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Abstract: We demonstrated a simple and cost-effective method to fabricate 
all fiber Mach–Zehnder interferometer (MZI) based on cascading a short 
section of liquid crystal (LC)-filled hollow-optic fiber (HOF) between two 
single mode fibers by using automatically splicing technique. The 
transmission spectra of the proposed MZI with different LC-infiltrated 
length were measured and the temperature-induced wavelength shifts of the 
interference fringes were recorded. Both blue shift and red shift were 
observed, depending the temperature range. Based on our experimental 
results, interference fringe was observed with a maximum interferometric 
contrast over 35dB. The temperature-induced resonant wavelength blue-
shifts 70.4 nm for the MZI with an LC length of 9.79 mm and the 
wavelength temperature sensitivity of −1.55 nm/°C is easily achieved as the 
temperature increases from 25°C to 77°C. 
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1. Introduction 

Fiber-optic devices exhibit several inherent advantages, such as compact size, simple 
fabrication, and immunity to electromagnetic interference. Thus, they are attractive for 
various sensing applications, including temperature [1], strain [2], displacement [3,4], and 
refractive index [5,6]. Among many promising photonic devices, fiber -based Mach–Zehnder 
interferometer (MZI) stands out because of its simplicity, compactness, relative simple 
fabrication and high resolution. To achieve a MZI device in a single fiber, a relative phase 
difference of two beams originated from the same laser light is essential, which can be 
realized by allowing the two beams traveling in different paths. There are many ways to 
realize an in- fiber MZI. A common method is to induce and recombine the core mode and 
cladding modes of a SMF by using double fiber corners [6], long-period fiber grating (LPFG) 
[7,8], optical fiber taper [9–11], misalign spliced joint [12], microstructure collapsing on a 
photonic crystal fiber [13], imbedded micro air-cavity in fiber [14,15], etc. However, these 
techniques require complicated process or expensive fabrication apparatus, which knowingly 
limit their practical applications. Moreover, the sensitivity of the reported MZIs is not yet 
completely satisfactory with respect to an external field, e.g. temperature, electric field, or 
magnetic field. 

Liquid crystal (LC) is a useful electro-optic medium and has been widely used in display 
and photonic devices [16] because its refractive index can be changed by the temperature or 
by a relatively low voltage. Several potentially useful photonic devices combining LCs and 
fiber technologies have been proposed [17–22]. 

In this paper, we experimentally demonstrate a compact all-fiber MZI device by splicing a 
section of LC-filled hollow optic fiber (HOF) between two single mode fibers (SMFs), in 
which two ultra-abrupt tapers near the spliced joints are constructed by a fusion splicer. The 
two tapering sections excite the cladding modes of a hollow core fiber at the first SMF-HOF 
interface, and combine the interfering signal of the core mode and cladding modes into the 
lead-out SMF. The interference properties of the proposed MZI were measured by the optical 
spectrum analyzer (OSA), and its thermal-optic properties were experimentally studied and 
discussed. The transmission spectrum of such a MZI fiber can be thermally tuned by 
controlling the device temperature. A unique feature of LC is that its temperature dependent 
refractive index is quite large and the temperature gradient can be negative, zero, or positive, 
depending on the operating temperature. Using our LC-infiltrated MZI, we have achieved a 
temperature sensitivity/tuning capability of ~−1.55 nm/°C in the temperature range between 
25°C and 77°C. This sensitivity is about 30X higher than that of previously developed MZIs 
with a misalignment-spliced joint (51 pm/°C) [12] and micro air-cavity (44.1 pm/°C) [15]. 
Thus, our LC-based MZI has potential applications as a high wavelength-tunable photonic 
device or a high sensitivity temperature sensor. 
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2. Operation principle 

The refractive indices of LC are sensitive to an external stimulus, such as temperature, strain, 
electric field or magnetic field. Thermally and electrically tunable photonic devices based on 
LCs have been extensively investigated. In this work, we filled LCs in a hollow optical fiber 
(HOF) to make a simple and tunable MZI. Figure 1 schematically illustrates the structure and 
operating principle of the in-fiber MZI, which is realized by arc-fusing an LC-infiltrated HOF 
with length L between two standard single-mode lead-in/lead-out fibers. 

 

Fig. 1. Schematic diagram of the proposed LC-based MZI structure, in which the tapering 
structure was formed by arc-fusing at both of the spliced ends as shown in inset picture. 

The fundamental mode guided through the SMF core on the left-hand side is split into two 
paths by the first abrupt tapered section as it enters the HOF: I2 passes along the core-cladding 
boundary in a ring shaped cladding mode, and I1 directly passes through the inner air core and 
infiltrated LC section of HOF. The induced core mode and cladding mode propagate along the 
HOF with different velocities and are recombined as they traverse the second tapered section. 
The recombined signals are sent to an optical spectrum analyzer (OSA) to obtain an 
interference spectrum resulted from the accumulated phase difference between the core mode 
and the cladding mode. The transmission spectrum of the interference is expressed as: 
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where I1 and I2 are the intensity of light propagating in the fiber core and cladding, 
respectively; L stands for the interferometer length defined as the length of the HOF including 
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mode and the cladding mode for the LC section and air cavity, respectively. According to Eq. 
(1), the interference signal reaches its minimum when the phase of the cosine term becomes 
an odd number of π. That means the attenuation maxima of the MZI occur at the wavelengths 
λm, which can be characterized by: 
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where m is an integer. From Eq. (2), λm can be tuned by changing δneff or L through thermal or 
electric field effect. Here, we focus on the temperature tuning. The proposed interferometer 
has potential application as a tunable fiber device or sensor with high sensitivity based on 
monitoring the wavelength shift of a particular interference valley. 
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To investigate the thermal-optic tuning or sensing capability of the LC-based MZI, we 
measured the spectral shift induced by the temperature. Since the refractive index of LC 
molecules in the hollow core is much more sensitive to the temperature than that of the air 
cavity, the sensitivity of attenuation peak wavelength with respect to the temperature change 
can be approximated from Eq. (2) as 
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where T is the temperature, and Tn LC
eff ∂∂ )(δ  and TLLC ∂∂ )( are the thermal-optic effect and 

thermal expansion property of the LC fiber material, respectively. From Eq. (3), it is clear that 
the temperature sensitivity of MZI is mainly contributed by the difference of the thermo-optic 
dependence of the fiber LC-core, silica cladding, and thermal expansion coefficient of the air 
cavity and LC segments. Because the effective refractive index of LC core ( LC

effn ) is much 

more sensitive than that of silica cladding ( cl
effn ), the thermo-optic effect of the LC fiber is 

primarily governed by the temperature gradient of refractive index of LC material, i.e. 
TnTn LC

eff
LC
eff ∂∂≈∂∂ )()(δ . 

3. Experimental 

To make an LC-based fiber, we used a hollow optical fiber TSP010150 (Polymicro). The 
inner and outer diameters of the HOF measured by SEM were 8.5 μm and 125 μm, 
respectively. The employed liquid crystal was RDP-98995 (DIC Corp.) with refractive index 
no = 1.484 and ne = 1.575 at λ = 589 nm and 25°C, and its clearing temperature Tc is 90.5°C. 
We infiltrated the LC into the hollow fiber for a desired length by capillary flow. After 
finishing the infiltration of LC sector, the two end faces of the HOF were spliced to two SMFs 
by using a commercial fusion splicer. By adjusting the fusion-splicing condition, one can 
easily collapse air hole at both splicing ends of the HOF, and then an abrupt tapering structure 
can be achieved near two spliced joints as the inset photos show in Fig. 1. As mentioned 
above, the tapered sections function as a beam splitter and combiner, which induce the 
cladding modes at the front end and recombine the core-mode light and the cladding-mode 
light into the second SMF to generate the interference signals. 

The spectrum of light transmitted through the interferometer was measured in order to 
investigate the thermal-optic characteristics of the proposed MZIs. Figure 2 depicts the 
experimental setup for measuring the transmission spectra of in-fiber MZI, where an optical 
spectrum analyzer (Anritsu MS9740A) with the wavelength band from 1250 nm to 1650 nm 
was employed. To study the temperature effect on the transmission band of the LC-MZI, we 
utilized a thermoelectric-cooling system to control the temperature of the MZI from 25°C to 
115°C. 

 

Fig. 2. Experimental setup for measuring the transmission spectrum of MZI. 
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4. Device characterization 

4.1 MZI properties 

To validate our concept of using HOF to realize MZI fiber, we took the images of light 
intensity distribution propagating through the LC-MZI at different positions by beam profiler 
as shown in Fig. 3. According to Fig. 3, beam I1 is clearly guided in the front inner air core 
region and the beam distribution changes along the different section of LC-MZI. As a result, 
the tapering structure of HOF really splits the fundamental mode in the lead-in SMF into two 
beams when entering joint between the lead-in SMF and the HOF, and recombines the 
core/cladding modes into the lead-out SMF. 

 

Fig. 3. Images of light intensity distribution taken at the end surface of (a) lead-in SMF, (b) 
front inner air hole, (c) LC section, (d) rear air hole of the LC-fiber, and (e) lead-out SMF, 
respectively. 

Let us first discuss how the infiltrated LC affects the HOF-based MZI. Figure 4 shows the 
measured interference spectra of microfiber MZIs with three LC lengths: 0.78 mm, 1.65 mm, 
and 3.0 mm. In this work, the total length of the air core at the front and rear ends of HOF is 
fixed at about 6.6 mm. The measured results indicate that strong interferences are observed 
and interference fringes have a dynamic range over 35 dB, which is adequate for most sensing 
and tuning applications. The background loss of the device is ~8 dB, which is mainly caused 
by the two abrupt tapers. Furthermore, the average fringe spacing (FS) depends on the MZI 
length. As the length of the LC-filled section increases, the average FS decreases, because the 
accumulated phase difference between the core and the cladding increases. The interference 
properties of LC-MZI depend not only on the LC length but also on the total air cavity length, 
tapering structure (i.e. tapering angle and length) and LC alignment configuration, thus the 
analysis on how the LC length influences the MZI spectrum is much more complicated. 
Therefore, detailed analysis of the relationship between the average FS and LC length will be 
performed in the future. 

 

Fig. 4. Measured transmission spectra of the proposed MZIs with different lengths of LCs-
infiltrated segment. 

#250490 Received 21 Sep 2015; revised 17 Nov 2015; accepted 14 Dec 2015; published 21 Dec 2015 
© 2015 OSA 28 Dec 2015 | Vol. 23, No. 26 | DOI:10.1364/OE.23.033588 | OPTICS EXPRESS 33592 



    
 

 
 

4.2 Thermal characteristics 

The effective refractive index of the LC-fiber strongly depends on the LC alignment and 
birefringence in the HOF, and is sensitive to the temperature. Figure 5 shows the temperature-
induced birefringence variation of the LC-infiltrated fiber, observed by a polarizing optical 
microscope. From the photos, the LC directors are indeed parallel to the fiber axis due to 
capillary flow, but the effective index decreases as the temperature increases. As the applied 
temperature exceeds the clearing point, phase transition occurs and the LC becomes isotropic. 
This temperature-induced LC refractive index variation will notably alter the optical 
properties of the MZI. Thus, such a fiber could work as a thermally tunable photonic device or 
temperature sensor. In our experiment, we found the LC inside the HOF became isotropic at 
91°C, which is ~0.5°C higher than the reported clearing point. 

 

Fig. 5. The influence of temperature on the birefringence of LCs is observed under crossed 
polarization microscope. 

To investigate the temperature sensing/tuning capability of the proposed LC-MZI, we 
monitored the temperature dependent transmission spectrum from 25°C to 115°C and the 
results are shown in Fig. 6. Here, the LC section is 2.8-mm long. As the temperature 
increases, the peak wavelength of the MZI could shift toward the shorter wavelength (blue 
shift; Fig. 6(a)) or longer wavelength side (red shift; Fig. 6(b)). For example, the peak 
interference wavelength of MZI appears at 1363.2 nm at 25°C and then gradually blue shifts 
to 1325.2nm as the temperature increases to 77°C. On the contrary, from 77°C to 91°C red 
shift occurs. This phenomenon can be explained by the crossover temperature [22] of the 
employed LC, which is To≈77°C. 

The thermal conductivity of LCs is larger than that of fused silica. Typically, the thermal 
expansion coefficient of LC is about three orders of magnitude higher than that of silica 
[23,24]. Thus, the thermal expansion of the LC-filled section plays an important role on the 
optical response of MZI. To explore how the temperature affects the spectral characteristics of 
the proposed MZI device, we made the LC-filled section sufficiently long so that we can 
neglect the thermal expansion effect. Under such a condition, the wavelength shift of MZI 
should be primarily caused by the thermo-optic effect of LCs, which is more sensitive to the 
temperature than the silica cladding. As a result, the thermal-optic property of LC-MZI can be 

approximated as 
T

n

T

n

T

LC
eff

LC
effm

∂
∂

≅
∂

∂
∝

∂
∂ )()(δλ . Since the alignment of LC molecules inside the 

HOF is parallel to the fiber axis, the incoming laser beam mainly experiences the ordinary 
refractive index. Then the spectral position of MZI is dominated by the ordinary refractive 
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Fig. 6. Temperature effects on the transmission spectrum of MZI with the length of LC section 
~2.8 mm: (a) 25 °C to 77 °C, (b) 77°C to 91 °C, (c) 91°C to 115 °C. 

index of the LC. Therefore, the thermal-optic characteristics of MZIs, i.e. tuning/sensing 
sensitivity, is linked to the temperature gradient of no as [21,22]: 

 
1

( ) ( )
,

3 (1 / )

LC
m o o

c c

n n
A

T T T T T β
λ β

−

∂ ∂ Δ∝ = − +
∂ ∂ −

  (4) 

where A is constant, β is material constant, (Δn)o is the LC birefringence in the crystalline 
state (or T = 0K), and Tc is the clearing point of LC material, respectively. According to Eq. 
(4), the magnitude of the negative term (−A) could be larger than the positive term and then 
results in a negative ( ) /LC

on T∂ ∂  in the low temperature region (T<Tc). As the temperature T 

raises and approaches Tc, ( ) /LC
on T∂ ∂  could increase by more than one order of magnitude than 

that in the nematic phase and jumps to a large positive number. Therefore in the intermediate 
regime, there exists a crossover temperature To, where ( ) / 0LC

on T∂ ∂ = . This implies that the 

ordinary refractive index no decreases as the temperature increases when the temperature is 
below To, but increases with temperature as T>To. However, in the vicinity of phase transition 
temperature, a small temperature variation would cause a huge change in ( ) /LC

on T∂ ∂ , so that 

the sensitivity to the temperature is high. 
Figure 7 shows the wavelength shifts of the transmission peak of the MZI with different 

LC section length under different temperature. We found the occurrence of the temperature-
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induced blue or red shifts of the transmission bands apparently depends on the temperature 
range. Comparing the experimental results to the theory (temperature gradient of no), we 
definitely confirm that the interference peak wavelength is tuned mainly by the temperature–
dependent ordinary refractive index of the LCs. The crossover temperature for all the three 
MZIs is found to be To = 77°C, which is much higher than room temperature. As a result, 

( ) /LC
on T∂ ∂ < 0 at room temperature. Also from Fig. 7, the tuning/sensing sensitivity increases 

dramatically as the temperature approaches Tc, in good agreement with the increased 
temperature gradient of no. However as the temperature exceeds Tc, phase transition occurs. In 
the isotropic state, birefringence disappears and the refractive index decreases linearly as the 
temperature increases [22]. Thus, the temperature gradient on the refractive index is negative, 
resulting in blue shift. This is indeed observed in Fig. 7, where the experimental data agree 
well with the theoretical prediction of the no temperature gradient. 

 

Fig. 7. Temperature-induced wavelength shift of MZIs for three different LC-segment lengths. 

The curve fitting process is also performed. We find the curve of the temperature-induced 
wavelength shift can be divided into three regions. For example, the measured wavelength 
shift of the MZI with 9.79-mm LC segment have a good linear behavior and the slope 
sensitivity is −1.55 nm/°C, 3.59 nm/°C and −2.08 nm/°C in the range of 25–77 °C, 83–91 °C 
and 91-115 °C, respectively. We also find the temperature sensitivity/tunability of MZI device 
with longer LC section is higher. As a result, owing to high sensitivity and good linearity, the 
described MZI can be used as temperature sensor in the temperature range of 25–77 °C. 
Because the transmission dip shifts reversely for temperature on both sides of phase-transition 
temperature and the crossover temperature, i.e. 91°C and 77°C. It means three different 
temperatures can be ascribed to one specific dip at the temperature range of 25–115°C. This 
multiple value feature is unfavorable for wide temperature sensing range. Therefore to solve 
this problem, the temperature could be identified not only by the wavelength shift, but also by 
the minimum intensity of the spectral interference features. 

5. Conclusion 

Our proposed LC-infiltrated fiber MZI exhibits following desirable properties: simple 
structure, low cost, easy fabrication, high sensitivity and remarkable design flexibility. Due to 
the large temperature gradient of the employed LC, the proposed interferometer can thus be 
used as a tunable fiber interferometer or as a sensor to monitor the environmental temperature 
change based on the wavelength shift of a particular interference valley. Although a typical 
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fusion splice has a certain tensile strength and will not break during normal handling, the 
mechanical strength of the splicing points is a critical issue. To protect the splicing joint, we 
could use a heat shrink tubing, silicone gel and/or mechanical crimp protector. The proposed 
compact LC-MZI can also be used as a sensor to detect the bending, strain, and refractive 
index of an object. 
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