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Abstract
Plasmonic interconnects present a compact platform for high modulation-depth optical switches. Conventional plasmonic 
switching approaches depend on modifying the dispersion of the surface plasmon polariton (SPP) wave at the metal/dielectric 
interface. Here, we introduce a novel scheme for ultracompact and high modulation depth (MD) plasmonic switching using 
a phase-change material-based switchable grating consisting of antimony trisulfide  (Sb2S3). In its ON state, the switchable 
grating excites surface plasmon polaritons (SPP) and bulk plasmon polaritons (BPPs) in plasmonic films and hyperbolic 
metamaterials (HMMs), respectively. The SPP switch has a footprint of 23.1 µm2 and a MD of up to 40 dB. The BPP switch 
has a footprint of 13.12 μm2 and a MD of 29.7 dB. The BPP switch enjoys a broadband MD from 299 to 375 THz. Concur-
rently, we show that the same switchable grating on plasmonic film and on HMM is a reflection-based optical switch. Finally, 
we present a novel scheme for non-local control over the spontaneous emission rate and out-coupled power from emitters 
embedded in HMMs.
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Introduction

Optical switches are central elements in optical intercon-
nect schemes and optical logic gates [1]. The footprint 
of the state-of-the-art optical switches, based on MEMS 
technology, is several hundreds of square micrometres [2]. 
Plasmonic switches offer a compact alternative to optical 
switches. The information carriers in plasmonic circuits are 
surface plasmon polaritons (SPPs); electromagnetic surface 
waves excited at a metal/dielectric interface. The field asso-
ciated with SPPs is highly confined and requires a phase 
matching element, e.g. prisms or diffraction gratings, to 

couple from free space irradiation. Due to the strong field 
confinement associated with SPP excitation and their high 
sensitivity to their surrounding refractive index, highly com-
pact plasmonic switches were demonstrated exploiting the 
electro-optic [3], magneto-optic effect [4], photo-thermal 
effect [5], Pauli-blocking in graphene [6], phase-change 
materials [7] and liquid crystals [8]. The aforementioned 
methods rely on modifying the dispersion of the SPPs in 
the plasmonic waveguide by either changing the surround-
ing dielectric properties, e.g. using an electro-optic material 
and applying a voltage to induce an index change Δ n [2–4, 
7], or through changing the metal’s optical properties, e.g. 
by irradiating it with an ultrafast laser pulse [5]. Therefore, 
the switching performance becomes intimately dependent 
on device specific properties such as Δ n, the field intensity 
in the modulated region, and the quality factor of the modu-
lated mode.

Here, we propose and numerically investigate a plasmonic 
switching method that can be applied on various plasmonic 
platforms using a switchable grating. The proposed switch-
able grating method can be applied to various plasmonic 
guided mode and plasmonic material. We numerically pre-
sent a plasmonic switch with a footprint of 23.1 µm2 and a 
modulation depth (MD = 10Log(ION∕IOFF) ) [9], up to 40 dB. 
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Footprint is simply a device area given by the product of 
total device length with device width. As we have used 10 
periods of coupling and outcoupling grating with period of 
700 nm and separated by 1500 nm, so the total device length 
is ~ 14.1 µm and lateral width taken as 

√

2ln(2)× beam waist 

size (1.5 µm) ~ 1.64 µm, so the SPP switch footprint is ~ 23.1 
µm2. Moreover, we show that our switch can directly modu-
late the reflection of an incident beam where photons are 
information carriers. In addition, we show a novel plas-
monic switch based on bulk plasmon polaritons (BPPs) 

Fig. 1  a Schematics of the proposed switchable grating as an SPP 
switch. When  Sb2S3 is in its crystalline phase, a substantial index 
contrast with the dielectric environment exists and the grating is 
activated. When  Sb2S3 is in its amorphous state, however, the index 
contrast reduces significantly, and the grating disappears. The design 
introduces an optical switch operating based on the reflected light 
from the coupling grating and a plasmonic switch operating based on 
light collected from the outcoupling grating. Note that when the pho-
tonic switch is in the ON state, the plasmonic switch is in the OFF 
state and vice versa. FDTD calculation of the electric field  Ex com-
ponent for the switchable grating at 1083 nm captured in the region 

after coupling grating in the b crystalline state and c amorphous state. 
SPP is only excited and then outcoupled to radiation when the grating 
is in its crystalline state. d Modulation depth of the plasmonic switch 
as a function of wavelength based on light collected from the outcou-
pling grating. e We calculated reflection and reflection difference col-
lected from the coupling grating for photonics switch. Here, Δ R is 
reflection difference between the crystalline and amorphous phase, Δ 
R =  RAmorphous −  RCrystalline. Gaussian light source with TM polariza-
tion is used in the simulation to illuminate only the coupling grating. 
Ten coupling and outcoupling grating periods have been used in the 
simulation
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in hyperbolic metamaterials with a footprint of 14 µm2 as 
well as a modulation depth of 29.7 dB. For HMM, the total 
device length is ~ 8 micron and width ~ 1.64 µm, so the foot-
print is ~ 13.12 µm2. Finally, we show that our switchable 
grating can modulate the density of optical states and the 
collected emission power of quantum emitters embedded 
inside HMMs.

Results and Discussion

Figure 1a schematically depicts the proposed plasmonic 
switch. Our system consists of a coupling grating made of 
 Sb2S3, an outcoupling grating and a connecting plasmonic 
silver (Ag) waveguide. Ag is chosen due for its low optical 
losses. Grating parameters such as grating width w, thickness 
t and period Λ have been optimized to excite SPPs in wave-
length ranges where  Sb2S3 has low optical losses. Perfectly 
matched layer (PML) is chosen as a boundary condition in our 
2D simulation for all the boundaries. A TM polarised gaussian 
light source with 2 μm waist size from 1000 to 1200 nm is 
used to illuminate the coupling grating for excitation purpose. 
A metallic substrate can support SPP at the metal–dielectric 
interface if the phase-matching condition is satisfied. A 

coupling grating with period Λ can couple the incident radia-
tion at an angle � to SPPs if: kspp = k0nenv sin � + m

2�

Λ
, where 

kspp is the SPP wavevector, k0 =
2�

�0

 is the wave vector in free 
space, and nenv is the refractive index of the incidence 
medium. In our case, the grating consists of a phase change 
material  (Sb2S3) embedded in a dielectric with refractive 
index nenv .  Sb2S3 can switch its phase from crystalline to 
amorphous optically, using an ultrafast pulsed laser, [9] or 
thermally, e.g. using ITO or graphene microheaters below the 
phase change material [10, 11]. The switching rate from the 
amorphous to crystalline phases of  Sb2S3 is ~ 10 MHz, which 
is relatively fast compared to existing optical switches [12, 
13]. The grating is designed such that the refractive index of 
 Sb2S3 in the amorphous phase is approximately equal to nenv . 
When  Sb2S3 is in the crystalline phase, the grating is capable 
of exciting SPPs which travels along the metal–dielectric 
interface and eventually radiates through the out-coupling 
grating. When electromagnetic energy is transferred to SPPs, 
the reflected light from the coupling grating experiences a 
sudden decrease (reflection anomaly). On the other hand, 
when  Sb2S3 is in the amorphous phase, the index contrast with 
the environment is negligible and the coupling grating effec-
tively disappears. We thus have a plasmonic switch and an 

Fig. 2  a Schematics of the BPP 
and optical switch consist-
ing of a switchable grating on 
an HMM and an outcoupling 
grating at bottom. The HMM 
consists of a stack of Au (yel-
low) and  TiO2 (green) bilayers. 
When  Sb2S3 is in its crystal-
line phase, a substantial index 
contrast with the dielectric 
environment exists and the grat-
ing is activated. When  Sb2S3 is 
in its amorphous state, however, 
the index contrast reduces sig-
nificantly, and the grating disap-
pears. The design introduces an 
optical switch operating based 
on the reflected light from the 
coupling grating and a BPP 
switch operating based on light 
collected from the outcoupling 
grating. Note that when the 
optical switch is in the ON state, 
the BPP switch is in the OFF 
state and vice versa. Gaussian 
light source with TM polarisa-
tion focused on coupling grating 
on the top to excite the BPP. 10 
coupling and outcoupling grat-
ing periods have been used in 
the simulation. b Effective par-
allel ( �∥ ) and perpendicular ( �

⟂
 ) 

permittivity of HMM for 5 nm 
Au and 10 nm  TiO2 unit cell
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optical switch. The plasmonic switch is in the ON state, where 
light detected from the outcoupling grating when the coupling 
grating is activated, i.e. when  Sb2S3 is in the crystalline phase. 
The optical switch is in the ON state when the coupling grat-
ing is not activated, i.e. when  Sb2S3 is in the amorphous 
phase, and light is reflected back from the coupling grating as 
it cannot excite SPPs. We numerically investigate our pro-
posed approach using a finite difference time domain (FDTD) 
commercial software  Lumerical®. The coupling grating is 
made of  Sb2S3 [13] embedded in a dielectric environment 
with a refractive index nenv = 2.8. Possible choices for the 
dielectric environment are rutile  TiO2 (n ~ 2.8) and SiC 
(n ~ 2.6). The 1D grating period, width and thickness are 
800 nm, 100 nm, and 500 nm, respectively. The metallic sub-
strate is Ag (permittivity values obtained from chemical rub-
ber company (CRC) press) [14]. The outcoupling grating is 

made of  SiO2 and placed 1.5 micron away from the coupling 
grating with a period, width and thickness of 700 nm, 100 nm, 
and 300 nm, respectively. Normal incident Gaussian source 
illumination and perfectly matched boundaries were used. 
Two power monitors were used to detect reflected light from 
the coupling grating and outcoupled light from the outcou-
pling grating.

Figure 1b shows the transverse electric field  Ex compo-
nent distribution for  Sb2S3 in the crystalline phase at res-
onance wavelength of 1083 nm. The grating successfully 
excited an SPP with its characteristic exponential decay in 
the propagation direction and localization at the metal/die-
lectric interface. On the other hand, when  Sb2S3 is switched 
to its amorphous phase, the grating is not activated, i.e. 
effectively disappears, and no SPP is excited as shown in 
Fig. 1c. The calculated SPP modulation depth reaches 40 dB 

Fig. 3  Simulated field intensity in the HMM when the coupling 
switchable grating is in its a crystalline (ON) state and b amorphous 
(OFF) state. c Modulation depth of the BPP plasmonic switch as a 
function of wavelength based on light collected from the outcoupling 

grating below. d Calculated reflection and reflection difference col-
lected from the coupling grating on top for photonics switch, where Δ 
R =  RAmorphous −  RCrystalline
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at �0 = 1138 nm (see Fig. 1d). The modulation depth is 
given by 10Log(ION∕IOFF) , where ION and IOFF are the signals 
detected using the outcoupling grating in case crystalline 
and amorphous  Sb2S3 coupling grating, respectively.

In addition to realizing an SPP switch, a direct conse-
quence of our approach is realizing a reflection optical 
switch. For light incident on the coupling grating, when the 
grating is switched ON, excitation of SPPs is associated with 
a dip in reflection within the wavelength range where the 
grating phase matching condition is satisfied. By monitor-
ing the reflection from the coupling grating, we observe Δ 
R ~ 0.57 is at �0 ~ 1083 nm (see Fig. 1e).

We adopt a similar approach to optically switch the 
high-k modes of hyperbolic metamaterials (HMMs), i.e. 
bulk plasmon polaritons (BPP) [15]. HMMs are artificially 
engineered material with a hyperbolic iso-frequency curve. 
A common platform for HMMs is metal-dielectric thin film 
stack where the uniaxial anisotropic permittivity values are 

such that ε∥ = εx = εz < 0 and ε⊥ = εy > 0. The positive per-
pendicular permittivity is due to the ability of these HMMs 
to excite bulk modes that consist of evanescently coupled 
SPPs, i.e. BPPs.

Because the local density of optical states (LDOS) are 
related to the volume enclosed by the iso-frequency sur-
face [16], HMMs enjoy high LDOS which leads to vari-
ous effects enhanced Purcell factors or quantum emitters 
[16], perfect light absorption [17, 18] and long-range 
dipole–dipole interactions [19]. HMM-based optical 
switches relied on switching the topological transition fre-
quency using an HMM with an active element, e.g. a phase 
change material or graphene [20, 21]. In these works, 
however, BPP was not the information carrier, rather the 
reflected photons from the HMM. By using a switchable 
coupling grating and placing an out-coupling grating at the 
bottom of the HMM [22], we can create an optical switch 
based on BPPs (Fig. 2). The coupling grating consists of 

Fig. 4  a Schematics of an emit-
ter (vertical dipole) embedded 
in an HMM with a switchable 
grating to non-locally control 
the spontaneous emission rate 
of the emitter. When  Sb2S3 
is in its crystalline phase, a 
substantial index contrast with 
the dielectric environment exists 
and the grating is activated. 
When  Sb2S3 is in its amor-
phous state, however, the index 
contrast reduces significantly, 
and the grating disappears. The 
thickness of Au and  TiO2 are 
5 nm and 10 nm. The grating 
parameters are :w= 500 nm, t 
= 310 nm and 1000 nm, nenv= 
2.8.Electric field profile in 
b crystalline phase and c amor-
phous phase, coupling grating 
is shown with white rectangles. 
d Calculated far field power 
radiated in the crystalline (ON) 
and amorphous (OFF) phase 
and modulation depth. e The 
calculated Purcell factor in 
the crystalline and amorphous 
phase
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 Sb2S3 embedded in a dielectric environment with a refrac-
tive index nenv = 2.8. The grating parameters such as grat-
ing width w, grating thickness t and grating period Λ are 
optimized to have resonance in the region where  Sb2S3 
losses are negligible. The optimized grating period, width 
and thickness are 1000 nm, 500 nm and 310 nm. The out-
coupling grating refractive index is 1.5 and has the same 
dimensions as the coupling grating.

Our HMM consists of 24 bilayers of Au (5 nm) and 
 TiO2 (10 nm) thin films. The perpendicular and parallel 
permittivity of the system are given by �∥ =fm�m + fd�d and 
�
⟂
=

�m�d

fm�m+fd�d
 , respectively, and calculated in Fig. 2b [15]. 

The topological transition occurs when 𝜀
⟂
< 0 at ~ 600 nm 

as shown in Fig. 2b. Figure 3a shows the calculated elec-
tric field intensity for the HMM. When the grating is in the 
crystalline phase, BPPs are excited inside the HMM. Con-
versely, when the grating is in the amorphous phase, BPPs 
are not excited (see Fig. 3b). Nearly 29.7 dB modulation 
depth of BPPs at ~ 900 nm (see Fig. 3c) is obtained. More-
over, high MD is obtained over a wide range of wave-
lengths (800–1000 nm) with an average MD of 18 dB. 
However, the ultrahigh MD comes at the cost of increasing 
the insertion loss. The insertion loss of the BPP switch 
is −33 dB while for SPP switch is less than 10 dB. Moreo-
ver, due to the high LDOS of HMMs, the reflection drop 
associated with switching the grating ON and exciting 
BPPs is stronger than the case of SPPs. Consequently, we 
obtain a Δ R of ~ 0.55 at 750 nm as shown in Fig. 3d. The 
calculated effective index of fundamental mode at 750 nm 
is 2.7 + i0.012 using FDE solver in Lumerical mode solu-
tion. The effective index calculation suggests the grating 
period in order to excite the BPP mode [23].

The high LDOS of HMMs can accelerate the spontane-
ous emission rate of quantum emitters coupled via their near 
fields to the HMMs high-k modes [15]. Emitters located inside 
the HMM excite BPPs through their near field. Therefore, the 
emission remains mostly trapped and eventually dissipates 
because of the momentum mismatch between BPPs and free 
space radiation. Using a grating is essential to out-couple the 
emission of emitters embedded inside HMMs [24]. We show 
here that our switchable grating can be used to control the 
coupling of quantum emitters to radiation and to nonlocally 
control the emitter’s spontaneous emission rate. Figure 4a 
schematically shows our calculation setup where a dipole is 
placed within the HMM. When the grating is switched ON 
in the crystalline phase, the emission out-couples from the 
HMM, i.e. the system behaves as a switch for emission col-
lected from quantum emitters as shown in electric field profile 
of the emitted radiation (Fig. 4b). However, in the amorphous 
phase, where the grating effectively disappears, the emission 
trapped inside the HMM (Fig. 4c). Figure 4d shows a high 
modulation depth of up to 31 dB when grating is in crystalline 

phase i.e. ON state. We note that the HMM increases the Pur-
cell factor of the emitter due to the HMM high local density 
of optical states (LDOS). Because the LDOS depends on the 
number of propagating and evanescent states available to the 
emitter to radiate into, when the grating is ON, the Purcell 
factor significantly increases by 100% (from 150 to 300 at 
840 nm). Moreover, only when the grating is ON, i.e.  Sb2S3 in 
the crystalline phase, the emission is out coupled and detected 
outside the HMM as shown in Fig. 4e.

Conclusion

In conclusion, we proposed a method for a plasmonic switch 
that controls the excitation of SPPs in plasmonic films and 
BPPs in HMMs. The SPP switch enjoys a footprint of 23.1 
μm2 , 40 dB MD and less than 10 dB insertion loss, while 
the BPP switch has a footprint of 13.1 μm2 , 29.7 dB MD, 
and − 33 dB insertion loss. The small footprint of the pro-
posed plasmonic switches makes them as building blocks of 
high space-–bandwidth spatial light modulators [25] Finally, 
we showed that our approach can non-locally control the 
LDOS and outcoupling of spontaneous emission from quan-
tum emitters coupled to HMMs high-k modes with an MD 
reaching 31 dB. The plasmonic switch offers an attractive 
option for ultracompact and high modulation depth appli-
cations. The proposed concept can be extended to tunable 
metasurfaces [26], e.g. for tunable beam deflection, guided 
mode resonances and bound state in the continuum modes 
[27].

We finally note that optical losses are the biggest prob-
lem facing all plasmonic devices and switches. Unless new 
plasmonic materials appear that exhibit low optical losses, 
it will remain a niche alternative where significantly 
decreasing the device footprint is desirable as shown in 
our work. For instance, an important metric for spatial 
light modulators, which can consist of an array of optical 
switches, is the space-bandwidth product which is repre-
sented by the product of the pixel footprint of individual 
optical switches in an SLM and the largest spatial size over 
which these pixels can extend. The space-bandwidth prod-
uct corresponds to the total number of parallel channels of 
data that the SLM can encode and hence is an important 
performance metric [25]. Operating at longer wavelengths 
using doped semiconductors[28], adding gain material [29, 
30], discovering of low loss plasmonic materials [27] or 
exciting other types of lower loss plasmonic modes such 
as long-range surface plasmons [31], are all possible ways 
to reduce losses.
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