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Device Design for Multitask Graphene
Electromagnetic Detection Based on
Second Harmonic Generation

Cheng Yang™, Chu-Ming Guo™, Jie Xu", and Hai-Feng Zhang

Abstract— The generation of a second harmonic wave (SHW)
is a process of electromagnetic radiation at a specific frequency,
often occurring in polarized ferroelectric crystals (FCs). In this
article, a multitask graphene electromagnetic detection device
(GEDD) based on second harmonic generation (SHG) is pro-
posed. Through the periodic arrangement of different dielectric
materials, the SHW conversion efficiency steadily increases within
the structure, enabling multiscale detection of graphene thick-
ness, angle, and hemoglobin concentration. By utilizing the shift
f1 in the SHW peak (SHWP), the number of graphene layers
(ranging from one to ten layers) can be accurately identified
through thickness detection. The sensitivity (S) is 62.1 GHz/nm.
Leveraging the high-S of 147 GHz/°, the shift f, in the SHWP
within the graphene structure can be employed for precise
small-angle detection within a range of 4°-6°. Furthermore,
by altering the filling medium of the test cavity, positioning the
change value of SHWP can promote high-precision identification
of hemoglobin concentrations of different blood types within the
refractive index (RI) range of 1.6-1.7. The design of high-S
multitask GEDD holds significant importance for expediting
graphene material research. Moreover, it offers a novel approach
for the precise application of SHW in the field of electromagnetic
detection.

Index Terms— Electromagnetic detection, ferroelectric crystal,
graphene, second harmonic generation (SHG), strontium barium
niobate (SBN).

I. INTRODUCTION

N THE realm of nonlinear optics [1], [2], second harmonic

generation (SHG) [3] refers to the phenomenon where
a light wave passing through a certain nonlinear optical
material produces a new light wave with a frequency twice
that of the input light [4]. Due to its advantages of fre-
quency doubling, noninvasiveness, and high spatial resolution,
SHG finds widespread applications in research areas such
as nonlinear optics, material science, biomedical sciences,
and spectroscopy [5], [6]. Ferroelectric crystals (FCs) [7]
are a category of crystal materials with unique electrical
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properties. They exhibit a nonlinear electrical property called
ferroelectricity, wherein the polarization direction within the
crystal can be reversed under an external electric field, and this
polarization is reversible. The nonlinear polarized response
of FCs makes them excellent candidates for SHG. Com-
mon FCs include strontium barium niobate (SBN), lithium
tantalate crystal (LTC), and potassium lithium sulfate [8].
Quasi-phase matching (QPM) [9] is a technique used to
enhance nonlinear optical processes. It involves periodically
altering the crystal’s nonlinear properties, often achieved by
creating FCs with periodically inverted polarity, to approx-
imately satisfy the phase-matching conditions. By creating
FCs with periodically inverted polarity, the efficiency of SHG
can be significantly enhanced [10]. Fortunately, through the
utilization of QPM technology and leveraging the sponta-
neous polarization and high nonlinear coefficient of SBN,
Li et al. [11] achieved substantial enhancement of second har-
monic wave (SHW) generation. Recently, Dumeige et al. [12]
demonstrated that introducing FCs into photonic crystals can
notably improve SHW generation through the photonic band
gap (PBG) edge effect. Furthermore, researchers have pro-
posed that graphene [13] or plasmas [14] can effectively
enhance and modulate SHG, achieving promising outcomes
through external light intensity or magnetic field adjustments.
These studies present methods for enhancing SHG conversion
efficiency.

Graphene’s unique monolayer structure grants it high
electron mobility, strong thermal conductivity, and weak
absorption [15]. This makes graphene promising for a wide
range of applications in electronic devices, conductive mate-
rials, sensors, biomedical applications, and more. Accurately
identifying the number of graphene layers is essential for
tailoring its properties, customization according to application
needs, studying nanomaterials, and comprehending fundamen-
tal properties. Common methods for determining graphene
layers include transmission electron microscopy (TEM) [16],
Raman spectroscopy [17], and X-ray diffraction (XRD) [18].
However, they each have limitations. TEM can cause electron
beam irradiation effects, resulting in sample damage or alter-
ation. XRD is primarily used for analyzing 3-D materials and
requires modifications and interpretations for graphene’s 2-D
identification. While Raman spectroscopy accurately analyzes
graphene layers, its spatial resolution is limited, making it
challenging to differentiate between single and double layers.
Efficient and precise identification of graphene layers has
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TABLE I
PERFORMANCE OF GEDD

Thickness Angle Bioelectromagnetic
detection detection detection
Range 0.34~3.4 nm 4°~6° 1.6~1.7
S 62.1 GHz/nm 147 GHz/° 2.173 /RIU

become a research focus. Small-angle detection [19] offers
high-precision measurements, eliminates visual distortion, and
simplifies systems, finding potential applications in biology,
optics, image processing, architecture, and civil engineering.
Specifically, small-angle detection can be used for exploring
3-D structures of proteins and nucleic acids, correcting image
distortions, and detecting structural deformations and damage
in buildings and bridges [20]. Designing a high-precision,
cost-effective angle detection device is a worthwhile research
direction. Hemoglobin [21], an essential protein found in red
blood cells, is responsible for transporting oxygen to various
tissues and cells in the body. Measuring hemoglobin concen-
tration provides crucial insights for health assessment, disease
diagnosis, and treatment [22]. Babul and Stellwagen [23] pro-
posed a method for measuring hemoglobin concentration using
interferometric optics. In addition, Zafar et al. [24] proposed
the possibility of detecting hemoglobin concentration based
on plasma refractive index (RI). These traditional hemoglobin
detection techniques suffer from low sensitivity (S) and time
consumption, unable to meet real-time hemoglobin concen-
tration monitoring demands. Therefore, the development of
highly S, real-time bioelectromagnetic detection devices is
essential.

In this article, the periodic layered structure achieved
through the alternating arrangement of SBN and graphene,
influenced by SHG, is referred to as a graphene electro-
magnetic detection device (GEDD) and is employed for
various detection tasks. Utilizing the frequency shift f; of the
SHW peak (SHWP), accurate identification of 1-10 layers of
graphene (thickness ranging from 0.34 nm [25] to 3.4 nm)
can be achieved under the condition § = 62.1 GHz/nm.
Furthermore, utilizing the frequency shift f, of the SHWP,
small-angle detections within the range of 4°-6° are feasible
with S is 147 GHz/°. By filling the test cavity with hemoglobin
of different blood types and determining the SHW conversion
efficiency 7, precise detection of hemoglobin concentration for
three blood types can be accomplished through RI measure-
ments. The integration of multiple tasks allows the proposed
GEDD to circumvent the additional costs associated with
the losses incurred by single-function detection devices. This
approach also expands the research directions for GEDD.
Table I illustrates the multifunctional, high-S, and compact
nature of the GEDD introduced in this study, showcasing
its potential for widespread application in biomedical and
engineering detection scenarios.

II. STRUCTURAL DESIGN AND RESULTS

The schematic of the GEDD is illustrated in Fig. 1(a). The
etching method for the layered structure can be referenced
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Fig. 1. Schematic of GEDD hierarchical structure. (a) Overall distribution
of the structure is (ABG) NC, where C is the cavity to be tested, and different
tasks are carried out when filling different media and (b) A and B are SBNs
with different polarization directions, while G is graphene.

from the literature (details can be located in the Supplementary
Material, Part 1) [26]. The periodic structure corresponding to
GEDD is exposed to air (with an RI denoted as n() and oper-
ates at a temperature of 273 K. Since theoretical research is the
focal point of this article, experimental validation is beyond
the scope of this study. The SBN of periodic polarization is
denoted as A and B, with the red dashed arrows in Fig. 1(b)
indicating their opposing polarization directions. The graphene
layer and the test cavity are represented as G and C, respec-
tively. During graphene thickness and angle measurements, the
test cavity is filled with air. For bioelectromagnetic detection
purposes, test layer C is infused with hemoglobin of varying
blood types for RI detection.

The thicknesses of the dielectric layers A, B, and C are
d, = 3363.162 nm, d, = 1904 nm, and d. = 970 nm,
respectively. The monolayer graphene’s thickness is d, =
0.34 nm [27]. The second-order nonlinear coefficients of the
respective dielectric layers are denoted as x 2, x.\”, x?, and
X ;,2). The second-order nonlinear coefficient for the SBN layer
is determined as x® = 27.2 pm/V [28]. For the graphene
layer (G) and the test layer (C), since they are not nonlinear
media, their corresponding second-order nonlinear coefficients
are 0. The refractive indices of SBN layers A and B under a
fundamental wave (FW) and SHW are, respectively, denoted
as nS) = 1,617, n® = 2,955, n) = 1.68, and n{" =
3.245 [29] (the modulation of the RI of the SBN layer can
be found in Supplementary Materials, Part 2). The dielectric
constant of the graphene layer is a function of its surface con-
ductivity, which can be expressed as follows (Supplementary
Material, Part 3, provides details on the modulation of
graphene RI) [30]:

gg =141

(1)

Eowdg
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where g( represents the vacuum permittivity. The relationship
between the RI of graphene and its dielectric constant can
be expressed as n, = (g,)'/?. The conversion efficiency of the
SHW is typically expressed as the ratio of light intensities [31]

n=n+n 2)

where 1, = I,(S)Jr/Iéf), N = Irm’/léf), and I(gf), 197, and
I®)~ represent the incident light intensity of FW and the
transmitted and reflected light intensities of SHW, respectively.
The relationship between light intensity / and amplitude E can
be expressed as [32]

E = (21 [ngcen)'? (3)

where c is the speed of light in a vacuum. In this article, multi-
task detection is achieved through the displacement and value
of SHWP. The essence of finding SHWP lies in determining
the efficiency of SHW conversion. Equation (3) indicates that
solving for the output amplitudes of FW and SHW is crucial
for determining the efficiency of SHW conversion. Thus, the
expression for solving SHW output amplitude forms the basis
for realizing multitask detection.

When FW propagates along the Z-axis within the graphene
structure (details presented in Supplementary Material, Part 4),
the electric field of FW in each layer can be represented as

oDy _ e, _
Ey)::Ef+5@,<z Zi) M]+-E[ i@z m](4)

where “+” and “—” represent the transmitted and reflected
waves of the FW, respectively. Here, Zp =0and Z, — Z,_| =
d;, where d; stands for the thickness of the tth layer medium
in the GEDD. k,gf ) denotes the wave vector in the r-layer
medium, and it is determined by k,(f) = nff )kéf )cos(Q,(f ) ),
9,(f) = arcsin (nosin(eo)/n,(.f)), and k(()f) = wlc. Here, r rep-
resents layers A, B, C, and G, while n( stands for the RI of
the air layer. According to the Voigt effect [33], it follows that
n,(f ) = kff ) /(nff ) nﬁf ) ). By employing the continuity conditions
at the layer boundaries, define

1 1
D, =
(i ) )
exp (ikff)dt) 0
Ny = _aD ©)
0 exp|\—ik’'d,

In this scenario, the total matrix of FW amplitudes can be

represented as
EY oo B, ™
E]” \E]”

Defining M; = D,N.D,'D,N,D,'D,N.,D,"

., the total
matrix for the FW is expressed as

T/ = D(;IDCNCD;I(DgNng*ID,,NbD;IDaNaD;I)NDO.
(®)

By determining the amplitude of the incident wave and
utilizing T/ , the reflection and transmission coefficients are
obtained. Therefore, the amplitude of the electric field in each
layer inside the structure can be solved (details can be seen in
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Supplementary Material, Part 5). Once the relative amplitudes
within the multilayer structure are fully determined, the solu-
tion for the output amplitude of the SHW is considered. Within
any layer of the graphene structure medium, the electric field
of the SHW satisfies the following equation:

PED ()92 + kB (2) = —kowax W EY? () (9)

(TR

where “s” is used to denote the SHW. k“ represents
the SHW wave vector in the rth layer of the medium.
k9 = n®kPcos(0M), 6O = arcsin(nosin(@p)/n), and k =
2 wlc. Defining M, = G,0,G,'G,0,G;"'G.0,G, ", and N, =
G,0,G,'G,0,G,". N, = G, 0,G,"

1 1 1 1
G=(,0 _,o) Br=\2lw i
rr rr k(ﬂ') k(ﬂ')
0 0

exp(Zikﬁf)d,) 0
F, = oD
0 exp| —2ik""d;
0, = exp(ik*d;) 0
d 0 exp(—ikd,)
()2 (s)
a4 = R ke

k2 — 4kt k2

The output amplitude of the SHW can be expressed as
(details are explained in Supplementary Material, Part 6)

()+ 0
Ev') = 656.0.6:'MYGo( -
0 E{

N
+> 64"6.0.6.' M)~

s=0
2
Al(ES)
x | (N\B,F, — M2B,) A2
Al(ELS)
Ca \ (N (H)-
TN = M)\ 7 ) EsjaEss

2
Ap(ES)
+ (N2ByF, — N1 B)) H-\2
Ap(ESS)
C _
+ (N — Nl)(o”)EéfiTEéfil
2
)+
Ao(ES)

2
=
Ao(ES")

C V()
+(1 —Nz)(og)Eéf”E;{’

+ (BgFg - NZBg)

2
)+
Ac(E)
2
(-
Ac (E3N+1)

[ Ce\pthH+ pH-
+(1-6.0.G, 1)(0 )E3N+1E3N+l‘

+(B.F. ~G.Q.G.'B,)

(10)
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Through (8), the transmitted and reflected amplitudes of the
SHW can be obtained. By utilizing the relationship between
intensity and amplitude (3), the conversion efficiency of SHW
can be deduced, rendering the SHWP usable within the GEDD.
When the test cavity is no longer filled with air, the proposed
GEDD is utilized for detecting physical quantities dependent
on the RI. Therefore, the GEDD structure can be employed
to measure the concentration of hemoglobin with different
blood types and to identify specific blood types. Rakhshani
and Mansouri-Birjandi [34] proposed a precise mathematical
model to assess the RI of hemoglobin in different blood types
(A, B, and O)

n(A) =no+aCy+ BT + 814 + 847+ 84°  (11)

where n(A) represents the wavelength-dependent RI and
o, B, and & are Cauchy coefficients with constant val-
ues specific to certain blood types. A = c/w, where w is
the incident frequency. Apart from wavelength dependency,
the RI of hemoglobin is also related to concentration Cy
(in units of gram/liter) and temperature 7 (in units of
kelvin).

III. ANALYSIS AND DISCUSSION

The origin of the SHWP and the selection of the graphene
chemical potential u, are crucial for the investigation. Let us
first take the detection of a single graphene layer as an exam-
ple, where dy; = 0.34 nm and N = 30. The incident optical
intensity is determined as I = 5.31 mW/um?. The chemical
potential u. is modulated by an external voltage (the regulation
method for UC can be located in Part 7 of the Supplementary
Materials) [35]. The significant enhancement in SHW con-
version efficiency can be explained by the fact that the
electromagnetic wave frequency is situated at the PBG, leading
to an increase in electric field density and a reduction in the
electromagnetic wave group velocity [31]. Consequently, the
SHW output efficiency is greatly improved. This is further
validated in Fig. 2. Fig. 2(a) and (b), respectively, shows
the electromagnetic wave transmission spectra under FW and
SHW states. In Fig. 2, the results depicted by the red dashed
line were obtained using HFSS software, employing the finite
element method. In comparison to the results obtained by
the method presented in this article, the relative error in the
boundary frequency points between the two is less than 0.01%.
Taking into account the differences in precision and methodol-
ogy, the results of both approaches are essentially consistent.
The incident frequency for FW is f = 353.144 THz, and the
SHW frequency is f = 708.288 THz. In Fig. 2(b), it resides
at the transmission spectrum’s bandgap edge [11]. The PBG
effect can also be interpreted as a decrease in group velocity,
prolonging the reaction time of electromagnetic waves with
nonlinear media, thereby generating more SHWs.

Fig. 3 illustrates the relationship between the SHW conver-
sion efficiency 1 and the FW frequency f. Six standard values
of . are given as 0.1, 0.3, 0.5, 0.7, 0.75, and 0.8 eV. As shown
in Fig. 3(a), with an increase in u., the SHWP (i.e., the peak
value of n) gradually shifts to the left. Specifically, when the
value of p, transitions from 0.8 to 0.75 eV, the corresponding
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SHWP value decreases from 0.2736 to 0.2524. Furthermore,
when . decreases to 0.7 eV and below, the SHWP value drops
below 0.02. As illustrated in Fig. 3(b), with the reduction of
e, the values of n decrease to 0.0176, 0.015, 0.0147, and
0.0147. To elucidate this phenomenon, Fig. 3(c) depicts the
relationship curve between the imaginary part of the RI of
graphene and the w. value. It is observed that when w. is
less than 0.7 eV, the imaginary part of graphene exceeds 1.
At this point, the substantial losses induced by graphene result
in an exceedingly small n. Conversely, when . is greater
than 0.75 eV, the imaginary part sharply decreases to below
0.1, leading to a remarkable enhancement in SHWP. Pursuing
maximal SHWP is a crucial requirement for achieving multi-
task detection, and thus, in the subsequent research, . will
be maintained at 0.8 eV.

Apart from nonlinear interactions, the enhancement of the
internal electric field within the GEDD is also a contribut-
ing factor to the increase in SHW conversion efficiency.
Figs. 4 and 5, respectively, illustrate the distribution of the
internal electric field for FW and SHW incidences. Here,
we assume an incident optical intensity of 1 V/m for the
electromagnetic wave. It has been observed that the FW
generates two distinct electric field peaks within the GEDD.
These peaks exceed 200 V/m. This phenomenon can be
attributed to the unique resonant effects of the photonic
crystal [28], resulting in intense reflection and scattering of
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the FW within the structure. This enhances the electric field
intensity and extends the interaction time with the nonlinear
medium [29].

The FW is influenced by the scattering and interfer-
ence effects of the periodic structure, ultimately leading
to the constructive growth of SHW within the structure.
As depicted in Fig. 5, when SHW is incident within the
GEDD, the electric field strength continuously increases, even-
tually exceeding 20 V/m. The exceptionally high electric field
mode density of FW is a crucial factor in enhancing the
SHWP [29], enabling the possibility of multitask detection
using the SHWP.

Similar to the shift of the peak efficiency frequency due
to changes in pu., the change in the number of graphene
layers, referred to as dy, will alter the transmittance curve
of electromagnetic waves within the structure. This, in turn,
will impact the PBG boundary effects and the strength of
the electric field within the GEDD, consequently altering the
values of n. As depicted in Fig. 6(a), variation in dg results in
the movement of the SHWP within a specific frequency range.
As the number of graphene layers increases from 1 to 10
(dg changes to 0.34, 0.68, 1.02, 1.36, 1.7, 2.04, 2.38, 2.72,
3.06, and 3.4 nm), the corresponding frequency f; of the
SHWP shifts from 353.144 to 353.960 THz. The consistent
n values above 0.01 indicate significant responsiveness in
the detection process. To accurately measure the thickness
propagation ability of the GEDD, Fig. 6(b) considers ten mon-
itoring points between 0.34 and 3.4 nm, spaced by 0.34-nm
increments. Employing the linear fitting technique (LFT) on
the detection data yields the LFT equation: f; = —0.0621
dg + 354.2. The slope § is 62.1 GHz/nm, signifying the
high responsiveness of the GEDD structure to changes in
graphene thickness. A thickness alteration of 1 nm can be
monitored through a peak shift of the SHWP by 62.1 GHz,
enabling the conversion of nanometer-scale graphene thick-
ness changes into a sensitive response at the gigahertz level.
Furthermore, the fitting coefficient R? = 0.99997 demon-
strates a robust linear relationship in the LFT equation.
Fig. 6(c) illustrates the variation in SHWP as dg ranges from
0.34 to 3.0 nm. Within this range, the highest value of 7
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values n with dg continuous changes within a certain frequency range.

is 0.34, gradually decreasing with the increase in dg. Cor-
respondingly, f also shifts in the direction of decrease. This
indicates the potential to detect changes in graphene thickness
through the movement of SHWP within a specific frequency
range, holding significance for future research in graphene
detection.

When conducting angle detection, as shown in Fig. 1,
graphene thickness inside the cavity is maintained as a mono-
layer (dy¢ = 0.34 nm), and the cavity for the test layer is
still filled with air. By locking the peak shift of the SHWP
at frequency f>, the proposed GEDD enables precise angle
detection. Fig. 7(a) presents the corresponding values of 7
under various incident angle conditions. When 6 changes
to 4°, 4.5°, 5°, 5.5°, and 6°, the corresponding f, changes
from 354.38 to 354.674 THz. The LFT equation in Fig. 7(b)
is fo = 0.1470 + 353.8. The slope S = 147 GHz/°, indi-
cating that every 1° change in the angle can be detected by
shifting the frequency point by 147 GHz. In addition, the
coefficient RZ, used to evaluate the quality of LFT, is 0.9966,
demonstrating the good linearity of the LFT equation [30].
Fig. 7(c) illustrates the variation curve of the corresponding
SHWP from 353.2 to 354.7 THz as the angle changes from
3° to 6° in increments of 0.001°. The highest 1 value reaches
0.41. As the SHWP shifts, an increase in the angle gradually
reduces the 7 value. The relationship between the angle
and the frequency f, indicates the feasibility of performing
small-angle detection within a certain range. The high-S of f,
stems from its nonlinear optical characteristics; specifically,
the SHW signal is directly proportional to the square of the
incident light intensity. This enables effective response and
measurement of subtle angular changes, making it of crucial
significance in optical image processing and architectural
engineering.

The limited angular detection range is directly attributed
to the high dependence on phase matching between the FW
and SHW, coupled with a unique structural design [29].
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angle conditions. (b) Detection performance of FW incident frequency f>
concerning incident angle 6. (c) Variation of the values 1 influenced by 6
within a continuous range.

TABLE I
SUMMARY OF MODEL COEFFICIENTS [34]

Parameter unit Blood type A Blood type B Blood type O
7o RIU! 1.54712 1.54712 1.54712
a L/g 9.014x10* 11.09x10 11.26x10*
B 1°/K -6.497x107 -6.497x10° -6.497x10°
01 nm’! -8.47x10°¢ -8.47x10°° -8.47x10°¢
[ nm? 7.08x107 8.014x107 7.742x107
J3 nm -1.28x10°1° -2.286x10°!° -1.823x10°!°

Expanding the angular detection range can be achieved by
innovatively designing structures to reduce the S-to-phase
matching. This approach aims to mitigate the impact of conver-
sion efficiency, thereby enabling a broader scope for angular
detection.

In this study, the precise technique involving hollow
submicrometer-sized micropipettes based on micro-perfusion
technology is employed to perform RI detection of
the hemoglobin under test [36]. The hemoglobin under
examination is injected into the test cavity using the
micropipettes, and the accurate technique is highlighted.
Table II presents the relevant parameters of the hemoglobin
RI expression under different blood type conditions.
Rakhshani and Mansouri-Birjandi [34] conducted experimen-
tal curve fitting based on previous research and obtained
the input data displayed in Table II. When the inci-
dent wavelength and environmental temperature are deter-
mined, the RI of hemoglobin is solely correlated to its
concentration Cy.

The hemoglobin under test is injected into the test cavity.
By locking the value of SHWP, the proposed GEDD can accu-
rately detect hemoglobin concentration and distinguish blood
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Fig. 8. Schematic representation of biometric detection. (a) Relationship
curve between hemoglobin RI n. and 7. (b) Magnified image. (c) Continuous
variation of SHWP influenced by n.. (d) Detection performance of the values
of n variation concerning hemoglobin 7,.

types. Fig. 8(a) shows the SHWP of different hemoglobin
concentrations (n. = 1.6, 1.62, 1.64, 1.66, 1.68, and 1.7).
The magnified image is shown in Fig. 8(b). As n. increases,
SHWP gradually rises and shifts slightly to the right. The peak
values of SHWP are 0.0928, 0.1230, 0.1617, 0.2091, 0.2618,
and 0.3042. The difference between the highest peak and the
lowest peak of SHWP is n = 0.2093. Fig. 8(c) illustrates the
continuous variation of SHWP as n, changes within the range
of 1.6—1.7, in the frequency range of 354.1-354.2 THz. Within
the detection range, n values remain above 0.1. SHWP is
situated around 353.75 THz and the growth rate significantly
slows down after n. = 1.7, thus establishing the detection
range as 1.6-1.7. It is noteworthy that the detection range can
be expanded by sacrificing sensitivity, achieved through the
reduction of the thickness of the sensing layer. By locking
the growth of SHWP, the GEDD can achieve high-precision
hemoglobin concentration detection within a certain range.
Taking the example of blood type A’s hemoglobin concen-
tration in Fig. 8(d), within the range of 1.6-1.7, detection
points are collected at intervals of 0.2, corresponding to
hemoglobin concentrations Cy of 80.3, 102.5, 124.7, 146.8,
and 191.2 g/L. The LFT equation is n = 2.173 n.—3.393,
with § = 2.173 /RIU and R?> = 0.993, indicating high-S
and reliability in GEDD detection. Hemoglobin concentrations
are typically 100-135 g/L for children and 120-170 g/L
for adults [24]. In Fig. 8(d), the measurement range for
blood type A hemoglobin is 80.3—191.2 g/L, achieving full
coverage.

In addition to accurately identifying hemoglobin concen-
tration, SHWP can also differentiate between different blood
types. Fig. 9 depicts the relationship between hemoglobin
concentration Cy and its corresponding n. for the blood
types A, B, and O. Given the detection range of 1.6-1.7,
a specific region is selected for the A, B, and O hemoglobin
concentration detection, indicated by the light blue area. The
light blue area indicates the concentration range within which
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TABLE III
PUBLISHED REPORTS COMPARED WITH THE PROPOSED GEDD IN TERMS OF PERFORMANCE

Refs. SHW Multitasking Detection physical quantities Detection performance
. Range 25°~70°
[37] X X Angle detection S 05 THL°
. Range 5°~45°
[38] x X Angle detection S 8 MILaP
[27] X x Graphene layers number Ra;l & 1-8 Ixayers
R 1-51
[39] x x Graphene layers number a;lge > :yers
. . . Range 1~1.03 RIU"!
[24] x X Detecting hemoglobin concentration S 1100 sr/RIU
— 1
[40] \ x RI detection Rag £° 1.3 159 RIU
. R 0~ 14
[41] S X PH detection a;l £€ "
Range 1~10 layers
Graphene layers number S 62 1GH2nm
. . . Range 4°~6°
This article \ v Angle detection S 37 GILP
Bioelect e detecti Range 1.6~1.7 RIU"!
10€lectromagnetic aetection S 2173 /RIU
1.72 . . .
known for their exceptional performance. Through this
1.70 \ comparative analysis, it becomes evident that the GEDD pre-
Les - g:""g 3““; sented in this correspondence embodies a fusion of SHW and
.68 1 —@— Blood type > . . . eqe. . .
- ® - Blood type O . multitasking detection capabilities, outperforming its predeces-
1.66 - Joz. el sors in several aspects. In particular, compared with existing
| . .
< 1644 | SHW detection methods, our RI detection approach covers a
: broader range, incorporating angular and thickness measure-
1.627 : : ments that are uncommon in existing studies. Consequently,
1.60 4 g% ! the investigation into this GEDD and SHG, as detailed within
p | | . . . . e .
ol X I this article, unveils distinct advancements and holds substantial
1581 & o | value.
C,y=80.3 g/L ¢ C,;=155.4 g/L,
1.56 —

T T |v T | T T T T
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Cy(gl)

Fig. 9. Scatter plot of the relationship between hemoglobin concentration
Cy and its n. in different blood types. Here, the temperature 7 is 273 K, and
the incident wave frequency is 354.144 THz.

A, B, and O hemoglobin can be measured simultaneously.
In this case, the lower limit of measurement is deter-
mined by type A hemoglobin, with a concentration of
Cy = 803 g/L, and the upper limit of measurement
is determined by type B hemoglobin, with a concentra-
tion of Cy = 155.4 g/L. The final detection range spans
from 80.3 to 1554 g/L, enabling concentration detec-
tion for hemoglobin of different blood types within this
range.

IV. PERFORMANCE COMPARISON

To systematically and intuitively showcase the benefits of
the proposed GEDD, we have compiled Table III, which
catalogs a selection of previously reported detection devices

V. CONCLUSION

In conclusion, an SHG-based GEDD is introduced in this
article, which enables graphene thickness detection, angle
detection, and hemoglobin RI detection under a forward inci-
dent scale. In comparison with previously proposed detection
devices, the proposed GEDD demonstrates more innovation
and breakthroughs. The integration of multiple functions
allows the GEDD to simultaneously perform the tasks of
several single-function detection devices. Adjusting structural
parameters and incident light intensity can optimize the phase
difference between FW and SHW, and the PBG edge effect
significantly enhances the conversion efficiency of SHW. The
higher SHWP serves as the foundation for multitask detection.
By locking the frequency shift f; of SHWP within a frequency
range, accurate detection of graphene layers (1-10 layers) can
be achieved, corresponding to § = 62.1 GHz/nm. Ampli-
fying graphene’s nanometer-level change to gigahertz-level
detection enhances accuracy. Altering the incident angle
allows locking the frequency shift f, of SHWP for angle
detection, with an angle detection range of 4°-6°. With
high-S (S = 147 GHz/°), small-angle detection finds crucial
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applications in bridge construction and biometric image recog-
nition. Changing the detected layer to include hemoglobin of
different blood types enables precise detection of hemoglobin
concentration within the range of 1.6-1.7 (the covered
hemoglobin concentrations ranged from 80.3 to 1554 g/L,
with an § value of 2.173/RIU). The given GEDD features
high sensitivity and multitask processing capabilities, promis-
ing applications in industrial settings, construction surveying,
biomedical sciences, and beyond.
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