dependent on the accuracy in the 
XY plane. The disadvantage of the microhole channel design 
is that the interaction volume created in which the liquid and 
light interact is small compared to the microslot channels. The 
major drawback of the microslot channel designs, however, is 
that a large portion of the fiber core is removed, which results 
in higher losses. In addition, prior to laser inscription, any 
rotation of the fiber relative to the XY stages must be 
corrected to ensure the microslot channel runs along or 
perpendicular to the core. The helical channel is contained 
within the cladding of the optical fiber but in very close 
proximity to the fiber core. This ensures minimal losses 
through the fiber and the interaction length can be controlled 
by adding more spirals around the core.  

The CNC programs were optimized to enable the 
microhole, microslot channel and helical channel designs to be 
inscribed in less than 10 seconds (5.5 µm diameter), 90 
seconds (50 µm length), and 30 seconds (80 µm length) 
respectively. The time required to inscribe the mircoslots and 
helical channels varied depending on the length of the desired 
device. All microchannel inscriptions were carried out with an 
approximate pulse energy of 120 – 180 nJ at a 0.2 mm/s 
translation speed. 

Fig. 2. shows the design of a simple FP based refractometer 
formed by two femtosecond laser inscribed point-by-point 
FBGs separated by a given length with a microhole positioned 
between the two gratings.  A low 1 kHz repetition rate was 
used to inscribe the gratings; this allowed a slow stage 
translation velocity to be used during inscription - to achieve 
periodically spaced refractive index planes in the fiber core. 
The center Bragg wavelength was determined by the modified 
standard Bragg equation: 
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Where ݊ is the effective refractive index, ݒ is the velocity of 
the translation stage,  ݉ is the order of the grating and ݂ is 
the repetition rate of the laser. Thus, with a fixed ݊, ݉ and 
݂, the center Bragg wavelength can be solely controlled by 

the velocity at which the fiber passes through the laser beam.  
The response of the FP resonator is primarily controlled by the 
strength of the two gratings and the cavity length. The free 
spectral range (FSR) and finesse (࣠) of the device can be 
tailored by changing these two properties. The propagation 
phase shift ߶ induced by the FP cavity can be expressed as: 
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Where ݊ is the refractive index of the material, L0 is the length 
from the center to center of the two gratings and λ is the 
wavelength of the source. The maxima of the transmission are 
obtained when the phase shift is ߶ ൌ  where ݉ is an) ݉ߨ2
integer) to form:  
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Therefore, the FSR which is	Δλ	between two successive 
transmitted or reflected maxima or minima can be expressed 
as: 
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If ݉ is large, this can be simplified to: 
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The ࣠ of an FP resonator is defined as the ratio of its FSR and 
FWHM bandwidth [15] and describes the contrast between the 
maxima and minima of the transmitted waveform. Where ࣬ is 
the reflectivity of the two gratings. A high finesse would 
produce very sharp peaks.  
 An FP refractometer device with Ls = 1, L1 and L2 = 2 mm 
is presented in this paper. The two identical gratings shown in 
Fig. 6a. are second order 1550 nm Bragg gratings, inscribed 
with 250 nJ per pulse at a 1 kHz repetition rate. The calculated 
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FSR = 0.278 nm. A 8 µm microhole positioned in the intrinsic 
cavity was inscribed with 850 nJ pulse energy at 100 kHz 
repetition rate. 

IV. HF ETCHING 

After femtosecond laser inscription, each microchannel 
device was etched in a 5 % hydrofluoric acid solution assisted 
by an ultrasonic bath, the approximate etch time required for 
each device were: microhole (25 minutes), microslots (10 to 
60 minutes) and helix (60 minutes). The fully etched 
microchannel devices are shown in the microscope images 
presented in Fig. 3. The size of the final etched microchannel 
devices is dependent the number of laser passes, pulse energy 
delivered and inscription speed for a given lens and repetition 
rate. After laser inscription, the final microchannel dimensions 
can be slightly tuned through making small adjustments to the 
etch time. 

V. REFRACTIVE INDEX MEASUREMENTS 

The R.I. sensitivity of each microchannel device was 
evaluated by immersing each microchannel in a range of index 
matching oils (Cargille Labs) while measuring the optical 
transmission losses, the results are shown in Fig. 4. A total of 
twelve index matching oils were tested in each channel – 
1.300 to 1.456. With reference to Fig. 5. for R.I. oils from 1.30 
to 1.38, the single spiral microchannel was the least sensitive 
device with a sensitivity of 0.51 dB/RIU, due to the 
microchannel being confined only to the cladding. Whereas 
the microslot channel perpendicular to the core was the most 
sensitive at 1.55 dB/RIU. It should be noted that a 0.14 dB 
transmission loss was observed through the microslot channel 
perpendicular to the core when the channel was filled with a 
1.30 R.I. oil, whereas the transmission loss was negligible 
through the single spiral microchannel filled with the same 
index oil.  

The FP refractometer, featuring a microhole had a R.I. 
sensitivity of 2.75 nm/RIU and measures a wavelength shift as 
opposed to a transmission loss. A section of the point-by-point 
inscribed FBG and the spectral response of the FP 
refractometer is shown in Fig. 6b.  

VI. DISCUSSION 

Overall, all four microchannel designs would make suitable 
refractometer sensors. The limited linear sensing range for this 
type of sensor device, however, may be an issue in some 
applications. The helical channel devices showed the most 
promise; with further development it should be possible to 
increase the sensitivity and reduce the losses in this design. 
The helical channel proved to be the most difficult to fabricate 
because the inscription was very sensitive to the alignment on 
all three axes. In addition, cleaning the helical channels 
required extra effort since the liquid would often reside in the 
bends of the channel. Nonetheless, a long helical channel with 
multiple spirals in close proximity to the core would create a 
very sensitive refractive index sensor with minimal losses. 

All microchannel devices discussed in this paper were 
inscribed using a 100 kHz laser repetition rate. Little to no 
difference was observed between devices written using 1 kHz 

with the same average power as at 100 kHz. Similarly, the 
required pulse energy was not particularly significant, a broad 
range of values from 100 – 600 nJ per pulse at 100 kHz 
repetition rate were capable of creating clean and well defined 
channels. Too much energy, however, boiled the oil and 
created bubbles around the fiber. Bubbles can cause an uneven 
layer of oil around the fiber, which could result in an uneven 
inscription. As a general rule of thumb, the pulse energy was 
chosen based on observing the fully inscribed structure under 
a transmission microscope prior to etching.  

A fully etched microhole device normally featured high 
aspect ratio walls with a small taper at the top surface. In Fig. 
3. a small 0.035° taper angle over the 125 µm diameter of the 
fiber can be observed. This taper angle was typically observed 
in all etched channels due to the method used to inscribe the 
devices. The fiber edge closest to the machining lens in the 
inscription setup would normally have a wider channel width 
when compared to the channel width at the bottom fiber edge. 
This was a result of the defocusing of the laser beam spot as it 
penetrated deeper into the fiber. It would be possible to reduce 
this effect by changing the mounting configuration and by 
employing a fiber rotator. For example, if the fiber was held at 
both ends, inscription can be done from the center of the core 
to the top of the fiber. Subsequently, the fiber can be rotated 
180° and the other half of the fiber can be inscribed in the 
same way. This would create a more symmetrical channel but 
at the cost of a more elaborate setup.  
 Equally, the fully etched microslot channels along and 
perpendicular to the core shown in Fig. 3b and c typically 
featured a similar taper on the walls as seen with the 
microhole devices. Under an optical transmission microscope, 
the walls of the microslot channels appeared to be very 
smooth and can be further improved through etching for an 
additional two or three minutes. Unfortunately, it is difficult to 
accurately measure the side wall roughness without breaking 
the microslot channel and profiling the surface with an AFM. 
The ability to regulate the roughness of the channel walls 
would be very advantageous for some microfluidic 
applications [16-18]. The accuracy of the etch time required 
for the microslot channels along and perpendicular to the core 
were much more critical than for the microhole devices 
because of the difference in etch rates between the core and 
the cladding. The etch rate of the germania-doped core is 
approximately 11.5 times faster than the pure silica cladding 
[19]. For the microhole devices, the difference in etch rates 
did not play a major role because the inscription area was 
carefully controlled and the etching process could be stopped 
as soon as the entire channel had been removed. For the 
microslot devices, however, the larger area that had to be 
removed by the acid required a longer etching time and the 
additional exposure to the acid meant that the difference in 
etch rates played a much greater role. Typically, a microslot 
that had been inscribed with a given length would produce an 
etched device with an additional 8-10 µm in length caused by 
the effective material modified area. Of course, the difference 
between desired and resultant length can be account for by 
including an offset in the CNC program. 
 The helical channel around the core devices required the 
longest HF acid exposure due to the geometry of the inscribed 
structure. The ultrasonic bath was essential in achieving a 
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thorough etch; a static HF acid fluid could not penetrate deep 
inside of the channels. The dark areas in the channel seen in 
Fig. 3d. are a result of areas not fully filled with the index 
matching imaging oil.  

VII. CONCLUSION 

Femtosecond laser inscribed and hydrofluoric etched 
microchannel designs for liquid sensing has been 
demonstrated. The fabrication parameters have been optimized 
to produce high quality devices and a more complex design 
space has been explored to enable the fabrication of 3D 
devices. An R.I. sensitivity up to 1.55 dB/RIU was achieved 
using the microslot channel perpendicular to the core. A 
simple FP based refractometer with a microslot channel 
perpendicular to the core yielded an R.I. sensitivity of 2.75 
nm/RIU. Further investigations are underway to incorporate 
and test the other three microchannel types in the FP 
refractometer design. The FP device was made using a single 
laser platform allowing the FBGs and slot to be accurately 
positioned relative to each other. Further trials are required to 
determine the usability of the microchannel devices for gas 
sensing. 
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Fig.  1.  CAD render of the in-fibre microchannel designs: (a) microhole, (b) microslot channel along the core, (c) microslot channel perpendicular to the 

core and (d) helical channel around the core. 

 
 

 
Fig.  2.   FP resonator in standard SMF formed by two FBGs (FBG1 and FBG2), L1 and L2 are the respective lengths of the gratings. L0 is the cavity 

length (center to center length of the two gratings). Ls is the separation between the last grating plane of FBG1 and first grating plane of FBG2. 
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Fig.  4.  Averaged and normalised optical transmission losses measured with index matching oils in a (a) microhole with a 5.6 µm channel diameter in 

the core, (b) microslot channel along the core with a 57 µm slot length, (c) microslot channel perpendicular to the core with a 11.9 µm interaction length 

in the core and (d) helical channel with one spiral at 19.1 µm from the center of the core.  Power measurements collected using a LUNA Optical Vector 

Analyzer (data taken at 1563 nm) with a 1.25 pm wavelength resolution. 

 

 
 
Fig.  5. Linear relationship between the optical transmission losses and the index matching oils 1.300 to 1.380 for the in-fibre channels. Equation of the 

linear fit is shown on the right hand side. 

 
(a) 

 

(b) 

 

Fig.  6.  (a) Optical microscope image showing a section of the point-by-point 2nd order 1550 nm grating; measurement shows the length of 10 grating 

planes. (b) Fabry–Pérot based refractometer - averaged and normalized optical transmission losses measured with index matching oils in the 

microhole. Measured using a LUNA Optical Vector Analyzer with a 1.25 pm wavelength resolution.  


