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Abstract

Platinum diselenide (PtSe,), an emerging two-dimensional transition metal dichalcogenide, exhibits thickness-dependent refrac-
tive index, and hence, intriguing optical properties. Here, we employ it as a plasmonic sensing substrate to achieve significant
enhancement in Goos-Hénchen shift sensitivity. Through systematic optimization of all parameters, four optimum sensing
configurations have been achieved at different wavelengths ranging from visible to near-infrared region, where the Goos-
Hanchen shift sensitivity receives four times enhancement in comparison with the conventional bare gold sensing substrate.
There is a linear range of Goos-Hénchen shift with the tiny change of refractive index for each optimal configuration. The
detection limit of the refractive index change can be as low as 5 x 10~/ RIU which is estimated to be lower by 2 orders of
magnitude, and the corresponding sensitivity of biomolecules has a 1000-fold increment compared with that of bare gold-based

SEnsors.
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Introduction

The Goos-Héanchen (GH) effect is a phenomenon of geometric
optics where the light beam, reflected from the interface of
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dielectric media, shifts laterally in the plane of incidence away
from the theoretically predicted position [1]. This kind of shift
is called GH shift. After the innovation of laser and the devel-
opment of integral optics, the GH shift phenomenon has been
actively explored for applications in electronics [2, 3], optical
waveguide switch [4], and optical temperature sensing [5].
The stationary phase method, proposed by Artmann, theoret-
ically explains this effect and clearly indicates its close rela-
tionship with the phase change of the reflected light [6].
Surface plasmon resonance (SPR) is a special electromagnetic
wave resulting from the surface charge density collective os-
cillation, which is excited at the interface between two mate-
rials having negative and positive permittivities, respectively.
And the SPR has been extensively studied in theory and ex-
periment and used in the development of biosensors for med-
ical diagnostics [7], food safety, and other areas. In the SPR
arrangement, an abrupt change in the phase of a p-polarized
(whose polarization direction is parallel to the incident plane)
reflected light occurs at the resonance condition. Hence, the
SPR effect has been widely investigated in the plasmonic
sensing field to detect chemical and biological parameters that
cause the change in refractive index (RI) near the sensing
interface [8, 9]. Thus, it is natural to propose the combination
of the GH shift effect and SPR sensing through phase change
measurements occurring at the minimum reflectivity point of
the SPR curve [10-13].
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Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are gathering rising research interest because of their
unique properties such as tunable photonic bandgap, high charge
mobility, and large absorption of light [14, 15]. Specifically,
PtSe,, an emerging group 10 TMDC, bears optical properties
different from other group 6 TMDC:s. It has a 1T-phase, implying
6 Se atoms in the space surround one Pt atom, as seen from the
top view. The continuous 1T-PtSe, is an isotropic plane, and its
monolayer film with the thickness of 2.53 A can provide the
biggest bandgap of 1.2 eV [16]. In contrast, bilayer PtSe, sam-
ples with interlayer distance of 5.07 A have a narrower bandgap
of 0.21 eV. The interlayer distance between multiple layers or
bulk PtSe, reduces on increasing the layer numbers because of
the strong coupling covalent bands between the neighboring
structure. Hence, PtSe, undergoes a phase transition from the
indirect bandgap semiconductor of the monolayer and bilayer
structures to a semimetal character of multiple layers and bulk
PtSe, [17, 18]. The RI of this layer-dependent material as well as
its absorption spectrum also depends strongly on the film thick-
ness [19], which provides another modulation method when the
material is applied to optoelectronic devices [16, 20]. In addition,
PtSe, has extremely high mobility of 3000 cm® V' s', and
large electrical conductivity which can only be achieved by vary-
ing its thickness [21-23]. These characteristics of PtSe, allow it
to be an ideal candidate for high-speed electronic applications in
the infrared region. However, controlled preparation of this 2D
TMDC material with large-area and high-quality uniform is still
a huge challenge, so it is of critical advantages to investigate the
characteristics of this material in theory and provide certain guid-
ed advice when the sound preparation process is developed.

In the present work, we systemically design and simulate
the plasmonic sensing schemes at conditions of (1) different
PtSe, thicknesses, (2) discrete excitation wavelengths, and (3)
different types of coupling prism, to improve the sensitivity of
biomolecular GH shift sensor based on SPR configuration.
We also consider the assistant role of graphene on improving
the sensing performance based on the high optical absorption
rate of graphene and wavelength-dependent RI variation ten-
dency similar to that of PtSe,. By tuning (a) the gold film’s
thickness, (b) the layer numbers of graphene, and (c) the thick-
ness of PtSe, layer, four optimum sensing configurations can
be found at different excitation wavelengths. One of these
configurations shows a GH shift sensitivity enhancement of
four times more than that of sensors based on bare gold. In
addition, we also report the detection limit for solutions con-
taining low concentrations of biomolecules and the corre-
sponding sensitivity with the optimum sensing configurations.

Theory and Simulation Method

In the present simulation, we employ four different wave-
lengths (532 nm, 632.8 nm, 780 nm, and 1152 nm) spanning
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from visible light to near-infrared region. They are the work-
ing wavelengths irradiated by Nd:YAG laser or diode pump
solid-state laser (532 nm), He-Ne gas laser (632.8 nm,
1152 nm), and GaAlAs laser (780 nm), all of which are widely
used in the laboratory and industry. Additionally, three differ-
ent prisms, namely BK7, SF5, and SF11, most commonly
applied in the SPR configurations, are chosen to couple the
incident light into the proposed biosensor. Titanium (Ti) layer
with 2.5 nm thickness is utilized to attach gold (Au) onto the
prism. While gold and silver are usually chosen to be the
plasmonic metal of SPR-based sensors, gold is preferred be-
cause of its chemical stability. Since a too thin or too thick
gold film is not good at coupling electromagnetic waves into
surface waves, the thickness of gold film is increased from
30 nm by 1-nm step to 60 nm. Graphene dielectric layers with
excellent optoelectronic properties are grown on the upper
surface of gold thin film to improve the SPR biosensor sensi-
tivity. The thickness of monolayer graphene is 0.34 nm, so the
total thickness of L-layer graphene equals to d = L x 0.34 nm
[24]. 2D PtSe, with different thicknesses is coated over
graphene, and it acts as the sensing interface which contacts
directly with the sensing medium. The incident angle is ad-
justed from the critical angle to the almost grazing incidence
by the spacing of 0.1° which is reasonable according to the
precision accuracies of the rotation stage and micrometer used
in the experiment. At first, we consider de-ionized (DI) water
to be the analyte solution, and later, DI water contains biomol-
ecules. The RI of analyte solution will increase by Any;, after
biomolecules are adsorbed on the PtSe, surface. Briefly, this is
a six-layered system, containing the prism, titanium, gold,
graphene, PtSe,, and analyte solution, as shown in Fig. 1.
The refractive indices of all these materials at the four excita-
tion wavelengths are presented in Table 1.

Since only p-polarized lights can excite the surface plas-
mons, the s-polarized lights (whose polarization direction is
perpendicular to the incident plane) can be used as a reference
to determine other parameters’ influence on the sensing per-
formance. This is an advantageous factor as it aids not only in
eliminating the environmental noises but also in reducing the
error caused by the non-ideal profile of the light source when
doing experiments to improve the measurement accuracy.

Coming to the principle behind the GH shift, for one
interface system, when a beam illuminates from dielectric 1
with permittivity of ; onto the interface of dielectric 2 with
permittivity of €, at an incident angle of 6, the reflectivity
equals to

kzl kzZ kzl k22
0,0) = (a2, (fa fa 1
o (6,0) ( )/(+) (1)

for the p-polarized light and

rS(97 W) = (kzl_kZZ)/(kzl + kzZ) (2)
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for the s-polarized light, where k;; = w/c/z1cosf and
— (M1 + Miagy)q,—(M21 + Manqy)
ko = w/cy/e—esinb. (5)

But for an N-layered model presented here, we need to
employ the transfer matrix method (TMM) to achieve the
systemic reflectivity coefficient [28]. The matrix of the N-lay-
ered model is defined as

N-1 My, My
M = My = 3
krzlz g [Mn M 3)

where M, indicates the matrix of the kth layer. For p-polarized
incident lights, M, can be given by

cosf3 —isinf3
M= | Pk 1/ i (4)
iqgsinfy  cosf
nsin?))' , . 1/2
where ¢, = & o ") e, By = 25 (gp—ntsin’6)) 2,

and dj, is the thickness of the kth layer. Hence, it can easily
obtain the four elements of the matrix—AM,, M,, M, and
M,,. Then, considering the boundary conditions of the elec-
tromagnetic wave propagation, the amplitude reflectivity co-
efficient 7, of the N-layered model is obtained by

12 =
P (M 4 Migy)q, + (Mo + Magy)

which is a complex quantity and can be written as
rp = |rp|e/®. Thus, the reflectivity R, and phase ¢, of the
p-polarized light are respectively extracted by

R, = ‘rp‘zand ¢, = arg(rp) (6)

The GH shift is obtained by differentiating phase as a func-
tion of the incident angle according to the stationary phase
theory:

GHsy = —-——" (7)

For s-polarized incident lights, the same equations hold,

with g replaced by p, = (g4—n?sin’6;) 12 S0, the differen-
tial GH shift between s- and p-polarized lights is GHs = GHs,,
— GHs,. The GH shift sensitivity S is then referred to be the
ratio of the differential GH shift change AGHs = GHs
|+ Any, —GHs|,, to the RI change Any,, of the sensing medium
caused by biomolecular adsorption, i.e.,

Table 1 Refractive indices (RI)

of Au, prisms (BK7/SF5/SF11), RI A =532 nm A =632.8 nm A =780 nm A=1152 nm
graphene, DI water, titanium, and
PtSe, with different thicknesses at ~ Au [25] 0.0990 + 2.9952 0.1377 +i3.6183 0.2063 +i4.5133 0.4417 +16.7308
various excitation wavelengths BK7 [26] 1.5195 1.5151 15112 1.5055
used in the proposed structure SF5 1.6796 1.6685 1.6595 1.6489
SF11 1.7948 1.7786 1.7658 1.7515
Graphene [24] 3 +10.9658 3 +11.1487 3 +11.4160 3 +12.0913
DI water [26] 1.3369 1.3326 1.3264 1.3189
Ti [27] 24793 +13.3511 2.7039 +13.7651 3.0775 +i4.01 3.5600 + i4.0850
PtSe, 2 nm [19] 2.5917 +11.1332 2.9029 +10.8905 2.8229 +10.5277 2.7986 +10.2878
PtSe, 4 nm 2.5002 +11.3835 29161 +11.2986 3.3009 + i0.9076 3.2582 +10.3881
PtSe, 6 nm 2.6762 +11.6724 3.0168 +11.6734 3.5912 +11.5030 3.7622 + i0.6462
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§_ |AGHs| ()
Anbio
Here, the detection accuracy of the GH shift sensing system
is defined to be the full width at one-tenth maximum (FWTM)
to characterize the sensing performance. The corresponding
reflectivity Rpwrnm at one-tenth maximum equals to Rpwrym =
0.1 X (Rmax + 9Rmin), Wherein R, and R ,;, representing the
maximum and minimum reflectivities, respectively. The
smaller the FWTM, the higher the detection accuracy. The
sensing substrate and the optical parameters of all the under-
lying layers determine the value of FWTM. Enhanced factor
refers to the ratio of sensitivity of the optimum sensing models
to that of conventional bare gold sensing system, which quan-
titatively characterizes the enhancement sensitivity in the
sensing models.

Results and Discussion

Before systematically investigating the GH shift sensitivity
with these layered substrates in the sensing model, it is
better to validate the relationship between the SPR excita-
tion, phase abruption, and GH shift. If not specified in the
following description, reflectivity refers to the reflectivity
of p-polarized light. Since the SPR excitation leads to a
drastic change in phase, the largest GH shift can be obtain-
ed. Figure 2 presents the complementary relationship be-
tween the minimum reflectivity of SPR curve, phase abrup-
tion, and the corresponding GH shift. For a thorough inves-
tigation of the influence of graphene and PtSe, on the con-
ventional SPR-based biomolecular sensor, we design three
comparison models. In this paper, the conventional sensor
structure with bare gold thin film is referred to be the first
model. The second model is obtained by adding a layer of
PtSe; on the gold layer. The third model covers L layers of
graphene between the gold film and PtSe,.

In the simulation, the gold film’s thickness is increased
from 30 nm by a 1-nm step to 60 nm. The comparison details
between the SPR curves, phase changes, and GH shifts with
various parameters are shown in Fig. S1. The minimum re-
flectivity of the SPR curve for every gold thickness can be
obtained with different excitation wavelengths and coupling
prisms, and the data are summarized in Fig. 3 (dotted curves).
For each case, there exists an optimum gold thickness to
achieve the maximum energy transfer and the minimum re-
flectivity. But the optimum gold thickness is different for each
type of coupling prism. This is because the wavevector of SPR
differs with the coupling prism according to the wavevector
matching condition. In addition, the thickness of gold thin film
plays a crucial role in exciting SPR because it can affect the
coupling intensity of SPRs on both sides of the film. Hence,
the optimum gold thickness depends on the applied wave-
length and prism. Moreover, the optimum gold thickness de-
creases when the incident wavelength increases resulting from
the increment of complex RI of gold. The solid curves in Fig.
3 are the counterpart modular changes of differential GH shift
|AGHs| with the RI change of Any;, = 0.005. It is clear that the
maximum modular change of differential GH shift is coinci-
dent with its reflectivity curve. The lower the reflectivity, the
larger the modular change of differential GH shift ]AGHs|. In
addition, a special prism utilized to couple a given incident
light can yield the largest sensing signal.

The SPR curves for the second model at different thick-
nesses of PtSe, and other parameters are shown in Fig. 4a.
When all parameters of the whole system achieves optimum
values, the minimum reflectivity can reach 10>, Even though
the gold-excited SPR is mainly in the visible region, the near-
infrared wavelength of 1152 nm can also effectively excite
SPR due to the high electron mobility provided by PtSe,.
The incident light wavelength not only changes the SPR angle
through affecting its wavevector but also affects the width of
SPR curve. The long excitation wavelength utilized has an
appreciable effect on the width of the resonance curve which
is determined by the complex permittivity of the metal.

Fig. 2 Reflectivity (dash), phase - 100 - 250
(solid), and GH shift (dotted) 08m==""=, T " Refleotly
. . = Phase 50
curves for the p-polarized light GH shift L 200
with respect to the incident angle —_ L0
for bare gold substrate coupled by 5 0.6 . - - _
SFS5 prism at the excitation 8 . : 780nm_SF5_Au(44nm)_ .r-50 g F150 @
wavelength of 780 nm. The max- > 0.4, ; . " 100 g (:,',:
imum GH shift and the most dra- S . —~ 1100 =
matic phase change coincide very '03 . L-150 % '5
well at the SPR angle. The 2 0.21 . Q =
FWTM of the reflectivity curve at D RFWTM F-200 - 50
RpwrMm denoted in pink equals to 4
0.68° 004 o Taed 250 1,
. . : T T -300
54 55 56 57 58 59 60
Incident Angle (deg)
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Fig. 3 Minimum reflectivities
with respect to the gold thickness
(dotted curves) for different
coupling prisms at the excitation
wavelengths of a 532 nm, b
632.8 nm, ¢ 780 nm, and d
1152 nm; solid lines in every
pattern represent the
corresponding modular changes
in differential GH shift |AGHs|
with the refractive index change
of Anpi, = 0.005 for the first
model

Generally, a complex permittivity having a big real part, to-
gether with a small imaginary part, results in narrow reso-
nance curves. It is observed that the influence of PtSe, thick-
ness mainly determines the width of the SPR curve because of
its layer dependence of refractive index, while it has small

Fig. 4 a SPR curves and b the
corresponding GH shift lines with
DI water as the analyte solution
for different parameter
combinations (presenting in
legends) for the second model
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Fig.5 The modular of differential
GH shift change [AGHs| with
respect to the thickness of gold
thin film and prisms with PtSe,
thickness of 2 nm at excitation
wavelengths of a 532 nm, b
632.8 nm, ¢ 780 nm, and d
1152 nm when the RI change of
the aqueous solution equals to
Anpi, = 0.005 for the second
model

Fig. 6 The modular change in
differential GH shift |JAGHs| with
the number of graphene layers at
several thicknesses of gold film
and with the combination of
wavelength and prism of a

532 nm and SF11, b 632.8 nm
and BK7, ¢ 780 nm and BK7, and
d 1152 nm and SF5 when the RI
change of aqueous solution is
Anbio =0.005
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Table 3 Sensitivity comparison

of SPR-based sensors SPR interrogation system Enhancement strategy Sensitivity Reference
Angular change Au/Si/graphene 135 (°/RIU) [29]
Phase change Au/Si/MoSe, 1.1 x 107 (°/RIU) [30]
GH shift change Slab waveguide 6 x 10% (pm) [31]
GH shift change Au/graphene/PtSe, 6.25 x 10° (um/RIU) Current work

with the wavelength leading to less energy loss due to elec-
tronic damping. This means the detection accuracy improves
during this process. Other SPR curves with the same parame-
ters but different thicknesses of PtSe, can be seen in Fig. S2.
The corresponding GH shift peaks, shown in Fig. 4b, become
narrow and high due to the sharpest phase change at SPR
angles, which lead to the largest GH shift at the excitation
wavelength of 1152 nm when coupled by BK7 prism with
the gold and PtSe, thicknesses being 34 nm and 6 nm,
respectively.

The biomolecules in analyte solutions with various concen-
trations adsorb on the sensing layer, making a local change of
RI near the sensing interface and changing the SPR resonance
condition since it has a close relationship with the refractive
index of dielectric medium. Specifically, after coating 2D ma-
terial on the gold film, the optimum gold thickness for the first
model corresponding to the largest differential GH shift be-
tween p- and s-polarized lights will different with the incident
wavelength. Figure 5 presents the modular change in differ-
ential GH shift JAGHs| with respect to the gold layer thickness
under different excitation conditions with the RI change of
Any;, = 0.005. For BK7 prism, the variation pattern of the
optimum thickness of gold film with the incident wavelength
is the same as that of the first model. While for the other two
prisms, the variation pattern with the wavelength changes
from monotonous decline to first increase and then decrease
because of the same variation pattern of the RI of PtSe, with
the wavelength. On the whole, however, the optimum gold
thickness for all situations, to obtain the largest differential
GH shift, decreases because of extra energy loss introduced
by the layer of PtSe, which can only be offset by reducing the
thickness of gold thin film. The modular change in differential
GH shift improves greatly for some cases indicating the
unique effect of this 2D material for enhancing sensing per-
formance. The modular change in differential GH shift |AGHs|
with other thicknesses of PtSe, can be seen in Fig. S3.

For the third model, we investigate the associated effect of
graphene on the improvement in the sensing of GH shift after
adding several layers of graphene between gold and PtSe;.
The number of layers of graphene L is chosen from 1 to 15.
Figure 6 shows the results of the modular change in differen-
tial GH shift |AGHs| with respect to the layer numbers of
graphene. Other variations with the layer numbers of graphene
at different excitation wavelengths and prisms can be seen in

@ Springer

Fig. S4. We do not find a clearly unified law that states the
direct connection between the layer numbers of graphene and
the gold thickness for achieving the best sensing signal. But it
is quite clear that the GH shift increases largely with certain
layers of graphene; this may attribute to its excellent optoelec-
tronic properties and precise adjustable thickness. In addition,
in order to get the largest possible |AGHs]|, it is really not
necessary to have a high thickness of gold or a large value
of L, because the higher thickness of gold or graphene will
cause more energy absorption. For a given parameter set, there
is only one optimum number of graphene layer to balance the
signal enhancement and absorption loss leading to the
sharpest phase change.

Table 2 lists some optimal configurations that we achieved
on considering the parameters—the excitation wavelength,
the different types of prisms, gold thickness, the layer num-
bers of graphene, and the PtSe, thickness—and tuning them to
achieve the largest modular change in differential GH shift
|AGHs| and the smallest width of SPR curve (FWTM < 5°).
We assume an RI change of Any;, = 0.005 for the sensing
layer.

Compared with the changes in resonance angle which are no
more than 1°, the modular changes in differential GH shift are
always larger than the results of angle interrogation. That is to
say, it is much easier to detect the signal of GH shift change.
Moreover, the largest GH shift change always corresponds to
the nearly zero reflectivity R, which is so small for every
configuration under different excitation wavelengths that the
efficiency of energy transfers to SPR is very high. The
FWTM of the SPR curve increases rapidly with decreasing
wavelength, the layer numbers of graphene and the PtSe; thick-
ness, from about 1° to almost 5°, mainly due to the RI change
tendencies of prisms and gold. Enhanced factor indicates large
improved sensing performance of these configurations in com-
parison with the sensitivity of conventional sensors only with
gold as the sensing substrate. A suitable combination of all the
layered materials can yield a more efficient sensing system.

Fig. 7 a—d Modular change in differential GH shift |AGHs| with respect P>
to the RI change of aqueous solutions under different layer numbers of
graphene. The used wavelengths and prisms are selected from the
optimum values shown in Table 2. e-h AGHs curves for the
configurations obtained from a—d with optimal graphene layers with
respect to tiny changes in RI of analyte solutions



Plasmonics (2020) 15:1815-1826

1823

250

200
(@)

532nm_BK7_Au(31nm)_
Graphene(L)_PtSe,(2nm)

L 1 T | R [ 1 W
O©CO~NOOODWN-=0

|AGHSs| (um)
g 3 g

STy

0 e
0 0.002 0.004 0.006
An (RIU)
1500 1 v v v v v v v v v v v v v
l b —a— =0
1200+ (b) —o—L=1
—_ —=2
€ 900 780nm_BK7_Au(34nm)_ | —v—L=3
=1 —o—L=4
= Graphene(L)_PtSe,(4nm) | _ | -5
Y —>—L=6
% 600+ —e—L=7
(O] —*—L=8
< 300 L9
0 ottt —4=0—0—0-—0—0—0—0—0
0 0.002 0.004 0.006
An (RIU)
2500_‘AAAAAAAAAAAAAAA
( ) —a— =0
c ——L=1
2000 o
’é‘ 3 =vy—L=3
e 1500+ 1G 1r§2nm_SF5_Au(34nm)_ ::—_ 'I::g
= phene(L)_PtSey(2nm) Ny
) i —— =7
(:5 1000 D
——1=9
| 500
NFZS========SS2
0 0.002 0.004 0.006
An (RIU)
3000 -
[
2500 4 (d) —a— =0
—— =1
—A— =2
~— 2000 -
£ 1152nm_SF11_Au(34nm)_ | ~7_ t;j
% 1500 Graphene(L)_PtSep(2nm) | o |
7} —— t:s
—o— L=
(:5 1000 - —*— =8
q —e—1=9

0 0.002

An (RIU)

150+
532nm_BK7_Au(31nm)_PtSe,(2nm) V'v"
v,v’
100 v,v’
r— s
_ 6
g $=1.26X10° um/RIU ,v,V ©)
v
" | /
T 50 o
2 vv" AGHs=37.748 pm
v
v. .........
i L—w"vv
0 0.0001 0.0002
An (RIU)

300 )
OL ..'-.‘ 780nm_BK7_Au(34nm)_

"\ Graphene(3-layer)_PtSe,(4nm)
—~ -300- K
E [ ]
3 y
<= -600 \ AGHs=632.52 um
£ | . 3
g -900 W $=3.16X10" um/RIU
[}
-1200 1 ug,
.
-1500 . a1
0 0.0001 0.0002
An (RIU)
2500+
(g) .-._._.-I-I
el
2000 ’
—_ &/ $=3.15X10"um/RIU
€ 1500 I
=3 7
~ 7' |AGHs=1105.54 um
o w
) 1000 Y
I ]
O 500 F o
g s 1152nm_SF5_Au(34nm)_
0 Graphene(2-layer)_PtSep(2nm)
0 0.0001 0.0002
An (RIU)
0+ 1152nm_SF11_Au(34nm)_
.y Graphene(1-layer)_PtSe,(2nm)
-500- "a
a8
£ ~1000- I
= Hs=7
2 1500 | AGHs=750mm \
P B (n)
& -2000- \
| $=5X10" um/RIU LN
—-2500- on.y
Hemag.y
-3000 T :
0 0.0001 0.0002
An (RIU)

@ Springer



1824

Plasmonics (2020) 15:1815-1826

We also compare several SPR-based sensors using dif-
ferent sensing signals, as seen in Table 3. Although the GH
shift sensitivity slightly below that of phase interrogation,
it is far more than that of angular interrogation and wave-
guide assistant GH shift sensor, particularly with the char-
acteristics of easy measurement and low cost. Based on the
above discussion, there are four optimized sensing config-
urations that should be further investigated their sensing
performance. The four configurations are (i) 2 nm of
PtSe, structured on 31 nm of Au and coupled by BK7
prism at a wavelength of 532 nm, (ii) 4 nm of PtSe, with
triple-layer graphene structured on 34 nm of Au and
coupled by BK7 prism at a wavelength of 780 nm, (iii)
2 nm of PtSe, with bilayer graphene structured on 34 nm
of Au and coupled by SF5 prism at a wavelength of
1152 nm, and (iv) 2 nm of PtSe, with monolayer graphene
structured on 34 nm of Au and coupled by SF11 prism at a
wavelength of 1152 nm.

Figure 7 a—d show the modular change in differential GH
shift [AGHs| with the change in RI of the analyte solutions
from 0 to 0.007 RI unit (RIU) for different numbers of
graphene layer for the four selected configurations. The
|AGHs| changes significantly for the optimum configura-
tions than for the non-optimum ones, and they quickly sat-
urate with a tiny increase of RI. For some cases, the AGHs
changes from positive to negative or vice versa presenting
the local small dip or peak of the curve. It should further
refine the change of RI with tiny steps and keep the sign of
AGHs for better understanding the sensing performance.

The tiny step of refractive index change is first set to 1
10" when Any,;, increases from 0 to 0.00002, and then
increased to 5 x 107°. Figure 7 e-h show the differential
GH shift change AGHs with respect to the tiny RI change
for the four optimum configurations. All these curves have
different variation tendencies, but all of them are nonlinear.
Moreover, the data difference can be as high as twenty
times indicating that not all of the optimum configurations
are suitable for detecting the GH shift signal at very small
concentration changes of analyte solutions. There may be a
blank detection region where the curve of change in differ-
ential GH shift crosses the zero point, and whose width is

determined by the values on both sides. For example, for
the configuration of 2 nm of PtSe, structured on 31 nm of
Au and coupled by BK7 prism at a wavelength of 532 nm, it
is hard to detect the GH shift signal when the RI change of
the solution is within the range of 0.000055 RIU to
0.000065 RIU. However, we can still find a linear change
region in every curve. The corresponding sensitivities are
also shown in the figures. The GH shift sensitivity for tiny
changes in RI manifests 10- to 100-fold enhancement than
that for large changes in RI, showing more enhanced sens-
ing performance for a small RI change, and more sensitive
to detect minute molecules in the vicinity of sensing inter-
face. Considering the precision of position sensing detector
(Thorlabs, PDP90A) used in our laboratory, a lateral shift
more than 2 pm can be effectively detected. Therefore, the
detection limit for each optimum sensing configuration has
a slight difference except one having much lower detection
limit, as shown in Table 4. Additionally, compared with the
conventional sensor, the detection limit of the optimum
sensing configurations can be reduced by 2 orders of mag-
nitude, and the sensitivity can significantly improve by 3
orders of magnitude.

At last, one point should be noticed is that the GH shift
peaks for some cases are extremely high and narrow, which
are actually determined by the definition of GH shift under
stationary phase theory. The differential of phase singular-
ity with the excitation of SPR may cause an error to some
extent, which is the limitation of this method. Even though
the drastic phase change around the resonance angle of SPR
makes the GH shift value looked not so reasonable (the
continuous phase change with the number of graphene
layer is shown in Fig. S5, which also indicates indirectly
the influence of graphene layers on the GH shift), the
change tendencies of the GH shift with respect to the inci-
dent angle and the thicknesses of graphene and PtSe, as
well as the conditions for achieving the peaks of GH shift
are correct and still valuable to guide the related experi-
ment. In addition, the electric distributions of surface fields
in the vicinity of sensing interface, as seen in Fig. S6, indi-
cate that the evanescent filed can effectively extend in the
aqueous solution, especially for long wavelengths.

Table 4 Comparison of the

detection limit of GH shift A(mm) Prism  Enhanced configuration Detection limit ~ AGHs (um)  Sensitivity
sensing performance of the An (RIU) (nm/RIU)
conventional and four proposed
sensing configurations 780 SF5 Au (44nm) 5% 107° 2.45 4.9 x 10*
532 BK7  Au(31nm) PtSe,(2nm) 2x10°° 2.42 12 x10°
780 BK7 Au(34nm) Graphene(3-layer) 5x107 7.55 1.51 x 107
PtSe,(4nm)
1152 SF5 Au(34nm) Graphene(2-layer) 3x10°° 2.16 72 %x10°
PtSe,(2nm)
1152 SF11  Au(34nm)_Graphene(1-layer) 2x10°° 2.53 127 x 10°
PtSe»(2nm)
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Conclusion

In summary, we have employed two-dimensional materials of
graphene and PtSe, to form plasmonic sensing substrates to
achieve enhanced GH shift detection sensitivity. The intrigu-
ing optical absorption rate of graphene and PtSe, and fine
adjustment thicknesses allow the achievement of ultralow
light reflectivity at the SPR resonance angle. This minimum
reflectivity leads to the abrupt phase change at the special
incident angle and makes the lateral GH shift extremely sen-
sitive to the RI change caused by adsorbing biomolecules
which is contained in the aqueous solutions near the sensing
interface. This adsorption is achieved by van der Waals force
or ion force rather than functionalized layers. We have sys-
tematically optimized all parameters—the gold thickness and
PtSe, thickness, the layer numbers of graphene, the excitation
wavelengths, and the types of coupling prisms. And we pro-
posed four optimum configurations to improve the overall
sensing performance at wavelengths ranging from visible light
to near-infrared band. Among them, the configuration of 780-
nm wavelength light incident on a 4-nm thickness of PtSe,
and triple-layer graphene structured on 34 nm of gold and
coupled by BK7 prism yields the highest GH shift sensitivity
enhancement, which is 4 times larger than that of conventional
sensor. The detection limit of the RI change is as low as 5 x
1077 RIU, which is reduced by 2 orders of magnitude com-
pared with that of conventional gold sensor, and the corre-
sponding sensitivity of biomolecules has a 1000-fold en-
hancement. A wide linear range of the tiny RI change from
7 x 107 to 1 x 10* with a large slope is obtained at the
configuration of 2 nm thickness of PtSe, with bilayer
graphene structured on 34 nm of gold and coupled by SF5
prism with incident light of 1152-nm wavelength.
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