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ABSTRACT We report a tunable refractive index sensor with ultracompact structureina 2 X 2

poly(trimethylene terephthalate) (PTT) nanowire coupling splitter assembled by twisting two flexible PTT

nanowires. The sensor consists of two input branches, a twisted coupling region, and two output branches. The

changes of optical power caused due to variations in the surrounding medium around the twisted coupling region

were measured in the output branches. The highest measured sensitivity of the sensor is 26.96 mW/RIU (refractive

index unit) and the maximum detection limit on refractive index change is 1.85 X 10~’. The average tunabilities

observed are 1.2 mW per RIU per twisted turn and 1.8 mW per RIU per 5° branching angle change.
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efractive index is a very important

parameter in physical, chemical, and

biological applications. Such applica-
tions require accurate detection of refrac-
tive index variations to have accurate out-
comes. To detect the refractive index
change of an environmental medium, fiber-
based refractive index sensors in a microfi-
ber coil resonator,’ a fiber-optic coupler,®®
a tapered optical fiber,** a fiber long-period
grating,®” and a fiber Bragg grating®~'°
have been reported. These devices have
made significant contributions to refractive
index sensing, but their size is usually in
centimeters which limits their usage in
some applications in which small size sen-
sors are required. Because of their large
surface-to-volume ratio and small diam-
eter, nanowires are promising elements in
further reducing the size of sensors and im-
proving sensor sensitivity. Recently, a series
of nanosensors in semiconductor material
nanowires (e.g., SnOy, In;03, ZnO, CuO,
CdTe, silicon)," ™ '® and carbon nanowire'®
have been reported. As one of the promis-
ing materials, polymer nanowires are also
used for humidity and gas sensing.®?'
Simulations have demonstrated that the
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strong evanescent field around the surface
of the nanowire may be possible for refrac-
tive index sensing when a coated all-
coupling nanowire microcoil resonator is
used.?? The reported refractive index detec-
tion limit of the sensor was 10~7. More re-
cently, we have demonstrated a poly(tri-
methylene terephthalate) (PTT) nanowire
using a direct drawing method.>® A series
of ultracompact photonic coupling splitters
were assembled by twisting the PTT nano-
wires with low insertion loss and tunable
splitting ratio.>* This motivated us to as-
semble a nanowire-based tunable refrac-
tive index sensor. Therefore, in this work, we
report an assembly of a tunable and ultra-
compact 2 X 2 coupling splitter by twisting
two PTT nanowires and its application in re-
fractive index sensing.

The sensor consists of two input
branches, a twisted coupling region, and
two output branches, which were as-
sembled by a simple twisting method with
microstage supports under a microscope
(see Methods). The nanowires used here
were drawn from the PTT melt by a one-
step direct drawing process.?® Figure Ta—c
shows the assembly process of the sensor.
Figure 1d shows a scanning electron mi-
croscopy (SEM) image of the 2 X 2 cou-
pling sensor with four twisted turns in the
coupling region (twisted region). The diam-
eter of the PTT nanowires used is 440 nm
and the coupling region (inset of Figure 1d)
is about 23 wm long and 880 nm wide.
Both the input and output branching angles
o and B are 20°.

For sensing applications, the twisted re-
gion (used as the sensing area) was im-
mersed in various sample solutions with dif-
fering refractive indices. Then, the output
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Figure 1. Fabrication process of the PTT nanowire-based
tunable refractive index sensor. (a) Two parallel PTT nano-
wires were fixed by two microstage supports. The left sup-
port was fixed and the right support can be rotated around
the axis. (b) A twisted 2 X 2 coupling sensor with one twisted
turn was formed by rotating the right support. (c) A twisted
2 x 2 coupling sensor with four twisted turns was formed by
further rotating the right support. (d) SEM image of the 2 x
2 coupling sensor, which was assembled by twisting two
440-nm-diameter PTT nanowires. The inset shows the
twisted region with four twisted turns. The branching angles
« and 3 are 20°.

optical signals delivered through tapered fibers get de-
tected by optical detector and fed to power meter (see
Supporting Information, Figure S1). In our characteriza-
tion, sodium chloride aqueous solutions with different
mass concentrations (different refractive indices of sur-
rounding mediums) were chosen as sample solutions.
Each solution droplet was dropped on the sensing area
of the sensor using a microinjector (see Supporting In-
formation, Figure S2). After each measurement, the sen-
sor was cleaned with purified water, dried, and then
prepared for different concentration solution use. In the
experiment, nine sodium chloride aqueous solutions
(1%, 3%, 5%, 7%, 9%, 10%, 12%, 13% and 15%) having
refractive indices of 1.3387, 1.3424, 1.3462, 1.3499,
1.3536, 1.3554, 1.3591, 1.3610, 1.3647 for blue light

(N = 473 nm), 1.3358, 1.3395, 1.3431, 1.3468, 1.3504,
1.3522, 1.3559, 1.3577, 1.3613 for green light (\ = 532
nm), 1.3321, 1.3357, 1.3393, 1.3428, 1.3464, 1.3476,
1.3517, 1.3535, 1.3565 for red light (\ = 650 nm), re-
spectively, were used. The refractive indices of the solu-
tions were measured at room temperature using a
multiwavelength Abbe refractometer, showing that
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Figure 2. Optical microscopy images of the sensor taken
with (a) red light (A = 650 nm), (b) green light (A = 532 nm),
and (c) blue light (A = 473 nm) (without sample solution).
The white arrows show the propagation directions of the
light. (d) Output power in the output branch 1 as a function
of mass concentration of solution at branching angles of 20°
and light of different wavelengths (473, 532, and 650 nm).

the refractive index depends linearly on the mass
concentration.

Figure 2 panels a—c show optical microscopy im-
ages of red, green, and blue light propagated in
the sensor (without sample solution), respectively. The
three wavelengths were illuminated individually. The
output power splitting ratios are 70:30, 50:50, and 55:
45, for the red, green, and blue light, respectively. Fig-
ure 2d shows the measured power (P;) in the output
branch 1 as a function of the mass concentration of the
solution at a branching angle of 20° for wavelengths
of 473, 532, and 650 nm. As is evident from the results,
the output power is approximately linearly related to
the mass concentration. Therefore, there is a direct rela-
tionship between the output power and refractive in-
dex. In reverse, one can get to know the matter of sur-
rounding according to the changes of the output
power. The sensitivity S of the sensor is defined as S =
|AP;/An|, where AP, is the change of the output power
in the output branch 1 and An is the change of the re-
fractive index of the surrounding medium. From Figure
2d, we have calculated that the sensitivities for the
blue (473 nm), green (532 nm), and red (650 nm) light
are 1.47,2.19, and 4.25 mWY/RIU (refractive index unit),
respectively. Since the resolution of the optical power
meter used is 5 nW, therefore, the detection limits of
the refractive index change are about 3.40 X 1076 (blue
light), 2.28 X 1076 (green light), and 1.18 X 107 (red
light) for the sensor with four twisted turns in the sens-
ing area.

The sensing mechanism of the twisted 2 X 2 cou-
pling sensor can be explained as follows: Since the
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Figure 3. Twisted-turn dependence of the sensor. (a) Out-
put power change in the output branch 1 as a function of re-
fractive index at 650 nm wavelength with respect to the
number of different twisted turns. The diameter of the nano-
wire is 440 nm and the input/output branching angles are
around 20°. The inset shows the error bars of the output
power for 24 turns with a refractive index larger than 1.35.
(b) The sensitivity of the sensor versus the twisted turns.

structure was assembled from nanometer-scale PTT
wires, the illuminated light will be guided along the
nanowires as strong evanescent waves. The change of
the refractive index in the surrounding medium results
in the change of the mode profile. As a result, the opti-
cal coupling property between the two nanowires in
the sensing area (twisted region or coupling region) will
be different and the optical power in the output
branches will be changed.

To investigate the influence of the twisted turns on
the sensing properties of the 2 X 2 coupling sensor,
the number of twisted turns was changed by rotat-
ing the right support (Figure S1). Figure S3 in the Sup-
porting Information shows the optical microscopy im-
ages of the sensors with different twisted turns. Figure
3a shows the measured output power change in the
output branch 1 as a function of the refractive index at
different twisted turns (2, 3, 4, 6, 8, 12, 16, 20, 23, and 24
turns). The wavelength of probe light used was 650
nm. Additional measured results with other twisted
turns are shown in Figure S4 (Supporting Information).
The change of the angles « and 8 caused by the change
of the twisted turns is disregarded here. In the experi-
ments, a longer coupling region causes a larger output
power change for the same refractive index change. As
a result, the sensitivity increases with the increase in
the number of twisted turns. The sensitivity will reach
a maximum value when the number of twisted turns
reach a particular value. In the case of a continuous in-
crease in the number of twisted turns, the output power
in the output branch will no longer be a monotone
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Figure 4. Input/output branching angle dependence of the
sensor. (a) Output power change in the output branch 1 as
a function of refractive index at 650 nm red light with differ-
ent branching angles and 14 twisted turns. Input/output
branching angles change from 5° to 35° with a step of 5°.
(b) The sensitivity of the sensor versus the branching angles.

function of the refractive index and will not be able to
decide the refractive index of the surrounding medium
according to the output power. In our experiment, the
refractive index varies from 1.3321 to 1.3565 for red
light, and the sensitivity reaches a maximum when the
twisted turns is 23. Figure 3b shows the sensitivity ver-
sus the number of twisted turns. The calculated highest
sensitivity is about 26.96 mW/RIU. In this scenario, the
calculated detection limit on the refractive index
change is about 1.85 X 1077 and the measured tunabil-
ity is 1.2 mW per RIU per twisted turn.

To investigate the tunability and/or branching angle
dependence of the sensor, each branch end of the 2 X
2 sensor was removed from the microstage supports
and then refixed to four tunable microstage supports
by the PTT melt, as shown schematically in Figure S5.
Since the sensitivity of the sensor increases with the
number of twisted turns and reaches a maximum value
at 23 twisted turns, we chose a twisted turn number
less than 23 to investigate the branching angle depen-
dence. As an example, we rotated the sensor to 14
twisted turns and fixed the sensor on the tunable
microstage supports as shown in Figure S5. It should
be pointed out that the branching angles of the sen-
sor are changeable by adjusting the tunable microstage
supports. The input/output branching angles « and 8
were changed from 5° to 35° with a step of 5° by mov-
ing the tunable microstages. Figure 4a shows the mea-
sured output power change in the output branch 1
with different branching angles at 650 nm wavelength.
The measured tunability is 1.8 mW per RIU per 5°
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branching angle change. The experimental results show
that the sensitivity becomes higher with smaller angles
of a and B, which is shown in Figure 4b. This can be ex-
plained by the fact that the effective coupling length
decreases when the branching angle increases, which
results in a decrease of the sensitivity. Another reason
is that the bending loss in the branching region in-
creases when the branching angle increases, leading
to a decrease of the change amplitude of the output
power for the same refractive index change, which will
lower sensitivity.

The length of the sensing area (twisted region) fab-
ricated here is from 12 um (for 2 twisted turns) to 130
pm (for 23 twisted turns). The width of the sensing area
(twisted region) is 880 nm (two nanowires). The maxi-
mum total length of the sensor including the input/out-
put branches is about 4 mm. The measurement range
of the sensor is about 1.332 to 1.357 in refractive index
for two turns. For a sensor with 23 twisted turns, the
measurement range is about 1.332 to 1.356, while for
a sensor with 24 twisted turns the measurement range
is 1.332 to 1.354 in refractive index. The maximum de-
tection limit of the refractive index change of the tun-
able sensor is about 1.85 X 1077 (23 turns), which is
comparable with the value of ~1077 reported in ref 6
and better than those reported in ref 3 (4 X 1079), ref

METHODS

Fabrication of PTT Nanowires. The nanowires used to assemble
the sensor were drawn by a one-step process from the PTT melt.
The PTT pellets (molecular weight M,, = 35000 g - mol~") were
heated with a heating plate during the drawing. The tempera-
ture of the heating plate was kept at 250 °C using a temperature
controller. Then, a silica tip was dipped into the PTT melt and
then retracted with a speed of 0.1—1 m/s. Finally, a PTT nano-
wire was formed between the molten PTT and the silica tip.

Assembly of Sensor. The sensor was assembled by the twisting
method as follows: First, a nanowire was drawn from the PTT
melt by a one-step direct drawing process and then it was cut
into two segments. Second, the two segment nanowires were
placed in parallel on two microstage supports with their ends
fixed (Figure 1a). Third, we rotated the right support in an anti-
clockwise direction with high precision while keeping the left
support fixed (Figure 1b). The rotation was stopped when a de-
sirable number of turns was obtained in the twisted region (e.g.,
four twisted turns, Figure 1c). Finally, a twisted 2 X 2 coupling
sensor was formed.
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4(~5X% 107, ref 5(5.1 X 107, and ref 9 (1.4 X 1075).
The twist method used in assembling the sensing de-
vice is easy, cheap, and fast while avoiding the use of
top-down lithography or fiber fusion technology.

In summary, an ultracompact, highly sensitive and
tunable refractive index sensor has been assembled by
twisting two flexible PTT nanowires. The sensor consists
of two input branches, a twisted coupling region, and
two output branches. The changes of optical power
caused by variations in surrounding medium around
the twisted coupling region were measured in the out-
put branches. The highest sensitivity of the sensor with
23 twisted turns at 650 nm red light is 26.96 mW/RIU
and the refractive index detection limit is 1.85 X 1077,
while the sensing area is about 130 wm long and 880
nm wide. The properties of the sensor can be tuned by
changing the input/output branching angles or the
number of twisted turns. The average tunability per
twisted turn is 1.2 mW per RIU and 1.8 mW per RIU per
5° branching angle change. The ultracompact, highly
sensitive, and tunable refractive index sensor would be
useful in physics, biology, biochemistry, environmental
science, and toxicant sensing, while the easy, cheap,
and fast twist technology would be promising in fabri-
cating multiterminal nanosensors.
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