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ABSTRACT   

We report a linear response optical refractive index (RI) sensor, which is fabricated based on a 
micro-channel created within a Fabry Perot (F-P) cavity by chemical etching assisted by femtosecond 
laser inscription. The experimental results show the F-P resonance peak has a linear response with the 
RI of medium and the measuring sensitivity is proportion to the length of micro-channel. The sensor 
with 5 μm -long micro-channel exhibited an RI sensitivity of 1.15nm/RIU and this sensitivity increased 
to 9.08nm/RIU when widening the micro-channel to 35μm. Furthermore, such micro-channel FP 
sensors show a much broader RI sensing dynamic range (from 1.3 to 1.7) than other reported optical 
fiber sensors.   
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1. INTRODUCTION 

Optical fiber based reflective index (RI) sensors are widely applied in chemical/biomedical 
measurement and environmental monitoring applications, due to their desirable characteristics, such as 
small size, high sensitivity, immunity to electromagnetic interference and safe-operation for hazardous 
environmental conditions. Most of fiber based sensors achieved the RI sensing by evanesce field 
coupling, which is an indirect method [1-4]. The response between the sensing signal and the RI value 
is nonlinear, and the sensing range is very narrow limited to 1.4 to 1.44. Recently, there are many 
papers that have presented the novel RI sensors employing serial Fabry-Perot (F-P) interferometer 
structures [5-10]. These types of sensor have good linear response and large sensing range. There are 
different methods reported to form fiber based F-P cavity sensors, such as splicing photonic-crystal or 
multi-mode fiber between two single mode fibers; forming an air-gap between two single mode fibers; 
creating a micro-cavity in the fiber core by laser machining [9-11]. With the development of 
femtosencond laser (fs), based on fs micro-machine technique, the researchers have achieved a series 
of micro-structures in an optical fiber [12].  In our previous works, we have successfully achieved 
micro-holes and micro-slots in optical fibers by fs laser inscription assisted chemical etching [13-15]. 
In this paper, we report an F-P cavity formed by UV-inscribing two fiber Bragg grating (FBG) with 
1mm gap in a fiber, and created a micro-channel by fs-inscription assisted chemical etching in the 
middle of the cavity. Such micro-channel F-P structures have been evaluated for RI sensing. It is 
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apparent that without micro-channel, the FBG F-P in the fiber core is intrinsically insensitive to the RI 
of surrounding medium, as the light is screened by the cladding. The embedded micro-channel in the 
F-P with one dimension across the whole fiber section will give an access to the surrounding liquid to 
the F-P structure, thus causing cavity property change. In our initial experiment, two sensors with 
different length micro-channel sizes (5μm and 35μm) have been investigated in RI sensing experiment.  

2. Measuring principle and fabrication 

The configuration of FBG F-P cavity based RI sensor is shown in Fig. 1, which has a micro-channel of 
a length L embedded into an F-P cavity that is formed by a pair of FBGs with the same central 
wavelength in the fiber core and separated by a distance of L1. The micro-channel is along the fiber 
axis with lateral dimension slightly larger than the diameter of the fiber core, so that the whole fiber 
core area has been removed, which could make sure the wave front of the light is not distorted and 
scattered greatly when propagating in the channel region. 

 

Figure 1 the schematics of the Fiber Bragg Grating Fabry Perot RI sensor with a micro-channel embedded in the 

middle, W, H and L are the width, height and length, respectively. 

According to the theory [16], the propagation phase shift Φ induced by an F-P cavity in our design 
includes two parts: one is induced by the fiber core cavity with constant index; the other is induced by 
the surrounding medium with variable index. The expression could be defined as: 
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Where nfibercore is the effective refractive index of fiber core, L1 is the separation distance of two 
FBGs, L is the length of micro-channel, λ is the free-space wavelength and nsurrounding is the 
refractive index of surrounding medium. When the phase shift is 2mπ (where m is an integer), the 
reflection is the maximum. The corresponding wavelength λm for the F-P reflection peak is expressed 
by:  
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By differentiating equation 2 (here, L1, L and nfibercore are all constants, only the nsurrounding is 
variable), the wavelength shift can be expressed as a function of the perturbation of reflective index of 
the micro-channel: 

                                                           

n
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m ∂=∂
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From equation 3, it clearly shows that the former is linearly in response to the latter and the RI 
sensitivity is directly in proportion to the length of micro-channel. And the RI sensitivity is inverse 
proportion to the order m. As can been seen in later section, these principles are also verified in our 
experimental results. 

 

Figure 2 the micro-images of micro-channel fabricated by fs laser inscription assisted chemical etching process: (a) 

micro-channel on the surface of fiber showing the channel length of ~35µm and width of ~16.4µm; (b) 

micro-channel across whole fiber section  

By the UV inscription technique, two 3dB-FBGs with ~1551nm operating wavelength were written 
into the fiber with 1mm-long gap, which formed a 1mm long F-P cavity, and a micro-channel was 
fabricated in the middle of the cavity by fs laser inscription assisted chemical etching. The fabrication 
process of the micro-channel involved two main steps: (1) Inscription of the designed structure into the 
fiber by using a tightly focused fs laser beam; (2) Etching the fiber in a solution of 5% hydrofluoric 
acid (HF) for selective removal of the fs laser modified region.  During the laser inscription process, 
the fs laser pulses (center wavelength=800 nm) were focused into the silica fiber by using a 
100×objective lens with a NA of 0.55 and a working distance of 13 mm. The laser pulse width was 
measured to be 150 fs, and the repetition rate was at 1 kHz. The focused spot size was evaluated to be 
1.5μm, and the average pulse energy was measured to be 550nJ. The Fig. 2 shows the microscope 
images of micro-channels fabricated by fs laser.  We can see clearly the width of channel (16.4 μm) is 
larger than the diameter of the fiber core (~10 μm for SMF 28) , and the whole core has been removed, 
after chemical etching.  

Two samples with different micro-channel lengths (5µm and 35µm) were fabricated. Fig.3 shows the 
transmission spectral evolution of the FBG F-P sensors from post-UV-inscription to fs-inscription, 
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chemical etching and immersing in RI solution. The two FBGs were UV-inscribed with 3dB strength 
and the top plots in Fig. 3 show the spectra of the FBG F-P cavities with 5µm and 35µm micro-channel 
lengths. Both plots exhibit typical F-P resonance feature with two transmission passbands generated 
within the original Bragg reflection band in ~1551nm region.  As shown from the second and third 
plots in the figure, after fs laser inscription and chemical etching, the F-P resonant peaks are shifted due 
to the refractive index change in the micro-channel area. Note, when the micro-channel created, the 
average index of the cavity is reduced as the micro-channel region is filled in with air.  We noticed 
that the FBG F-P with 35µm micro-channel induced much higher insertion loss (about 15dB) than 
~2.5dB of 5µm one and its transmission passband feature also disappeared as shown in 3rd plot of Fig. 
3(b). However, when the micro-channels were filled with solutions, the F-P resonance feature 
recovered and the resonances shifted to the longer wavelength side, as shown in the last plots of Fig. 3. 

 

Figure 3 The transmission spectra of FBG F-P sensors of (a) 5µm and (b) 35µm micro-channels.  (i): before fs 

laser modified; (ii): after fs inscription; (iii): afer chemical etching and micro-channels created; (iv): when the 5µm 

micro-channel filled in with RI=1.306 and 35mm with RI=1.428 solutions. 

3. Experimental results and discussion 

To evaluate the RI sensing capability of the FBG F-P sensor embedded with micro-channel, we apply a 
series of index oils (from Cargille laboratory) to measure the response of micro-channel FBG F-P 
devices to RI. In the experiment, in order to observe clearly the shift of the resonant peaks, we set the 
resolution of optical spectra analyzer (OSA) at 0.01 nm and the wavelength scanning range at 3 nm, 
and kept the devices at room temperature during the measuring process. After each measurement, the 
device was rinsed with methanol to remove the residual oil in the micro-channel till the original 

(a) (b) 
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spectrum in air is restored. The shift of wavelength was almost instantaneously observed during the 
measurement, when the index oil infused into the micro-channel.  

 

 

Figure 4 Spectra of the (a) 5Õm (c) 35µm micro-channel devices submerged in different RI oils.  Linear relation 

plots between the wavelength of the resonant peak and RI of the oil, with a coefficient of 1.153nm/RIU for (b) 

5mm and 9.084/RIU for (d) 35 µm micro-channel devices.  

Fig. 4(a) shows the spectra of the 5Õm micro-channel sample with increasing RI. It can be seen the F-P 
resonant peaks shift from the shorter to longer wavelength side with increasing RI and eventually move 
out of the Bragg reflection band, while the higher order peaks are regenerated from the shorter 
wavelength side. The relation of the peak wavelength with respect to RI for the 5Õm micro-channel 
FBG FP is given in Fig. 4 (b), showing a linear trend with an RI sensitivity about 1.1nm/RIU 
(refractive index unit). Noticeably, this narrow micro-channel FBG F-P device can detect RI change in 
a wide range from 1.306 up to 1.7, which is remarkably higher than all fiber grating based RI sensors, 
which usually only sensitive from 1.4 to .44 region. For the 35Õm micro-channel sample, the results 
show the sensitivity is 9.085nm/RIU (see Fig. 4 (d)), which is almost nine times higher than the 5µm 
micro-channel one, but its sensing range is much narrower available only from 1.43 to 1.49 (see Fig. 4 
(c)).  That is because the high loss at the small RI makes the FP resonances very weak, and the 

(a) (b) 

(c) (d) 
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resonant peak move quickly out of the Bragg reflection band due to the high sensitivity. In general, the 
bandwidth of FBG is around 0.5 nm. For 1.1nm/RIU sensitivity, the sensing range would be ~0.45 RIU 
and for 9.085 nm/RIU, the sensing range is reduced to ~0.055 RIU. Thus, there is a trade-off between 
the RI sensitivity and sensing range for micro-channel FBG F-P sensor, and the best performance 
sensor can be achieved by design the micro-channel size to suit the application. By comparing the 
performance of these two micro-channel FBG F-P devices, we can see that the wider micro-channel 
sample gives a much higher RI sensitivity, which is in excellent agreement with the principle shown in 
equation 4. However, the wider channel causes the higher insertion loss that limits the sensing range 
and S/N. In contrast, the narrower channel sample exhibits low insertion loss and works for a much 
broader RI sensing range but with lower sensitivity. 

4. Conclusions 

We have successfully created a micro-channel in an FBG based F-P cavity by fs laser inscription 
assisted chemical etching and proposed this structure as an RI sensor. The experimental results show 
this type of sensors owns a good linear RI response. Two micro-channels with different widths (5μm 
and 35μm) were investigated for RI sensing. They both show good linear RI response with sensitivities 
of 1.15nm/RIU and 9.08nm/RIU, respectively. The narrow channel device gives a much larger RI 
sensing range from 1.3 to 1.7.  Although the broader channel device can work only in a limited RI 
range from 1.43 to 1.49, due to considerable high loss in low RI and narrow Bragg reflection band, it 
exhibited RI sensitivity nine times higher than the narrow micro-channel sensor.  The revealed linear 
RI response with significantly larger detection range is of great advantage over fiber grating based RI 
sensors, as that all have a nonlinear RI response with detection range limited to fiber core index 1.44. 
With these remarkable advantages, micro-channel FBG F-P structures can be further developed into 
high performance bio/chemical/environmental sensors. 
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