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Abstract
Functional and reversible plasmonic resonances across the visible and near-infrared spectrum have opened new avenues for
developing advanced next-generation nanophotonic devices. In this study, by using optothermally controlled phase-change
material (PCM) for plasmonic nanostructures, we successfully induced highly tunable charge transfer plasmon (CTP) resonance
modes. To this end, we have chosen a two-member dimer assembly consisting of gold cores and Ge2Sb2Te5 (GST) shells in
distant, touching, and overlapping regimes. We show that switching between amorphous (dielectric) and crystalline (conductive)
phases of GST allows for achieving tunable dipolar and CTP resonances and enables an effective interplay between these modes
along the near-infrared spectrum. By analyzing electromagnetically calculated spectral responses for the dimer antenna in
tunneling and direct charge transfer regimes, we confirmed that the induced CTPs in touching and overlapping regimes are
highly controllable and pronounced in comparison to the quantum tunneling regime. We also use the precise, fast, and control-
lable switching between dipolar and CTP resonant modes to develop a telecommunication switch based on a simple
metallodielectric dimer. The proposed structures can help designing optothermally controlled devices without morphological
variations in the geometry of the design, and having strong potential for advanced plasmon modulation and fast data routing.
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Introduction

Active control over the plasmonic properties of subwave-
length metallic structures is an exotic feature that provides
new opportunities for developing advanced nanoscale plat-
forms and next-generation photonic devices [1–3]. Such a
control over the spectral properties of nanoplasmonic struc-
tures which are tailored based on conventional metals (i.e.,
Au, Al, Ag) is challenging due to inherent limitations in con-
trolling the dielectric functions of these solids [4]. Recently,
several approaches have been proposed to enhance the tun-
ability of optical properties of plasmonic structures such as
optoelectronic devices based on electrically tunable one-
atom-thick 2D materials (i.e., graphene, MoS2, and WS2)
[5–8] and electrochemical methods (i.e., redox chemistry

and electrochemical charging of particles) [9–11]. However,
in most of these methods, achieving simultaneously revers-
ible, tunable, and large plasmon resonance shift is challeng-
ing. On the other hand, as another practical strategy, by using
quantum plasmonic model, researchers have reduced the gap
distance between nanostructures down to atomic scales to
provide light intensity dependent tunable spectral responses
[12, 13]. According to quantum mechanical theory for
plasmonics [12, 14, 15], the direct result of approaching me-
tallic nanoparticles with subnanometer scale is transferring of
charges across the quantum opening via tunneling and local-
ization of opposite charges in different parts, giving rise to
formation of a new type of resonance at energy levels apart
from classical multipoles, known as charge transfer plasmon
(CTP) [12–17]. Although this method results in formation of
tunable and new modes, it encounters with limited spectral
tunability.

Recently, it is shown that using optothermally controllable
components (phase-changing materials (PCMs), i.e., vanadi-
um dioxide (VO2) [18], and Ge2Sb2Te5 (GST) [19–22]) in the
design of plasmonic structures helps to tune the corresponding
spectral response without morphological variations. We re-
cently showed that bridging two neighboring nanodisks with
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a GST nanowire allows us to control the shuttling of charges
across an interconnecting junction by controlling the conduc-
tive (crystalline state) and dielectric (amorphous state) prop-
erties of the GST bridge [22]. GSTcan maintain its state with-
out requiring continuous energy because of its non-volatility
property [23, 24]. Typically, crystallization process (transition
from dielectric to conductive state) is achieved by annealing
the material up to critical temperature around ~ 750 K [25],
which is primarily depends on the total volume of the PCM
structure and the crystallization duration. The reverse transi-
tion (amorphization) can be achieved by melting and
quenching the material over ~ 873 K in a short time (~ns)
[26]. To this end, Joule heating, convective heating or ultra-
fast optical stimuli can be used for both annealing and melt-
quenching.

In this report, by using a pair of metallodielectric nanodisks
consisting of gold core and GST shell, we analyze the excita-
tion of optothermally controllable CTP and its tunability and
reversibility. We demonstrate that a two-member nanodimer
system in three different regimes can be tailored to support
controllable CTPs across the near-infrared region (NIR), when
the GST shell is crystallized. Conversely, in the amorphous
regime, the CTP peak disappears and classical dipole mode
due to capacitive coupling becomes dominant. To analyze this
spectral behavior, we placed the core-shell type nanoparticles
in not-touching, touching, and overlapping regimes and com-
pared the results. Using full numerical analyses based on
finite-element (FEM) and finite-difference time-domain
(FDTD) methods, we studied the behavior of each orientation
of core-shell nanodisks to achieve high tunable CTP
resonances.

Results and Discussions

Figure 1a(i)–c(i) shows the artistic pictures for the proposed
metallodielectric nanodimer in three different orientations
with geometrical parameters description inside (not to scale).
The substrate for all dimers is glass (SiO2) with the relative
permittivity of ~ 2.1, obtained from Palik’s measurements
[27]. Here, the core is gold with the dielectric function taken
from empirically measured Johnson-Christy constants [28].
The gold disks are walled with GST shell and the correspond-
ing complex permittivity for both amorphous (a-GST) and
crystalline (c-GST) phases were taken from the experimental
measurements obtained by Shportko et al. [29]. In the electro-
magnetic analyses, we assumed that the metallic core is in
perfect contact with the surrounding PCM shell layer. The
numerical modeling and switching between opposite phases
of GSTare explained in the BMethods^ section. The thickness
of the dimer is fixed to 60 nm homogenously for all the inves-
tigated structures. Figure 1a–c also illustrates the schematics
for charge distribution and transfer for three different regimes,

when the GST shell is in (ii) amorphous and (iii) crystalline
states, respectively. This behavior and additional explanation
will be provided in the following sections.

Let us first assume the dimer is fully metallic with the outer
radius of 102 nm and edge-to-edge separation of 0.5 nm
(tunneling regime) similar to the metallodielectric core-shell
structure. In this limit, due to the quantum tunneling principle,
the excited charges shuttle across the opening, resulting with
accumulation of opposite charges in each side of system [12,
15, 30, 31]. This effect can be recognized by formation of a
CTP peak, far from classical moments, which is shown in Fig.
2a (dashed curve). The obtained CTP is consistent with pre-
vious quantum plasmonic studies for plasmonic nanostruc-
tures [12–15, 30]. However, here, the CTP is not tunable
and can be only controlled via morphological variations and
incident light intensity. Continuing the study with
metallodielectric core-shell dimer with subnanometer opening
(Fig. 1a), we investigated the spectral response of the nano-
particles pair with the following geometries (rc, rs) = (102,
117) nm, separated from each other with a quantum gap of
0.5 nm. In this regime, for the presence of thermally control-
lable GSTshell, the spectral characteristics strongly depend on
the phase of the shell. In the amorphous state, the GST acts as
a dielectric substance and capacitive coupling becomes dom-
inant [32, 33]. Considering the overall width of the GST shell
in both sides of dimer as rs-rc = 15 nm, the interparticle dis-
tance between dimer components is 30 nm; hence, according
to plasmon hybridization theory for plasmonic assemblies
[34], we expect formation of a significant dipole moment
due to capacitive coupling between the arisen modes in each
particle (~ 1495 nm) as shown in Fig. 2a (solid curve). In
addition, a weak quadrupolar shoulder is also appeared in
the shorter wavelengths (~ 750 nm). Switching the phase of
the GST shell to the crystalline state (conductive regime) al-
lows direct tunneling of the charges across the atomic opening
and a spectral response analogous to the full metallic regime is
expected. Noticing in the dotted curve in Fig. 2a, a CTP ex-
treme appears around 1550 nm close to the CTP peak corre-
latingwith the full metallic dimer.We also observed a classical
dipolar mode in the shorter wavelengths correlating with the
dipolar mode coupling arising from metallic cores [35]. Such
an interesting reversibility of plasmonic response can be better
understood by plotting the charge density maps for the ana-
lyzed orientations. Figure 2b illustrates the charge distribu-
tions at the extinction resonances for the full gold dimer at
both dipolar and CTP peaks positions. As shown in Fig.
2b(i), the excited bright dipolar modes from gold cores capac-
itively couple to each other, while at the CTP mode, the
charges are split between the nanodisks (see Fig. 2b(ii)). In
the presence of the GST shell and metallodielectric dimer, as
depicted in Fig. 2c(i) and (ii), capacitive coupling (dipole ex-
treme) and charge transfer (CTP peak) for a-GST and c-GST
are dominant, respectively. The calculated charge distributions
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at the resonances are consistent with the predictions plotted in
Fig. 1a(ii, iii)–c(ii, iii).

To analyze the effect of GST shell width on both capacitive
coupling and quantum tunneling mechanisms, we varied the
corresponding width (rs-rc) and plotted the extinction profiles
as shown in Fig. 3. In the a-GST shell regime, simultaneous

reduction of the shell width and increase of the core radius
(keeping the size of entire nanoparticles fixed at 117 nm)
maintain the strength of the capacitive coupling and result in
a distinct dipolar peak around 1500 nm (Fig. 3a). On the other
hand, switching the shell to c-GST phase and reducing its
width (rs-rc) down to 5 nm causes a significant blue-shift in

Fig. 1 Artistic rendering images of the metallodielectric core-shell dimer
nanoantenna in three different alignments with corresponding
geometrical parameters inside: (a) (i) not-touching regime, (ii) tunneling
event where electrons create a conductive gap, (b) (i) touching regime, (ii)

charge transfer path is made by touching shells, and (c) (i) overlapping
regime, (ii) charge transfer path is made by overlapping shells. The charge
distribution for (ii) and (iii) schematics are for dimer with a-GST and c-
GST shells, respectively

Fig. 2 a Normalized extinction spectra of the nanodimer platform with
full metallic, a- and c-GST. For the full metallic dimer, the extinction
spectrum shows a dipolar peak at 0.7 μm, and a CTP resonance at
1.525 μm. For the c-GST case, the CTP mode is appeared at 1.55 μm,
and for the a-GST dimer, the induced mode turns into dipolar resonance

and blue-shifted to 1.47 μm. Charge distributions at the extinction
resonances for the nanostructure in Fig. 1a: b (i) full metallic (dipolar),
(ii) CTP; c (i) a-GST (dipolar), (ii) c-CST (CTP). The E-field is set along
the dimer axis
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the position of quantum tunneling-driven CTP peak and sub-
stantial narrowing in the resonance line shape. The physical
mechanism behind this observation can be understood by con-
sidering the effective frequency-dependent conductivity,
which could be found from ε ωð Þ ¼ 1þ iσ

ωε0
[36], in which

the excited energetic charges accumulate oppositely and lead
to formation of noticeably sharper CTP at higher energies.
Switching the GST shell phase to conductive state leads to
significant enhancement in the effective conductivity of the
entire dimer, facilitates easier and faster transfer of charges
and their accumulation. Further geometrical variations reveal
the sensitivity of dipolar and tunneling CTP clearly. Figure 4
shows the extinction spectra for the dimer antenna, when the
GST shell width is fixed to 15 nm and the radius of gold core
(rc) is varied. For the a-GSTas a capacitive spacer, by decreas-
ing the cores radii to 50 nm homogenously in both sides of the
dimer, the dipolar peak dramatically dampened and shifted to
~ 1000 nm (Fig. 4a). On the other hand, increasing the core

radius causes formation of ultrastrong dipolar resonance
around ~ 1750 nm, including a broadening in the peak. In the
c-GST limit and for the presence of CTP peak via tunneling
effect, we obtained similar results (Fig. 4b), confirming the
strong dependence of both CTP and dipolar modes to the gold
core radius. Until now, we have shown that the tunneling prin-
ciple facilitates formation of tunable CTP resonant mode across
the NIR. However, providing a structure with simpler fabrica-
tion processes would be more interesting for practical applica-
tions. To this end, by removing the subnanometer opening, we
analyze two cases, namely touching and overlapping nanopar-
ticles, of the studied metallodielectric dimer in detail.

As shown earlier in Fig. 1b, c, by either touching or over-
lapping the neighbor core-shell nanoparticles, we provide a
pathway for transfer of the charges across the dimer. The
phase of the GST shell plays a substantial role in determining
the quality, position, and behavior of CTP and dipole modes.
In the direct charge transfer principle, the geometry of the

Fig. 3 a, bNormalized extinction spectra of the a-GSTand c-GST dimer system for different nanoring widths with the Au nanodisks core, respectively.
For both phases, the gap distance is 0.5 nm

Fig. 4 a, bNormalized extinction spectra of the a-GSTand c-GST dimer system for different nanodisk radii with 15 nmGST nanoring, respectively. For
both states, the gap distance is 0.5 nm. The insets show the charge distributions at the resonances
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conductive bridge and contacting area has an undeniable im-
pact on the transfer and accumulation of the excited charges
[17, 22, 35, 36]. Both conductivity and resistance of the path-
way affect the charge transport [22, 35]. In the current struc-
ture, the touching junction width (δx) is defined by: δx = 4r2
exp.(−π/2 × tRσ(ω)) [17, 37], where R is the entire resistance, t
is the thickness of the dimer, and σ(ω) is the frequency-
dependent conductivity of GST. Accordingly, increasing the
touching or overlapping cross-area (conductive regime) al-
lows for the transfer of more charges and excitation of distinct
CTP resonances. For the overlapping regime, we used BD^ to
show the overlap depth, which is D = 0 nm for the touching
case. Figure 5a exhibits the normalized extinction cross-
section for the dimer assembly with a-GST shell, while the
gap is varying gradually from capacitive coupling to touching
and overlapping regimes. Firstly, for the dimer with a-GST
shell, with capacitive gap from 10 and 5 nm (Fig. 5a), we
observed dipolar peaks around ~ 1200 nm, while the quadru-
polar shoulder is dampened drastically. For 2 nm opening, the
dipolar peak is red-shifted to ~ 1500 nm and intensified
strongly. For the touching dimer, considering the dielectric
nature of a-GST shell, the dipolar peak enhances due to re-
duced gap spot between the gold cores. Overlapping the nano-
particles with two different depths, specified by overlapped #1
(D = 15 nm) and overlapped #2 (D = 22 nm), allows to further
enhancement in the dipolar peak and shift the position to the
longer wavelengths, as exhibited in Fig. 5a. On the other hand,
for the dimer with c-GST shell and distant nanoparticles, the

capacitive coupling is still dominant due to the absence of
either quantum tunneling or direct charge transfer (Fig. 5b).
In the touching and overlapping regimes, we facilitated direct
shuttle of charges across the dimer structure due to conductive
nature of crystalline state. By increasing the cross-section of
pathway for the excited electrons, the CTP extreme red-shifts
to the longer spectra with higher intensity. Figure 5c, d shows
the local charge density maps for the studied several cases for
the metallodielectric dimer, consistent with the previous anal-
yses for both dipolar and CTP modes. We also estimated the
quality-factor (Q-factor) [38] of the induced CTPs as a func-
tion of the overlap depth for the dimer with c-GST shell,
shown in Fig. 6. For the touching regime (D = 0 nm), the Q-
factor is much higher due to low resistivity. By increasing the
overlap depth to D = 15 nm, the Q-factor decreases, however,
larger depth (D = 22 nm) leads to higher Q-factor due to in-
creases in the conductivity of the bridge. The inset is the CTP
position as a function of overlap depth shows a giant red-shift
in the position of CTP peak by overlapping the proximal
nanoparticles.

Ultimately, as a practical example, we investigate the po-
tential application of the proposed structure to be employed
for advanced photonic switching purposes. In the recent years,
there has been growing demand for highly miniaturized and
multifunctional all-optical devices to use in integrated
nanophotonic circuits. Plasmonic switches are promising and
efficient structures that have received growing interest with a
broad usage in telecommunication applications, filters,

Fig. 5 a, b Normalized extinction spectra of the a-GSTand c-GST dimer
system, while the gap is variant (overlapping #1 and #2, touching, 2, 5,
and 10 nm), respectively. c, d The corresponding charge distributions for

different gap variations for a-GST and c-GST cases, respectively. The E-
field polarization is set along the dimer axis
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polarization analyzers, and color displays. Here, using the
optothermally controlled characteristics of the investigated
metallodielectric structure, we tailor an active and efficient
switch based on switching between dipolar and CTP reso-
nances with the modulation depth up to 49%. Using the pro-
posed dimer structure in touching regime with the radii of (rs/
rc = 155/130 nm), we calculated the transmission ratio profile
as shown in Fig. 7. For the dimer with a-GST shell, a pro-
nounced transmission dip appears at = 1550 nm (global tele-
communication wavelength), resembling ON state of the pro-
posed switch. On the other hand, by switching the shell layer
to c-GST, the dipolar dip disappears and a CTP mode rises
around ~ 1750 nm, resembling the OFF state of the switch.

Such ~ 200 nm shift in the position of resonant dip allows for
optical signal modulations in practical applications. The
achieved results for this type of switching are comparable with
recently reported advanced all-optical Fano switches [22, 39],
and analogous PCM-mediated modulators based on complex
designs and metamaterials.

Conclusions

In conclusion, a plasmonic dimer consisting of a pair of
metallodielectric core-shell nanoparticles was analyzed for
its optothermally controllable plasmonic resonances in the
NIR. Using the simplest member of nanoparticles clusters
family, we have studied the excitation of tunneling and direct
CTP resonances by numerical tools. Choosing three different
orientations of nanoparticles (distant, touching, and overlap-
ping), and taking the advantage of thermally tunable GST
shell, we demonstrated an efficient interplay between pro-
nounced dipolar (in amorphous regime) and CTP (in crystal-
line regime) resonances. The obtained results constitute for the
original observation of reversible CTP via either quantum
tunneling or direct charge transfer in GST-mediated
metallodielectric dimers. Exploiting the interplay between di-
polar and CTP modes in opposite phases of the GST shell, we
developed a platform for switching purposes at the telecom-
munication band with reasonable modulation depth.

Methods

Electromagnetic wave simulations of the proposed plas-
monic dimer were performed using both finite-difference
time-domain (FDTD, Lumerical 8.17) and finite-element
(FEM, COMSOL Multiphysics 5.2) methods. The bound-
aries were surrounded by highly absorptive perfectly
matched layers (PMLs) and the incoming light for the
incident beam for crystallization was a broadband plane
wave with the bandwidth of 400–1600 nm, with the irra-
diation power of P0 = 3.2 μW, beam fluence of 60 Jm−2,
pulse duration of 500 fs, and repetition of 10 KHz. We
also defined another light source with the duration of
0.9 ns and irradiation power of 5.5 mW to provide the
required energy for the amorphization process. The geom-
etries used for simulation are kept as small as possible to
decrease the complexity of the simulations without
influencing the generation of the CTPs. Moreover, mesh
with minimum lateral size 0.2 nm was applied. According
to the Courant stability [40], the simulation time step is
set to dt~ 0.1 fs.

For the GST analysis, by assuming the nanowires are in
perfect contact with the peripheral nanodisks, we defined
the effective permittivity of GST layers at crystallization

Fig. 6 The Q-factor of the induced CTP peaks as a function of overlap
depth. The inset is the normalized CTP peak position as a function of
overlap depth

Fig. 7 The transmission ratio of the GST based core-shell switch in OFF
(a-GST) and ON (c-GST) states
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level based on Lorentz-Lorenz effective-medium expres-
sion [22, 41, 42]:

εeff λð Þ−1=εeff λð Þ þ 2
� �

¼ f c
εc λð Þ−1=εc λð Þ þ 2

� �

þ f a
εa λð Þ−1=εa λð Þ þ 2

� �
ð1Þ

where fi is the volume function of the ith phase as 0 ≤ fi =
ni/∑jnj ≤ 1, in which nj is the corresponding density of the
jth phase. To crystallize the GST nanowires, we used an
incident continuous wave (Gaussian beam) with the irra-
diation power of P0 = 3.2 μW, beam fluence of ϕ =
60 Jm−2, and repetition of fr = 10 KHz. Then, for the
heptamer cluster with the distance of Br^ form the inci-
dent radiation source, the light fluence is defined by:
F(r) = 2P0 exp(−2r/w2)/πw2fr [43], where w is the waist
of the Gaussian beam. Thus, the produced thermal power
can be estimated as a function of distance and time delay
(t0) by: T(r, t) = (AQaϕ/1.77ντ)/ exp(−(t − t0)

2/τ2) [43, 44],
where τ is the time constant of the irradiation beam.
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