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The quantum behavior of surface plasmons has received extensive attention, benefiting from the
development of exquisite nanotechnology and the diverse applications. Blueshift, redshift, and nonshift of
localized surface plasmon resonances (LSPRs) have all been reported as the particle size decreases and
enters the quantum size regime, but the underlying physical mechanism to induce these controversial size
dependences is not clear. Herein, we propose an improved semiclassical model for modifying the dielectric
function of metal nanospheres by combining the intrinsic quantized electron transitions and surface
electron injection or extraction to investigate the plasmon shift and LSPR size dependence of the charged
Au nanoparticles. We experimentally observe that the nonmonotonic blueshift of LSPRs with size for Au
nanoparticles is turned into an approximately monotonic blueshift by increasing the electron donor
concentration in the reduction solution, and it can also be transformed to an approximately monotonic
redshift after surface passivation by ligand molecules. Moreover, we demonstrate controlled blueshift and
redshift for the electron and hole plasmons in Cu,_,S@ Au core-shell nanoparticles by injecting electrons.
The experimental observations and the theoretical calculations clarify the controversial size dependences of
LSPR reported in the literature, reveal the critical role of surface electron injection or extraction in the
transformation between the different size dependences of LSPRs, and are helpful for understanding the

nature of surface plasmons in the quantum size regime.
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Intense effort has been devoted to tuning the collective
electron excitation, named plasmon resonance, of metal
nanostructures with precisely controlled sizes and shapes in
various environments [1], which has immediate signifi-
cance for diverse applications ranging from quantum
information to photocatalysis and biospectroscopy [2].
Benefiting from the development of exquisite nanotechnol-
ogy, especially the excitation of plasmons by an electron
beam with high spatial resolution [3], the quantum behavior
of both propagating [4] and localized plasmons [5] has
attracted great interest recently. In particular, plasmon
resonance shifting, broadening, and splitting for metal
nanostructures in the quantum size regime have been
extensively studied [6—12].

The size-dependent localized surface plasmon resonan-
ces (LSPRs) of spherical metal nanoparticles with the
simplest geometry are fundamental for understanding the
plasmonic nature and have been investigated for several
decades [13—17]. However, the size dependences of LSPRs
reported in the existing literature are highly controversial,
and the underlying dominant physical mechanism is under
serious debate [18-22]. For instance, both redshifting and
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blueshifting of LSPRs were observed when the particle size
decreases and enters the quantum size regime [23-26].
When decreasing the size of silver nanoparticles (AgNPs),
size-independent LSPRs with photon excitation and a
blueshifting size dependence with electron beam excitation
were reported very recently [27].

As a pathway leading to LSPR shift, electron injection or
extraction is a universal phenomenon that exists in the wet-
chemical synthesis (e.g., gain of electrons under atom
reduction in growth and loss of electrons under atom
oxidation in etching), as well as in the annealing processes
of a solid matrix or in the LSPR measurement by electron
beam excitation; however, a comprehensive understanding
of the regulation of the LSPR size dependence by electron
injection or extraction is absent. A theoretical model and
analysis for the plasmon shift of the charged metal nano-
particles and experimental demonstration of the trans-
formation of LSPR size dependence are highly desirable.

In this Letter, we propose an improved semiclassical
model for modifying the dielectric function of metal
nanospheres by combining the intrinsic quantized electron
transitions and surface charge transfer to investigate

© 2021 American Physical Society
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FIG. 1. Hard boundary box model of charged AuNPs and
calculated extinction spectra. (a) Core-shell model of AuNP.
(b) Electron is injected into the surface layer of Au (Apcr > 0).
(c) Electron is extracted from the surface layer of Au (Apcr < 0).
(d) Calculated LSPRs of AuNPs (D = 6 nm) with different
Apcr. (e) Calculated LSPRs of AuNPs with different diameters
(Apct = 0). (f) LSPR wavelength of AuNPs (D = 3.5, 6.0, and
12.0 nm) with varied Apcr. (g) LSPR size dependences of
AuNPs with Apcr = —0.3, 0, 0.4, and 1.0.

plasmon shift and LSPR size dependence of the charged
AuNPs. Experimentally, we observe that the size-depen-
dent LSPR for AuNPs is gradually transformed from a
nonmonotonic blueshift to an approximately monotonic
blueshift by increasing the electron donor concentration
during reduction growth of AuNPs, and to an approx-
imately monotonic redshift after surface passivation by
ligand molecules. Moreover, the charge transfer effect is
well demonstrated by injecting electrons into Cu,_,S@ Au
core-shell nanoparticles, in which the electron and hole
plasmons are controlled to blueshift and redshift. The
observed transformation of the size-dependent LSPRs is
well explained by the modified theoretical model.

We at first theoretically investigate the plasmon shifts of
AuNPs induced by surface charge transfer. The electron
injection or extraction associated with the AuNPs, as well
as the electron density distributions of the charged AuNPs,
are described by a modified hard boundary box model. As
shown in Figs. 1(a)-1(c), the fluctuation in the electron
density within the AuNPs is assumed to be located at the
outermost layer of atoms, which is described by a shell with
a thickness (d;) of 0.5 nm in the calculations [6]. The
normalized density of injected electrons within the shell is
described by Apcr = (ps — pe)/pe, Where pg and p,. are the

electron densities of the core and shell, respectively. For
simplification and clarity, the perturbation of the refractive
index change of the surrounding environment is not taken
into account in the calculations.

The dielectric function of AuNP is modeled by the sum
of €;ra and €;,;- The interband part €, is modeled using
random phase approximation [28]. The intraband part €;,,
is described by the Drude model incorporating quantum
transitions S;; = 2Ma,(f|z|i)*/AN [13,26] (see Sec. 1.1
in the Supplemental Material [29]), where w;, is the
frequency of the transition from initial state i to final state
f of the conduction electrons. M is the electron mass and N
is the electron number. The change of surface electron
density (injection with Apcr > 0 or extrication with
Apcr < 0) will significantly influence the bulk plasma
frequency @, and the LSPR frequency as well as the Fermi
level, see Fig. S1 in the Supplemental Material [29]. With
the dielectric functions of core and shell materials calcu-
lated separately (see Sec. 1.2 in Supplemental Material
[29]), the optical spectra are then calculated using Mie
scattering theory. Both w;; and S are strongly dependent
on the size, which leads to oscillations of LSPR wavelength
with the size [13]. Figure 1(d) shows the dependence of
extinction spectra as a function of Apct for an AuNP with
the diameter D = 6.0 nm. The extinction spectra exhibit
an obvious blueshift with Apcr varying from —0.4 to 0.8.
A smaller AuNP has a larger surface area to volume ratio
and is more sensitive to electron injection or extraction. As
shown in Fig. 1(f), when Apcr increases from —0.4 to 0.8,
the calculated A;gpg of the smaller AuNPs with D =
3.5 nm decreases by 82.9 nm, whereas that of the larger
AuNPs with D = 12.0 nm only decreases by 25.7 nm.

The size-dependent quantum plasmon behavior in
Figs. 1(e) and S2 of Ref. [29] with no charge transfer
(Apct = 0) shows a nonmonotonic shift as the previous
report [13]. Interestingly, the LSPR size dependence is
transformed from a nonmonotonic shift to an approxi-
mately monotonic blueshift when Apcr is increased to 1.0
[Figs. 1(g) and S3 [29]]. It indicates that the electron
injection makes the LSPR shift in the high-energy direc-
tion. As a result, LSPR size dependence is tuned by the
electron injection or extraction.

Then, we experimentally explore the plasmon shifts of
the AuNPs by introducing electron donors or acceptors.
Uniform colloidal AuNPs were prepared in an aqueous
solution by using a reduction reaction of HAuCl, with
ascorbic acid (AA) in the presence of Au seeds and
hexadecyl-trimethyl-ammonium bromide (CTAB) [30].
The AuNPs stabilized by CTAB molecules are individually
suspended in the solutions [31-34]. The diameter of
AuNPs synthesized by overgrowth of Au on the seeds
can be estimated from the volume V5, of HAuCl, added
in the reduction reaction [Figs. S4(a)-4(f) Supplemental
Material [29] ], and the diameter of Au in this following
study refers to nominal diameter (Dy,y,) With the
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FIG. 2. Nonmonotonic-shifting LSPR size dependence of
AuNPs synthesized by a reduction reaction. (a) Measured and
nominal sizes (D and Dy,,) of AuNPs prepared with various
volumes of HAuCl, (V). (b) Size-dependent extinction spectra
of AuNPs with mps/mpa,. = 1.5 (Dnom = 2.1-8.0 nm). The
spectra are vertically shifted for clarity. (c) Size dependence of
the plasmon resonance wavelength of the AuNPs synthesized with

Mmap/Mpuy = L.5.

relationship Dyom = [(Dg)? 4 bV o+ ]'/3, where Dy, is the
diameter, measured as 1.9 + 0.3 nm, of the Au seeds, and b
is calculated to be 0.071 nm?/uL [Fig. 2(a)]. The recorded
extinction spectra of the AuNPs with Dy, = 2.1-8.0 nm
demonstrate a slight blueshift of LSPR with size under a
low electron donor molar ratio (mas/ma,, = 1.5), see
Figs. 2(b) and 2(c).

An excess reductant of AA molecules was added as
electron donors to inject electrons into the AulNPs, and
maa/Mmay, Was used to evaluate the effect of electron
injection. The measured zeta-potential decreases as mp,/
My, increases (Fig. S5 of the Supplemental Material [29]),
which indicates that the electrons are transferred from the
AA molecules to the AuNPs [Fig. 3(a)] and lead to a blueshift
of the LSPR. Figure 3(b) comparatively presents the size-
dependent LSPRs of the AuNPs synthesized with
mAA/mALH_ = 50, 30, 150, and 450. As mAA/mAu+
increases from 1.5 to 450, the A; gpr of the smaller AuNPs
with Dy, = 2.1 nm decreases by 7.5 nm, whereas that of
the larger AuNPs with Dy, = 6.0 nm slightly decreases by
1.0 nm [Fig. S4(g) [29]]. This indicates that the LSPR
wavelength of the smaller AuNPs is more sensitive to
electron injection. The electron injection effect is further
demonstrated on a kind of etched AuNPs, which show a more
prominent blueshift using a postaddition method of electron
donors [Fig. S7 [29]].

A nonmonotonically shifting LSPR size dependence is
observed when misa/ma,, is 5.0 [bright green curve in
Fig. 3(b)], which is attributed to the collaboration of size-
dependent quantum transitions in the conduction band and
damping of free electrons [26]. The maximum A;gpr is
around Dyom = 3.9 nm. This oscillation of the plasmon
resonance wavelength is similar to that reported for
individual AgNPs [13]. However, the oscillation of the
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FIG. 3. LSPR size dependences of AuNPs with electron

injection and electron extraction. (a) Schematic illustration of
electron injection from electron donors (AA) to AuNPs. (b) Sche-
matic illustration of electron extraction from AuNPs to ligand
molecules. (c) The LSPR size dependence is gradually trans-
formed from the nonmonotonic shift to an approximately
monotonic blueshift when the value of mpy/my,, increases
from 5.0 to 450 (0 day). (d) The LSPR size dependence is
gradually transformed from the nonmonotonic shift to an ap-
proximately monotonic redshift when the passivation time
increases from 1 to 6 days (maa/mau. = 5.0).

LSPR wavelength with the AuNP size becomes weak when
Map/May, increases, and it is hard to observe when
Map/Mays increases to 450. With higher mpa/ma,.,
the LSPR shift is dominated by electron injection, and
the LSPR oscillation is suppressed. Consequently, the
LSPR size dependence is transformed from the nonmono-
tonic shift to a monotonic blueshift. This indicates that the
electron injection from the donor to the AuNPs signifi-
cantly modulates LSPR size dependence.

In contrast, a redshift of LSPR is observed for the AuNPs
after surface passivation in the original synthesis solution
owing to electron extraction from the surface of the AuNPs
to the capping ligand molecules [Fig. 3(c)] [6]. This natural
passivation process lasts for several days and commonly
exists in wet-chemical synthesis [31,32,35], and the
adsorbed ligands during the passivation process are directly
observed in the transmission electron microscope (TEM)
images (Fig. S6 [29]). After 6 days of passivation, the 4; gpr
of smaller AuNPs with Dy, = 2.1 nm significantly
increases by 13.2 nm, whereas that of the larger AuNPs
with Do = 6.0 nm increases by 5.8 nm (Fig. S4(h) [29]).
The LSPR size dependence is transformed from the non-
monotonic shift to an approximately monotonic redshift
for the samples with more than two days of passivation
[Fig. 3(d)].

The redshifting LSPR size dependence of AuNPs is
similar to that of AgNPs interpreted by a multilayer Mie
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FIG. 4. LSPR blueshift of Cu,_,S@Au heteronanostructures
with electron injection. (a),(b) Schematic illustration of the
Cu,_,S@Au core-shell heteronanostructure and band alignment.
(c) TEM images of Cu,_,S@Au with D, = 7.5 £ 0.4 nm and
average Cu,_,S shell thickness of 5 nm. (d) Extinction spectra of
Cu,_,S@Au (Dy, = 2.1 nm) prepared with various volumes of
NaBH, as the electron donor. The volume of 1 M NaBH, is
gradually increased from 2.5 yL to 50 uL. The gray dotted line
refers to the original extinction spectrum of AuNPs with diameter
of 2.1 nm. The spectra are vertically shifted for clarity. (e) The h-
SPR intensity at 1100 nm and e-SPR wavelength as a function of
the NaBH,; volume of Cu,_,S@Au with D,, = 2.1 nm and
Dy, = 6.0 nm.

theory model considering the influence of an outermost
atomic layer with lowered electron conductivity [6]. The
redshift of the plasmon resonance can be explained by the
gradual adsorption of the ligand molecules onto the surface
of colloidal AuNPs in the surface passivation process. The
increased ligand molecules and the electron extraction from
the surface of AuNPs to the adsorbed ligand molecules lead
to a decrease in the electron density and then a redshift of
LSPR. Additionally, the adsorbed ligand molecules
increase the refractive index of the local environment
around the AuNPs, which also leads to a redshift of the
LSPR.

To further explore the influence of charge transfer on the
LSPR of AuNPs, Cu,_,S was overgrown on different size
AuNPs [Figs. 4(a)-4(c)] [36,37]. Cu,_,S with Cu defi-
ciencies is a self-doped p-type semiconductor that has
sufficient carrier density to support LSPR with the collec-
tive oscillation of holes in the near infrared (NIR) region
[38,39]. After overgrowing Cu,_,S semiconductor shells
on the AuNPs, free electrons on the surface of the AuNPs
diffuse to Cu,_,S [40-42]. As a result, the density of free
electrons on the surface of the AuNPs is prominently
decreased.
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FIG. 5. LSPR size dependences of Cu,_ S@Au and
Cu,S@Au. (a) Size-dependent extinction spectra of
Cu,_, S@Au with Dy, varying from 8.0 to 2.1 nm (without
adding NaBH,). The spectra are vertical shifted for clarity. (b),(c)
LSPR size dependences of Cu,_, S@Au and Cu,S@Au (reduced
by 50 uL. NaBH,).

Typical TEM images of Cu,_,S@Au in Figs. 4(c) and S8
of the Ref. [29] show that the average thickness of the
Cu,_,S shell is 5.0 nm. The extinction spectra of
Cu,_,S@Au with Au core diameters of Dy, = 2.1 and
6.0 nm under the gradual addition of NaBH, (1 M, as the
electron donor) are shown in Figs. 4(d) and S9(a), respec-
tively. With the increase of reductant NaBH,, the self-
doped semiconductor Cu,_,S shell was gradually trans-
formed to Cu,S, and the NIR LSPR of Cu,_,S gradually
vanished and slightly redshifted [Fig. S9(b) [29] ], because
of the decrease in free holes. The measured intensity of the
hole-induced SPR (h-SPR) in Cu,_,S and the wavelength
of the electron-induced SPR (e-SPR) in gold are presented
in Fig. 4(e) to exhibit the spectral evolution induced by
electron injection. In the range of 0 to 25 uLL NaBH,, the h-
SPR intensity gradually decreased while the e-SPR wave-
length was little altered. Only the peripheral Cu,_,.S is
speculated to be reduced in this range. With further increase
in NaBH,, electrons start to be injected into gold across the
interface of Cu,_,S@Au. In the range of 25 to 50 uL
NaBH,, the h-SPR intensity of Cu,_,S remains zero
because all the Cu,_,S has been reduced to Cu,S, while
the e-SPR wavelength of gold gradually blueshifts and the
e-SPR intensity gradually increases due to the rise of the
electron concentration at the surface of the AuNPs. The
initial Cu,_,S@Au with D4, = 2.1 nm has a very weak e-
SPR, and the e-SPR is significantly enhanced and blue-
shifted by 59 nm after 50 uL of NaBH, is added. For the
larger Cu,_,S@Au with Dy, = 6.0 nm, the e-SPR wave-
length blueshifts by 29 nm. Similarly, Cu,_,S@Au with a
smaller Au core is more sensitive to the electron injection
effect as well as the local environment.

Figure 5(a) displays the LSPR size dependence of
Cu,_,S@Au. As D,, decreases from 8.0 to 2.1 nm, the
e-SPR wavelength of gold first fluctuates around approx-
imately 585.0 nm and then greatly redshifts to 629.0 nm.
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This result implies that under the same conditions of
growing a 5.0 nm Cu,_,S shell, the smaller AuNPs lose
relatively more electrons due to the hole diffusion origi-
nating from Cu,_,S, resulting in great redshifting and
damping of the e-SPR. Figures 5(b) and S10 [29] also
show the LSPR size dependence of Cu,S@Au (reduced
from Cu,_, S@Au by NaBH,). The e-SPR wavelength of
gold only slightly redshifts from 569.3 to 562.1 nm. This
slight redshift originates from the increased effective
refractive index of the Cu,S dielectric shell.

Finally, we mentioned that the observed plasmon shifts,
such as the plasmon blueshifting caused by introducing an
electron donor of AA and the plasmon redshifting caused
by electron extraction to CTAB ligand molecules or p-type
Cu,_,S, as well as the LSPR size dependences, can be well
explained by the calculation from the modified model.
Furthermore, for the electron-beam-excited LSPR of
ligand-free metal nanoparticles on a substrate or embedded
in a matrix, electron injection or extraction between the
nanoparticles and the ligand molecules is avoided, but an
appropriate dose of electrons will increase the surface
electron density of the metal nanoparticles. Therefore,
the electron injection or extraction model can also well
explain the prominent plasmon blueshift and the quantum
oscillations with the size of the metal nanoparticles excited
by electrons. It also straightforwardly explains the large
discrepancy in the size-dependent LSPR excited by pho-
tons and electrons, and can be further extended to address
plasmonic nanoparticles involving redox processes. Note
that our simplified model can be extended to calculate the
plasmon shifts caused by carrier diffusion, such as inter-
facial charge transfer of metal-semiconductor heteronanos-
tructures, and roughly discuss the influence of the spill-out
effect (Fig. S11 of Ref. [29]) [27]. Many interfacial
interactions, such as work function and chemical bond,
are not involved in our simplified model. Electron transfer
dynamics of small-sized metal nanoparticles can be
revealed by using time-dependent density functional theory
(TDDFT) [43-45], and the improvement on the theoretical
model remains to be further studied.

In conclusion, we propose a modified hard boundary box
model to study the quantum plasmon mechanism of charged
AuNPs. The electron injection or extraction process is
described by controlling the charge transfer between the
Au core and ligand shell, which change the concentration of
conducting electrons and influence the intrinsic quantized
electron transitions. After introducing this effect into the
semiclassical model, the nonmonotonic shift of the LSPR
with the size of the AuNPs at a low electron donor
concentration and the monotonic blueshift at a high electron
donor concentration, as well as the monotonic redshift after
passivation, are well explained by the calculated extinction
spectra from the theoretical model. Furthermore, by injecting
electrons into Cu,_,S@ Au, the electron and hole plasmons
are controlled to blueshift and redshift, which reveals that the

surface electron injection or extraction process significantly
influences the size dependence of LSPRs. This study offers a
strategy to manipulate LSPR size dependence of the quan-
tum-sized metal nanoparticles via surface charge transfer and
can be applied to investigating plasmon resonances under
electron beam excitation or optical excitation while contrib-
uting to the research on quantum plasmons.
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