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A high refractive index sensitivity of Au@Cu,_,S core-shell nanorods working in the near-infrared is
theoretically demonstrated. The sensitivity of our sensor reaches 1200 nm per Refractive Index Unit
(RIU), which is higher than that of other metal-metal core—shell nanorods. The reason is that the new
materials and structure of Au@Cu,_,S core-shell nanorods lead to a unique sensing principle. It is
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Accepted 8th October 2018 noteworthy that the refractive index (RI) sensitivity is more susceptible to the effects of the shell-
thickness to core-radius ratio than to the aspect ratio. These results show that the excellent sensitivity
DOI: 10.1039/c8ra07711h . . .
performance of Au@Cu,_,S core-shell nanorods working in the near-infrared can be treated as a new

rsc.li/rsc-advances tool to detect the minute variations in refractive index for small amounts of chemicals and biomolecules.
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1. Introduction

Surface plasmon resonance (SPR) is formally defined as
a collective oscillation of the electrons under incident electro-
magnetic radiation at the metal and dielectric interface."” The
medium boundaries in particular nanostructures restrict the
propagation characteristics of the SPR leading to localization of
the phenomenon which is called localized surface plasmon
resonance (LSPR).> Noble metal® and semiconductor nano-
particles* (NPs) have received considerable interest for their
unique and adjustable LSPR.>” Compared to noble metals bulk
nanostructures (such as metallic nanoslits®), LSPR of nano-
particles is more sensitive and responsive to the variations of
the surrounding medium refractive index (RI), having good
potential in sensing applications, including protein interac-
tions,? biological sensing and inorganic ion sensing.™

In terms of improving the RI sensitivity, LSPR sensor is strongly
influenced by the size,”” shape® and material of the nano-
structure.* Compared with the nanospheres, gold nanorods (NRs)
show a higher RI sensitivity, reaching 366 nm/Refractive Index
Unit (RIU).* Further, Zhu et al.*® has presented that the RI sensi-
tivity of molecular sensors based on single gold nanorod light
scattering can be improved by using gold core-shell nanorod
coated by silver nanoshell instead of gold nanospheres, which is
also found in gold nanoshells.”*® The reason is that the resonance
wavelengths of nanorod and nanoshells become longer, leading to
reduce restoring force from the positive metal cations and the
negative electrons. According to ref. 19, the decreasing restoring
force can improve the RI sensitivity. That is to say, RI sensitivity
can be enhanced by utilizing longer plasmon wavelengths, leading
to widen nanoparticle sensors' applications. Unfortunately, the
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resonance wavelength of the metallic nanostructure can be excited
in visible region, which cause that these metal nanorods can't work
under the entire near-infrared region.”® Based on our present
research, we found that the semiconductor shell (Cu, ,S) is
important for expanding resonance wavelength, and the RI
sensitivity is greatly improved by using metal-semiconductor core-
shell nanoparticles (CSNPs).”* But the RI sensitivity can be further
improved by using metal-semiconductor core-shell nanorods
(CSNRs). Nevertheless, the plasmon wavelengths shift and RI
sensitivity behaviors of metal-semiconductor CSNRs have not yet
attracted sufficient attention.

This paper studies theoretically the metal-semiconductor
CSNRs plasmon wavelengths shift as a sensor to detect the
refractive index changes surrounding the semiconductor shell. For
example, we use the optical absorption spectrum and electric
charge distribution of Au@Cu,_,S CSNRs to investigate this kind
metal-semiconductor CSNRs plasmons wavelength shift under
near-infrared region. There are two reasons to design metal-
semiconductor CSNRs. Firstly, in order to effectively shift the
resonance wavelength to near-infrared region, the semiconductor
nanoshell (Cu,_,S) is chosen because its LSPR wavelength can be
adjusted with controlling the concentration of the carrier.”
Secondly, LSPRs of semiconductor shell and metal core can be
excited in near-infrared region and visible light, respectively,
leading to improve the RI sensitivity.** The sensing figure of merit
(FoM) of CSNRs is studied to find that Au@Cu,_,S CSNRs has the
better sensing performance comparing with the Au@Ag CSNRs.
Previous studies only discussed the effect of aspect ratio on the
CSNRs sensitivity. In this article, however, by analyzing the charge
distribution of Au@Cu,_,S CSNRs, we find that the RI sensitivity is
greater influenced by the shell-thickness to core-radius ratio
(STCRR) than that of the aspect ratio. It indicates that the higher RI
sensitivity of Au@Cu,_,S CSNRs can be obtained by only
increasing shell-thickness to core-radius rather than the aspect
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ratio. This RI sensitivity enhancement behavior of Au@Cu,_,S
CSNRs is different from that of Au@Cu,_,S CSNPs** and other
CSNRs,”** which is a special phenomenon of Au@Cu,_,S CSNRs
sensing. This is important for a tool to detect the refractive index
minute variations for chemicals and biomolecules.

2. Methods

The Au@Cu,_,S CSNRs is comprised of Au core and Cu,_,S
shell. The Au core is composed by the Au nano-cylinder and two
Au nano-hemispheres. The cross-section schematic diagram of
Au@Cu,_,S CSNRs is drawn in Fig. 1a; the Au core is shown in
the golden part, and the Cu,_,S shell is the blue part. COMSOL
Multiphysics software is utilized to calculate absorption spec-
trum and electromagnetic field distribution of the Au@Cu,_,S
CSNRs. The optical constants of Au core are obtained by using
the experimental data interpolation method.*® The optical
constants of Cu,_,S can be calculated by using Drude's model.**

Fig. 1b exhibits the absorption spectra of the Au@Cu,_,S
CSNRs, Au and Cu, ,S nanoparticle, respectively. The
surrounding medium refractive index is equal to 1.2. For pure
Au and Cu,_,S nanorods, there are two LSPR absorption peaks
corresponding to transverse and longitudinal resonance.”®
However, in the absorption spectrum of the Au@Cu,_,S CSNRs,
four resonant peaks are observed for the coating Cu,_,S shell,
which is same as Au@Ag CSNRs” and can be explained by
plasmon hybridization theory.?® The Peak 1 and Peak 2 corre-
spond to the transverse and longitudinal plasmon from
Au@Cu,_,S interface. The Peak 3 corresponds to the longitu-
dinal plasmon from outer Au surface and the Peak 4 corre-
sponds to the transverse plasmon from outer Au surface, which
can be exhibited at the top right illustration of Fig. 1b. Because
the RI sensitivity of Au@Cu,_,S CSNRs at a near-infrared band
is our study subject, the resonant Peak 1 will be researched.

3. Results and discussion

To study the effect of the aspect ratios on the LSPR property of
Au@Cu,_,S CSNRs, we calculate the extinction spectra of
Au@Cu,_,S CSNs with varied length and radius, as shown in
Fig. 2. The aspect ratio (R) of A u@Cu,_,S CSNRs is defined as:

a

Fig. 1
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where the Ar/r; is the STCRR of Au@Cu,_,S CSNRs. From Fig. 2,
the resonance wavelength can be red shifted by increasing the RI
and R. Next, the LSPR shifts of Au@Cu,_,S CSNRs with different
aspect ratios are calculated. The nearly linear shift of LSPR wave-
length with the change of RI under different aspect ratios is shown
in Fig. 3a. When the radius of Au@Cu,_,S CSNRs is 40 nm and the
length is 100 nm, the LSPR shift can be close to 442 nm with the RI
increasing from 1.0 to 1.6. When the length is systematically
increased from 100 nm to 200 nm with a radius of 40 nm,
apparently, the LSPR shift can be greatly increased (621 nm).
Correspondingly, the LSPR shift of Au@Ag CSNRs also show the
same trend (see Fig. 3b). But it's worth noting that LSPR shift of
Au@Cu,_,S CSNRs is greater than that of A u@Ag CSNRs under the
same aspect ratio. Therefore, the resonance wavelength shift can
be improved by the change of radius and length of CSNRs.

Considering RI sensitivity can be usually described as
a variation of LSPR wavelength per RIU, the influence factors of
Au@Cu,_,S CSNRs' LSPR wavelength shift must be studied. In
Fig. 3a, clearly, the resonance wavelength of Au@Cu,_,S CSNRs
can be adjusted by changing length and radius. To study the
effect of length (L) and radius (r) systematically, we set width (W)
equaling to 2-fold radius. Fig. 3c shows the sensitivity of
Au@Cu,_,S CSNRs with different aspect ratio. As shown in
Fig. 3b, RI sensitivity approaches 1050 nm per RIU when the
aspect ratio is equal to 2.25. In the same aspect ratio, however,
the RI sensitivity of Au@Ag CSNRs is the 570 nm per RIU (see
Fig. 3d), which is much less than that of Au@Cu,_,S CSNRs. We
can confirm this by comparing the RI sensitivity of Au@Cu,_,S
CSNRs and Au@Ag CSNRs under the same geometric parame-
ters® as shown in Table 1. In addition, the results show that RI
sensitivity of Au@Cu, ,S CSNRs increases linearly with
enlarging aspect ratio (R),>***

Alrspr/An = 200R + 600 (nm/RIU) (2)
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(@) The schematic cross-section diagram of the Au@Cu,_,S CSNRs. Ar is the thickness of the Cu,_,S shell; r; is the radius of the Au nano-

hemisphere; r is the radius of the Au@Cu,_,S nano-hemisphere (r = Ar + ry); L is the length of the Au nano-cylinder; W is the width of the
Au@Cu,_,S CSNRs (W = 2r). The aspect ratio (R) is equal to (2r + L)/W. (b) The absorption spectrum of the Au@Cu,_,S CSNRs (r =40 nm, L = 100

nm), Au and Cu,_,S nanoparticle (r = 40 nm), respectively.
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Fig.2 The extinction coefficient of the Au@Cu,_,S CSNRs with different Rl and different R: (a) r = 80 nm L =100 nm, (b) r =40 nm L = 100 nm,

() r=40 nm L =200 nm.

As we known, the collective oscillation motion of metal's free
electrons can excite LSPR. In this process, the named restoring
force is caused by the coulombic attraction between the positive
metal cations and the negative electrons.” When a nanorod has
larger aspect ratio, the coulombic attraction between the positive
metal cations and the negative electrons can be weakened, which
means the restoring force decrease. The result is that the plas-
mon energy is lower and the LSPR shift is larger, leading to
improving refractive index sensitivity. However, although the
sensitivities of the Au@Ag and Au@Cu,_,S CSNRs rise when the
aspect ratio increases, the sensitivity of Au@Cu,_,S is far more
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than that of the Au@Ag CSNRs. The reason is that LSPR shift of
Au@Cu,_,S CSNRs is larger than that of Au@Ag CSNRs. We
observed that the increase in sensitivity of Au@Cu,_,S CSNRs is
linearly correlated with increased aspect ratio regarding eqn (2).
But from Fig. 2 we can find that the extinction spectrum
continuously decreases by increasing the aspect ratio, which is
difficult to be detected in practical application. The reason is that
the large magnitude of the imaginary dielectric function of metal
plays a negative role on an excitation of plasmonic resonance.*
Therefore, the length of Au core is grown as the increase of aspect
ratio, leading to decrease extinction spectrum.
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Fig. 3 LSPR shift of (a) Au@Cu,_,S CSNRs, (b) Au@Ag CSNRs and Rl sensitivity of (c) Au@Cu,_,S CSNRs, (d) Au@Ag CSNRs with different aspect

ratio.
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Table 1 The sensitivity of nanorods with the increase of R
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L (nm) r1 (nm) Ar (nm)4 STCRR R LSPRs,—, (nm) LSPRs,,_; » (nm) Sensitivity (nm/RIU)
Au@Cu,_,S 36 9 9 1 2 1205 1375 850

54 4.5 4.5 1 4 1325 1535 1050
Au@Ag> 36 9 9 1 2 460 520 300

54 4.5 4.5 1 4 605 700 475

For the core-shell nanoparticles, the shell thicknesses also
have the important effect on the LSPR shift.***** To avoid the
impact of aspect ratio of CSNRs, the aspect ratio is fixed to 1.6.
To study the effect of the core radii and shell thicknesses on the
LSPR property of Au@Cu,_,S CSNRs, we calculate the extinction
spectra of Au@Cu,_,S CSNs with varied the core radii ; and the
shell thicknesses Ar, as shown in Fig. 4. The resonance wave-
length can be red shifted by increasing the RI and the core radii
r; and the shell thicknesses as shown in Fig. 4. Fig. 5a and
b show the LSPR shift with varying refractive index when the
core radii r; and the shell thicknesses Ar are changed. It is
clearly seen that the LSPR wavelength is nearly linear shift with
changing RI under different core radii and shell thicknesses. In
Fig. 5a, for Au@Cu,_,S CSNRs with 40 nm radius and 10 nm
shell thickness, the LSPR shift may approximately reach 450 nm
when the RI increases from 1.0 to 1.6. As the shell thickness
rises from 10 nm to 20 nm, it is observed that the LSPR shift can
be increased greatly, which can reach 620 nm. Correspondingly,
the LSPR shift of Au@Ag CSNRs is slight when the shell thick-
ness is in the same changes (as seen Fig. 5b). Therefore, the
resonance wavelength shift of Au@Cu,_,S CSNRs can be
susceptible to the variation of shell thickness-to-core radius
ratio (STCRR, Rsrcrr = Ar/ry), which leads to affect RI sensi-
tivity. Fig. 5c shows that the sensitivity of Au@Cu,_,S CSNRs
can be improved when the STCRR increases. As shown in
Fig. 3c, the sensitivity approximately reaches 1200 nm per RIU
when the STCRR is equal to 3. Our calculations show that RI
sensitivity can be improved by enlarging STCRR, which is much
more than that of Au@Ag CSNRs (as seen Fig. 5d). But it seems
that sensitivity of CSNRs saturates when Ar is triple r; + L/2. The
reason is that if the shell thickness is increased, due to the
growth properties of the core-shell nanorods, the shape of the
nanorods evolves from rod-like to near-spherical. As we know,

o)
(on

spherical nanoparticles exhibit the poorest sensitivities. Based
on our early work,* the sensitivity of Au@Cu,_,S core-shell
nanoparticles saturates when the ratio of the shell-thickness to
core-radius is close to 3. Furthermore, the performance of the
sensor can be usually measured by the figure of merit (FoM).**~*’
The sensing FoM is calculated as:

L (3)
FWHM

where the S represent the RI sensitivity, the FWHM represent the
full width half maxima of the absorption spectrum of Au@Cu,_,S
CSNRs. Fig. 5e and f show that the FoM of Au@Cu,_,S and Au@Ag
CSNRs can be improved with increscent STCRR. Most impressive,
the FoM of Au@Cu,_,S CSNRs is greater than that of Au@Ag
CSNRs, which demonstrated that the LSPRs sensor of Au@Cu,_,S
CSNRs has the better performance comparing with the Au@Ag
CSNRs. We can confirm this by comparing the RI sensitivity of
Au@Cu,_,S CSNRs and Au@Ag CSNRs under the same geometric
parameters® as shown in Table 2.

Next, the electric charge distribution and the local electric field
pattern of Au@Cu,_,S CSNRs are calculated to find out the reason
of the adjustable sensitivity under the different shell thickness. We
assume the RI of sensing medium is equal to 1.6. As seen in Fig. 6a
and b, the LSPR is derived from the like charges oscillations
between the inner and outer shell surfaces of Au@Cu,_,S CSNRs.
In this collective oscillation behavior, the restoring force is caused
by the coulombic attraction® between heterocharges at the both
ends of Au@Cu,_,S CSNRs. However, due to the like charges
oscillate between the outer and inner surfaces of Au@Cu,_,S
CSNR shell, there is a repulsive force between the inner and outer
surfaces shell, leading to reducing the restoring force and
increasing the RI sensitivity. The optical properties of the semi-
conductor can be tuned by controlling the carrier

FoM =
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Fig. 4 The extinction coefficient of the Au@Cu,_,S CSNRs with different Rl and different core radii and shell thicknesses: (a) r = 30 nm Ar =

10 nm, (b) r = 40 nm Ar = 20 nm, (c) r = 40 nm Ar = 10 nm.
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STCRR, and the FoM of (e) Au@Cu,_,S CSNRs and (f) Au@Ag CSNRs with different STCRR.

concentration,”?*** which can effectively influence on LSPR
behavior. Therefore, as shown in Fig. 7, the oscillatory behavior of
electric charge between inner and outer surfaces of Au@Cu,_,S
CSNR shell becomes more intense when the shell thickness
increases,” leading to the enhancement in repulsive force. This is
the reason that RI sensitivity of Au@Cu,_,S CSNR can be improved
by increasing shell thickness. It is also can be found in Au@Ag
CSNRs (as shown in Fig. 8).

However, although the sensitivities of the Au@Ag and
Au@Cu,_,S CSNRs rise with the increase of the STCRR, the
sensitivity of Au@Ag is far smaller than that of the Au@Cu,_,S
CSNRs. Comparing the electric charge distribution of
Au@Cu,_,S and Au@Ag CSNRs, we can find that quantity of

Table 2 The sensitivity of nanorods with the increase of STCRR

electric charges of Au@Cu,_,S CSNRs is apparently higher than
Au@Ag CSNRs under the same conditions. In order to find the
reason, we compare the dielectric constant imaginary portion of
the Au@Ag with that of Au@Cu,_,S CSNRs at their resonance
wavelengths, as shown in Fig. 9. As we know, the dielectric
constant imaginary portion represents the loss of material. The
more dielectric constant imaginary portion offers the bigger
loss, which decreases electric charges quantity. From Fig. 9, the
LSPR of Au@Cu,_,S CSNRs can be excited at 1379 nm, and the
LSPR of Au@Ag CSNRs can be excited at 366 nm, respectively.
When the resonance wavelength is 366 nm, the positive imag-
inary portion of the Au@Ag CSNRs approximates 0.53. Corre-
sponding, when the resonance wavelength is 1379 nm, the

L (nm) ry (nm) Ar (nm) STCRR R LSPRS ,,_; 33 (nm) LSPRS ,,_; 45 (nm) Sensitivity (nm/RIU)
Au@Cu,_,S 60 10 5 0.5 3 1280 1345 722

80 10 10 1 3 1610 1700 1000
Au@Ag*? 60 10 5 0.5 3 700 740 440

80 10 10 1 3 735 785 550

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The electric field (a) and electric charge distribution (b) of the Au@Cu,_,S CSNRs when Ar is 10 nm, r is 20 nm, L is 100 nm, when the

resonance wavelength is 1379 nm.

Fig. 7 The normalized electric charge distributions of the Au@Cu,_,S CSNRs when Ar is 10 nm (a), Ar is 20 nm (b) and Ar is 30 nm (c).

positive imaginary portion of the Au@Cu,_,S CSNRs is close to
0.185. Therefore, the positive imaginary portion of the
Au@Cu,_,S CSNRs is smaller than that of the Au@Ag at their
resonance wavelengths, leading to the more charge and higher
repulsive force, which can cause higher sensitivity.

The RI sensitivity of Au@Cu,_,S CSNRs can be affected by
both of the aspect ratio and the STCRR. The next step is to find
the main influence factor on the RI sensitivity of Au@Cu,_,S
CSNRs between the aspect ratio and the STCRR. The term
“STCRR” has been defined in eqn (1).

The variation of STCRR can change the aspect ratio of
Au@Cu,_,S CSNRs when L is constant. It is obvious that in
this case the interaction between the aspect ratio and STCRR
can affect the RI sensitivity of Au@Cu,_,S CSNRs. When the
shell thickness Ar and core-radius r; are changed, respectively,
the change of RI sensitivity is calculated, as shown in Fig. 10a
and b. The length is constant, which is equal to 100 nm. In
Fig. 10a, the r; decreases from 30 nm to 10 nm when the Ar is
20 nm, making the STCRR increase from 0.6 to 2.0. According
to the eqn (1), the reduction of the r; will result in an increase

A 2-1E11

-1.5

2
W 2.1E11

Fig. 8 Local electric field (a) and electric charge distribution (b) of the Au@Ag CSNRs with Ar = 10 nm, r; = 20 nm, when the resonance

wavelength is 366 nm.
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Fig. 9 The positive imaginary portion of dielectric constant of the
Au@Ag and Au@Cu,_,S CSNRs.

in the aspect ratio of Au@Cu,_,S CSNRs from 2 to 2.6. It is
obvious that the RI sensitivity of A u@Cu,_,S CSNRs shows an
increasing trend with the increase of the aspect ratio and
STCRR. In Fig. 10b, as the r; is 20 nm, the Ar increases from
10 nm to 30 nm, making the STCRR to increase from 0.5 to 1.5.
According to the eqn (1), the increase of the Ar causes the
decrease of aspect ratio of the Au@Cu,_,S CSNRs from 2.6 to
2. From the above, we know that the reduction of the aspect
ratio of Au@Cu,_,S CSNRs can lead to a decrease in the RI
sensitivity as shown in Fig. 3. However, in Fig. 10Db, it is obvi-
ously observed that the RI sensitivity of Au@Cu,_,S CSNRs
still greatly increases with the increase of STCRR when the
aspect ratio reduces at the same time. It shows that comparing
with the aspect ratio, the RI sensitivity of Au@Cu,_,S CSNRs is
more susceptible to the effects of the STCRR. The RI sensitivity
of Au@Ag CSNRs, by contrast, slightly increases under the
same conditions (as shown in Fig. 11), but it is obviously
smaller than that of Au@Cu,_,S CSNRs. It means that RI
sensitivity of Au@Ag CSNRs can be improved when the silver
shell is certain thickness, instead of the shell thickness
continues to become thicker, which is consistent with the
description of ref. 33. On the contrary, the RI sensitivity of
Au@Cu,_,S CSNRs can be greatly improved by only increasing
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Fig. 11 The RI sensitivity of Au@Ag CSNRs with r; = 20 nm, Ar
increases from 10 nm to 30 nm, making the STCRR to increase from
0.5 to 1.5 and the R to decrease from 2.6 to 2.

STCRR, which is a special phenomenon of Au@Cu,_,S CSNRs
sensing. The results indicate that LSPR shift of Au@Cu,_,S
CSNRs can be treated as a sensor to detect the refractive index
small changes surrounding the CSNRs because the
Au@Cu,_,S CSNRs' LSPR shift line slope is greatly more than
that of Au@Ag CSNRs when STCRR is increased, which can
cause drastic LSPR shift when the refractive index change
slightly.

To find out this reason, the charge distribution of
Au@Cu,_,S CSNRs with different STCRR and R is calculated
shown in Fig. 12 (specific parameter in Tables 3 and 4). As we
systematically increase STCRR from 2 to 4 with the constant R
(Fig. 12a and 2), it is observed that the charge of Au@Cu,_,S
CSNRs increased by 103% (from 1.44 x 10" to 2.93 x 10'").
However, in Fig. 12c and d, increasing the R from 2 to 4 with the
constant STCRR, we can find that the charge of Au@Cu,_,S
CSNRs increased by 70% (from 1.34 x 10'' to 2.28 x 10'").
Therefore, it is clearly that the change of STCRR of Au@Cu,_,S
CSNRs can greatly improve the quantity of electric charge
effectively, leading to reduce the restoring force and increase
the RI sensitivity.
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Fig.10 The Rl sensitivity of Au@Cu,_,S CSNRs with (a) Ar = 20 nm, r; decreases from 30 nm to 10 nm, making the STCRR to increase from 0.6 to
2.0 and R to increase from 2 to 2.6, and (b) r; = 20 nm, Ar increases from 10 nm to 30 nm, making the STCRR to increase from 0.5to 1.5and R to

decrease from 2.6 to 2.

This journal is © The Royal Society of Chemistry 2018
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Table 3 The charge of Au@Cu,_,S with the increase of STCRR for the sensing behavior of Au@Cu,_,S CSNRs. We will discuss
the preparation method of Au@Cu,_,S CSNRs in the future.
L r Ar STCRR R LSPRs Peak Charge
100nm 10nm 20nm 2 2.6 1525 nm 144 x 10" Conflicts of interest
100nm 6nm  24nm 4 2.6 1785 nm 2.93 x 10"
The authors declare that they have no competing interests.
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100 ’s ”s L 5 1305 134 % 101 dation of China (NSFC) (No. 61701207, 61205204 and
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