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With diameter close to the wavelength of the guided light and high index contrast between the fiber and the
surrounding, an optical micro-fiber shows a variety of interesting waveguiding properties, including widely
tailorable optical confinement, strong evanescent fields and waveguide dispersion. Among various
micro-fiber applications, optical sensing has been attracting increasing research interest due to its
possibilities of realizing miniaturized fiber optic sensors with small footprint, high sensitivity, and low
optical power consumption. Typical micro-fiber based sensing structures, including Michelson
interferometer, Mach-Zenhder interferometer, Fabry-Perot interferometer, micro-fiber ring resonator,
have been proposed. The sensitivity of these structures heavily related to the fraction of evanescent field
outside micro-fiber. In this paper, we report the first theoretical and experimental study of a new type of
refractometric sensor based on micro-fiber three-beam interferometer. Theoretical and experimental
analysis reveals that the sensitivity is not only determined by the fraction of evanescent field outside the
micro-fiber but also related to the values of interferometric arms. The sensitivity can be enhanced
significantly when the effective lengths of the interferometric arms tends to be equal. We argue that this has
great potential for increasing the sensitivity of refractive index detection.

elements for physical', chemical*® and biological®” sensing. Due to the small dimension for light

confinement, a wave-guiding micro-fiber leaves a considerable fraction of the guided field outside the
micro-fiber as evanescent waves, making it sensitivity to the change of ambient refractive index (RI). During the
past few years, a number of micro-fiber based refractometric sensors have be developed using Michelson inter-
ferometer®, Mach-Zenhder interferometer®'®, Fabry-Perot interferometer'', micro-fiber ring resonator'>", and
micro-fiber coil resonator™, et al. The sensitivity of these types of sensor relies on the interaction between the
evanescent field and and external medium. It is believed that the most feasible approach to improve the sensitivity
is to enhance the evanescent wave'>'°. Many efforts have previously been made by decreasing the radius of micro-
fiber", twisting or bending the micro-fiber', et al. However, precise adjustment of evanescent field is a challenge
task in practice.

In this paper, we propose a new type of micro-fiber based refractometric sensor by using three-beam inter-
ferometer (TBI) construction. Comparing with the conventional micro-fiber based refractometric sensors, the
sensitivity of the proposed sensor is not only originated from the evanescent field outside the fiber but also
determined by the lengths of the two arms of the proposed interferometer. The sensitivity can be enhanced
significantly when the effective length difference of the two arms approaches zero. This suggests a new technical
means for increasing the sensitivity. The operating principle and theoretical model of the TBI will be explained in
the context of its use as a refractometric sensor. The variation of sensitivity with the fraction of evanescent field
and the lengths of interferometric arms will be highlighted. In addition, we will demonstrate our discovery by
experimental results.

M icro-fiber based refractometric sensors are currently in the spotlight of research as basic functional

Results

Concept and operating principle of TBI. Figure 1(a) shows schematically the proposed TBI. The interferometer
consists of a Mach-Zehnder interferometer and a Sagnac loop. The operating principle can be explained with the
aid of Fig. 1 and Fig. 2. When the incident light is launched into the input port of TBI as shown in Fig. 1(b), this
beam will be split into two by the first coupler. The two resultant beams are transmitted and reected by the second
coupler and Sagnac loop, and then back to the first coupler. The total light field at the output port of TBI is a
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Figure 1| (a) Schematic design for micro-fiber based three-beam
interferometer architecture. T, T5, snd T; stand for the transformation
matrix in different sections of TBI. ¢, and ¢, represent the effective lengths
of the first and the second coupler, respectively. (b) Schematic illustration
of the light wave forward propagation in the TBI. The black arrow indicates
the direction of light propagation. (c) Schematic illustration of the light
wave backward propagation in the TBI. The red arrow indicates the
direction of light propagation.

summation of four components corresponding the four paths as
shown in Fig. 2. Since the third path (as shown in Fig. 2(c)) and
the fourth path (as shown in Fig. 2(d)) are the same, light beams
travelling in these two paths experience the same phase delay and
phase shift, thus the total light field at the output port of the TBI is a
summation of three components, exactly.
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Theoretical model of TBI. The optical paths followed by the

incident light are indicated by the arrows shown in Fig. 1(b) and

Fig. 1(c). We consider the case in which an optical beam with

power A} is injected into the input port of the TBI (as shown in

Fig. 1(b)). Here we assume that both of the upper and lower arms

have the same waveguide structures; that is, the outputs of the first
cos(k¢)

coupler are given by'>**
A, Ay Ay
=T = o s (1)
BZ Bl —] Sll’l(KICl) Bl
where T is the transfer matrix of the first coupler, A; = Ao, B; = 0. k;
and ¢; denote the coupling coefficient and coupling length of the first

coupler, respectively.
After passing through the straight arms of TBI, A; and B; become

1 R [ ARG

where T, is a diagonal matrix which represents the phase shift in the
straight region of TBI (as shown in Fig. 1(a)). ¢; and ¢, stand for the
phase shift in the upper and lower arms (as shown in Fig. 1(b) and
Fig. 1(c)), respectively. The phase shift ¢; and ¢, can be expressed as

—j sin(ky¢;)

cos(ki¢r)

21
0= 7 Aef17 L1 (3)
and
2n
P2=— M2 Lo, (4)

where 1.4 and n.4, are the effective index of the propagating mode
guided along the upper and lower arms. L; and L, are the lengths of
the two arms (as shown in Fig. 1(a)). /4 denotes the wavelength oflight
in vacuum.

Then the output of the second coupler A4 and B, can be obtained

by
cos(K¢y) As
) -

)]
=T, -
B, Bs —j sin(kac2)

where K, and ¢, denote the coupling coefficient and coupling length
of the second coupler, respectively. T; is the transfer matrix of the
second coupler.

When lights enter into the loop, the lights will pass through the
loop and back to the right ends of the second coupler (as shown in
Fig. 1(c)). During the lights passing through the loop, the two beams
of light in opposite angular directions experience a same phase delay

—j sin(xz¢,)

cos(i2¢2)
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Figure 2 | Schematic of the four paths in the proposed TBI. The arrow indicates the direction of light propagation.
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where n.4; denotes the effective index of the propagating mode
guided along the loop and L; represents the length of the loop.
Then As and Bs (as shown in Fig. 1(c)) can be expressed as®!

PRER] o

When the reected lights launched from the right ends of the second
coupler, the lights will propagate along the micro-fiber and finally
arrive at the output port of the proposed TBI. The overall trans-
formation matrix for this progress can be computed by concatenat-
ing the three transfer matrices Ty, T,, and T5. Therefore, the light field
Ag and Bg can be calculated by

R

Combining Egs. (1) to (8), we obtain the light field at the output port,
Bg, as

Bs =Bg'+Bs"” + B 9)
where
Bg'= — L Ag-sin(2K;¢; ) sin(2k,c; ) -e/201 03)
By = + Ag-cos (2 ¢; )-cos(2K,¢y )/ 71 72+ 03)
By = — L1 Aysin(2K;c1)sin(2k,cp) €202 0

It can be seen from the above equations that the output light field is
a summation of three field components, which is in accordance with
the operating principle analyzed in the former section.

Here, we may note the following special cases:

2m+1)xw
u and the other one is not

® One of kic; and Kyc, is
(m+1)n
2
In this case, from Eq. (9) we can find that the component Bg" is
zero. Thus the output field Bg only contain two components (as
shown in Fig. 2(a) and Fig. 2(b)), the proposed TBI becomes a
Michelson interferometer.
® One of kic; and K¢, equals to (m+ l)n.

, m is a positive integer, simultaneously.

In this case, Bg’ and Bg'” become zero. This result indicates that
the TBI behaves like an optical switch. When the other of x;¢; and

2m+1)n

K¢, equals to the resulting output field Bg is zero.

Otherwise Bg=Bg", represents the output light contain only
one component.

However, we are not concerned with the above particular cases.
The work of this paper, as an effort and achievement on the route of
improvement the sensing sensitivity of micro-based refractometric
sensors, focuses on the issues of the operating principle and theor-
etical model of the proposed TBI as a three-beam interferometer.

The total light intensity at the output port of TBI can be obtained
from Eq. (9)

I=|BsB;

, (10)

where Bg is the complex conjugate of Bg. The output spectrum as a
function of wavelength is depicted in Fig. 3(a).

Refractive index sensitivity of TBI. If the RI of the environment
surrounding the micro-fiber in the sensing area (as shown in
Fig. 1(a)) is changed, the effective index n.p; will be changed
accordingly, which will result in the shifts of the output spectra.

Figure 3(b) plots several output spectra under different ambient
RIs. From the figure we can find the peak-wavelength will shift
with the variation of ambient RI. For the ambient RI measurement
using spectral shift, the sensitivity can be defined as

S ar | | di .dneﬁq
T | dnam| dneyy dngy,
_ 6I/¢3neﬁq

0I/04

a ﬂeﬂl‘Ll - ﬂeffz‘Lz
ALy
[(”am - ”f) Ll] Y+ nf’Ll - neﬁZ'LZ

= |y

s

where 11,,,, and nydenote the RI of ambient medium and micro-fiber,
respectively, and y is a value in the range among 0 and 1 which
characterizes the fraction of the evanescent field outside the micro-
fiber. For the slight variations of the RI of ambient materials, y can be
approximately regarded as a constant.

As shown in Eq. (11), the sensitivity is not only determined by the
fraction of evanescent field, y, but also related to the values of L, and
L,. The sensitivity as a function of the fraction of evanescent, y, is
illustrated in Fig. 3(c). From this figure, we can see:

o Ifand only if ny+ Ly < ngp + Ly or ngp + Ly < ng,y, * Ly the
sensitivity will increase with the fraction of evanescent field, 7,
monotonously;

o Inthecaseof ng,, + Ly < e - Ly < n¢- Ly, the sensitivity increases
with y when ngp © Ly > ngp - L, and decreases under the con-
dition g + L1 < g + Lo

e The sensitivity can be enhanced significantly when the effective
lengths of the two arms of TBI approaches equal (here, we define
fer Ly and ngpp + Ly as the effective lengths of the upper and
lower arms of TBI, respectively).

The above theoretical analysis shows that the sensitivity of the
proposed TBI is not only determined by the fraction of evanescent
field, but also related to the values of L, and L,. Fig. 3(d) indicates the
sensitivity of TBI as the function of L, under the condition y and L,
are constant. We can find that the sensitivity increases rapidly as the

eff2 L
length of L, tends to fef2 22,

Neff1

In general, precise adjustment of the fraction of evanescent field is
challenging task. As a result the sensitivity of micro-fiber based RI
sensor can hardly meet the requirement by adjusting . However,
precise adjustment of L; and L, can be achieved quite easily. This
suggests a new technical means for increasing the sensitivity of
micro-fiber based refractometric sensor.

We further demonstrate our discovery by experiments. We mea-
sure the spectral response of the TBI to ambient RI by immersing the
upper arm into an aqueous solution of alcohol (as shown in Fig. 1(a)),
with the solution’s RI modified by changing the concentration of
alcohol. Figure 4(a) gives the measured peak-wavelengths as a func-
tion of ambient RI ranging from 1.33000 to 1.33020. Figure 4(b)
records the relationship between the peak-wavelength and ambient
RI under difference values of L; under the condition L, remains a
constant value. Comparing the sensitivity of the proposed TBI in
different values of L;, we can see that when L, is 3 mm longer than
L,, the sensitivity is only 2000 nm/RIU (refractive index unit). With
the decrease of the value of L}, the sensitivity will become higher and
higher. For instance, when L, decreased to be 11 mm, the sensitivity
achieve to 10 000 nm/RIU. This reveals that the sensitivity of TBI
heavily relies on the values of L, and L,. The experimental results are
in accordance with the theoretical analysis.
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Figure 3| (a) The calculated output spectra from output port of TBI under different k; * ¢; and k;, - ¢,. (b) The calculated output spectra of

TBI with different ambient RIs. The parameters of TBI arey = 0.5, k; - ¢; =

Ky * ¢ = m/6, L; = 10 mm, and L, = 9 mm. (c) Theoretical sensitivity of

TBI as a function of the fraction of evanescent field outside the micro-fiber under different values of L, and L,. The ambient RI is around 1.33000
and the RIU here is the abbreviation for refractive index unit. (d) Dependence of the sensitivity of TBI for RI sensing on L; under the condition

L, = 10 mm.

Discussion
For the measurement of an ambient RI change of An,,,, the corres-
ponding peak-wavelength shift A/ is given by

ai=22 pp,
2n

(12)

where FSR stands for the free spectral range of the output spectrum of
proposed TBL

From Eq. (12) we can see that the sensitivity of TBI to ambient RI
changes depends on two factors: the phase changes Ag;, and the free
spectral range of the output spectrum FSR.

The phase changes Ag, associated with variations in ambient
refractive index, An,,,, is given by
2n

7 (13)

From Eq. (12) and Eq. (13), we may get the conclusion that the
sensitivity can be increased by increasing the fraction of evan-
escent y. However, as shown in Fig. 3(c), the sensitivity varies
non-monotonically with y when ng,,, * Ly < nep © Ly < n - Ly
Therefore, in general, higher sensitivity cannot be obtained simply
by increasing y. This is mainly due to the fact that FSR of the TBI
also related to y. From Eq. (9) and Eq. (10), the FSR can be
expressed as

Apy=—"Li-Angyy.

1

FSRoc .
[”f - (”f _”am) 'V} Ly —nefa-Ly

(14)

As shown in Eq. (14), FSR may decreases as 7y increased.
Consequently, from Eq. (12) we can see that it is difficult to get
the conclusion whether the sensitivity is increased according to
the increase of y. This is the reason why the sensitivity increases
with y when ngp Ly > ngp - Ly and decreases under the con-
dition n1pp * Ly < neg * Ly in the case of n,,,, - Ly < nggp - Ly < nf
- L; (as shown in Fig. 3(c)). If y satisfies a certain condition to
make npg © Ly = npp + Ly, the FSR will reach its maximum value.
Consequently, the sensitivity can be enhanced significantly.
However, it would be a challenging to fabricate such a micro-fiber
with desired y in practice.

If the the fraction of evanescent field y remain unchanged, the
phase changes Agp, associated with An,, will be a constant.
Therefore the sensitivity of TBI only determined by FSR. In this case,
the sensitivity can be easily enhanced by regulating the lengths of
refractometric arms of TBI. When the effective lengths of the two
arms approaches equal, the FSR will become significantly large.
Consequently, the sensitivity can be enhanced significantly.
Figure 5(a) depicts the spectra of two TBI under different values of
L, and L, under the condition the fraction of evanescent equals to 0.5.
From this figure we can find that the FSR is heavily rely on the values
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Figure 4| (a) Output spectra of TBI in aqueous solution of alcohol with five different concentrations. The values of L, and L, are 12 mm and 10 mm,
respectively. (b) Response of peak-wavelength shift to ambient RI change from 1.33000 to 1.33020 for different values of L, and L,.

of L; and L,. Figure 5(b) shows the output spectra of the two TBI
under different ambient RIs. Comparing the peak-wavelength
changes of the two TBI, we can see that under the condition of L,
= 11 mm and L, = 9 mm, the peak-wavelength changes 0.125 nm
when the ambient RI changes from 1.33000 to 1.33005. When L, =
10 mm and L, = 9 mm, the peak-wavelength changes 0.261 nm as
the ambient RI changes from 1.33000 to 1.33005. This means that the
sensitivity will be doubled when the values of L; decreases from
11 mm to 10 mm. If we further decrease L,, the sensitivity will be
further improved. When the values of L, and L, satisfied the con-
dition ngg - Ly = ngp - Lo, the sensitivity of TBI will be enhanced
significantly. Figure 3(d) indicates the dependence of the sensitivity
of TBI for RI sensing on the values of L; and L,. We can see from the
figure that the sensitivity increases rapidly as the length of L, tends to

NefraLy
ngﬁ‘l
be enhanced significantly by adjusting the lengths of the two arms of

TBI.

In conclusion, a refractometric sensor based on a micro-fiber
three-beam interferometer was theoretically and experimentally
demonstrated. In contrast to the earlier proposed micro-fiber based
refractometric sensor, we have discovered that the sensitivity of this
type of sensor is not only determined by the fraction of evanescent
field outside micro-fiber but also related to the lengths of TBI's arms.
The sensitivity can be enhanced significantly when the effective
length difference of the two arms approaches zero. This suggests a
new means for increasing the sensitivity. It can be foreseen that a
micro-fiber based refractometric sensor using TBI architecture may

. From the above analysis, we can find that the sensitivity can
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be beneficial for improving the sensitivity significantly by adjusting
the lengths of both arms of TBL

Methods

Fabrication and package of TBI. First a micro-fiber with 1 wm in radius and 65 mm
in length was fabricated from a standard single mode fiber (SMF-28, Corning) using
the ame brushing method'®**. Then, the architecture of the proposed TBI as shown in
Fig. 1(a) was constructed by adopting the micro-fiber. A plate of glass is adopted as the
substrate to support the proposed TBI and ambient medium. In order to avoid
evanescent field leaking from TBI into the glass substrate whose RI is higher than
micro-fiber, a layer of low-index polymer (here, we use silica gel as the polymer, the RI
of silica gel is 1.401, which is smaller than micro-fiber and glass substrate) was first
coated on the glass plate. After this low-index polymer is cured, we put the fabricated
TBI on the substrate. Then we coated the TBI expect for the sensing region by the
same silica gel. After the silica is cured, the package is complete. The package would
not only make the TBI robust, but also ensure the evanescent field is able to access the
external medium. Figure 6 shows the schematic diagram of the packaged TBI.

Aqueous Ethanol
Solutions

Low-index
Polymer

Glass Substrate

Figure 6 | Schematic diagram of the Packaged micro-fiber three-beam
interferometer.
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Description of experimental setup. The spectral characterization of TBI was carried
out by connecting a broadband light source (SLED 1550) to the input port and an
optical spectrum analyzer (Yokogawa AQ6370B) to the output port. We measure the
spectral response of the TBI to ambient RI by immersing the upper arm into an
aqueous solution of alcohol (as shown in Fig. 6), with the solution’s RI modified by
changing the concentration of alcohol. During the experiment, the temperature of
laboratory is kept constant (25°C).
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