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In order to improve the refractive index sensitivity of a localized surface plasmon resonance (LSPR) sensor,
we present a new type of LSPR sensor whose refractive index sensitivity can be improved by greatly
increasing the plasmon wavelength red-shift of metal-semiconductor core-shell nanoparticles (CSNs).
Using extended Mie theory and Au@Cu,_,S CSNs, we theoretically investigate the optical properties of
metal-semiconductor CSNs in the entire near-infrared band. Compared with dielectric-metal and
metal-metal CSNs under the same conditions, the metal-semiconductor CSNs have a higher double-
exponential sensitivity curve because their core and shell respectively support two LSPRs that greatly
increase the LSPR red-shift to the entire near-infrared range. It is worth noting that the sensitivity can be
improved effectively by increasing the ratio of the shell-thickness to core-radius, instead of decreasing it
in the case of the dielectric—metal CSNs. The underlying reason for the enhancement of sensitivity is the
increase of repulsive force with the enlargement of shell thickness, which is different from the
dielectric—metal CSNs. This design method not only paves the way for utilizing metal-semiconductor
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1. Introduction

In recent years, many researchers have demonstrated that metal
nanoparticles," semiconductor nanoparticles®> and dielectric-
metal core-shell nanoparticles (CSNs)* have unique and tunable
localized surface plasmon resonance (LSPR).*® In particular, the
LSPR peaks exhibit red-shift or blue-shift behavior as the struc-
ture of the nanoparticle and the refractive index (RI) of the
surrounding medium change. The LSPR shifts caused by the RI
changes have proven useful to detect a variety of chemical
changes taking place at the molecular scale, including protein
interactions,” antigen-antibody binding,"® inorganic ion
sensing,™ as well as Alzheimer's biomarker recognition.™

The RI sensitivity of the surface plasmon resonance (SPR)
plays a significant role for determining the reliability of LSPR
sensors. There are two ways to increase RI sensitivity of metal
nanoparticle LSPR sensors. One is to elongate the nanoparticle
and sharpen its apexes.’*™® The other way is to change the
constituent materials of the nanoparticles, which also plays an
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important role in the sensor's RI sensitivity.'”'* Although the RI
sensitivity can be greatly improved to 665 nm/RIU through the
two methods mentioned above, the sensors cannot work in
a broader band because the absorption peaks of metal nano-
particles shift in the visible range.*

To broaden resonance band, the CSNs with dielectric cores
and metal shells (e.g. SiO,@Au) or metal cores and metal shells
(e.g. Au@Ag) structures are designed to construct a LSPR-based
sensor. Its plasmon resonance wavelength can be tuned from
the visible range to the near-infrared range through varying its
geometrical parameters.”® Simultaneously, it has been discov-
ered that the RI sensitivity of CSNs sensors, increases near-
exponentially as the reduction of the ratio of the shell-
thickness to core-radius**** and can be larger than that of
mental nanoparticles."””* The underlying reason for the
enhancement of sensitivity is that the resonance wavelength of
CSNs is longer than that of mental nanoparticles, which results
in the reduction of the restoring force from the negative elec-
trons and the positive metal cations.”® Many studies®>*® have
found that the RI sensitivity of CSNs has been generally
increased with longer plasmon wavelengths, higher curvatures,
and larger polarizabilities. In addition, plasmon wavelengths
can become longer (red-shift) with the increment of relative
refractivity. In other words, the utilization of longer plasmon
wavelengths cannot only enhance RI sensitivity, but also widen
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CSNs sensors' applications. However, the resonance frequency
of these CSNs still cannot cover the entire near-infrared region
because the resonance wavelength of the metal shell is
concentrated in visible light, which plays a more important role
in influencing the optical properties of CSNs.*” It means that the
resonance frequency of these CSNs not only have limited
sensitivity, but also restricted its applications. For example, the
present LSPR sensors concentrate on detecting the conven-
tional materials whose refractive indices are below 1.6.>*** In
addition, in most studies,**** the plasmon wavelengths of CSNs
have been compared in experiments, but the studies are
incomplete due to they didn't pay enough attention to study the
reason for plasmon wavelength red-shift of the CSNs in theory.

To further improve RI sensitivity, we present a new type of
LSPR sensor based on metal-semiconductor CSNs that show
a wide resonance frequency band by controlling the semi-
conductor with appreciable free carrier concentrations. The
metal-semiconductor CSNs are designed for two reasons. On the
one hand, the optical properties of the semiconductor can be
tuned by controlling the carrier concentration,**>* which can
effectively extend the resonance frequency band to entirely near-
infrared region. On the other hand, due to the optical properties
of metal core and semiconductor shell, there are two LSPRs in
different light regions supported by the metal core and semi-
conductor shell, respectively, which are different from dielectric-
metal® and metal-dielectric** CSNs. The result is the greatly
increased red-shift of LSPR peak, the broadened resonance
wavelength, which could greatly improve sensitivity. Taking
Au@Cu,_,S CSNs as an example, by varying their geometrical
parameters, we can tune the resonance wavelengths of CSNs to
cover the entire near-infrared band. Compared with other CSNs,
the Au@Cu,_,S CSNs can not only increase the red-shift of LSPR
peak and broaden the resonance wavelength,**” but also
improve the RI sensitivity and widen LSPR sensors' applications.
Furthermore, by studying the charge distribution of Au@Cu,_,S
CSNs, we obtained a new phenomenon: the high sensitivity can
be obtained by increasing the ratio of the shell-thickness to core-
radius instead of decreasing it.***

2. Results and discussion

The schematic diagram of cross-section of the proposed
Au@Cu,_,S CSNs is shown in Fig. 1a; the golden part indicates
the Au core, while the blue is the Cu,_,S shell. The radius meets
the requirements of the Rayleigh approximation. Its extinction
spectra are calculated by using extended Mie theory. The optical
constants of Au in the light region of interest are obtained
through a “pchip” interpolation method based of the experi-
mental data,*® and the optical constants of Cu, ,S are calcu-
lated with Drude's model.*

The extinction spectra of the Au@Cu, ,S CSNs, Au and
Cu,_,S nanoparticle are calculated, as shown in Fig. 1b. The
refractive index of the surrounding medium is 1.33. The reso-
nance peak of the Au nanoparticle is at 550 nm, while the
resonance peak of the Cu,_,S nanoparticle is at 1588 nm. In the
extinction spectrum of the Au@Cu,_,S CSNs, two resonant
peaks at 500 and 1280 nm, respectively, are observed. The two
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Fig. 1 The model and extinction spectrum of the core (Au)-shell
(Cu,_,S) nanoparticles. (a) Schematic cross-section diagram of
Au@Cu,_,S CSNs. (b) Extinction spectra of Au, Cu,_,S, and Au@Cu,_,S
nanoparticles. (c) Local electric field distribution of w+ mode, ry =
25 nm, r, = 40 nm, and resonant wavelength is 500 nm. (d) Local
electric field pattern of w— mode, r; = 25 nm, r, = 40 nm, and resonant
wavelength is 1280 nm.

resonant peaks can be explained by plasmon hybridization
theory,* which interprets how the plasmon resonances of the
elementary parts interact with each other to generate the
hybridized plasmon modes of the composite nanostructure. We
assume that both the metal core and semiconductor shell are
lossless, and the permittivities agree with Drude's model with
the form e, = eay — Wpi /W, €3 = €wy — Wy /W and that where
£01(€w2) and wp(wp,) are high-frequency permittivities and
bulk plasma frequencies of the core (shell), respectively. Then
we obtain®® the following expressions:

Wyl = (—biM)/% 1)
with

a=[ewr+ (e + er)lles + news + &3)]

2
T n)(ewr — Ewd)(Ewn — €3)X, (2)
b= —nle3 + n(ewr + e3)lwp” — [e3 + 2n(ews + £3)
+ (et + 2600 + 3)Wpa” — (0 + M[(Ewn — E3)Wp1”
2

+ (€1 — 260 + E3)WpTIX, (3)
c= nzwplzwpzz + M+ n)wpzz[wpz2 + (wp12 — wpzz)x,,] (4)
G (5)

where r; is the radius of the core, r, is the radius of the CSNs,
and Ar = ry/r, is the shell thickness; n represents multipolar
modes. When 7 is 1.0, we can obtain

wy = — wp12 + 3wp22

6

2
+ \/(WPIZ + wpzz) + 4wy? <wp22 — wp12>xn:| (6)
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where w+ mode corresponds to antisymmetric coupling
between sphere and cavity modes, and w— mode corresponds to
symmetric coupling between the two modes.

Here, the plasmon resonance of the Au@Cu,_,S CSNs can be
considered as the interaction between the essentially fixed-
frequency plasmon response of the Au nanosphere and the
Cu,_,S nanocavity. The interaction results in the splitting of the
plasmon resonances into two new resonances: lower energy
(1280 nm) and higher energy (500 nm). To study this interaction
of the plasmonic coupling more thoroughly, we calculate the
local electric field distribution of the Au@Cu,_,S CSNs with
different hybridization modes. As shown in Fig. 1c, the
enhanced local field concentrates in the Au-core outer surface
and polarizes parallel to the incident polarization. This is
caused by the interaction of the different types of charges
concentrated on the inner and outer surfaces of the Cu,_,S shell
along the incident polarization. This demonstrates that the
peak at 500 nm along the visible band presents w+ mode. On
the contrary, for the resonant wavelength at 1280 nm, a strong
local field appears on both the inner and outer surfaces of the
Cu,_,S shell (see Fig. 1d), which is similar to what happens with
the Ag@Au CSNs.** This demonstrates that at peak 1280 nm,
a near-infrared band presents w— mode. Our interest is to
research the RI sensitivity of Au@Cu,_,S at a near-infrared
band; therefore, we will focus on w— mode of Au@Cu,_,S CSNs.

The change of shell thickness leads to a variation in the
electric field. As shown in Fig. 2a, when the core radius and shell
thickness are 30 nm, the electric field intensity on the shell
inner surface of Au@Cu,_,S CSNs is stronger than that on the
shell outer surface. A similar result has also been found in
Ag@Au CSNs suspended in water.** Thus, the electric field lines

shell thickness(nm)

Paper

in the shell strongly repel each other and are highly compressed
at the poles along the polarization direction,** as shown in
Fig. 2b. But, as the shell thickness increases with the constant
core radius, the electric field intensity on the shell outer surface
of Au@Cu,_,S CSNs grows larger than that on the shell inner
surface, as shown in Fig. 2c. In this case, the electric field lines
inside the shell repel each other at the poles along the incident
polarization and compress at the poles against the polarization
direction, as shown in Fig. 2d. The precise variation of the
enhancements on the outer and inner surfaces of Au@Cu,_,S
CSNs shell can be seen in Fig. 2e. The enhancement of the
electric field on the shell inner surface is larger than that on the
shell outer surface when the shell thickness is less than 45 nm.
Nevertheless, when the shell thickness is larger than 45 nm, the
induced electrons on the shell outer surface are more than
those on the shell inner surface, which is due to the contribu-
tion of the Cu,_,S shell. The reason for this is that the number
of conduction electrons on the outer surface increases with the
larger Cu,_,S shell thickness.”> Moreover, the increase in core
radius leads to an increase of the enhancements on the outer
and inner surfaces, as shown in Fig. 2f. This shows that the
increase in the core radius has almost no effect on the electric
field distribution of core and shell surface.

To study the effect of the geometrical parameters (core
radius and shell thickness) on the LSPR property of Au@Cu,_,S
CSNs, we calculate the extinction spectra of Au@Cu,_,S CSNs
with varied shell thicknesses and core radii. As shown in Fig. 3a
with Cu,_,S shell thickness variation from 2 to 10 nm, w— mode
shows a red-shift trend from 837 nm to 1121 nm (the variation
of w+ mode in ESI Fig. S1at), which indicates that its resonance
wavelength can be shifted to entirely near-infrared by
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Fig. 2 The electric field enhancement of the Au@Cu,_,S CSNs with different geometric parameters. (a) Local electric field pattern of w— mode,
ri = 30 nm, r, = 60 nm, and resonant wavelength = 1456 nm. (b) Schematic picture for distribution of electric field lines at 1456 nm. (c) Local
electric field pattern of w— mode, r; = 30 nm, r, = 100 nm, and resonant wavelength = 1701 nm. (d) Schematic picture for distribution of electric
field lines at 1701 nm. (e) The shell thickness dependence of the enhancements on the outer and inner surfaces of Au@Cu,_,S CSNs with
constant 30 nm core radius. (f) The core radius dependence of the enhancements on the outer and inner surfaces of Au@Cu,_,S CSNs with

constant 10 nm shell thickness.
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g surrounding medium refractive index with different shell
5 Toncis ars thicknesses and core radii (the extinction spectra in ESI Fig. S3
i s and S47). The curves in Fig. 4b and c present clear evidence of

the nearly linear shift with a change in the surrounding
refractive index. In Fig. 4b, for Au@Cu,_,S CSNs with a thick-

) ‘:1-1-\ ness of 6 nm, the LSPR shift may reach 900 nm with an
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Wavelength(nm) Wavelength(nm) from 1.0 to 3.0. As we systematically diminish the shell thick-
Fig. 3 Extinction spectra of AU@CU, S CSNs with different shell 1¢S5 from 6 nm to 2 nm while keeping the core radius at
thicknesses and core radius. (a) Extinction spectra of Au@Cu,_,S CSNs a constant 30 nm, it is observed that the LSPR shift is reduced
at different shell thicknesses with a constant core radius of 30 nm. (b) ~ from 900 nm to 530 nm when the refractive index is 3.0. In
Extinction spectra of Au@Cu,_,S CSNs at different core radii with ~ Fig. 4c, however, as we systematically enlarge the core radius
a constant shell thickness of 5 nm. from 20 nm to 30 nm while keeping the shell thickness at
a constant 5 nm, we observe that the LSPR shift reduces from
944 nm to 828 nm when the refractive index is 3.0. Therefore,
increasing the shell thickness with a constant core radius. In  the resonance wavelength shift with a change of shell thickness
Fig. 3b, however, with Au core radius variation ranging from 10  is larger than that with the variation in core radius, which is
to 30 nm, w— mode presents a blue-shift trend from 1195 nm to  more evident at a large refractive index.
962 nm, respectively (the variation of w+ mode in ESI Fig. S1b¥). Refractive index sensitivity is defined as a change in LSPR
This implies that its resonance wavelength can also be shifted wavelength per unit refractive index (RIU).2® In Fig. 4, it is
to entirely near-infrared by decreasing the core radius with observed that the resonance wavelength of Au@Cu,_,S CSNs
a constant shell thickness. Eqn (6) provides precise explana- shows a strong tunability with a change in RI between 1.0 and
tions for this situation. Here, the wp, is larger than wy,,, and the  3.0. To compare the sensitivity of Au@Cu,_,S CSNs with
x, will become smaller with an increase in shell thickness, SiO,@Au CSNs under the same conditions, we set the refractive
leading to the decrease of the w—; therefore, w— mode shows indices of the Au@Cu,_,S CSNs to 1.0 and 1.6, which is the
a tendency to red-shift. same as the SiO,@Au CSNs.* Fig. 5a and b show the LSPR shift
To study the LSPR properties of core-shell structures with  of Au@Cu,_,S and SiO,@Au CSNs with the change of geomet-
different refractive indices of the surrounding medium, the rical parameters (core radius and shell thickness) and
extinction spectra of the Au@Cu,_,S CSNs are investigated, as  surrounding refractive index. Obviously, under the same core
shown in Fig. 4a. The LSPR peak of w— mode red-shifts from radius, shell thickness and surrounding refractive index,
847 nm to 1652 nm when the refractive index of the Au@Cu, ,S CSNs show the larger LSPR shifts than that of
surrounding medium changes from 1.0 to 3.0, respectively (the SiO,@Au CSNs, which is more evident with the increase of
variation of w+ mode in ESI Fig. S2t), which is sufficient to meet ~ surrounding refractive index. It demonstrates that Au@Cu,_,S
the conditions for the detection of most analytes. Simulta- CSNs have larger LSPR shift. Meanwhile, the changes of core
neously, peak intensity increases gradually, which provides radius and shell thickness also have effect on LSPR shift.
potential for biosensing based on SPR. The reason for this is Therefore, it is necessary to investigate the sensitivity of
that the restoring force for the electron oscillation decreases SiO,@Au and Au@Cu,_,S CSNs with different geometrical
with an increase in polarizability of the dielectric media, which  parameters. Fig. 5¢ and d show the sensitivity of Au@Cu,_,S
damps the plasmon oscillations.** Therefore, the tunability of and SiO,@Au CSNs with different shell thicknesses but the
the resonance peak induced by the media provides an applica-  same total radius of 40 nm. Our calculations show that plasmon
tion for sensors detecting the refractive indices of the gensitivity changes nonlinearly with enlarging shell thickness.
surrounding medium. As shown in Fig. 5c, sensitivity reaches 925 nm per RIU in the
To find the shift property of w— mode (the lower-energy case of the shell thickness equaling 30 nm. The sensitivity rises
LSPR peak), Fig. 4b and ¢ show the LSPR shift as a function of ~double-exponentially as the ratio of shell-thickness to core-
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Fig. 4 Extinction spectra and LSPR shift of Au@Cu,_,S CSNs with different refractive indices. (a) Extinction spectra of Au@Cu,_,S CSNs with r; =
35 nm, r, = 40 nm. (b) The LSPR shift of Au@Cu,_,S CSNs with different refractive indices of surrounding media with different shell thicknesses.
(c) The LSPR shift of Au@Cu,_,S CSNs with different refractive indices of surrounding media with different core radii.
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Fig.5 The LSPR shift and sensitivity of Au@Cu,_,S and SiO,@Au CSNs.
(@) The LSPR shift of Au@Cu,_,S and SiO,@Au CSNs with different
refractive indices of surrounding media with different shell thick-
nesses. (b) The LSPR shift of Au@Cu,_,S and SiO,@Au CSNs with
different refractive indices of surrounding media with different core
radii. (c) The sensitivity of Au@Cu,_,S CSNs rises double-exponentially
with increasing Ar/ry, as seen from the fit (red line) to the double-
exponential decay witha = 839.5 + 23.9, b = 0.03292 + 0.01167, ¢ =
—717.8 +£19.7,and d = —2.228 + 0.0154. (d) The sensitivity of SiO,@Au
CSNss falls near-exponentially with increasing Ar/ry, as seen from the fit
(red line) to the single-exponential decay witha =386 + 15, b =0.2 +
0.01, t = 139 nm/RIU.

radius increases because of the double LSPR originating core
(Au) and shell (Cu,_,S). A similar phenomenon can also be
found in Au@Ag CSNs (ESI Fig. S6T). However, in the SiO,@Au
CSNs, only the shell (Au) supports the LSPR and shows different
situations in which the plasmon sensitivity of CSNs increases
near-exponentially as the ratio of the shell-thickness to core-
radius decreases (Fig. 5d). This demonstrates that the RI
sensitivity of Au@Cu,_,S CSNs is not only larger than that of
SiO,@Au CSNs but also shows a stronger tunability with regard
to improving sensitivity than SiO,@Au CSNs.

Our next goal is to find the cause of the tunable sensitivity in
a core-shell nanostructure. As is well known, LSPR becomes
attractive due to collective motion of free electrons on the
surface of nanoparticles. Hence, we calculated the local electric
field pattern and electric charge distribution of Au@Cu,_,S and
SiO,@Au CSNs when the surrounding refractive index is 1.6. As
shown in Fig. 6a and b, the plasmon of Au@Cu,_,S CSNs is
caused by the oscillations of the same type of charge on the
outer and inner shell surfaces. The free electrons at the outer
surface of Au@Cu,_,S CSNs will be exposed to a repulsive force
from the electrons on the inner surface, leading to the reduction
of restoring force and increase of sensitivity** determined by the
ease of polarization of the electrons.”* It indicated that the
repulsive force plays an important role in improving the sensi-
tivity of metal-semiconductor CSNs. Therefore, with the
increasing shell thickness, the oscillation electrons on both
inner and outer shell surface becomes intense due to the
conduction electrons increased by a thicker shell,** which leads
to enhance in repulsive force. This will result in to improve the
ease of polarization of the electrons, increase plasmon wave-
length red-shift and enhance sensitivity. However, different
types of charges are concentrated on the inner and outer Au
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Fig. 6 Local electric field of Au@Cu,_,S and SiO,@Au CSNs. (a) Local
electric field pattern and (b) electric charge distribution of the
Au@Cu,_,S CSNs with ry = 20 nm, r, = 40 nm, and resonant wave-
length = 1632 nm under the surrounding refractive index of 1.6. (c)
Local electric field pattern and (d) electric charge distribution of the
SiO,@AuU CSNs with ry =20 nm, r, = 40 nm, and resonant wavelength
= 618 nm under the surrounding refractive index of 1.6.

shell surfaces in SiO,@Au CSNs (see Fig. 6¢ and d). An attrac-
tion from the charges of the outer and inner surfaces leads to an
increase in the restoring force and a reduction of sensitivity. It
shows that the attraction could determinate the sensitivity of
dielectric-metal CSNs, which is different from the metal-
semiconductor CSNs. Therefore, with decreasing shell thick-
ness, the oscillation of both inner and outer surface electrons
becomes weak because of the decreasing conduction electrons
in the thinner shell, which leads to decrease attraction. It
results in improving the ease of polarization of the electrons
and enhancement in sensitivity. The most essential difference
for sensitivity between metal-semiconductor CSNs sensor and
dielectric-metal CSNs sensor is different electric charge
distributions.

3. Conclusion

In summary, taking Au@Cu,_,S CSNs as an example and using
extended Mie theory, we improve the refractive index sensitivity
by increasing red-shift plasmon wavelengths based on metal-
semiconductor CSNs. The Au@Cu,_,S CSNs show a tunable
resonance wavelength across the entire near-infrared band and
high sensitivity in the surrounding medium possessing a large
refractive index. The bulk sensitivity of the Au@Cu,_,S CSNs
shows an increasing trend that meets a double-exponential
curve with increasing shell thickness, which is due to the
double LSPR supported by core and shell that greatly increase
the LSPR red-shift to entire near-infrared area. The reason for
the improvement of sensitivity of metal-semiconductor CSNs is
the increase of the repulsive force caused by the thicker shell,
which is different from the dielectric-metal CSNs. Taking
advantages of this benefit, the present work is significant in

This journal is © The Royal Society of Chemistry 2018
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broadening the sensing applications of metal-semiconductor
CSNs in biochemistry and provides new ideas for sensor designs
with high sensitivity.
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