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ABSTRACT 

Fast optical modulation of nanoplasmonics is fundamental for on-chip integration of all-optical devices. 
Although various strategies have been proposed for dynamic modulation of surface plasmons, critical issues 
of device compatibility and extremely low efficiency in the visible spectrum hamper the application of 
optoplasmonic nanochips. Here we establish an optoplasmonic system based on Au@Cu2 –x S hybrid 
core–shell nanoparticles. The optical excitation of hot electrons and their charge transfer to the 
semiconductor coating (Cu2 –x S) lead to lowered electron density of Au, which results in the red shift of the 
localized surface plasmon resonance. The hot electrons can also transport through the Cu2 –x S layer to the 
metal substrate, which increases the conductance of the nanogap. As such, the coupled gap plasmon 
blue-shifts with a magnitude of up to ∼15 nm, depending on the excitation power and the thickness of the 
coatings, which agrees with numerical simulations. All of this optoelectronic tuning process is highly 
reversible, controllable and fast with a modulated laser beam, which is highly compatible and sufficiently 
useful for on-chip integration of nanophotonic devices. 
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well with the theme of optical communication and 
computation. 

Direct modulation of the carrier density of the 
plasmonic components with light is possible but the 
efficiency is low unless a quantum tunneling region 
is reached [15 ]. It is critical that the conductance of 
the gap materials can be modulated by light in the 
order of dozens of G0 (quantum conductance) [16 ], 
which is not applicable for most inorganic/organic 
materials [17 ]. Perhaps the ideal material for ultrafast 
plasmon switching is vanadium dioxide with Mott 
transition [18 ,19 ], which, however, is challenging to 
fit into plasmonic hotspots with a thickness of a few 

nanometers [20 –22 ]. 
Cu2 –x S is a narrow-bandgap material that has 

shown strong capability of charge transfer (CT) for 
plasmon tuning [23 ]. However, this tuning strategy 
is slow and not reversible as it is based on wet 
chemistry, which makes it notoriously incompatible 
for device-based applications. Here we attempt 
to optically modulate the plasmon resonances of 
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NTRODUCTION 

anoplasmonic devices have been regarded as the
undamental component for the next generation of
nformation technology due to its ultrafast speed,
ltracompact size and extremely low heat dissipa-
ion [1 ]. Although this concept was brought in about
 decade ago, the bottleneck issues of modulation
peed and depth as well as compatibility with ex-
sting optoelectronic technology have not been sat-
sfactorily resolved. For instance, although diverse
lasmon switching strategies have been developed,
ost of them are slow in speed unless optical or
ptoelectronic means are applied [2 ]. Thus, opti-
al modulation of surface plasmons based on the
ump-probe technique has been developed but high
ump power is required for an appreciable change
3 –5 ]. Other optical switching strategies based on
hotothermal effect [6 –10 ] or optoelectronic ef-
ect [11 –14 ] are either not device-compatible or
nly suitable for the middle infrared (MIR) or

ear infrared (NIR) region, which does not align 

byOxfordUniversity Press on behalf of China Science Publishing &Media Ltd. This is anOpen Access article distributed under the terms of the Creative
ttps://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 

https://doi.org/10.1093/nsr/nwad280
https://orcid.org/0000-0002-1817-3327
mailto:t.ding@whu.edu.cn
https://creativecommons.org/licenses/by/4.0/


Natl Sci Rev, 2024, Vol. 11, nwad280

Int
en

sit
y (

a.u
.)

800600400200
Raman shift (cm-1)

1000
474.4g

Au

CTAB
HMT, AA

TAA, CuCl2

Shake
8 h

85°C AuCu2-xS

1.0
0.8
0.6
0.4
0.2
0.0

Ex
tin

cti
on

 (a
.u.

) 

800700600500
Wavelength (nm)

Au@Cu2-xS
Au

b ha

Cu S

Au

20 nm

c d

e f
5 nm

Au

d=0.291 nm
 Cu   2-xS

Figure 1. Synthesis of Au@Cu2 –x S core–shell NPs and their characterizations. (a) Synthetic procedure of Au@Cu2 –x S core–
shell NPs. (b) Extinction spectra of Au and Au@Cu2 –x S core–shell NPs. (c) TEM and (d)–(f) elemental mapping of the Au@Cu2 –x 
NPs. (g) Raman spectrum of Au@Cu2 –x S NPs. (h) HRTEM image of a typical Au@Cu2 –x S core–shell NP. 
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u@Cu2 –x S core–shell nanoparticles (NPs), which
how reversible red shift of localized surface plas-
on resonance (LSPR) due to the deficiency in
lectron density on Au caused by the CT process. In
ontrast, when these Au@Cu2 –x S NPs are placed on
u films, conductance of the nanogaps is boosted
y this CT, which results in reversible blue shift of
he coupled plasmons. Both the experimental data
nd numerical analysis consistently support the
roposed mechanism of optoelectronic tuning of
urface plasmons, which is based on the optical at-
enuation of the plasmonic hot electrons. This type
f tuning mechanism offers the possibility of fast
lasmonic switching with light programmability and
emote controllability, which are highly compatible
or optoplasmonic devices. 

ESULTS AND DISCUSSION 

he Au@Cu2 –x S NPs were synthesized via sol–gel
hemistry, where the Cu2 + ions are partially reduced
y ascorbic acid (AA) and combine with S2 − ions
isassociated from thioacetamide (TAA). As a re-
ult, the Cu2 –x S NPs grow on the Au NPs via het-
rogeneous nucleation, forming Au@Cu2 –x S core–
hell NPs with variable shell thickness (Fig. 1 a). The
light red shift ( ∼5 nm) of extinction spectra sug-
ests the coating of the Cu2 –x S shells due to the in-
rease in the refractive index (RI) (Fig. 1 b). Trans-
ission electron microscope (TEM) imaging and
nergy dispersive X-ray spectroscopy (EDS) con-
rm that the shell has a thickness of ∼5 nm with
lements of Cu and S (Fig. 1 c–f). X-ray photo-
lectron spectroscopy (XPS) along with the Auger
pectrum further confirms the presence of Cu(I) in
he Au@Cu2 –x S NPs ( Supplementary Figure S1)
24 ]. Raman spectrum of the Au@Cu2 –x S NPs
resents a prominent peak at 474.4 cm−1 , which
s attributed to the stretching of the S–S bond
25 ]. High-resolution TEM (HRTEM) further re-
eals the crystalline feature of the Cu2 –x S shells,
hich agrees with its lattice constant as reported
n the literature [26 ]. The hybrid core–shell par-
icles are normally dispersed in aqueous solution,
hich can be drop-casted on SiO2 /Si wafer (Fig. 2 a)
Page 2 of 8
or Au substrate (Fig. 2 f) for light-induced plasmon 
switching. 

For Au@Cu2 –x S NP on SiO2 /Si substrate, it 
shows weak electric (E)-field enhancement ( ∼5) 
with LSPR (Fig. 2 b). Illumination from a continu- 
ous wave (CW) laser (446 nm) on the Au@Cu2 –x S 
NP results in a ∼10-nm red shift of the scattering 
peak, which can switch back when the laser is turned 
off (Fig. 2 c). This light-induced plasmon tuning is 
fully reversible for many cycles of light on and off
(Fig. 2 d and e), which excludes the possibility of ir-
reversible particle deformation during the laser irra- 
diation as shown previously [27 ]. On the contrary, 
the structure of Au@Cu2 –x S NP on Au film with 
strong E-field enhancement ( ∼20, Fig. 2 g) shows 
blue shift ( ∼15 nm) of the scattering peak with laser
i l lumination, which can shift back when the laser 
is switched off (Fig. 2 h). Note that photolumines- 
cence (PL) signals of plasmons are also collected 
during the laser excitation [28 ,29 ], which are sub- 
tracted to reflect the real change in white light scat- 
tering ( Supplementary Figure S2). This blue shift, 
again, is fully reversible for many cycles of laser on 
and off (Fig. 2 i and j). 

This peculiar contrast suggests that some unique 
underlying mechanism is involved. As is well known, 
plasmon shift is normally induced by a change in RI, 
a change in separation and a change in charge den- 
sity [2 ]. The former two are likely as the deforma-
tion of Cu2 –x S or the change in RI induced by the
photothermal effect of laser irradiation can result in 
the shift of plasmon as revealed previously [30 ,31 ]. 
This is a reasonable assumption as the local tem- 
perature can reach ≤400°C for both 446- and 641- 
nm laser irradiation (Fig. 3 a), which is sufficient to 
cause the phase change of Cu2 –x S [32 ]. However, 
we observe a slight blue shift ( ∼3 nm) or no shift
with 641-nm laser irradiation for Au@Cu2 –x S on 
SiO2 /Si or Au substrate ( Supplementary Figure S3a
and b), suggesting that these shifts of plasmon reso- 
nance are not likely caused by the increase in tem- 
perature. Moreover, for the observed 15-nm blue 
shift, it theoretically requires a decrease of 0.2 in RI 
or an increase of ∼8 nm in gap size (Fig. 3 b and
c and Supplementary Figure S4), which, however, 
is not likely as the RI of Cu2 –x S tends to increase

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad280#supplementary-data
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Figure 2. Laser-induced plasmon switching of Au@Cu2 –x S NPs on (a)–(e) SiO2 /Si substrate and (f)–(j) Au substrate. (a) and (f) Schematic of laser- 
induced switching; (b) and (g) electric near-field profile; (c) and (h) scattering spectra of Au@Cu2 –x S with laser switched on and off; (d) and (i) scattering 
spectra of Au@Cu2 –x S with cycles of laser on and off; and their (e) and (j) reversible resonance shifts with cycles of laser on and off. 
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nd the thickness decreases due to the phase change
32 ,33 ]. Therefore, the only possibility it seems is
he change in carrier density of the Au cores upon
aser irradiation, which is highly related to the prob-
bility of hot electron generation and injection in-
uced by the strong field enhancement of Au NPs
nd nanoparticles-on-mirror (NPoMs) (Fig. 2 b and
). Hot electrons are normally generated with res-
nance excitation, which experience radiative and
on-irradiative decay channels via electron–electron
nd electron–phonon scattering [34 ,35 ]. When a
emiconductor (here the Cu2 –x S) is in contact with
u NP, these hot electrons can enter the conduc-
ion band of the semiconductor, which reduces the
lectron density on the Au. For NPoM, the injected
ot electrons can further transport to Au films form-
ng an electric short pass, thereby increasing the gap
onductance. Both effects can lead to the shift of
lasmons. 
The plasmon shift caused by the change in charge

ensity can be analytically calculated as [36 ]: 

�λ = −�N 

2 N 

λP 

√ 

ε∞ 

+
(
1 
P 

− 1 
)

εd , (1)

here εd is the permittivity of the surrounding
ielectric medium, ε∞ 

is the background high-
requency permittivity, P is the shape-dependent
epolarization factor, λP is the plasmon wavelength,
is the carrier density and �N is the change in

arrier density. The carrier density of Au cannot be
asily modified by laser irradiation (446 nm) due
o its high work function (5.0 eV). However, with
Page 3 of 8
the coating of semiconductor material such as the 
Cu2 –x S, hot electron transfer from Au to Cu2 –x S 
is possible. This is verified by transient absorption 
(TA) spectra, where the Au@Cu2 –x S NPs show two 
typical modes at 573 and 890 nm, corresponding to 
the plasmon resonances of Au and Cu2 –x S, respec- 
tively (Fig. 3 d and e). The TA of Au@Cu2 –x S NPs
(at 573 nm) presents a lifetime of 0.38 ps, which is
approximately six times faster than that of Au NPs 
(Fig. 3 f upper panel and Supplementary Figure S5a
and c), suggesting that CT happens from Au to the
Cu2 –x S shells. As the Cu2 –x S shells receive electrons 
from Au, their TA spectra decay (at 890 nm) also
appears slightly slower than that of the Cu2 –x S NPs 
(Fig. 3 f lower panel and Supplementary Figure S5b
and d). As such, the electron density of Au is re-
duced due to such CT (Fig. 3 g), which results in a
positive value of �λ as predicted by using Equation 
(1). Thus, red shift of LSPR is observed when the
excitation laser is on, which can shift back due to
electron backflow when the laser is switched off
(Fig. 2 c). With 641-nm laser irradiation, however, 
no obvious electron dynamics was observed for pure 
Au NPs ( Supplementary Figure S6a) but a clear CT 

process sti l l happens in the hybrid Au@Cu2 –x S NPs
( Supplementary Figure S6b), indica ting tha t 641- 
nm light mainly excites the Cu2 –x S, whose electrons 
transfer to the Au NP ( Supplementary Figs S3c
and S6c and d). As such, the electron density of 
Au NP increases, which results in a slight blue shift
( Supplementary Figure S3a) as predicted by using 
Equation (1). 

When Au@Cu2 –x S NPs are placed on metal 
films, NPoM constructs are established and a 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad280#supplementary-data
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ircuit model is applied to qualitatively analyse
he antenna mode of this plasmonic system
s [16 ]: 

λ = λp 

√ 

ε∞ 

+ 2 εd + 4 εd Cg /CNP , (2)

here Cg and CNP are the capacitance of the struc-
ure and NP, respectively. Here we approximate
g using the formula Cg = ε0 n2 g (A/d ) , where A
nd d are the area of the bottom facet of the Au
P and the gap size, respectively [37 ]. Since the
apacitance is mainly determined by the size of the
ap/NP and their dielectric properties, modifying
ither of these parameters wi l l shift the plasmon
esonances ( λ). In a certain NPoM structure in
hich the gap size and dielectric environment are
xed, the gap conductance is critical to the shift
n plasmon resonances. The conductance increase
ontributed from the photothermal effect is small
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(0.2G0 , Supplementary Figure S7) [38 ]. Th us, the 
major contribution to the conductance increase is 
the hot electron transfer from Au to Cu2 –x S, which 
then transports to the Au substrate (Fig. 3 h). The 
conductivity of Cu2 –x S in the nanogap can be calcu- 
lated as σ = n · μ · e , where n and μ are the charge
density and carrier mobility within Cu2 –x S. e is the 
unit charge. For 80 nm of Au NPoM with a facet di-
ameter of 10 nm and gap of 5 nm, the calculated gap
conductance increase due to hot electron tunneling 
is ∼32G0 (see Methods for the detailed calculation). 
This large conductance increase can lead to a 18-nm 

blue shift as predicted by using numerical analy- 
sis (Fig. 3 i and Supplementary Figure S8), which 
agrees with the blue shift observed in the experi- 
ments (Fig. 2 h). Again, with 641-nm laser excitation, 
because the CT process happens from Cu2 –x S to Au 
NPs or Au films ( Supplementary Figure S3d), a neg- 
ligible change in gap conductance is expected, which 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad280#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad280#supplementary-data
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easonably explains no shift in the coupled plasmons
 Supplementary Figure S3b). 
As the plasmon resonance is determined by the

ap conductance, increasing the irradiation power
ould lead to an increase in the hot carrier con-
entration ( n ), which would increase the gap con-
uctance ( G ). Therefore, we see an increasing blue
hift of the gap plasmons with the increase in irradi-
tion power (Fig. 4 a and b). The magnitude of the
lue shift can also be attenuated with shell thickness.
ere, we synthesized Au@Cu2 –x S NPs of different
hell thicknesses by adding different amounts of pre-
ursors, which yields uniform shells ranging from 5
o 25 nm ( Supplementary Figure S9). As the shell
hickness increases, the magnitude of the blue shift
ncreases proportionally at the same pumping power
Fig. 4 c–f), which is likely due to the increased car-
ier mobility of thicker shells [39 ]. 

ONCLUSION 

n summary, we have demonstrated a dynamic and
eversible tuning strategy of plasmon resonances
ased on optical modulation of hot carrier trans-
ort in the semiconductor coating. The hot electrons
re generated from interband excitation (446 nm)
f Au NP and transfer to the Cu2 –x S coating, which
educes the electron density of Au, thereby red-
hifting the LSPR. In the NPoM geometry, such
T enhances the conductance of the plasmonic
anogaps, which results in blue shift of the cou-
led plasmon resonances. Excitation with a longer-
Page 5 of 8
wavelength laser (641 nm) mainly results in exci- 
tation of Cu2 –x S, which induces CT from Cu2 –x S 
to Au. As such, we see a slight blue shift of the
plasmons due to the increase in the electron den- 
sity. But this CT does not strongly affect the cou-
pled plasmons in the NPoM geometry as it does 
not significantly alter the gap conductance. A finite 
element method (FEM) is applied to simulate the 
conductance-induced plasmon shift, which agrees 
well with the experimental results. Unlike the con- 
ventional plasmon-tuning strategy, this intriguing 
tuning mechanism is based on optoelectronic ex- 
citation of hot carriers as well as the modification 
of electron density and gap conductance, which is 
fast ( ∼THz) and chip-compatible, meeting the high 
demands of the ultracompact on-chip integration 
of functional nanophotonic circuits and photonic 
computation. 

METHODS 

Synthesis of Au@Cu2 –x S core–shell NPs 
The Au@Cu2 –x S core–shell NPs were synthesized 
according to a previous report [26 ]. Specifically, 
50 μL of 0.2 M cetyltrimethylammonium bromide 
(CTAB), 50 μL of 0.1 M hexamethylenetetramine 
(HMT), 50 μL of 0.1 M AA, 50 μL of 0.01 M TAA
and 0.01 M cupric chloride (CuCl2 ) with varied vol- 
ume were sequentially added into vials containing 
1 mL of Au NP dispersion (Nanopartz), which were 
incubated at 85°C for 8 h. The hybrid core–shell NPs
were harvested by centrifugation at 80 0 0 r/min for

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad280#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad280#supplementary-data
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0 min and redispersed in 1 mL of deionized water
or stock use. 

haracterizations 
V–vis extinction spectra of the Au NPs and hybrid
u@Cu2 –x S core–shell NPs were collected using an
ptofiber spectrometer (QE650 0 0, Ocean Optics).
he Raman spectra of Cu2 –x S were obtained us-
ng a confocal Raman microscope (Renishaw InVia)
quipped with a 532-nm laser. TEM images and en-
rgy dispersive EDS were captured at an accelerating
oltage of 200 kV ( JEOL JEM-F200). Scanning elec-
ron microscope (SEM) images were obtained using
 Sigma Zeiss at an accelerating voltage of 10 kV. XPS
Thermo Fisher ESCALAB 250Xi) were performed
sing a monochromatic Al K Alpha (1 486.68 eV)
-ray source under an ultra-high vacuum (10−7 

bar). The X-ray high-tension (HT) was 15 kV and
he measured spot size was 200 μm. 

ptical switching of the plasmon 

esonances based on Au@Cu2 –x S NPoM 

ystem 

o construct the NPoM system, Au@Cu2 –x S NPs
ere drop-casted on Au films, which were then
laced under a dark-field (DF) microscope (BX53M,
lympus). The scattering spectra of the NPs were
ecorded confocally through a 100 × DF objective
numerical aperture (NA): 0.8) that were coupled
sing a 50- μm optical fiber connected to a spectrom-
ter (integration time: 800 ms, QEPro, Ocean Op-
ics). DF scattering spectra were collected simultane-
usly when an excitation laser (CW) of 446 nm was
n. The power of the CW laser was 5 mW and the du-
ation of the laser on/off periods was 1 s each. The
L spectra of the same Au@Cu2 –x S NPoMs were
ecorded, which were then used to subtract the scat-
ering spectra to exclude the influence of PL on the
hift of plasmons ( Supplementary Figure S2). The
cattering spectra of Au@Cu2 –x S NP on SiO2 sub-
trate were measured in the same way as a contrast
xperiment. 

ltrafast TA spectroscopy 
he TA spectra of the Au NPs, Cu2 –x S NPs and
u@Cu2 –x S NPs were collected using a commercial
A system (HARPIA, Light Conversion). Specifi-
ally, a femtosecond laser (repetition rate of 40 kHz,
030-nm central wavelength and pulse duration of
120 fs, PHAROS, Light Conversion) was split

nto two beams. One beam went through optical
arametric amplification (ORPHEUS twins, Light
Page 6 of 8
Conversion) to pump the Au@Cu2 –x S NPs. The 
other beam went through the delay line, which 
yields the white light via sapphire as the probe 
beam. The pump and probe beams were focused 
on Au@Cu2 –x S dispersion in a cuvette with wave- 
lengths of 400 and 640 nm. Single exponential fitting 
y = y0 + a1 · e

−(t−t0 ) 
τ was applied to the TA spectra, 

which resolves the lifetime of τ . 

Simulations 
The near-field scattering and temperature profile of 
Au@Cu2 –x S NPs on Au film and SiO2 substrate 
are numerically simulated using FEM. Specifically, a 
plain wave incidence with energy density equivalent 
to a Gaussian beam was applied at the Au@Cu2 –x S 
NPoMs. The thermal conductivity of Au, Cu2 –x S 
and SiO2 are 318, 1.5 and 1.8 W (m·K)−1 , respec- 
tively. The RI of Cu2 –x S is set at an average value
of 1.8 with an imaginary part of 0.02 [40 ,41 ]. Gap
conductance is calculated based on the formula G = 

σ · S 
l , where l is the gap size ( ∼5 nm) and S is the

area of the bottom facet of the Au NP with a radius of
∼5 nm. Conductivity of the gap was calculated based 
on the formula σ = n · μ · e , where n is the carrier
density change induced by the hot electron injec- 
tion, which is ∼1026 m−3 ; μ is the carrier mobility of 
Cu2 S, which is estimated to be 0.01 m2 ·(V·s)−1 [39 ]; 
and e is the unit charge (1.6 × 10−19 ). 

SUPPLEMENTARY DATA 

Supplementary data are available at NSR online. 
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