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ABSTRACT

Photonic spin Hall effect (PSHE) is an effective metrological tool to characterize the variation in weak refractive index (RI) and
nanostructure parameters. In this Letter, a highly sensitive terahertz Janus sensor (JS) based on PSHE is proposed. Through the asymmetric
arrangement of different dielectrics, the sensor has a Janus feature, realizing the multitasking of thickness and RI detection on multiple
scales. When electromagnetic waves (EWs) are incident into the JS from the forward scale, the number of graphene layers (1-7 layers) can be
exactly identified by thickness detection. Enhancing the PSHE by the property of graphene, the JS can extend the thickness change of the
graphene layer at the nanometer level by 10° times to the millimeter level with a sensitivity of 3.02 x 10> m/nm. In the case of EWs
backward scale propagation, based on the sensitivity of 6.244 x 10~ m/RIU, the JS can identify different kinds of waterborne bacterium
such as Vibrio cholerae, Escherichia coli, and Shigella flexneri, in the RI range of 1.355-1.43 with high precision. The design of the multiscale
and multitasking JS with high sensitivity is of great significance for accelerating the research and exploration of graphene materials. In

addition, it provides an idea for real-time, no-label, and low-cost detection in the biomedical field.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153342

Terahertz (THz) spectroscopy is defined as the frequency scope
of electromagnetic waves (EWs) from 0.1 to 10 THz. Due to the
advantages of nondestructive, penetrating, unmarked, and real-time
detection,' THz detection has laid a foundation for many applications
in industrial film production and biomedical detection.”” Photonic
spin Hall effect (PSHE) is characterized by splitting of transverse spin
that occurs when a light beam with limited space passes from one
material to another with a different refractive index (RI)," which is the
photon version of the spin Hall effect in electronic systems. Spin
migration in the PSHE is very sensitive to changes in the physical
parameters of the system, so it can be used as an accurate measure-
ment tool to characterize changes in weak RI and nanostructure
parameters.” Fortunately, Hosten et al.” proposed a weak measure-
ment technique, which magnified the PSHE phenomenon observed in
the experiment by nearly 10* times, making it more convenient to
measure the change in physical quantities. Recently, Dong et al.” dem-
onstrated that the introduction of a graphene monolayer into silicon
aerogel could significantly improve the PSHE in the THz region. In
addition, some scholars have proposed that PSHE could be effectively

enhanced and regulated by graphene® or silicon,'”"" which was able

to be adjusted by external electric or magnetic fields, achieving excel-
lent results. These findings suggest ways to improve the PSHE in the
THz band.

Due to the excellent properties such as strong conductivity, high
carrier mobility, and good thermal conductivity, graphene thin films
have potential applications in electronic materials, heat dissipation
materials, and biomedicine fields.'” How quickly and easily identifying
the number of graphene layers is significant to accelerate the research
and exploration of graphene materials."© However, there are many
ways to determine the number of graphene layers, but they all have
limitations. For instance, the most straightforward method is the
atomic force microscopy technique, but it shows a sluggish throughput
and has the potential to cause harm to the sample. The unconven-
tional quantum Hall effect is often used to distinguish among single,
double, and multilayered graphene,'* and Raman spectroscopy can
quickly and nondestructively measure the layers of graphene.'”
However, the difference between double and multilayered graphene
films is not obvious, which is prone to error. Therefore, improving the

Appl. Phys. Lett. 122, 231105 (2023); doi: 10.1063/5.0153342
Published under an exclusive license by AIP Publishing

122, 231105-1

Ipd'ZrEESL0'S L S0L LE2/Z66166LL/2YEESL0'S/E90L 0L/10p/4pd-ajoe/de/die/Bio-die sqnd//:dny wouy pepeojumoq


https://doi.org/10.1063/5.0153342
https://doi.org/10.1063/5.0153342
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0153342
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0153342&domain=pdf&date_stamp=2023-06-09
https://orcid.org/0000-0001-7064-3659
https://orcid.org/0000-0003-0086-4872
https://orcid.org/0000-0002-1431-1294
https://orcid.org/0000-0003-4727-1572
https://orcid.org/0000-0002-9890-8345
mailto:bxli@njupt.edu.cn
mailto:hanlor@163.com
mailto:hanlor@njupt.edu.cn
https://doi.org/10.1063/5.0153342
pubs.aip.org/aip/apl

Applied Physics Letters

TABLE I. The multitasking detection performance of the Janus sensor (JS).

Forward Thickness detection ~ Range 0.34-2.38 nm
S 3.02x 10~ m/nm
Backward RI detection Range 1.365-1.422

S 6.235 x 10> m/RIU

sensitivity (S) of graphene layer number detection under the condition
of fast response speed and without damaging the sample has become a
research focus. Water safety is a major concern, especially in densely
populated cities, where pathogenic microorganisms in drinking water,
such as Vibrio cholerae, Escherichia coli (E. coli), and Shigella flexneri,
are potential causes of deadly outbreaks.'® To date, preventing out-
breaks of waterborne bacteria remains a severe challenge for global
drinking water supplies. Although we have existing some traditional
bacterial detection techniques that can diagnose many pathogens in
drinking water," these methods are time-consuming, requiring
18-72h for the pathogen to grow to a quantifiable concentration, so
they cannot meet the requirements for field water quality testing. In
addition, these traditional techniques have the problems of low S and
poor specificity. Therefore, to effectively avoid bacterial outbreaks, bio-
sensors with high S, small size, low cost, and real-time detection are
more than indispensable and necessary.

In this Letter, inspired by the creation god Janus with two differ-
ent faces in Roman mythology,'® through the asymmetric arrange-
ment of different dielectrics, the layered structure that realizes
different detection tasks on multiple scales is called the Janus sensor
(JS). Due to the integration of multitasking, the JS proposed not only
saves the extra cost required by multiple diverse single-function sen-
sors to complete the tasks but also expands the research direction of
sensors, which only focuses on performance improvement in the
past.”” The JS is designed to have a detection cavity in the middle,
when the EWs propagate from different directions, the different
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analytes will be placed inside. Utilizing the PSHE displacement &,
the 1-7 graphene layers (thickness 0.34-2.38 nm) can be accurately
detected on the forward scale with $=3.02 x 10~> m/nm. On the
backward scale, by locating the 6% peak value, V. cholerae (an RI of
1.365), E.coli (an RI of 1.388), and Shigella flexeri (an RI of 1.422) can
be identified by RI detection with S = 6.235 x 10~> m/RIU. The use of
different frequencies in the front (f=5.0403THz) and rear
(f=0.531 THz) EWs also reflects the advantages of wavelength divi-
sion multiplexing. Table I shows the excellent sensing performance of
the proposed THz JS with the advantages of small size, high S, fast
response, and nondestructive, indicating that it has potential applica-
tions in engineering applications and biomedical detection, which
owns a certain research value.

The layered structure corresponding to the JS is shown in Fig.
1(a), in which a cavity (RI of 1) is set as the detection cavity
(dcaviy= 10 pim). For fabrication of the layered structure, Guo et al.
outlined the etching method, which can be referred to Ref. 20 (supple-
mentary material section 1 provides the method). Since theoretical
research is the key to this Letter, experimental verification is not within
the scope of this article. The JS is exposed to air and operates at 300 K
to adapt to ordinary conditions. Red and blue lines represent EWs
incident forward and backward, respectively. In the case of EWs for-
ward propagation, the thin Teflon film (#refon = 1.46)”" with a thick-
ness of drefon =4 1m is inserted into the center of the detection cavity
as the sample holding place.”’ The graphene to be detected (the thick-
ness is dg) can be loaded on one side of the Teflon film [as displayed in
Fig. 1(b)] for thickness detection. On the backward scale, a precise tech-
nique that employs hollow sub micrometer size pipettes based on
micro-infiltration technology is utilized to inject the waterborne bacte-
rium to be detected [as exhibited in Fig. 1(c)] into the detection cavity
for RI detection.”” The thicknesses of ordinary dielectrics A, B, and gra-
phene monolayer are dy = 3 um, dg = 8 um, and d, = 0.34 nm, respec-
tively. It is worth highlighting that Leiwin”’ based on the Mie resonance
theory deduced an expression for effective permittivity and permeability

FIG. 1. Schematic diagram of the JS lay-
ered structure. (a) The overall structure is
composed of different dielectrics arranged
asymmetrically, (AGB)®Cavity(AGB)4(AB)9,
where the G and Cavity separately symbol-
ize the graphene and detection cavity,
respectively. Additionally, EWs propagate
x() from the forward and backward directions.
(b) The graphene detected for layer number
is loaded on the one side of the Teflon film.
(c) The waterborne bacterium is to be
detected. (d) The PSHE phenomena of inci-
dent EWs occurring at the first-layer dielec-
tric interfaces belong to the forward or
backward scale.

Forward PSHE

0 E
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of composite materials, enabling the achievement of desired RI over a
wide range, and this technique has been applied in practice.”* Therefore,
the RI of ordinary dielectrics A and B are n, = 2.4 and ng = 4.1, which
is reasonable and can be obtained in practice. The permittivity of the
graphene is a function of the surface conductivity o, which is composed
of intraband 0,, and interband 7, (details can be seen in supple-
mentary material section 2),23

ie?kgT U _nc
= (L om( ksr+1)>
7 nhz(eri/r)(kBT ne

L 2~ B + /)

Anh | 2pc + Ao +i/7)
where w, h, kg, e, T, 1ic, and 7 severally correspond to the angular fre-
quency, Planck constant, Boltzmann constant, electron charge, chemi-
cal potential, and relaxation time, respectively. Relaxation time 7 is set
tolx 10 s,

Figure 1(d) shows the PSHE phenomena generated at the dielec-
tric interfaces on the forward or backward scale of a sufficiently nar-
row Gaussian beam with a certain incidence angle 0. The purple and
yellow beams separately symbolize the left-hand and right-hand circu-
larly polarized components reflected at the interface. It can be
expressed as a local wave packet with an arbitrary narrow spectrum,”®

, o g (k, + k?y)}
+ — —_
Ei* = (eix + ioeiy) \/ﬁexp { 1 ,
where @, symbolizes the beam waist, o is the polarization operator,
and the left-handed and right-handed circularly polarized beams are
severally represented by o=1 and o= —1. H and V are, respectively,
used to denote the horizontally and vertically polarized states, which
are set along the +y-axis and +x-axis [exhibited in Fig. 1(d)]. To
obtain the reflected field, the relationship between the incident field

and the reflected field is needed to be established,”®

ie?

; 1

~ (O

()
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0
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where k is the wave number in free space. The Fresnel reflection coef-
ficients of s and p waves are expressed as r° and r? (detailed calcula-
tions can be seen in supplementary material section 3), where the
electric field vectors of s and p waves are set along the +y-axis and
~+x-axis, respectively. According to Egs. (2) and (3), we can obtain the
expression of the reflection angle spectrum,”®

-H P
Bl =
V2
-V ir . Vo ) Vi
B =5 [_exp (+ikn 0" )E, , + exp (—iksyd! )E,,]. )
Here, 6.= (1 + r*/rP)cotO/ky and 6", = (1 + r?/r*)cot Oi/ky. E,+
can be written in a similar style to Eq. (2). For reflected light, the lateral
displacement of the two spin components of the PSHE can be
expressed as™

[exp (+ikyy0M)E, + exp (—iky, 0" )E,_] L@

M == in [1 +%cos(q)s - (pp)} cot 0;, (6)

pubs.aip.org/aip/apl

o =% ‘ {1 +Mcos((pp - (ps)] cot 0;. (7)
2n |7]

In this Letter, we only discuss the displacement 55 of the left-
handed circularly polarized component under horizontal polarization
of PSHE.

To elucidate the origin of the 6 peak and the selection of the
graphene chemical potential ¢, the thickness detection of one gra-
phene layer (dy=0.34nm) on the forward scale with EWs

f=15.0403 THz is taken as an example. The graphene to be detected is

consistent with the uc of the graphene monolayer in the layered struc-
ture. yic is regulated by an external voltage, and Qi et al.”’ proposed an
experimental approach for altering the uc of graphene (supplementary
material section 4 gives the method that the experimental adjustment
of uc). As shown in Fig. 2, the real and imaginary parts of the gra-
phene surface conductivity ¢ increase gradually with the ¢ rising in
the range of 0.2-0.8 eV, which is consistent with Eq. (1). The variation
of graphene ¢ will adjust the effective RI and impedance of the entire
layered structure, thus affecting the wave vector and phase of the EWs
propagating in it, which is reflected in the reflection coefficient as dis-
played in Fig. 3.”° Four standard values of y are selected as 0.2, 0.4,
0.6, and 0.8 eV. Figure 3 shows the corresponding relation curves of
|7°], |rf], and 0. The Fresnel reflection coefficients for p and s waves,
denoted by |r°| and |r?|, are represented by solid red lines and dashed
blue lines. As exhibited in Figs. 3(a)-3(d), with the increase in ¢ at an
equal interval of 0.2 €V, |r’| and |r”| curves change accordingly. It is
found that at a certain 0, |r°| and |r?| will decline rapidly, and the low-
est values of |rf| are 0.11, 0.09, 1.29 x 10~* and 0.11. This is due to
the introduction of the defect layer, which makes the energy localized,
thus, generating the reflection gap and forming the defect peak. The
corresponding 0 also decreases gradually. According to the beam dis-
placement of Eq. (6), the magnitude of the PSHE displacement mainly
depends on the |r°|/|r*| portion, so |r*|/|r?| reaches its maximum near
the defect peak of |r?|, thus obtaining the peak value of 5"7.”* This the-
ory is further verified more clearly in Fig. 4. Figures 4(a) and 4(b)
show the 6% values at different yc. With the increase in pic, 67 peaks
at 0 of 64.06°, 58.31°, 55.85°, and 46.6° separately possess values of

3 T T
Re(o) _
;; = = Im(o) Pl
:i’ 2 4 P - |
N P d
£ P
2 -
- g
)
S 1 s ]
ER
=) L
)
0 T T
0.2 0.4 0.6 0.8
Hc (eV)

FIG. 2. The real and imaginary parts of the graphene surface conductivity ¢ under
different zc.
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1.2x107°, 147 x 107>, 1.38 x 1072 and 1.71 x 10> m, respectively.
It is found that the maximum value of 6% at uc=0.6¢eV is about 10
times higher than that at other yc, reaching the millimeter range,
which is consistent with the |r?| has a minimum value of 1.29 x 10~*
compared with other ¢ value cases in Fig. 3(c). (The physical analysis
of the 6% enhancement in the millimeter range is shown in supple-
mentary material section 5.)*”*" Figure 4(c) exhibits the variation of
0"l peak values with the increase in the graphene layers number

45 60 75 90

(dgt = 0.34-1.7 nm) under different selected jic values. The peak value
of 6% at uc=0.6¢eV is significantly higher than in other cases and
changes significantly with the change of d,. Because the JS proposed
achieves forward scale thickness and backward scale RI detection by
locking the peak value of 67, selecting yc=0.6€V can obtain better
detection performance.

When EWs are incident into the JS at a frequency of
f=5.0403 THz (the selection of the forward incident frequency is

%1072 S
15710 e -
g M =1.71x10°m  57,=1.47x10°m
L0 ST 138107 |y ] 0=465° 0=5831°
0.5 6=55.85° 18— — ~ -=
—_ —~ Rl —
£ £0.91 ---- P R
= 0.0 A N SR gy .
5, — - uc=0.2 eV % 0.0 " < Ik\‘ ~
-0.5{ - _ - =04 eV 09 0771210 m | \\\
. 4 0o \
1.0 — #~0.6 eV 18 0=64.06 VoA
— = u=08evV (@) (b) S
-15 2.7 -
40 45 50 55 60 65 70 40 45 50 55 60 65 70 FIG. 4. When uc changes and EWs are

Incident angle (degree)

Incident angle (degree)

incident from the forward direction, (a) the
comparison plots of rﬂ under  dg
=0.34nm, (b) and the enlarged image. (c)
Plots of 51 peak values under different dy.
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explained in supplementary material section 6), the JS provides a sim-
ple and convenient way to accurately determine the graphene layers
number without damaging the sample. The thin Teflon film
(diefion=4pm) is placed in the center of the detection cavity
(dcavity= 10 um), and the distances between the Teflon film and both
sides of the detection cavity are equal to 3 um. When the graphene
layers to be detected are loaded on the one side of the thin Teflon film
as shown in Fig. 1(b) for thickness detection, the remaining space of
the detection cavity is air with the RI of 1, whose stable property will
not interfere with the calculation. Similar to the principle of 5% varia-
tion caused by fic, the diverse number of graphene layers, namely, the
different thickness dg, will cause the optical path change of EW's prop-
agation in the layered structure, which will also affect the adjustment
of wave vector and phase, and then alters the Fresnel reflection coeffi-
cients |r°| and |r*|. Hence, as indicated in Fig. 5(a), the peak values of
0" vary with the number of graphene layers. With an increase in the
number of graphene layers from 1 to 7 (dg of 0.34, 0.68, 1.02, 1.36,
1.7, 2.04, and 2.38 nm), the corresponding 55 peaks at the 0 = 55.85°
are 138 x 1072, 146 x 1072, 1.55x 1072, 1.65 x 102, 1.76 X 102,
1.87 x 1072 and 1.99 x 10”2 m, respectively. Figure 5(b) displays that
the difference between the minimum and maximum &5 values is up to
A8 =6.14 x 107> m, manifesting that 5! is highly responsive to dy.
To more clearly display the detection performance of the JS, the detec-
tion points are taken with an equal spacing of 0.34 nm between 0.34
and 2.38 nm, and the linear fitting method is utilized to obtain the lin-
ear fitting relation (LFR). Figure 5(c) shows the LFR of &2 and dgy,
which is 61 =3.02x 10 dy + 1.254 x 102 3.02 x 10> m/nm is
the S, indicating that the JS can enlarge the thickness variation of gra-
phene at the nanometer level by 10° times through the PSHE and rea-
sonable layered structure design, which reaches the sensitive response
at the millimeter level. R is used to evaluate the quality of linear fit-
ting, and R* = 0.9955 proves the reliability of the JS thickness detec-
tion. Compared with Zhou et al”' using the change of the PSHE

displacement peak at a micrometer level to measure 1-5 layers of gra-
phene, the PSHE displacement peak values in this Letter up to the cen-
timeter level improve the accuracy and convenience of experimental
observation and also increase the detection layers number of graphene.
Figure 5(d) exhibits the variation of 6 when dy changes continuously
in the range of 0.34-2.38 nm at an equal interval of 1 x 10 >nm. In
this detection range, the 677 peaks are all greater than 1.35 x 10> m
and linearly rise with increasing dy, indicating that the 5% peak value
can be locked to accurately detect the graphene thickness range in this
scope by LFR, which has important implications for future graphene
research.

Table 1I shows the RI corresponding to single waterborne bacte-
ria of V. cholerae, E. coli, and S. flexneri detected by the immersion
refraction method using a phase contrast microscope.”* As the RI of
bacteria is dependent on the mass density of the internal components
like protein concentration, nuclear contents, and cell sub organelles, it
may be a unique parameter to distinguish different bacterial species.”

When EWs propagate on the backward scale at a frequency of
0.531 THz (the selection of the backward incident frequency is
explained in supplementary material section 6), the waterborne bacte-
rium to be detected is injected into the detection cavity.”” By locking
the 6% peak, the proposed JS can detect V. cholera, E. coli, and S. flex-
neri with high precision. Figure 6(a) exhibits the 67 peaks belonging
to RI (n,y,) of different waterborne bacteria species. With the increase
in 7,4, the 6% peaks gradually rise. The peak values are separately

TABLE II. Three different species of waterborne bacteria and their RI.*> Reproduced
with permission from Liu et al., Lab Chip. 14, 4237-4243 (2014). Copyright 2014
Royal Society of Chemistry.

Waterborne bacteria V. cholera E. Coli S. flexneri

RI 1.365 1.388 1.422
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taken as 2.59 x 107%, 2.73 x 107, and 2.94 x 10> m. The difference
between minimum and maximum peak values indicated in Fig. 6(b) is
A8 =355 x 10™*, Figure 6(c) shows the continuous variation of &7
in the range of 1.355-1.43 when RI varies with the equivalent value of
10~* RIU. Within the detection range, 55 > 2.5%x 102 m, which
meets the requirement of the detection peak value. According to the
red line of the projection region of the three-dimensional diagram, the
" peaks under different RI always correspond to the EWs incident
angle 0 of 58.02°, which facilitates the detection of the maximum
SPHE displacement value in the experiment. To confirm the superior
performance of RI detection, the LFR of detection points, which are
taken at 0.015 RIU intervals within the RI range of 1.355-1.43, is pre-
sented in Fig. 6(d). The LFR is 65 = 6.244 x 10 > n,p, — 5937 x 10>
with $ =6.244 x 10> m/RIU and R = 0.9992, indicating that the RI
detection of the JS is sensitive and reliable. The detection scope of RI
completely covers the RI of the three waterborne bacterium.’”
Additionally, other bacteria with RI in the range of 1.355-1.43 can also
be accurately detected with a resolution of up to 1x 10~* RIU.
(Details are exhibited in supplementary material section 7.) Compared
with the low resolution of 10~ RIU by digital holographic microscopy
and light scattering’*”” and the minimum detectable RI difference of
5x 10 RIU by the immersion refraction method,” the detection
accuracy of the proposed JS is higher. Due to the low quantum energy
and high stability of THz waves, the JS with small size and low cost
will not destroy bacterial samples and can be used for water quality
detection in the field scene. Meanwhile, it also has a high potential
application in the detection of pathogens in the food and clinical
industry.

In conclusion, this Letter proposed a multiscale and multitasking
JS based on the PSHE in the THz band, which can achieve accurate
thickness detection and RI detection on two different scales.
Compared with the previously reported work, the JS proposed in this
Letter has made innovations and breakthroughs, and its overall

performance is better. (The comparison table is in Sec. 8 of the sup-
plementary material.) The multitasking integration of the JS can
effectively reduce the cost of requiring multiple single-function sen-
sors. The PSHE displacement &' can be effectively enhanced by
designing a reasonable layered structure and regulating the uc of
graphene. By locking 6% peak values, 1-7 layers of graphene can be
detected on the forward scale with S=3.02 x 10> m/nm, and the
thickness variation at the nanometer level is amplified by 10° times
to reach the millimeter level, which improves the S and accuracy of
experimental observation. On the backward scale, when different
waterborne bacteria are injected into the detection cavity, the spe-
cies of the waterborne bacterium can be easily identified by RI
detection with $=6.244 x 10> m/RIU via the peak value of &7.
The JS based on the THz band with small size, nondestructive, pen-
etration, no mark, real-time detection, and stability has broad appli-
cation prospects in industrial production, biomedicine, and other
fields.

See the supplementary material for supporting content.
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