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Abstract: A two-parameter sensor that can detect the variation of temperature and refractive index is realized in a multilayer
dielectric structure obeying parity-time (PT) symmetry. The sensor can operate near exceptional points (EPs), which have been
shown to provide dramatic variations of their eigenvalues in response to small parameter changes. The optical sensing behavior
is theoretically investigated based on the transfer matrix method. The results show that the sensor can work within the
surrounding temperature (#,) ranging from 0 to 30°C, and the refractive index (ng) of incident medium ranging from 1.0 to 1.4.

The minimum detectable variation Angmin of the sensor can reach 0.02. The sensitivity of n, and ¢, can reach 372496.53 RIU"!
and 249.18°C"!, respectively. Our structures show great promise in temperature monitoring in cold environment and identification

of chemical gases or liquids.
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1. Introduction

The paraxial approximation of the electromagnetic field
propagation equation and the Schrodinger equation are
similar in mathematical form, even though they have different
origins. This similarity provides a platform for studying PT
symmetry and non-Hermiticity in optical systems. It is known
that the non-Hermitian operators satisfying PT symmetry can
have real eigenvalue similar to Hermitian operators which is
first proposed by Bender et al [1-3]. The PT-symmetric non-
Hermitian systems have an exceptional point (EP). EP is
phase transition point between the PT-symmetric and the PT-
symmetric broken phase. The sensor operating near EP,
which have been shown to provide dramatic variations of
their eigenvalues in response to small parameter changes. The
peculiar optical phenomena near EP have important
applications in optical super-sensitive detector [4,5],
unidirectional reflectionless propagation [6], waveguide
transmission [7], gas sensing [8], particle and biological
sensing [9-12] etc. The application of EP phenomenon in PT
symmetry system in optical field has great development
prospects. However, it is difficult to adjust the sensitive
response range of previous optical sensors operating near EP.

Multiple small parameter changes cannot be measured neither.

Ref [13] proposed a two-parameter optical fiber sensor.
However, the miniaturization and integration of optical fiber
sensors cannot be well realized. Some sensors with good
performance and capable of measuring two-parameters have
been reported [14-16]. But the sensitive range of sensor
cannot be adjusted on demand, which is difficult to use in
different occasions of sensing.

In this work, a two-parameter sensor built in a multilayer
dielectric structure obeying PT symmetry is theoretically
investigated for realizing highly sensitive temperature and
refractive index detection. Transfer matrix method is used to
obtain the optical response of our structures. EP in PT system
can be realized by the adjustment of structure parameter. The
abrupt 2m phase transition is found to verify the existence of
the EP. The sensitive response range of the sensor can be
adjusted, so it can achieve high sensitivity in the specified
range of different parameters. Thus, the structure show great
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promise in temperature monitoring in cold environments and
identification of chemical gases or liquids.

2. Model and Method

PT-symmetric multilayer structure is constructed by using
low refractive index material (A layer), silicon film (B layer),
gain film (G layer), loss film (L layer), and
polydimethylsiloxane (PDMS) material (C layer) This
multilayer structure also be called a quasi photonic crystal.
The schematics of our structure is shown in Fig.1. It is worth
mentioning that the structure was not designed with a metal
film layer. Thus, the real part of the refractive index (RI) of
the system is a even function and the imaginary part of the RI
is an odd function, so the sensor is a strictly PT-symmetric
structure.
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Figure 1. Multilayer PT-symmetric sensor

For the layer A, B, C, G and L layers, the thicknesses and
RI of dielectrics are ds=112.07 nm, n4=0.45; dg=47.51 nm,
np=3.42; dc=114.63 nm and ds=d;=135.42 nm, ng=1.17-it
and n;=1.17+iz, respectively. It should be noticed that the RI
of C layer n. changes with the temperature(z,), meeting the
following formula [17]:
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where ¢, represents the surrounding temperature. The layer A
with low refractive index can be prepared from artificially
low refractive index metamaterials [19,20]. The reason for
using such a low RI layer is to narrow the linewidth of
transmission spectrum, which is beneficial to realize sensitive
sensing performance. What’s more, the G and L layers can be
prepared by polymethylhydrosiloxane (PMHS) material in
pratice[ 18].

By adjusting the gain and loss coefficient 7, the structure
can reach the PT symmetry and broken phase point (nearby
EP). The tiny changes of temperature (#,) and refractive index
of incident medium (ng) would lead to dramatic change of
transmission triggering the detection operation. By precise
tuning 7, the sensing sensitivity range of the sensor can change,
so its sensing sensitivity is adjusted as needed.

We use the transfer matrix method (TMM) [21,22] to
calculate the transmission or reflectance. The transmission
matrix of layer & can be written as:
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the refractive index, thickness and incident angle of each layer.
For TE and TM waves, ¢, is 1,;70,“ cosd, and
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and
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vacuum dielectric constant and vacuum permeability,
respectively.
The total matrix M (with elements m1, mi2, m21, mxn)of
dielectric multilayer can be expressed by the multiplication of
matrix M; of each layer:

respectively, where represent
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Then the reflection coefficient » and transmission
coefficient ¢ can be expressed as:
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where ¢, and ¢., represent the coupling parameters of
the covering layer and the structural layer. Therefore,
reflectivity and transmittance can be expressed as R =|r|2

2

and T’ =24
9
The transmission spectrum of the sensor (Fig. 2) is

simulated by TMM and finite element method (FEM), and the
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results are nearly consistent, which indicates the reliability of
the TMM calculation method. Two transmission peaks are
found, which originate from the resonance frequency in the
two weak cavities ABG and LBA (see the RI difference
between layer A, B, G, L). The peak transmission value is
7=0.93 (527.91 nm) and 7=0.89 (715.60 nm) and the full
width at half maximum (FWHM) of two peaks are 7.18 nm
and 17.36 nm, respectively.
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Figure 2. Transmission spectrum of the sensor.

In Fig. 3, the dependence of transmission spectra on 7 is
presented. When 7=0.053 (nearby EP), there is a stronger
enhancement of the maximum of the transmission peak. The
peculiar phenomenon can be explained by the enhancement
of pole effect by EP [23]. Perturbation of the sensor by the
external environment can affect the transmission value as well
as the position of the peak (see next section).
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Figure 3. Transmission spectra of sensors with different z.

3. Results and Analysis

To verify the presence of EP, the phase change at some
particular 7 is extracted [24,25]. The phase angles @, of

transmission coefficients ¢ is calculated by TMM. As shown



in Fig. 4(a), when 7 equals to 0.00 or 0.02, ¢, does not show
negative to positive phase shift (or vice versa). With the
increase of 7, the slope of ¢, increases. Fig. 4 (b) shows that

when 7 equals to 0.053, @, jumps from plus n/2 to minus /2
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near 716 nm abruptly. Fig.4 (c¢) indicates that when 7 deviates
from 0.053, the phase ¢, change becomes gentler. Further

increasing 7, the positive to negative phase transition (or vice
versa) vanishes as shown Fig. 4(d). So, the sensor works near
the EP (7=0.053) can reach a high sensitivity

90 {—=— 7=0.040
60 ! e =0.050
——7=0.053

30
s 0
-30-
_60. /”.‘ﬂ-".“
904 (b) L""‘...
10 712 714 716 718 720
A (nm)
904 (@
601
S 30
0 ——7=0.120
——7=0.140
-30 T T r .
710 712 714 716 718 720
A (nm)

Figure 4. Phase angle ¢, of transmission coefficient on wavelength for different z.

The small changes lead to significant shifts in the
transmission spectrum of the sensor. So, the sensing
sensitivity of ng and ¢, are defined as follows [26]:

5= AL
At, (6)
AT

S2 = — o ’ (7)
Ang
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where ATy, At,, Ang are the change of the maximum value
of transmission, the change of the temperature of layer C and
the change of the refractive index of the incident medium.

The dependence of transmission on #, from 0 to
100°C(n, =1.0) is shown in Fig. 5 (a). From 0 to 100°C, the

shift of peak wavelength d/ is about 0.34 nm for A, equaling
to 20°C. Ranging from 0 °C to 100 °C, AT, reaches the
maximum. As shown in Fig. 6 (a), the sensor sensitivity (S;)
could reach the maximum 249.18 °C! when #,=2 °C and
ng=1.0. For #, =30 °C, S, decreases to 32.37 °C"!. The sensor
can be effectively applied to temperature monitoring in cold
environments.
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Figure 5. (a) When ng=1, the transmission spectra of the structure at different temperatures. Dependence of transmission

spectra of the structure on incident media at 25°C (b), 10°C (c) and 2°C (d).

The sensor also exhibits a stronger response when changing
different incident media. Dependence of transmission 1g(7)
on ng when temperature 7,=25°C, 10°C and 2°C is shown in
Fig.5 (b), (¢), (d), respectively. When n, ranging from 0.95 to
1.40, S, can reach the maximum 13287.25 RIU™! on 7,=0.98

(Fig. 6(b)). Besides, the structure distinguishes the minimum
refractive index difference of incident media is Ang min = 0.02
(see Fig. 6(a)). So, the sensor can be effectively applied in
sensing chemical gas or liquid species at low concentrations.
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Figure 6. (2) For n,=1.0, the dependence of S; on #,. (b) For #,=10°C, the dependence of S, on .

The contour of -AT,,/An, and -AT,/At, on t, and n, when
unchanging #, while varying n, (ranging from 1.0-3.0 in steps
of 0.2) and unchanging n, while varying ¢, (ranging from 0°C
to 100°C in steps of 10°C) is shown in Fig. 7(a) and (b),

respectively. Contrasting the parameter space of ¢, and ng, S>
can reach 372496.53 RIU"! on £,=0°C. The sensor shows
strong sensing performance for the ¢, ranging from 0°C to
30°C andn, ranging from 1.0 to 1.4. Besides, the shift of the
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transmission peak starts from 1 = 716.00 nm (in Fig. 5),
which is the existence of the EP. By adjusting 7 to change the

Fig.7 (a)

status of the sensor (such as near EP or away from EP) and
thus tune the sensitive sensing range of the sensor.

le-47, /A m,

Fig.7 (a)

Figure 7. The parameter space of £, and g with respect to sensitivity 1g(-AT,,/Ang). (b) The parameter space of ¢, and ng with
respect to sensitivity 1g(-AT,/Aty).

At last, the possible fabrication methods of the sensors are
briefly discussed. As a multilayer structure, this sensor can be
fabricated easily by layer deposition process such as vapor
deposition [27] or sputtering [28], avoiding the need for
complicated and costly nanofabrication. The G and L layers
can be prepared by PMHS material in practice[18].

4. Conclusion

A two-parameter sensor that can detect the variation of
temperature and refractive index is realized in a multilayer
dielectric structure obeying PT symmetry. The minimum
detectable variation Angmin of the sensor can reach 0.02.
Refractive index sensitivity S» can reach 372496.53 RIU"! by
contrasting the parameter space of #, and n,. The sensor
working near the EP (=0.053) can reach a high sensitivity.
By adjusting z, we can tune the sensitive sensing range of the
sensor. Additionally, the sensor can be fabricated easily by
layer deposition process such as vapor deposition [27] or
sputtering [28]. And it is suitable for temperature monitoring
in cold environment and identification of chemical gases or
liquids.
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