Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2023

Advanced Optical Terahertz Fingerprint Sensor Based on

Coherent Perfect Absorption

You Ran Wu?, Rui Yang Dong®, Jia Hao Zou?, Hai Feng Zhang *2

aCollege of Electronic and Optical Engineering & College of Microelectronics, Nanjing University of Posts
and Telecommunications, Nanjing, 210023, China.

b-Bell Honors School & Intensive courses in science and engineering, Nanjing University of Posts and
Telecommunications, Nanjing, 210023, China.

*Corresponding author: hanlor@163.com(Hai-feng Zhang)

1. TE mode calculation

2. Simulation and calculation method
2.1 Transfer matrix method
2.2 Amplitude modulation

3. Fabrication method

Y

1. TE mode calculation

In terms of TE mode, the permittivity is described by the Drude model [1].
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Where &, = 15.68 is the high-frequency limit permittivity and @ denotes the angle frequency, v,
is the carrier collision frequency, taken as 0.1n THz, w, is plasma frequency, the function of which
is expressed as (Ne*/ggm*) 12, e, g9 and m* are the electron charge, the permittivity in the vacuum
and the effective mass of the carrier.

The concentration of the free carriers in the InSb layer is given by the empirical formula below
[2][3]:

N(m™)=5.76x10"T; exp[ -0.26/ (2x8.625x10 xT;) | 2

The calculation method is the same as in TM mode.

Supposing that the relative permeability is 1, then, the effective refractive index for the TE wave



is expressed as [1]:
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Hence, the transfer matrices of the InSb layers for the TE waves can be expressed as [1]:
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incident waves in the z-direction.

As for the other dielectric, they have the same calculation in TM mode and TE mode.
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2. Simulation and calculation method
2.1 Transfer matrix method
As stated in the paper, our proposed sensing structure has the following dielectric layer:  Air,
Silicon, Teflon, InSb, and the sample (a-lactose), where Air, Silicon, and Teflon belong to the
common dielectrics, InSb is a spin medium, Air, Silicon, Teflon, and a-lactose belong to the
conventional dielectric layers. If there is no load sample, the cavity is filled with air.
According to the Drude-Lorentz model, the permittivity of a-lactose can be obtained as follows

[11[2].
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For simplification, only the first-order absorption resonance of a-lactose is taken into account.
Hence, the function can be expressed as:
2
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The paper shows the values of all the physical quantities required in order to calculate them.

In the calculation, due to normalization, the refractive index of a-lactose can be calculated by

n(a—lactose) = V gr (7)

As for conventional dielectric layers, the transfer matrix is:

the following equation:

where 6; = 21 n;-d; cos0;/4 and 1; = (go/uo)?* ;- cosb;.



It is worth noting that the thickness of the cavity varies with the thickness of the sample:
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All the values of all physical quantities required are given in the paper.
As for magnetized InSb layers, We first need to calculate the value of the concentration of the free
carriers in InSb from the temperature according to the formula below [3][4]:

N(m™)=5.76x10"T,* exp[ <0.26/ (2x8.625x10~ xT,) | 9)

Hereby we assume an operating temperature of 303K.
We calculate the plasma frequency by bringing the calculated N into the following equation [5]:
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Due to the effect of the applied magnetic field, we can obtain the cyclotron frequency according
to the following equation:
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Here the magnetic field strength is determined as 1.23T.

Thus, we can calculate each component of the tensor according to Eqs.(6) and (7) [3].
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In the programmed solution, we calculate the effective refractive index under TM polarization

[6]:
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The above results are brought into the following equation to calculate the transmission matrix
[7]:
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All parameters can be found and calculated in the paper.



Subsequently, we cumulatively multiply the transmission matrix of each media layer according
to the arrangement of the structure.
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Teflon Cavity

Next, we can derive the reflection coefficient Rc and the transmission coefficient T;, according to

the four elements of the matrix M [8].
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Coherent absorption coefficient we can derive to the following equation to calculate [9]:
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To realize coherent perfect absorption, the initial phase difference between the two incident
waves is determined as 0 degrees, and the two incident waves are equal.

The specific calculation flow chart is shown in Fig.1.



Layered photonic structure
1 |
Common diclectrie i-lactose InSh

As @} g
N(m?*)=5.76x il’)“?: 2 cxp[f().lﬁ /(2x8.625x107 x Tu)]

5 %2

6 =8+ ——h
Wy — W — jy,0

I Ty ¢

As, b,
- 27 p —
E,=&,+ o — o Jr.o - &N
A P = [——
pjr P " Nem*
Conventional dicleetric layers  [—— . = o (w+ v,
’ n(lz—mrm.se) v & &, =5, -6 #

l = of(ws ) -a]

b5

£,=6,-&, -
cosd,  —jsind /n, i ) a(w+ jv.)
M= o © . |(i=S5i,Teflon.air,a-lactose)
- jn, sin 8, €08 &, g
Jw,o,
here & = 2r:n;d;-cosd/A and n; = (g #2.np-cosd. bz =bmi R |
wi i = 210Ny dy /. ;= (€ofHto) i i = ”,[({'J+jlll) _”’f]

|

£, 0 &£
- Eun=| 0 &5 O
5 {uwkd)-sm(ld:k‘i 7i|~‘/k T'\m(ld!! & . 0 ¢
M| ™ ™ woo| ke | ke )| | = ‘
my, my, == ko
[ msintia) costhd)—sinth d)- 2= |
M=
, = (’nl:’]\w\ +"]|\]l]|| 7[’"::”\.1 +"‘:l)
gy A M, T, Mo, k= ernrcsinbfe k=winmiicosd/e 7 = (£O/HO) ¥ aufcasd
7 21,
LTy R TR oy g ey I
0, =t|1.|e* +r|I_|e* 0.} +|o.f ; 21 ||7 [cos Ag, cos A
% A =1-""— A =1-(ld-I-AY -2 1 bt ol | o it
* v ” T T AT (ll=lrl) =20l 1+ e
0. =r!l_‘e . +t‘1_|e o E , [£]+1f
R.=|r
7 =lf 1 Bepy = Arg(t)-Arglr)
=|

8p; = @

Fig.1 The specific calculation flow chart

2.2 Amplitude modulation
First, we define the relative amplitude A, which is the ratio of the two incident wave amplitudes.
It can be assumed that A<1.

| (24)

Herein, we use amplitude modulation, which regulates and compensates for absorption via changing
the relative amplitude 4. As shown in Fig.2, the flow chart of this terahertz fingerprint sensing
scheme is illustrated.

We compensate and regulate the variation of coherent absorption caused by different thicknesses
of the sample by regulating the relative amplitude of the incident wave, and the coherent absorption
coefficient is maintained at 0.5.



Coherent Perfect
Absorption
(No sample load)

Maintain coherent absorption

Change the relative amplitude 4 coefficient at 0.5

Regulate and
compensate for
absorption

Coherent absorption
changes

Changing the sample

h h lati Ii A
thickness Change the relative amplitude

bijective relationship
(linear fitting)

0.4  Linear fitting:
A=-0.02136 +0.78255d | 1o

[ R?=10.99386

0.3

)>>> Calculate 5. Q. FOM?*. DL
] according to the formula

&
o
T

Amplitude
s

e
=
T

L L L . . .
0.0 *1 0.2 03 0.4 0.5
Thickness of ¢-lactose (pm)

Fig.2 The flow chart of this terahertz fingerprint sensing scheme
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3. Fabrication method

The analyte place is left empty in the experiment design so that the measurement object can be
inserted in its place. All other media, excluding the analyte, are filled to their corresponding
positions.

The etching method can be utilized to create one-dimensional layered photonic crystals. The
required number of layers and the thicknesses of the corresponding layers can be etched on the Si
substrate, and then the materials involved in the structure can be filled [1].

To actualize the structure, we use the etching procedure during the production process. The
silicon wafer is chosen as the substrate, and then the wet anisotropic etching technique is used to
etch vertical grooves of varied thicknesses based on the corresponding scale of the materials in the
proposed structure in the silicon wafer. The wet anisotropic etching technique involves the use of a
44wt% potassium hydroxide (KOH) aqueous solution at 85°C, while the thermally grown SiO2
layer serves as the hard mask for the etching process. By following the prescribed conditions of our
theoretical research on the silicon substrate, grooves can be produced, and the appropriate materials
can be inserted in the corresponding positions. The ideal structure is achieved when the substrate's
height and width can be freely extended, resulting in features that align with our theoretical analysis
[2]. The detailed manufacturing process flow of our suggested structure is shown in Figs.3(a)-(f).
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Fig.3 The diagram of the fabrication process flow of the proposed structure.
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