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Abstract. We present a novel ultrawide-range refractive index (RI) sensor based on
an asymmetric Y-junction optical splitter. A cylindrically shaped rod with a
diameter of 350 nm and a height of 1000 nm with a different RI is inserted into a
junction of the asymmetric Y-junction waveguide. This rod serves as a sensing area.
Our sensor is simulated using a finite-difference time-domain technique. The
splitting ratio is studied for the cases of two operating wavelengths, 1480 and
1550 nm. The results show that the splitting ratio can be described as a parabolic
function of the RI of the sensing area at both operating wavelengths. An
approximately linear relationship between the splitting ratio and the RI occurs in a
narrower RI region of 1.00-1.50, thus enabling to design an ultrawide-range RI
sensor. The sensor sensitivities at the wavelengths 1480 and 1550 nm are equal
respectively to 0.2653 and —0.4908 RIU', with the corresponding R* parameters
amounting to 0.9889 and 0.9777. Our device can serve as an ultrawide-range optical
RI sensor for identification of micro-scale biochemical or chemical specimens.

Keywords: refractive-index sensors, intensity-shift sensors, Y-junction waveguides,
integrated photonics
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1. Introduction
Traditional optical methods for analyzing biochemical or chemical specimens are based on their

unique infrared-absorption fingerprints obtained with absorption spectrometry [1-5]. The
alternative approaches used for identification is to measure the refractive index (RI) of a specimen
with an RI sensor. While the absorption spectrometry uses a specific absorption value of a
specimen predicted by the Beer—Lambert law as a function of light wavelength and its comparison
with a standard database, the more recent concept of RI sensors is based on a change observed in
the RI of a specimen, which changes the conditions of light propagation. Shifts in the optical
spectra play an important role in the mechanism of some RI sensors. This type of the sensors,
which are called spectral-shift RI sensors, rests upon the shifts observed in the optical transmission
spectra which result from resonance or interference effects. A number of specific designs of those
sensors have been offered, which are based on a Michelson interferometer [6], a Mach—Zehnder
interferometer [7], photonic crystals [8, 9], a so-called PANDA ring resonator [10], resonant-based
micro-cavities [11, 12], and a surface plasmon resonance effect [13—15].

The spectral-shift RI sensors are interesting because of their compact size, high selectivity
and suitability for real-time detection, whereas the absorption spectrometry is excellent in its high
sensitivity, reliability and selectivity. The sensors mentioned above require either a broadband
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light source or an optical spectrum analyzer — or both of them [16, 17]. Note that these facilities
are costly and require meticulous modes of their operation.

Another type of the RI sensors called as intensity-shift sensors has been introduced recently.
These sensors require a few pieces of equipment [18—24]. In particular, they require only a narrow-
bandwidth light source (e.g., a laser diode) and a photodetector. The RI of a given specimen can be
measured by analyzing the output intensity of light, which corresponds to the changing RI of the
specimen located in a sensing area. A lot of such RI sensors have been designed in the last decade.
They are based on different configurations of optical-fibre structures, e.g. long-period fibre
gratings [18], plastic optical fibres [19], and so-called SNHNS [20] or TMDM [21] waveguide
structures. Besides of the structures associated with optical fibres, the intensity-shift RI sensors
based on specific photonic waveguide structures have also been reported, such as nanowire
waveguides [22], cavity-coupled metallic nanoparticles [23] or two-dimensional materials [24].
The idea of intensity shift gives a chance to create compact-size RI sensors for many applications
in the medical and industrial fields. Unfortunately, most of them can be operated only in a narrow
range of RI values.

The principles of Y-junction (or Y-branch) waveguides are now widely used by researchers,
although mostly for optical communications [25-28]. In the present study, we consider an
asymmetric Y-junction waveguide as an RI sensor. As a result, an ultrawide-range intensity-shift RI
sensor with a novel design can be introduced. This sensor is based on an asymmetric Y-junction
optical splitter with a rod-like sensing area where a specimen is located. The appropriate sensing
mechanism is a change in the splitting ratio at a given operating light wavelength, which corresponds
to the RI changes occurring in the rod-like sensing area. A theoretical model of the sensor is
simulated using a known finite-difference time-domain (FDTD) approach. Our simulation results
have revealed a general parabolic relationship between the RI of the sensing area and the splitting
ratio. In particular, an almost perfect linear relationship has been obtained for our intensity-shift RI
sensor in the narrower region 1.00-1.50 of RI values. In this way we confirm that our device can
serve as an ultrawide-range intensity-shift RI sensor for investigating various biochemical or
chemical specimens. Moreover, the structure of our sensor is simple and does not require a
broadband light source or an optical spectrum analyzer. Only a rod-like sensing area integrated into
the asymmetric Y-junction waveguide, a laser diode and a photodetector are needed.

2. Methods used for analyzing an ultrawide-range optical RI sensor
In this Section we describe the methods used for our analysis. An optical waveguide has been

designed and simulated with commercial software, OptiFDTD. This program simulates the optical
propagation based on the FDTD method [29]. After finishing the simulation process, we have
analyzed the results obtained for the optical transmission at each output port and the splitting ratio
of the waveguide. The relationship between the splitting ratio and the RI changes in the sensing
area can be represented mathematically in either parabolic or, under some conditions, linear form.
2.1. Principles of optical splitters

Optical power splitters and directional couplers can be analyzed with a method of scattering matrix
(S-matrix) for a two-port network (see Ref.[30] and a diagram in Fig. 1). Then the
electromagnetic field at the output port can be given by the following equation:

Eoutl — S]] SIZ Einl (1)
EoutZ S21 S22 EinZ ’

where £, and E,, are the electromagnetic fields respectively at the input ports 1 and 2, and
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E . and E

out2

denote the electromagnetic fields respectively at the output ports 1 and 2. Here S

implies the S-parameter of the electromagnetic field in the coupling region which is located in
between the input port j and the output port i.

Eoutl

E out2

Fig. 1. A scheme of a two-port network.

The optical transmission at each port is related to the electromagnetic fields as follows:

I = Eauzl|2 = S121 |E |2 +S122 |E

inl in2

, @
3

where T and T, are the intensities associated with the optical transmissions at the output ports 1

T, =|E

2 2 2 2
our2| = S21 |Einl + Szz |E

in2

and 2, respectively. The splitting ratio of a splitter can be obtained as the ratio of the transmitted
intensity at the output port 1 to the transmitted intensity at the output port 2:

T,
Splitting ratio =—L. 4)
T
A concept of sensitivity can be used to analyze the performance of a sensor. The sensitivity is
the ratio of the change found in the measured splitting ratio at the output (A,uy.) to the RI change
at the input (A;,,.,) [31]:
ot SPIitting ratio

A
Sensitivity = = s (%)
n

input
where n is the RI of a rod-like sensing area. The sensitivity is measured as the splitting ratio per
the RI unit (RIU), or in RIU™".

2.2. Asymmetric Y-junction optical splitter
Using the S-matrix, one can rewrite the transmitted intensity for the asymmetric Y-junction optical
splitter in terms of the parameters referred to a single input port and two output ports:

Ti = Eaull|2 = Slzl |E[n1 ’ (6)
(7

In this work, we define S, as 1 —«. Then we obtain S, =k from the S-matrix, where « is the

2

2

7; = EoutZ inl

P=82E,

coupling coefficient. It can be obtained from the simulation results for the transmitted intensity and
the RI change in the coupling region. The optical transmission at each port is related to the
electromagnetic field:

2 2
TI = |E0utl = (l - K)|Einl s (8)
2 2
T‘Z = EoutZ = K|Einl (9)
Then the splitting ratio for the asymmetric Y-junction optical splitter reads as follows:
I, 1-
Splitting ratio =L = =K, (10)
; K
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The splitting ratio and the coupling coefficient have been studied as functions of the
operating wavelength and the RI of the coupling region. These parameters have been derived from
the FDTD simulation results. Then the relations for the splitting ratio and the coupling coefficient
have been examined.

As already mentioned above, we have designed our optical splitter on an asymmetric Y-
junction waveguide structure [32]. Indium phosphide is used as a waveguide core. The RI of the
core is equal to 7., = 3.16. The core is surrounded by air as a cladding and a substrate, with the RI
being equal to 7¢,q = Psubsirae = 1.00. The cross-section of the splitter is characterized by the
width 1 pm and the height 1 um. The distance between the input port and the output port 1
amounts to 13 um and the distance between the junction and the output port 2 is 6 pm. The
branching angle between each of output ports is 45° and the other features of the splitter structure
are shown in Fig. 2.

Specimens outlet
‘ Rod sensing area }\. I

Waveguide

Optical

Optical detector 2

source

Optical
I detector 1

X Specimens inlet
z

Fig. 2. Schematic design of our Rl sensor based on the asymmetric Y-junction waveguide.

A cylindrically shaped rod-like sensing area has been put into the junction of the waveguide
as a coupling region. The diameter and the height of the sensing area are equal to 350 nm and
1000 nm, respectively. Its RI of the sensing area has been varied in the overall range 1.00-2.50. A
specimen can be injected into the sensing area with a nano-mixer or nano-injector, using nano- or
micro-electromechanical technologies [33]. The effect of the RI change on the intensity shift has
been studied for two different operating wavelengths, 4, = 1480 nm and 4, = 1550 nm, of the TE
mode in the waveguide. The optical transmissions at both wavelengths are split according to the
unit splitting ratio whenever the sensing area is filled with air (the RI n=1.00). At any other RI
value, the optical transmissions are split according to the other ratios, such that the dependence of
this parameter on the RI is parabolic or, in a particular RI region, it acquires a simple linear form.
The linear relationship would in fact imply an ultrawide-range RI sensor.

3. Results and discussion
In the present Section, we report the results for the splitting ratio, the sensitivity, the standard R

parameter and the coupling coefficient, which have been obtained from the simulation process.

3.1. Simulation results for the overall RI range

According to the simulations, we have obtained the splitting ratios as functions of the RI at both
operating wavelengths (see Fig.3). The two dependences can be fitted by a parabola with
sufficiently high accuracies (the goodness-of-fit parameters R* being 0.9761 and 0.9884
respectively for the wavelengths 1480 and 1550 nm).
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Fig. 3. Simulated splitting ratios as functions of RI changing in the range 1.00-2.50: black squares and red
circles correspond respectively to the operating wavelengths 1480 and 1550 nm, and dash curves are the data
calculated with Eq. (11).

The splitting ratio at the operating wavelength 1480 nm increases from 1.00 to 2.82 when the
RI increases from 1.00 to 2.50. On the other hand, the splitting ratio at 1550 nm decreases with
increasing RI in the region 1.00-1.60. After that we have an increasing behaviour in the RI region
1.60-2.50. The minimal splitting ratio, 0.76, is obtained at the RI equal to 1.60 and the maximal
ratio of 2.18 takes place at the RI value 2.50.

The dependences of the splitting ratio on the RI at different operating wavelengths have been

fitted by a quadratic function:
Splitting ratio(n,A)=al(n—pA) +7A, (11)

where n is the RI of a rod-like sensing area, 4 the operating wavelength, and the parameters
0 =3.7900x10° — 4.4861/2,,, F=2.9971x10°~-3.3188/4,, and y=-4.2214x10°-7.2467/,,
depend on the wavelength. The results derived with Eq. (11) are shown in Fig. 3 by dash curves.
The average percentage differences between the simulated and fitted data are 4.7292% and
3.4971% respectively for 1480 and 1550 nm.
3.2. Simulation results for the RI region 1.00-1.50
In a narrower region 1.00—1.50 of RI values, a linear dependence of the splitting ratio can be
chosen for our RI sensor (see Fig. 4). The splitting ratio at the operating wavelength 1480 nm
increases from 1.00 up to 1.14 when the RI increases from 1.00 to 1.50. The sensitivity is equal to
0.2653 RIU" and we have the goodness-of-fit R* = 0.9889. At the operating wavelength 1550 nm,
the splitting ratio decreases from 1.00 to 0.76. Here we have the sensitivity 0.4908 RIU ™', of which
tendency is the opposite to the case of 1480 nm, and R* = 0.9777.

A linear relationship between the splitting ratio at both operating wavelengths and the RI can
be represented as

Splitting ratio(n,A)=(Sn+¢&)A, (12)

where & =—1.0782x10" +16.2239/,, and & =1.0554x10" —14.8888/ 1, are the wavelength-

dependent parameters.
The results of fitting performed using Eq. (12) are shown by the dash curves in Fig. 4. The

average percentage differences between the simulated splitting ratios and the fitting data are
0.3150% and 1.2046%, respectively.
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3.3. Optical transmissions at the output ports of ultrawide-range RI sensor
Fig. 5 shows dependences of the simulated optical transmissions at the two output ports on the RI at

the two operating wavelengths. As seen from Fig. 5a, the optical transmissions at the output ports

calculated at the wavelength
1480 nm become equal to each
other when the RI of the sensing
area is 1.00. The optical
transmission at the output port 1
increases with increasing RI,
while the transmission at the
output port 2 decreases under
this condition. The maximal
optical transmission at the port
1 amounts to 53.28% and the
minimal optical transmission at
the port 2 is 46.72%.

Fig. 5b shows the results
of simulations performed at the
operating wavelength 1550 nm.
The optical transmissions at
both output ports are the same
at the unit RI of the rod-like
sensing area. The optical
transmission at the port 1
decreases and the transmission
at the port 2 increases with
increasing RI. The minimal
transmission at the port 1 is
equal to 43.30% and the
maximal transmission at the
port 2 is 56.70%.
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Fig. 5. Optical transmissions at the output ports 1 and 2 simulated with
the FDTD method as functions of RI at the operating wavelengths
1480 nm (a) and 1550 nm (b). Blue and red lines correspond to the
output ports 1 and 2, respectively (see the legend).
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Using Eq. (10), we have analyzed the coupling coefficient for the region of linear dependence
of the transmission on the RI » and obtained the relations x,, =0.56258-0.062154n and

K, =0.36301+0.14072n .

One can notice different responses of our sensor at different operating wavelengths (compare
the simulation results shown in Fig. 5a and Fig. 5b). The optical transmission at the output port 1
either increases (at 1480 nm) or decreases (at 1550) nm with increasing RI. The situation observed
for the output port 2 is the opposite. Here the optical transmission decreases at the operating
wavelength 1480 nm and increases at the wavelength 1550 nm.

3.4. Field distribution and comparison of performances of different IR sensors
Fig. 6 shows spatial distributions of the electric field inside the XZ plane, which have been
obtained at different RI values of the rod-like sensing area. Note that the panels (a) to (c) of Fig. 6
correspond to the splitting ratios 1.0235, 1.0693 and 1.1405, respectively. Finally, the panels (d) to
(f) in Fig. 6 refer respectively to the splitting ratios 0.9354, 0.8189 and 0.7637.

In Table 1 we compare the fundamental principles and the specific characteristics of different
RI sensors, including our sensor. The RI sensors reported in Refs. [8, 10, 14] are based on the
spectral-shift mechanism. The widest measurement range of these sensors is 0.052 RIU and the
average measurement range is approximately equal to 0.028 RIU. On the other hand, the RI
sensors described in Refs. [18-21] are based on the intensity-shift mechanism. Here the widest
measurement range is given by 0.082 RIU, while the average range is equal to about 0.039 RIU.

QOutput
port 2

v thhh‘"’l il
|

Fig. 6. Electric-field distributions observed at different Rl values of the rod-like sensing area: panels (a) to (c)
correspond respectively to n = 1.10, 1.30 and 1.50 (the operating wavelength 1480 nm) and panels (d) to (f) to
n=1.10, 1.30 and 1.50 (the operating wavelength 1550 nm).

Some other wide- or ultrawide-range RI sensors have been introduced in the works [34, 35].
In Ref. [34], an ultrawide-range RI sensor with the measurement range 1.00-1.80 has been
reported, which can be operated using a light source with the spectral width 1500 nm. The
calculated sensitivity of this sensor amounts to 1002 nm/RIU. The authors [35] have introduced a
wide-range RI sensor with the measurement range 1.29-1.49 RIU and a light source with the
spectral width 1000 nm. The sensitivities calculated for this sensor are —4156.82 and —
3703.64 nm/RIU for the x- and y-polarized modes, respectively. These RI sensors are based on the
spectral-shift mechanism. Note that a broadband source and an optical spectrum analyzer with a
wide operation range are required in this case.
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Table 1. Comparison of working principles and parameters of different RI sensors.

Sensing Operating e
Reference Structure type mechanism wavelength, nm RIrange Sensitivity
; 1480 0.2653 RIU™
This work Asymmetric Intensity shifft ————————— 1.00-1.50 -
Y-junction 1550 ~0.4908 RIU"
1.3320-1.3840 415 nm/RIU
(8] Mach-Zehnder o o1 chify 1450-1650 1.3840-1.4204 1103 nm/RIU
interferometers
1.4204-1.4408 4234 ny/RIU
[10] Photonic crystals Spectral shift 2020-2100 1.00026—-1.00046 1.9x10° nm/RIU
[14] Surface plasmon g o1 hife 350-1100 1.3353-1.3653 1600 nm/RIU
resonance
peri 1.33-1.38 31 dB/RIU
[18] Long-period fibre 1 civy shift 1460
grating 1.38-1.42 47 dB/RIU
[19] P lasnffb‘r)g’t‘cal Intensity shift 660 1.33-1.41 10°-10 RIU
[20] SNHNS Intensity shift 1550.10 1.334-1.384 ~367.9 dB/RIU
[21] TMDM Intensity shift 1540 1.330-1.339 516.02 dBRIY
1.330-1.356 965.46 dB/RIU
[34] Surface plasmon g o1 shife 500-2000 1.00-1.80 1002 nm/RIU
resonance
[35] Photonic crystal g cotral shift 10002000 1.29-1.49 415682 nm/RIU

fibre —3703.64 nm/RIU

A comparison of the sensors mentioned in Table 1 testifies that we have provided a novel
design of the RI sensor, which is characterized by an ultrawide measurement range, the intensity-
shift mechanism and simple equipment. The sensor offered in the present work needs only a laser
diode operating at two different wavelengths and a photodetector. It enables detecting various
biochemical or chemical specimens with the RI values lying in the region 1.00-1.50. Moreover, a
gas sensor or a biosensor can be designed as a compact-size device. The process of identification
can be performed rapidly by comparing the splitting ratios at both operating wavelengths. To
improve the accuracy of the sensor, a multi-sensing structure can be built (see Fig. 7). In
particular, its sensitivity can be increased by improving performance of the electronic part of
photodetecting section.

T Specimens outlet
. Waveguide structure

B Rod sensing area
[ Barrier layer

[ Source structure

I [ Detector structure

Y
4 TSpecimens inlet

Fig. 7. Schematic design of a possible multi-sensing structure.

4. Conclusion
We present a novel design for an ultrawide-range optical RI sensor, which is based on an

asymmetric Y-junction optical splitter built on InP. The operation of the sensor has been simulated
at the optical wavelengths 1480 and 1550 nm. The results of simulations carried out with the
FDTD method reveal a quadratic dependence of the splitting ratio on the RI in the IR range 1.00—
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2.50. An approximately linear dependence holds true in a narrower RI region, 1.00-1.50. The
sensitivities of our sensor in this region are equal to 0.2653 and —0.4908 RIU ™' respectively at the
operating wavelengths 1480 and 1550 nm, with the R? parameters amounting to 0.9889 and
0.9777. We have also analyzed the coupling coefficient as a function of the RI at both operating
wavelengths. The appropriate dependences are given by «x,, =0.56258 —0.062154n and

K,, =0.36301 +0.14072n. The device suggested by us can be used as an ultrawide-range RI

sensor which employs the intensity-shift concept and reveals the measurement region 1.00—-1.50
for the IR. It enables real-time sensing of various biochemical or chemical specimens and can be
applied in different medical and industrial fields. Moreover, our sensor is characterized by a very
simple design and moderate demands to the optical and electronic equipment involved.
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Anomayia. Onucano Hosuti ceHcop noxaszuuxa 3anomaenHs (I13) i3 Haowupoxum pobouum
0Iana3oHOM HA OCHOBI ACUMEMPUYHO20 ONMUYHO20 NOOLIbHUKA 3 Y-NOOIOHUM 3 €OHAMHSIM.
Cmpuoicenv yuninopuunoi gopmu 3 oiamempom 350 um i eucomoro 1000 wm, sxuii mae inwui 113,
6CMABAIOMb Y CNAall ACUMEmPUYHO20 X8ULe8o0y 3 Y-nodibnum 3’eonanusim. Lleti cmpudicerv
CIYIACUMD YYMAUBOIO 30HOI0. BUuKoHaHO MOoOento8ans cencopa 3a 00noMo2010 Memooy CKiHYEeHHUX
PpisHUYb y uacosiu obnacmi. [locniodxceno Koegiyicum posujenieHHs 0 080X pobOUUX O08ICUH
xeunb 1480 i 1550 nm. Pezynomamu noxaszyioms, wo KoegiyieHm posujenieHus Ha 000X pobouux
008IAHCUHAX XBUNT MOJICHA onucamu 5K napaboniuny @yuxyio 113 yymausoi 3onu. Habnudscerno
JUHIUHA 3a8edHCHiCb Midic Koeiyicnmom poswenienna ma I13 mae micye ons @yacuoi obracmi
113 1,00-1,50, wo Oae 3mozy pospobumu cencop I13 i3 naowupoxum dianasonom. Hymausocmi
ceHcopa Ha 0osdcunax xeunv 1480 i 1550 um dopisuroromse 6ionogiono 0,2653 i —0,4908 RIU, a
gionoeioni napamempu R’ cxnadaioms 0,9889 i 0,9777. Haw npucmpiiic modwce cryzyeamu
onmuunum cencopom 113 i3  Haowupokum pobouum OianazoHom O lOeHmupikayii
MIKPOCKONIYHUX OIOXIMIUHUX ADO XIMIYHUX 3DA3KIE.

Kniouogi cnoea: oamyuxu noxasHuka 3a10MieH s, CEHCOPU i3 3CY80M IHMEHCUBHOCH, X68UNe800U
3 Y-no0ibnum 3’ €OHanHAM, iHmezposana ¢omoHnixa.
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