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Plasmon Resonance Characteristics of TiN

BAI Yu-kun'?, MA Ying', WEI Ren-xiao'
(1 Engineering Research Center of Communication Devices and Technology ,Ministry of Education . School
of Computer and Communication Engineering , Tianjin University of Technology . Tianjin 300384 ,China)
(2 Key Laboratory of Optoelectronic Information Science and Technology, Ministry of Education, Institute of
Laser and Optoelectronics, College of Precision Instrument and Optoelectronics Engineering » Tianjin University ,

Tianjin 300072 ,China)

Abstract: A dual-core photonic crystal fiber temperature sensor based on the surface-plasmon-resonance
was proposed. The holey analyte channel in the center of the index-guiding dual-core photonic crystal
fiber is coated with a titanium nitride layer and filled with a liquid mixture of ethanol and chloroform
exhibiting a large thermo-optic coefficient. The shift of the resonance wavelength for the coupling
between the guided-core mode and surface-plasmon-polariton reflects the variation of temperature or
refractive index of the infiltrated liquid mixture. With the full-vector finite element method, the impacts
of various factors on the transmission loss spectrum and its resonance wavelength were analyzed. The
numerical calculation indicates that by any of the means of increasing the outer-cladding-hole diameter and
decreasing the innermost-cladding-hole diameter or the hole pitch, the coupling efficiency, namely the
resonance amplitude, can be increased. It is found that titanium nitride film shows superior surface-
plasmon-resonance sensing characteristics over conventional gold film in the temperature range of

—20C~ 120C, featuring an increase of both resonance wavelength shift and temperature sensitivity
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with an increase of film thickness and attaining the maximum temperature sensitivity of 6. 22 nm/K.
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0 Introduction

For the past few years, plasmonics has witnessed

[1]

an enormous advance"'. Conventional plasma materials

mainly are gold and silver™™. In recent years,
researchers found a new plasmonic material, 1i. e.
Titanium Nitride ( TiN), in the visible and near
Infrared (IR) region™'.

which are similar to those of noble metals, it can be

Despite of its optical losses

easily fabricated and integrated with standard silicon
manufacturing processes'""*. Another key advantage of
TiN is that the real part of its dielectric constant in the
near-IR region is much smaller than that of noble
metalst' 7,

Photonic Crystal Fiber ( PCF ),
Microstructured Optical Fiber (MOF)™', consists of

known as

an array of holes extending along the entire length of
the fiber, and consequently exhibits a number of
advantages for optical communication and sensing
applications. PCF has a lot of peculiar properties, such
as endless single-mode, high birefringence coefficient,

controllable dispersion, high nonlinear coefficient,

[5-8]

etc”™. Song Xiao-li et al. designed a long-period PCF

grating temperature sensor with a sensitivity of
1.766 nm/ C™.

The PCF-based Surface
(SPR) technology has attracted continuous research

Plasmon Resonance
interests. It is based on coupling the leaky guided-core
mode to the plasmonic mode. In this context, the PCF-
based SPR sensors which have the analyte infiltrated
into the metal-coated holes of the PCF have been used

[0 Y, Peng et al. proposed a selectively

for sensing
coated photonic crystal fiber with a sensitivity of
0.72 nm/K ",
demonstrated a sensor design with a sensitivity of up to
5.6 nm/K ™%,

In this paper,

Recently, Nan-Nan Luan et al.

we propose a dual-core PCF
temperature sensor based on the SPR properties of a
new plasmonic material TiN in the near-infrared
region. The proposed novel structure 1is easily
implemented and can achieve a temperature sensitivity
of up to 6. 22 nm/K which is higher than that

demonstrated so far.

1 Structure model
The schematic diagram of the dual-core-PCF SPR

temperature sensor is shown in Fig. 1. This index-

guiding dual-core PCF consists of five layers of air holes

Fig. 1 Schematic diagram of the cross-section of the

PCF-SPR temperature sensor
arranged in a regular hexagonal pattern. The surface of
the void center hole is coated with TiN. Coating of TiN
layer can be achieved by Chemical Vapor Deposition
(CVD) technique™ ™. And the center hole is filled
with a large thermo-optic coefficient liquid. As shown
in Fig. 1, the center hole is coated with a layer of TiN
thin film with thickness z, =50 nm. The diameter of
the center hole is d.=2pm, while it is d, =0. 8 pm for
the holes in the innermost layer, and d, =1. 2 pm for
the other air holes. The pitch of the underlying
hexagonal lattice is A=1. 6 pum. The Refractive Index
(RD of the PCF material is assumed to be 1. 45 (fused
silica) , and the permittivity of TiN ¢, is given by the
Drude model"" as

()= e
en(w) =e. — 5
W +iwl

where e. is due to the screening effect of bound

(@Y

electrons in the material and can be considered as a
constant in the frequency band of interest, e. =
2.599"%" in the near-infrared region. Where I' is the
damping coefficient of free carriers or the Drude-

relaxation rate, w, is the plasma {requency as

w, = ﬁ 2
7o)
where n is the carrier concentration, e is electron
charge, p is effective mass of TiN, ¢, is permittivity of
vacuum,
The refractive index of the liquid mixture in the
analyte channel can be evaluated by ™
n=x% X[ Mot | 7—293% T Aeiorotorm / d T X
(T—293) ]+ (100 =2 % X [Meunot | 7= 203 1
Ao /dTX (T—293)] (3)
where x% is the mass ratio of chloroform and (100 —
) % is that of ethanol, the thermo-optic coefficients of
chloroform and ethanol are —6.328X10 */K and
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—3.94X107"/K respectively, n is the refractive
indices at temperature T-°'. The refractive indexes of
Nepanol AN Nioroom are defined as 1. 36 and 1. 44 at T=
293 K respectively. Compared with the liquid mixture,
the thermo-optic coefficient of silica (8. 6X107°/K) is
smaller by two orders of magnitude. Therefore, we set
the refractive index of fused silica as a constant. The
ratio of chloroform and ethanol is defined as 5 ¢ 5. The
relationship of refractive indexes of mixed liquid and
the background material of PCF with the increase of
temperature are shown in Fig. 2. As seen in the figure,
the refractive index of mixed liquid decreases, and the
refractive index of fused silica is practically constant
with an increase of temperature.
1.46
1.45
144} 1
1.43 t 1
1.42 ~o 1
141} S~ 1
1.40 } ~~ae ]
139} . S~
138k :EEI;;]];:SS:S) ~~
1.37
-20 -10 0 10 20 30 40 50 60
Temperature/C

Refractive index
!

Fig. 2 Temperature dependence of refractive indexes

of the liquid mixture and fused silica

2 Numerical analysis

In this paper, the full-vector f{inite element
method"™  based COMSOL
Multiphysics is used as the simulation tool. The

software  package
parameters of the structure are d. = 2 pm, d, =
0.8 pm, d,=1.2 pm, A=1.6 pm. When it comes to
the change of one parameter., other parameters still

keep the above values. The electric field distribution of

fundamental modes and the three dimensional energy
and (b)

respectively. As shown in the figures, the electric field

¥

distribution are shown in Fig. 3 (a)

(a) Two dimensional view of the (b) Three dimensional view of the
electric field distribution energy distribution

Fig. 3 The electric field distribution and the energy

distribution of the fundamental mode

direction is designated by the arrows and all the energy
is concentrated in the two cores.

The energy is largely concentrated in the dual-core
areas of the PCF, and others penetrate into the TiN to
excite the plasmonic mode and the energy of the guided-
core mode suffers from attenuation. It 1is very
important to get loss spectrum of the temperature
sensor. As various wavelengths of light are incident,
the attenuation constant of the fundamental mode is
calculated. When the phase matching is satisfied, the
energy of a guided-core mode is efficiently transferred
to plasmonic mode™*. A peak of the loss spectrum will
be formed at this wavelength. The attenuation constant
a is proportional to the imaginary part of the effective
index (n.,) according to the relation as follows

a=2k,Im[ n. ] 4)
where, k,=2x/Ais the free-space wave number of free
space. The optical fiber transmission loss ap. can be
expressed with the attenuation constant ¢ as "

al()gs:101ge ca (5)
From Egs. (4) and (5), the expression of the optical
fiber transmission loss is

Qo = 10lge © 2k, Im[ 1. ]=8. 686 « by Im[ 7. |

(dB/m) (6)

The imaginary part of the guided-core-mode
effective refractive index will change acutely due to the
plasmon resonance between the guided-core mode and
the plasmonic mode. Fig. 4 shows the calculated loss
spectra of the guided-core modes in the wavelength
range of 0.81~1.05 um when the RI of the liquid is
1.4. As shown in Fig. 4, the plasmonic excitation peak
located at the wavelength of 0. 92 pm is defined by an
increase in the guided-core mode propagation losses.
When the energy is transferred into the lossy plasmonic
mode, the losses of the guided-core mode increase
The electric field distribution of the
guided-core modes in one of the two index-guiding cores

7

dramatically.

Loss/(x10*dB-m™)

0.80 0.85 0.90 0.95 1.00 1.05
Wavelength/um

Fig. 4 Loss spectra of the SPR sensor when the refractive
index of the liquid is 1. 4 and the TiN thickness is
60 nm. Insets show the electric field distributions of

the guided-core modes
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(insets in Fig. 4) is clearly shown. At resonance

wavelengths ( phase-matching wavelengths ), the
energy of the guided-core modes is transmitted to that
of the plasmonic mode. Thus, it is obvious that there is
a peak of the loss spectrum at this wavelength. At
nonresonance wavelengths, most of the energy is
confined in the core area. The electric field
distributions of the two cores are identical.

The temperature sensitivity is

S,Inm/K]=AA,e./AT D)

The influence of the fiber geometry on the sensing
performance is shown in Figs. 5, 6 and 7. We choose
t,=50 nm and the refractive index of the liquid is 1. 39.
Fig. 5 shows the d,-dependent loss properties. With
the decrease of d,, the peak of loss spectrum becomes
more obvious because of the higher coupling efficiency

between the guided-core mode and plasmonic mode.

>
—e—d,=0375/

or %, —=d=054

5 N T d,=0.6254]

Loss/(x10'dB-m")

0.81 0.82 0.83 0.84 0.85 0.86
Wavelength/pum
Fig.5 Loss spectra of the SPR sensor with different
values of d,

Fig. 6 shows that d, is varied from 0. 65A to 0. 75A
while keeping all other structural parameters constant,
The increase of d, leads to a red shift of the resonance
wavelength. Furthermore, the loss value is increased at

the same wavelength with the increase of d,.

35F ' ' ' ]
P —a—d,=0.651
301 i —e—d,=0.74 |
~ —e— d,=0.754
g 25
o)
i)
= 20
<
2 15
=
1.0
=
0.5 . . . : : .
081 082 083 084 085 086 087 0.88
Wavelength/um
Fig. 6 Loss spectra of the SPR sensor with different

values of d,
Fig. 7 shows the A-dependent loss properties. It
shows that the peak of loss spectrum tend to be flat
with the increase of A. Furthermore, it is also seen

that the sensitivity for A=1. 6 pum is better than that

for the other A values.

35
3.0
=25
£
8 20
5
x 15
2 10
0.5
0 1 1 1 1 L
0.81 0.82 0.83 0.84 0.85 0.86
Wavelength/pm
Fig. 7 Loss spectra of the SPR sensor with different

values of A

For different TiN thicknesses, we calculated the
surface plasmon resonance wavelength variation within
the temperature range of —20C ~ 40°C. Fig. 8 shows
the change of resonance wavelength for the TiN
thicknesses of 40 nm, 50 nm, and 60 nm. We can find
that the plasmonic peak shifts to a longer wavelength
and displays a sharper variation slope when the

thickness of the TiN coating is increased.

1.2 T T T T T
—e— {=60nm
I —a— £=50nm |
(Bl —— (=40nm

Resonance wavelength/um

20 -10 0 10 20 30 40
Temperature/C

Fig. 8 Resonance wavelength versus temperature curves
with the TiN thicknesses of 40 nm, 50nm and 60 nm

As a set of ideal parameters,d, =0.8 ym, d, =
1.2 pm,d.=2 pm, A=1.6 pm and ¢, =60 nm are used
in the following calculations.

Fig. 9 shows the resonance wavelength variation of
the SPR sensor within an extended temperature range
of —20C ~ 140C. We can find that the drop of
temperature leads to a red shift of resonance
wavelength.

Compared with conventional plasma material such
as Au, TiN has better plasmonic performance in the
near-infrared region. In Fig. 9, the resonance
wavelengths of the TiN layer and Au layer of the same
thickness are compared within the same temperature
range. It is shown that the resonance wavelengths of
the two layers are different at the same temperature

due to their different dielectric constants.
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Resonance wavelength/um

—=— TiN |

0.7 . . . . .
-20 0 20 40 60 8 100 120 140
Temperature/C

Fig. 9 Resonance wavelength curves for the coatings of

TiN layer and Au layer with the same thickness
of 60 nm

Calculated by Eq. (7), the

corresponding

sensitivity curves are shown in Fig. 10. As seen in the

figure, sensitivity up to 6. 22 nm/K of the TiN film in

the temperature range of —19C ~ —1°C is achieved.

We can also conclude that the sensitivity of the TiN

layer is higher than that of Au layer in the extended

temperature range.

Sensitivity/(nm-K)

-20 0 20 40 60 80 100 120
Temperature/ C

Fig. 10  Sensitivity curves for the coatings of TiN layer

3

and Au layer with the same thickness of 60 nm

Conclusion

In this paper we have analyzed a surface plasmon

resonance temperature sensor based on PCF filled with

a liquid mixture with high thermo-optic coefficient.

The coupling efficiency between the guided-core mode

and the plasmonic mode is affected by the refractive

index or temperature of the infiltrated liquid mixture.

TiN in the proposed design exhibits superior plasmonic

performance than conventional noble metal Au in the

near-infrared region. The implementation of the PCF-

SPR sensor is quite simple, and a high temperature

sensitivity can be achieved.
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