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Abstract: To realize the design of a medical sensor with excellent comprehensive performance
indexes, herein, a plasma concentration sensing model satisfying the Parity-Time (PT) symmetric
condition is proposed. In this paper, the transfer matrix method was used to simulate the transmit-
tance spectrum of the structure, according to the amplification effect on defect mode transmission
and various detection performance indexes of the structure. We numerically optimized the
parameters of the structure, such as the number of PT-symmetry unit cell N, the sample layer
thickness dp as well as the macroscopic Lorentz oscillation intensity « in the PT-symmetry unit
cell. The calculation results demonstrate that when the sample concentration changes from 0 g/L
to 50 g/L, the wavelength of defect peak shifts from 1538 nm to 1561 nm, and the average quality
factor, sensitivity, average figure of merit, average detection limit and average resolution of the
structure can reach 78,564, 0.4409 nm/(g/L) (or 227.05 nm/RIU), 11,515 RIU !, 5.1 x 10~ ® RIU
and 0.038 g/L, respectively. Not only the sensitivity and resolution of the PT-symmetry structure
are better than that of the similar sensors, but it also has excellent comprehensive detection
performance, which indicates that the developed sensor can be used in high-precision biomedical
detection devices.

Keywords: photonic crystal sensors; parity-time symmetry; transfer matrix method; amplification
effect

1. Introduction

Compared with traditional sensors, optical sensors can accurately detect signal
changes in a variety of complex environments due to the tiny size, high accuracy and
strong anti-interference ability, which can be extensively used in many fields such as
medicine, national defense, industrial as well as agricultural production [1-7]. In recent
years, researchers have introduced sensitive medium layers into the structure or placed the
detection sample as a medium layer in the photonic crystal structure. Different types of
photonic crystal sensors have been designed based on the theory of photonic crystal [8-12].

One-dimensional photonic crystal (1D-PC) sensors, compared with 2D-PC and
3D-PC sensors, have ultracompact structure, low cost and are sensitive to the change in
the refractive index of the defect layer, which has exceptional advantages to achieve
the rapid response of the transmittance and reflectance spectrum. Different kinds of
high-performance sensor devices were designed utilizing a 1D-PC sensing mechanism.
Arafah et al. proposed [13] a novel bio-sensing 1D-PC with analytes as the defect layer,
obtaining detection methods for different types of cancer cells based on the changes in
transmittance and reflectance spectra with the refractive index of analytes. Ramanujam
et al. placed the nanocomposite layer on one side of the cavity layer; the detection
sensitivity of 42 nm/RIU~43 nm/RIU was performed by comparing the transmittance
peak of cancer cells with that of normal cells [14]. Recently, Jiong et al. realized
the detection of the number of Escherichia coli according to the volume fraction of
Escherichia coli in different analytes by detecting the offset of the resonance wavelength
of 1D-PC [15]. However, the above type of sensing structure has no amplification effect
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on the working light wave. Therefore, the transmittance of the defect mode in the
photonic forbidden band generally exhibits less than 1. The small transmittance has
been demonstrated to greatly affect the practical detection accuracy and reliability of
such structures and put forward strict requirements for the spectral detection device.
Additionally, the research on the existing medical sensors only considers the sensitivity
of the structure or the quality factor and other unilateral performance indicators in most
cases, and does not consider the comprehensive performance of the whole structure,
which highly affects the actual detection.

Analogue to the Parity-Time (PT) symmetry theory in quantum mechanics, when the
refractive index of the gain-loss dielectric layer in the optical structure satisfies the even
symmetry of the real part and the odd symmetry of the imaginary part, the structure will
satisfy the PT-symmetry condition [16]. Under this condition, novel optical transmission
modes will be produced [17-19].

Inspired by this, in view of the performance deficiencies of the above biomedical
sensing structures, a PT-symmetry concentration detection structure was designed, which
takes a blood sample microcavity as a detection layer. The high-sensitivity and high-
resolution blood detection sensing model was obtained by fine PT-symmetry microcavity
design and detailed parameter analysis and optimization. Its performance indicators are
superior to similar sensors [13,14,20]. Moreover, due to the defect mode amplification effect
produced by the PT-symmetry structure, our sensor model has excellent comprehensive
detection performance. Based on the sensor model, a medical sensor with high sensitivity
and excellent performance can be designed and manufactured. Furthermore, according to
its sensing mechanism, it can provide a wider range of applications.

2. Model Design and Theoretical Calculation

Figure 1a shows the proposed PT symmetry microcavity structure that can be ex-
pressed as (ACB)ND(BCA)N. Where A and B identify the loss and gain medium layer,
respectively, C represents the matching medium layer, D represents the plasma blood sam-
ple layer and N represents the unit cell number of the unilateral Bragg reflectance structure.
When the thickness of the A and B layers is equal and the effective refractive index agree
with the even symmetry of the real part and the odd symmetry of the imaginary part, the
whole structure satisfies the PT-symmetry condition. Under the external pump, the doped
quantum dots in the gain medium layer absorb energy by energy level transition. When
the structure thoroughly meets the coupling resonance conditions at a specific frequency
point, the pump energy will convert into electromagnetic energy of the transmitted light,
realizing the amplification of the transmittance.

In the actual blood plasma concentration detection, the optical signal generated by the
laser is vertically incident from one end of the structure (as shown in Figure 1b) and the
output optical signal at the other end of the structure can be detected by a spectral analyzer.
Based on the wavelength information of the output signal, we can realize the detection of
blood plasma concentration.

The loss dielectric layer (A layer) and gain dielectric layer (B layer) can be constructed
by doping quantum dots in common substrate materials. The refractive index of A and B
layers can be quantitatively described by the Lorentz model [21]:

1
DCCL)Z 2
naB) = (80 + 20> @
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where ) (= 1.5) is the dielectric constant of the substrate, 7 (= 2.5 x 10'* s71) is the damping
coefficient, wy (= 1.216 x 101 s71) is the resonant angular frequency, which correspond to
the center wavelength of A (= 1550 nm), w is the incident light wave angle frequency and «
is the macroscopic Lorentz oscillation intensity. It reflects the relationship between system
gain, doped quantum dot concentration and excited quantum dot distribution [22]. To make
the structure satisfy the PT-symmetry condition, the absolute value of the macroscopic
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Lorentz oscillation intensity « in the A layer is required to be equal to that in the B layer;
the & symbol represents the gain and the loss. Its value affects the performance of the
sensor, as discussed in Section 3.2.

(a) (ACB)N (BCAW

Transmitted
light

. Loss Dielectric Gain Dielectric |:| Matching Dielectric . Blood Sample

(b) Spectral Analyzer

Main Structure

Pump Light

Figure 1. Structure model of PT-symmetry blood sensor. (a) Structure model of PT-symmetric blood
sensor; (b) Schematic diagram of blood detection.

For the sample layer D, when the blood plasma components in the sample change,
the blood plasma concentration will also change accordingly, which will then lead to the
refractive index of the sample layer to change. The corresponding relationship between
the sample refractive index and the blood plasma concentration is calculated with the
following formula [20]:

np = 1.32459 + 0.001942C, 2)

where Cp, represents blood plasma concentration in blood with unit of g/L. When it comes
to the practical measurement, its range is from 0 g/L to 50 g/L. In this calculation, the
plasma concentration Cp, studied varies from 0 g/L to 50 g/L in steps of 10 g/L, and the
corresponding refractive index np ranges from 1.32459 to 1.42169.

Based on the system of Maxwell equations, the relationship between adjacent space
fields can be calculated by the transfer matrix method (TMM). If selecting the normal
incidence of TE wave as the working light, the transfer matrix of the ith monolayer can be
defined by the following matrix [23]:

. _Jsing:
M, = 'cos .(5, 77 sin d; 3)
—jnisiné; cos 9;
where 1; = % - n; is the impedance of the ith dielectric layer, §; = —% - n; - d; is the phase

shift, d; represents the thickness of the ith dielectric layer, j = /—1 is the imaginary unit,
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g9 and g represent the vacuum dielectric constant and vacuum magnetic conductivity,
respectively, and ¢ and w represent the speed of light in vacuum and incident light angle
frequency, respectively. For the designed microcavity structure with 2N + 1 layer medium,
it can be regarded as a cascade of 2N + 1 transmittance matrices. When light is transmitted
in the layered structure, its transmittance equation Mpt and transmittance coefficient fpr,
as well as transmittance Tpr can be expressed by the following formulas:

N N 2 mip mip
Mot = (MMM M (MaMcMa)* = T M= | 00 72 |
i—1
210
tpr = 5)
P8 (g + magim) o + (mag + mooiy)
Tpr = tpr X tpr (6)

in which 7 and 71 represent the impedance of the incident medium and the exit medium,
respectively. For the structure designed in this paper, the incident medium and the exit
medium are both air.

3. Results and Discussion

In the case of the structural model described in Section 2, initially, the TE wave is
selected as the incident light wave in calculation, and the macroscopic Lorentz oscillation
intensity is set as « = 2.3 x 10~%. The ZnO; dielectric is selected and used as the matching
layer C, its refractive index is nc = 2; the number of structural unit cells is N = 5. Other
structural parameters are the same as given in Section 2. In order to effectively utilize
the amplification effect of the structure, the photonic forbidden band is symmetrically
distributed about the central wavelength Ay = 1550 nm and the initial thickness of each
dielectric layer is adjusted as ds = dg = 1108 nm, d¢ = 967.3 nm and dp = 2dc, respectively.

Based on the above parameters, Figure 2 plots the corresponding transmittance spec-
trum of the structure when the blood plasma concentration changes from 0 g/L to 50 g/L
in steps of 10 g/L. It can be seen from Figure 2 that there is a complete forbidden band
in the wavelength range of 1500-1600 nm. The increasing blood plasma concentration
causes the whole forbidden band to slightly shift to regions of longer waves while the
forbidden band width basically remained unchanged. Consequently, the central position
of the forbidden band is still close to the central wavelength Ay = 1550 nm. For the whole
PT-symmetry structure, the plasma blood sample layer is equivalent to the defect cavity
of the structure, so that the corresponding defect mode (transmittance peak) will come
into being in the transmittance band gap of the structure. Surprisingly, we have noticed in
this figure that, different from the defect mode of the general photonic crystal structure,
the transmittance of the defect mode in the forbidden band is greater than 1. Meanwhile,
when the blood plasma concentration changes from 0 g/L to 50 g/L, the position of the
transmittance peak in the forbidden band changes from 1529 nm to 1550 nm, and the
amplification effect of the structure on the working light wave is gradually increases with
the red shift of the transmittance peak. This is predominantly dependent on the strong
coupling resonance effect between the PT-symmetry unit and the microcavity, the structure
converts pumped energy from the outside into electromagnetic energy of incident light,
and thus, the transmittance of defect mode is amplified. In combination with Equation (1),
when the working light wavelength is equal to the central wavelength, the refractive index
of AB layer accords strictly with the PT-symmetry condition, and the coupling resonance
effect of the structure is the strongest. Therefore, the amplification effect of the structure on
the working light wave is most obvious at the center wavelength of the forbidden band.

For improving the amplification effect of the structure on the working light wave and
enhancing its detection performance in the whole blood plasma concentration range, it is
essential to accurately optimize and calibrate the geometric parameters of the structure
and material properties of the PT-symmetry dielectric layer. The following analysis focuses
on the optimization process of parameters such as unit cell number N of the PT-symmetry
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structure and the thickness of the plasma blood sample layer dp, as well as the influence
of macroscopic Lorentz oscillation intensity o in the PT-symmetry dielectric layer on the
detection performance.

2.5 ; . . - . .

Transmittance

iy
1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

Figure 2. Transmittance spectra of (ACB)ND(BCA)N at different blood plasma concentrations.

3.1. Optimization of Unit Cell Number N of PT-Symmetry Structure and Sample Layer Thickness dp

According to the above analysis, the amplification effect of the structure on the incident
light is caused by the PT-symmetry unit. Hence, we need to investigate the influence of the
unit cell number N on the amplification effect of the defect mode. Initially, maintaining
the other structural parameters as fixed, in Figure 3, the transmittance spectrum at blood
plasma concentration of 50 g/L for the structure (ACB)ND(BCA)N is shown with the four
unit cell values given: N =5, 6, 7 and 8. Since the unit cell number N has a significant
difference in the influence on the transmittance, here, logarithmic transformation, with dB
as the unit, is taken for the transmittance during calculation. The transformation relation
can be written as: T(dB) = 101gT.

20- _ T T T T T I_ _N=5-
Cp 50 g/L N
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Figure 3. Calculated transmittance spectrum with different unit cell number N.

As shown in Figure 3, when the blood plasma concentration remains unchanged, the
inhibition of the structure on the incident light in the forbidden band will gradually fortify
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with the increase in N, while the transmittance of the defect mode nonmonotonous change.
When N =5, 6, 7 and 8, the transmittance is 3.532 dB, 19.86 dB, —2.962 dB and —14.69 dB,
respectively. It can be seen that the transmittance of the defect mode is largest when N = 6.
This indicates that the structure has the strongest amplification effect on the transmittance
of defect mode in the center of the forbidden gap. In order to further study the influence of
unit cell number N of PT-symmetry structure on the transmittance of defect mode in the
whole blood plasma concentration range, we calculated the transmittance of defect mode of
the structure (ACB)ND(BCA)N in different unit cells with the blood plasma concentration
changing from 0 g/L to 50 g/L (taking 10 g/L as a step). The calculation results are shown
in Figure 4.

35k ' ' - - b
(@ 2ol ® '
) =)
2 2
7] <5}
= 3 9 15
£ s
E £
g g 10
© ©
B 2.5 =
1V=5 ' 1\}=6
1530 1535 1540 1545 1550 1530 1535 1540 1545 1550
Wavelength (nm) Wavelength (nm)
10
() N=7
L
=) =)
2 2
g 5 g
= =1
£ £
g £
[} 2]
= =1
& Of s
=~ =~
p
" " i i i i i i '
1530 1535 1540 1545 1550 1530 1535 1540 1545 1550
Wavelength (nm) Wavelength (nm)

Figure 4. Effect of PT-symmetry unit cell on defect mode transmittance at different blood plasma
concentrations. (a) N =5; (b) N=6; (c) N=7;(d) N =8.

As shown in Figure 4, with the increase in blood plasma concentration, the position of
defect mode is undergoing an obvious red shift. When N =5 and 6, the transmittance of
defect mode increases with the increase in plasma concentration. On the contrary, when
N =7 and 8, the transmittance of defect mode decreased with the increase in blood plasma
concentration. Changing the unit cell number N does not affect the position of defect
mode in the case of the same blood plasma concentration, but significantly affects the
amplification effect of structure on the transmittance of the defect mode. As the unit cell
number N increases from 5 to 8, the transmittance of defect mode firstly increases and
then decreases, and reaches the maximum at the same blood plasma concentration when
N = 6. This is because the group velocity of the working light wave in the gain layer (B
layer) is lower than that in the loss layer (B layer) when N = 6. The photon travels in the
gain layer for a relatively longer time, which leaves the energy of the pumped light source
more converted into the electromagnetic energy of the working light through the gain
layer; accordingly, the structure exhibits an amplification effect. In order to reasonably
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take advantage of this amplification effect to improve the detection performance of the
structure, we select N = 6 as the final optimization result.

In order to ensure the amplification effect of the structure on the transmittance is a
suitable match to the whole blood plasma concentration range, so as to avoid affecting
the detection performance of the structure due to the small transmittance in the low
concentration range, the thickness of the sample layer has been exactly adjusted. When
the blood plasma concentration changes from 0 g/L to 50 g/L, the frequency shift range
of the transmittance peak can be symmetric with the central wavelength of the forbidden
band. Considering that the transmittance peak position is observed in a linear relation with
blood plasma concentration. Initially, Cp = 25 g/L will be set, the thickness increment Adp
of the sample layer increases successively from 0 nm with an interval of 10 nm, and the
transmittance spectra of structures under different Adp are calculated. Figure 5 reveals the
variation law of the defect mode position and transmittance along with Adp according to
the calculation.

25 . . 1560
-e- Transmission
& Wavelength
mn —~
CA 1| Do >, (R 1550 &
p ! =1550 nm &
Q 1
: 5 %
2 | 3
£ 15 | 11540 ¢
= | 2
i AdD=63 nm
10 . : L : 1530
0 20 40 60 80 100 120
Adp (nm) -

Figure 5. Variation curve of defect mode position and transmittance with the increment of sample
layer thickness.

As shown in Figure 5, when Adp increased from 0 nm to 63 nm, the position of
defect mode moves towards the long-wave direction and the transmittance increases
gradually, and the transmittance peak is located at the wavelength of 1550 nm when
Adp = 63 nm. Meanwhile, we can readily observe the transmittance of defect mode
reaches the maximum when its position is at the strongest coupling point, which
corresponds to the position shown by the dotted line in Figure 5. For Adp greater
than 63 nm, we detect that the transmittance of defect mode decreases accordingly.
Therefore, we take the sample increment Adp = 63 nm as the final optimization result
and determine the sample layer thickness dp = 1999 nm.

3.2. Detection Mechanism of Blood Plasma Concentration and Analysis of the Structural Performance

Based on the above optimized structural parameters, the transmittance spectrum
of the structure at different blood plasma concentration has been calculated. We chose
the blood plasma concentration point from 0 g/L to 50 g/L and separated by 10 g/L.
The calculation results are shown in Figure 6a. In Figure 6a, we observe the obvious
red shift of the transmittance peak motivated by defect mode with the increase in blood
plasma concentration. It moves from 1539 nm corresponding, to 0 g/L, and to 1561 nm,
corresponding to 50 g/L. Meanwhile, a change in the magnitude of the transmittance
peak varies depending on blood plasma concentration. When blood plasma concentration
is located in the center of the interval, the PT-symmetry structure results in the signif-
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icant amplification of the transmittance of defect mode. When the value of the blood
plasma concentration moved from the center of the interval to the high or low concen-
tration interval, the transmittance decreases gradually, and the red shift interval of the
whole transmittance peak is distributed symmetrically around the strong coupling point
(Ap = 1550 nm). In order to facilitate the detection of sample concentration by the position
of defect mode, the fitting curve between sample concentration and the position of defect
mode is presented in Figure 6. Referring to the calculation results in Figure 6b, the fitting
function can be obtained as:

A= 0.4409Cp + 1539; (R? = 0.9999) @)

where Cp, and A are the values of applied blood plasma concentration and transmittance
peak position. From Figure 6b, it can be seen that there is a good linear relationship between
sample concentration and defect mode position, with a high correlation coefficient up
to 0.9999.
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Figure 6. (a) Transmittance spectrum and (b) linear fitting between defect pattern position and blood
plasma concentration of the optimized structure at different blood plasma concentrations.

The sensitivity of the structure can be expressed as the ratio of the wavelength shift
amount A\ to the sample concentration variation amount AC,, or the ratio of the wave-
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length shift amount AA to the sample refractive index variation amount An, which is
defined using the expression [24]:

S= A—Cp orS = A (8)

Since there is a linear relationship between the sample concentration and shift of
the defect mode, the slope of Equation (7)’s fitting line can be regarded as the detection
sensitivity of the structure in the whole blood plasma concentration range according to
the definition of sensitivity. The calculation result shows that the detection sensitivity
of the structure can reach 0.4409 nm/(g/L) (or 227.05 nm/RIU). Therefore, based on the
good linear relationship between sample concentration and defect mode position and the
high detection sensitivity of the structure, the blood plasma concentration value of the
corresponding sample layer can be calculated by detecting the transmittance peak position
with Equation (7), so as to realize the detection of the physicochemical properties of plasma
blood samples.

In the actual detection, the performance and the efficiency of the sensor is often
evaluated by comparing and analyzing multiple indexes, such as the quality factor (Q), the
figure of merit (FOM) and detection limit (DL) of the structure. Therefore, according to
the calculation results, multiple indexes should be considered to optimize the structural
parameters. The quality factor Q is inversely proportional to loss of energy value and
directly proportional to stored energy inside the cavity, the greater the Q value is, the
more obvious the localization of defect mode is; therefore, a sensor has high Q values that
demonstrate that the proposed sensor has very high accuracy because the defect mode has
a highly narrow bandwidth [13]. The Q is expressed by the ratio of transmittance peak
position A to the full width at half maximum (FWHM) and can be calculated according to
the following equation [25]:

A
Q= FWHM ©)

The ratio between the sensitivity (S) and the FWHM is referred to as the figure of

merit (FOM), which is obtained by:

S 5-Q
FWHM ~ A

FOM = (10)
FOM is proportional to the product of S and Q. The larger the FOM value is, the better

the detection performance of the sensor is. The DL is inversely proportional to S and Q,

according to [26]:

A

©20-5-Q

The detection limit indicates the smallest detectable refractive index change, it can be
seen from Equations (9) and (10) that DL is inversely proportional to FOM. Therefore, the
larger the FOM value is, the smaller the detection limit (DL) of the structure is. Meanwhile,
combining Equations (9) and (10), (11) can be expressed as:

DL (11)

FWHM
DL =
20-S

(12)

When the transmission peak produces a small displacement, the FWHM of the trans-
mission peak can be considered to remain unchanged. Therefore, it can be seen from
Equation (12) that DL-S is a fixed value, detection limit (DL) and sensitivity (S) show a
trade-off relationship. The smaller the DL of the sensor, the smaller the refractive index
change of the detectable blood sample, and the higher the sensitivity S. The simulation
results show that adjusting the value of macroscopic Lorentz oscillation intensity a will
affect the amplification effect of the structure, change the half-width of the defect mode
transmittance peak and then have a great influence on the structure detection performance.
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The following section concentrates on the influence of « value on the quality factor, figure
of merit and resolution of the structure.

Other structural parameters remain constant, and the blood plasma concentration is set
as Cp = 25 g/L to calculate the transmittance of the structure with « value increasing from
2.3 x 107*t0 2.9 x 10~*in steps of 0.1 x 10~*. The 3D plot of the transmittance spectrum
is shown in Figure 7, where the position of transmittance peak remains unchanged, while
the transmittance shows a tendency to increase first and then decrease with the increscent
of a values. When & values range from 2.5 x 10~* to 2.7 x 10~4, the amplification effect
of structure is most obvious at the same blood plasma concentration. Since adjusting the
value of « exclusively changes the gain and loss level of the AB layer and does not affect
the position of the transmittance peak in the forbidden band, the value of « does not affect
the concentration detection using the fitting result of Equation (7).

C,=25 /L

B
(@]
/]

N
o
L

Transmittance (dB)

29

%107

Wavelength (nm) 1500 24

2.3

Figure 7. Three-dimensional plot of the transmittance spectra with different values of .

It can be seen from Equations (9) and (10) that the full width at half maximum
FWHM of the transmittance peak affects the quality factor and the figure of merit of the
structure, while the FWHM is related to the amplification effect of the structure on the
working light, and its value also affects the resolution of the structure. In order to better
analyze the influence of a value on the overall detection performance when the blood
plasma concentration is detected within the whole range, we calculated the transmittance
spectrum at different blood plasma concentrations. When the blood plasma concentrations
increase from 0 g/L to 50 g/L, based on Figure 7, we take the average FWHM of the defect
mode transmittance peak as a reference factor for analysis. In Figure 8a, we present the
variation curve of the average FWHM of the defect mode with a. Considering that the «
value is limited by the actual doping process, the a is accurate to 10~° in the calculation.

As can be seen from Figure 8a, the decrease in the average FWHM value of the
transmittance peak occurred when a increases from 2.3 x 10~ to 2.55 x 107%, and the
minimum value of the average FWHM reaches 0.0238 nm when a = 2.55 x 107%. As «
continues to increase from 2.55 x 107# t0 2.9 x 1074, the average FWHM value increases
gradually. In order to further analyze the performance of the structure, we calculate the
quality factor and the figure of merit FOM of the structure at different blood plasma
concentrations with the same « value, and take the average quality factor and the figure
of merit as the detection performance of the structure under the same « value. Figure 8b
represents the variation curve of the average quality factor and average figure of merit of
the structure with a. It can be seen that when a = 2.55 x 10~4, the average quality factor
and the average figure of merit of the structure are the maximum, reaching 78,564 and
11,515 RTU~!, respectively. Therefore, the optimal value of a is 2.55 x 1074
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Figure 8. Effect of « on the full width at half maximum of transmittance peak and detection perfor-
mance. (a) The average full width at half maximum varying with «; (b) the variation curve of the
average quality factor and the average figure of merit varying with a.

For expressing the detection performance parameters of PT-symmetry microcavity
structure at « = 2.55 x 10~* clearly, the data in Figure 8 are extracted. Table 1 shows
the full width at half maximum FWHM, quality factor Q and figure of merit FOM
at different blood plasma concentrations when a = 2.55 x 10~%; at the same time,
Equation (11) is used to calculate the detection limit of the structure at different blood
plasma concentrations, the calculation results are listed in Table 1.We have noticed that
when the blood plasma concentration is located in the center of the whole interval,
the structure shows a compelling detection performance. By contrast, the detection
performance decreases in the high and low concentration range. For the whole blood
plasma concentration range, the minimum Q, the minimum FOM and the maximum
DL of the structure also reaches 22,300, 3244 RIU~! and 12.6 x 10~° RIU, respectively.
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Table 1. The detection performance parameters of PT-symmetry microcavity structure at different
blood plasma concentrations (« = 2.55 x 10~4).

Cp/(g/L) FWHM/nm 0 FOM/RIU-1 DL/RIU
0 0.03 51,300 7568 54 x 107°
10 0.025 61,720 9082 45 x 10~°
20 0.01 154,800 22,705 1.8 x 10¢
30 0.015 103,466 15,137 2.7 x 107°
40 0.02 77,800 11,353 3.6 x 1076
50 0.07 22,300 3244 12.6 x 10~°

Average 0.0238 78,564 11,515 51 x 10°¢

Resolution is another indicator of the structural performance, which can be described
as the minimal detectable blood plasma concentration; the smaller the value, the better
the detection performance of the structure. In this paper, the position of the transmittance
peak is used for concentration detection, so the resolution can be derived according to
the change in blood plasma concentration and the displacement of the transmittance
peak. The shift in the defect mode position occurs when the blood plasma concentration
changes. For practical detection, the displacement interval of the transmittance peak
should be greater than the full width at half maximum of the transmittance peak. As can
be seen in the displacement of the transmittance peak of Figure 9a, when C, =0 g/L and
0.05 g/L, the interval between the two peaks is 0.0212 nm, which is exactly equal to the
full width at half maximum, so the resolution of the structure at 0 g/L is 0.05 g/L. This
method can be exploited to measure the structure resolution at different blood plasma
concentrations. Since the mean full width at half maximum reaches the minimum value at
a =255 x 1074, and the blood plasma concentration has a good linear relationship with the
position of transmittance peak, therefore, the structure had the best resolution in the whole
concentration range. According to the relationship between blood plasma concentration
and transmittance peak, we plot the resolution of the structure in different blood plasma
concentration in Figure 9b. The values are measured based on the thickness of sample layer
dp =1999 nm, a = 2.55 x 10~% and N = 6. It can be seen that the resolution of the structure
varies from 0.006 g/L to 0.057 g/L in the whole range of blood plasma concentrations.
When the blood plasma concentration is between 15 g/L and 25 g/L, the resolution value
is relatively small, and the structure detection performance is more remarkable. In the high
and low concentration ranges, the resolution is basically maintained at 0.05 g/L, and the
average resolution is up to 0.038 g/L for the whole blood plasma concentration range.

Regarding the sensor structure proposed in the literature [20], the maximum detection
sensitivity is only 45.06 nm/RIU in the whole blood plasma concentration range, and the
full width at half maximum FWHM of the transmittance peak is wider than the frequency
shift of the transmittance peak position in the whole blood plasma concentration range,
which results in the quality factor, figure of merit and resolution of the structure extremely
small. As for the sensor for serum tissue detection proposed in literature [27], although the
sensitivity of the structure can reach 6857.89 nm/RIU, the transmittance of the defect mode
is lower than 0.4, and the FWHM of the transmittance peak is relatively large, which not
only affects the practical application of the structure, but also is not conducive to the signal
processing of the detection equipment.

Table 2 shows the optimized structural parameters and the performance of the struc-
ture in blood plasma concentration detection. By adjusting and optimizing the plasma
blood sample layer dp =1999 nm, the cycle of PT-symmetry unit N = 6, and the macro-
scopic Lorentz oscillation intensity a = 2.55 x 104, under these conditions, the structure
is used to detect the plasma blood samples with blood plasma concentration from 0 g/L
to 50 g/L. Its sensitivity, average quality factor, average figure of merit, average detection
limit and average resolution are 0.4409 nm/(g/L) (or 227.05 nm/RIU), 78,564, 11,515 RIU T,
5.1 x 107° RIU and 0.038 g/L, respectively. Compared with other research on biomedical
sensors, the detection performance of the structure is comprehensively analyzed in this pa-
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per, and each performance index is improved synchronously. The reported results indicate
that the structure has potential application value in blood detection.
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Figure 9. Structure resolution. (a) Calculation of structural resolution by peak interval; (b) resolution of the structure in

detecting different blood plasma concentrations.

Table 2. Optimized parameters and detection performance of the structure (ACBYND(BCA)N.

Structure Parameters Performance Indexes

Average
Thickness N « S Q FOM DL Resolu-
tion
da =dg =1108 nm 0.4409 nm/(g/L)
dc =968 nm 6 255x10°* or 78,564 11,515 RIU~! 5.1 x 1076 RIU 0.038 g/L
dp =1999 nm 227.05 nm/RIU

4. Conclusions

On account of the PT-symmetry theory, a novel medical detection model (ACB)ND-
(BCA)N is developed in this paper. The plasma blood sample is embedded in the
PT-symmetry layered structure to pattern a resonant microcavity. The blood plasma
concentration can be detected against the position of defect mode in the forbidden
band. Owing to the PT-symmetry condition, the transmittance of the defect mode is
amplified by the structure, which is not only more conducive to the signal collection of
detection equipment but can also significantly improve the detection performance of
the structure on blood plasma concentration. Through the optimization design of the
structure—when the plasma blood sample layer dp = 1999 nm, the unit cell number
N = 6 and the macroscopic Lorentz oscillation intensity a = 2.55 x 10~*—we find that the
detection sensitivity of the structure can reach 0.4409 nm/(g/L) (or 227.05 nm/RIU) for
the plasma blood samples with concentration from 0 g/L to 50 g/L, and the linear fitting
coefficient can reach 0.9999. The average quality factor, average figure of merit, average
detection limit and average resolution can reach 78,564, 11,515 RIU1 51 x 10~® RIU
and 0.038 g/L, respectively. This design has attractive advantages such as a simple
structure, better comprehensive performance and small mode volume compared with
the traditional 2D photonic crystal fiber sensor and the complex 1D-PC sensor with
a special material layer. These characteristics indicate that the research has certain
reference significance for the design of high-performance biomedical sensor devices.
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