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A compact plasmonic switching scheme, based on the phase change of a thin-film chalcogenide material 

(Ge2Sb2Te5), is proposed and numerically investigated at optical-communication wavelengths. Surface 

plasmon polariton modal analysis is conducted for various thicknesses of dielectric and phase-change 

material layers, and the optimized condition is induced by finding the region of interest that shows a high 

extinction ratio of surface plasmon polariton modes before and after the phase transition. Full electro-

magnetic simulations show that multiple reflections inside the active region may conditionally increase 

the overall efficiency of the on/off ratio at a specific length of the active region. However, it is shown 

that the optimized geometrical condition, which shows generally large on/off ratio for any length of active 

region, can be distinguished by observing the multiple-reflection characteristic inside the active region. 

The proposed scheme shows an on/off switching ratio greater than 30 dB for a length of a few micrometers, 

which can be potentially applied to integrated active plasmonic systems.
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I. INTRODUCTION

Over the few decades, surface plasmon polaritons (SPPs), 

which can be interpreted as a surface wave formed by the 

collective oscillation of photons and electrons at a metal- 

dielectric interface, are fascinated for realizing integrated 

optical systems, because of their unique optical properties 

such as strong light confinement and high sensitivity [1-3]. 

For example, it is known that the modal size of a propa-

gating SPP is not restricted by the diffraction limit of light, 

because of its evanescently decaying modal shape in both 

metal and dielectric regions. Such highly confined modal 

characteristics of SPPs fascinate many researchers and 

inspire them to develop various kinds of integrated optical 

components, such as optical beam splitters [4], plasmonic- 

to-photonic interconnectors [5], ring-resonators [6], directional 

couplers [7], and even plasmonic switches [8-10] and ultra- 

compact lasers [11, 12].

Active plasmonic switching devices have been considered 

especially as one of the key technologies to realize an 

integrated plasmonic circuit system that can be controlled 

electro-optically or all-optically. Because of its significance 

in nanophotonics research, various approaches were demons-

trated for active switching of SPP signals [13]. One of the 

earliest studies of an active plasmonic switch used the 

slow solid-liquid transition of gallium in Kretschmann’s 

configuration [14], which observes the change of reflection 

power caused by SPP resonance shift [15]. After a few 

years, more compact and faster switching mechanisms 

appear for integrated plasmonic systems using absorption 

at activated quantum dots [16], photochromic transitions 

[8], nonlinear effect in metals subjected to femtosecond 

pulses [17], and the large refractive-index change of heavily 

doped transparent semiconductors driven by voltage [18, 19].

One of the promising techniques for achieving fast, 

repeatable optoelectronic switching characteristics is to use 

a phase-change material (PCM), such as vanadium dioxide 

(VO2) or any of several chalcogenide compounds [20, 21]. 
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FIG. 1. (a) Schematic of the proposed plasmonic switch based on the phase change of thin-film GST. Hy field distribution of the 

proposed scheme at 1550 nm, when the GST capping is in (b) the amorphous state and (c) the crystalline state. td = 80 nm and tGST = 

10 nm are used in the simulations shown in (b) and (c).

In particular, it is known that some of the chalcogenide 

compounds composed of germanium (Ge), antimony (Sb), 

and tellurium (Te) provide a significant change in both 

electrical and optical characteristics during the phase 

transition [22]. Therefore, these compounds are not only 

used in conventional applications, such as optical data 

storage as in DVDs and phase-change memory (PRAM), 

but also for state-of-the-art nanotechnologies such as micro-

imaging [23], tunable perfect absorbers [24], all-optically 

driven memory [25], photonic-crystal switch dividers [26], 

metasurfaces [27], and digital holography [28].

Although some of these previous works were assisted 

by SPP phenomena to achieve extraordinary optical charac-

teristics, there has been almost no research for developing 

a compact switching device for the SPP signal itself, using 

a chalcogenide compound such as Ge2Sb2Te5 (GST). Even 

though this phase-change material has so many benefits, 

such as rapid modulation [25], feasibility for highly 

integrated systems, possibility for both electrical and 

optical modulation [27, 29], and nonvolatile characteristics, 

there has not been much effort in using GST as a control 

material for SPP signals, because it is often considered to 

have very high losses. 

In this manuscript, a mechanism for using GST as a 

compact plasmonic switch is proposed, applying an appro-

priately designed thin GST film capping on metal- 

dielectric SPP waveguide, instead of using GST directly as 

a lossy metal substrate. Using data for GST film permi-

ttivity from ellipsometry, the optimized GST film thick-

nesses for switching of a SPP signal within a compact 

modulation length are found. The significant change in the 

imaginary part of the permittivity during the GST phase 

transition can be proven to be a key mechanism for SPP 

on/off switching. Before and after the crystallization of 

capped GST, the modal power transmission of the proposed 

device is systematically analyzed by means of the Fourier 

modal analysis method (FMM). 

II. DEVICE STRUCTURE AND 

MATERIAL PROPERTIES

The structure of the proposed device is shown in Fig. 

1(a). On the surface of an Ag film, a thin dielectric layer 

is deposited for both inactive and active regions. In the 

active region, an additional thin film of phase-change 

material (GST) is capped on the dielectric film of length 

la. A dielectric layer may be needed for various reasons, 

such as thermal insulation of the upper GST layer from 

the metal heat sink, or optimization of the on/off switching 

ratio of the propagating SPP wave. For a given structure, 

an SPP mode launched from the inactive region may be 

transmitted, reflected, or scattered at the entrance to the 

active region, and the coupling coefficients of those light 

components can be altered through the phase change of 

GST. In Figs. 1(b) and (c), field distributions for the 

proposed scheme, optimized for an incident wavelength of 

1550 nm are shown. It is clearly shown that the incident 

SPP wave can easily pass through the active region without 

significant scattering or attenuation, when the upper GST 

cap is in the amorphous state. On the other hand, when 

the GST changes to the crystalline phase, the attenuation 

of the SPP is significantly increased, so the SPP mode 

cannot be transmitted to the active region. This circumstance 

is not always realized for arbitrary geometrical conditions, 

though, and the latter part of this manuscript will discuss 

how the proposed structure can be optimized.

To use the proposed scheme as a plasmonic switch, the 

variation of GST permittivity caused by the phase transition 

should significantly affect the transmitted SPP. As reported 

for numerous other GST-based structures, the major phase 

transition of GST is caused by the crystallization and 

melting of molecular arrangements of GST [22-29]. For 

example, crystallization of GST often makes it much more 

reflective in the visible range, which has been a key 

mechanism in optical-memory applications [22]. In a recent 
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TABLE 1. Refractive indices n and extinction coefficients k 

of GST and Ag at design wavelengths

Phase
1320 nm 1550 nm

n k n k

Amorphous
a

4.68 0.35 4.59 0.17

Crystalline
a

7.04 2.72 6.88 2.11

Ag
b

0.39 7.99 0.47 9.32

a
Cited from [28], 

b
Cited from [31].

(a)

(b)

FIG. 2. (a) Effective refractive indices and (b) propagation 

lengths of SPP modes in the inactive region (silver- 

dielectric-air), at 1320 nm and 1550 nm. Blue lines indicate 

the values for the fundamental mode, whereas red lines 

indicate the values for the secondary mode. The propagation 

length of the secondary mode at 1550 nm is out of the viewing 

range, so it does not appear in (b). 

demonstration, the permittivity of GST was measured with 

an ellipsometer, before and after the phase transition, from 

the visible to the near-infrared range [28]; these data are 

adapted to design the plasmonic switch proposed in this 

paper. According to the measurements, the extinction 

coefficient of GST can change significantly during the 

phase transition, especially in the infrared range, which is 

also verified by other studies [30]. Therefore, it seems quite 

reasonable to design the structure for the wavelengths 

frequently used in optical communication, 1320 nm and 

1550 nm, which can also afford the propagating SPP wave 

a relatively long propagation length, compared to the visible 

region. The refractive indexes and extinction coefficients 

for silver, amorphous GST, and crystalline GST at the 

chosen wavelengths are summarized in Table 1. 

III. SPP MODAL ANALYSIS OF 

THE PROPOSED STRUCTURE

Prior to investigating the full structure, SPP modal 

analyses of the inactive and active regions are performed. 

The inactive region can be interpreted as a trilayer Ag- 

dielectric-air waveguide, which has the analytic characteristic 

equation of [32] 

( ) ( ) ( )( )1 2 3 2 1 2 3 2 2 2
exp( 2 ) 0u u u u u u u u dκ+ + − − − − = (1)

where /
i i i
u κ ε=  and td is the thickness of the dielectric 

layer. i
κ  and i

ε  indicate respectively the decay length of 

the SPP mode in the i
th
 layer and the relative permittivity 

of the i
th
 layer. In our case, 

2

1
( k ) ,Ag Ag Agn jε ε= = +

2 3
2.25,  1dielec airε ε ε ε= = = =  are used. The decay lengths 

can be expressed by

2 2

0
 ( 1,2,3)

i i
k iκ β ε= − = (2)

where k0 is the free-space wave number of the incident 

light, and β is the complex wave number of the propagating 

SPP mode. By substituting Eq. (2) into (1), an equation 

with the single unknown value β is obtained, and the wave 

number of the SPP mode can be calculated by graphically 

finding the zero point of the substituted equation. The real 

and imaginary values of β contain information about the 

effective wavelength and the propagation length of the 

SPP mode respectively. For the case of the active region, 

a four-layered system should be considered (metal-dielectric- 

GST-air), which is more complicated than the inactive 

region. However, it is also possible to find the characteristic 

equations, and the solution can be found numerically.

If the incident free-space wavelength is fixed at 1320 

nm or 1550 nm, the remaining sweep parameter for the 

inactive region is td, the thickness of the dielectric. In Figs 

2(a) and (b), SPP modal characteristics such as effective 

refractive indices and propagation lengths for inactive 

region are shown for variable td. When td is increased to a 

certain value, it can be shown that the secondary SPP 

mode appears. For example, the secondary mode is observed 

when td is greater than 590 nm or 700 nm, for the cases 

of 1320-nm and 1550-nm incident light, respectively. If a 

given plasmonic waveguide becomes multimode, there may 

be unwanted mode transition at the abrupt interface of the 

inactive and active regions. Such a circumstance should be 

avoided, so the sweep range of the parameter td is restricted 

to 590 nm, and only the fundamental SPP mode will be 
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(a) (b)

(c) (d)

FIG. 3. nSPP of the active region (silver-dielectric-GST-air) at 1320 nm,  for (a) amorphous and (b) crystalline GST capping. nSPP of 

the active region at 1550 nm, for (c) amorphous and (d) crystalline GST capping.

analyzed from this point. It is also shown that the propagation 

length of the fundamental SPP mode rapidly increases for 

thinner values of td, when td is smaller than a certain value 

tmin that has a minimum propagation length. These tmin 

values are 230 nm and 290 nm, for 1320-nm and 1550-nm 

light respectively.

The modal characteristics of the active region at the 

design wavelength of 1320 nm, which are quite important 

to optimize the proposed plasmonic switch, are shown in 

Fig. 3. To analyze the modal characteristic of the active 

region, two optimization parameters td and tGST should be 

simultaneously considered. It is shown that both the effective 

refractive indices and propagation lengths can be significantly 

changed by adding a thin capping layer of GST film, even 

just tens of nanometers thick. As shown in Figs. 3(a) and 

(b), the effective refractive indices gradually increase for 

thicker GST films, and the index change caused by varying 

GST film thickness is more dramatic when the dielectric 

film is sufficiently thin. This can be qualitatively explained 

by the energy portion of the SPP mode in the GST region, 

which gradually increases when thinner dielectric film is 

used. The refractive index of the SPP mode in the active 

region for the 1550-nm case is shown in Figs. 3(c) and 

(d), and shows a similar aspect for an incident wavelength 

of 1320 nm. 

In Fig. 4(a), the ratio of propagation lengths before and 

after GST’s phase transition (LSPP,am / LSPP,cry) are shown for 

1320 nm. A large difference in propagation length of the 

SPP mode before and after the phase transition of the 

GST film is apparent, especially in a specific region of td 

and tGST conditions. It seems that td above 200 nm is not 

appropriate for a dramatic change in propagation length, 

because thick dielectric film reduces the effect of GST 

phase transition on SPP modal characteristics. Too thick 

tGST is also inappropriate for a plasmonic switch, since the 

propagation lengths for both GST phase conditions are 

simultaneously reduced. Moreover, thicker GST film may 

significantly increase the difference in nSPP between the 

inactive and active regions; therefore the coupling efficiency 

from inactive to active regions can also decrease, which 

must be avoided to optimize the plasmonic switch. Similar 

propagation-length aspects are also observed at the other 

design wavelength of 1550 nm, which can be seen in Fig. 

4(b). In this case, the optimum thicknesses are slightly 

shifted to larger values, and the maximum value of the 

propagation-length ratio becomes larger than in the 1320- 

nm case. 

From modal analysis of the active region, it is possible 

to roughly determine the region of thickness conditions 

exhibiting a large difference in SPP propagation lengths. 

However, the value of LSPP,am / LSPP,cry does not give an 

exact condition for an optimized device, because other 

factors, such as coupling efficiency of the SPP mode from 

the inactive to the active region, multiple reflections inside 
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(a)

(b)

FIG. 4. The ratio of LSPP for the active region (silver- 

dielectric-GST-air) at incident wavelengths of (a) 1320 nm 

and (b) 1550 nm.

(a)

(b)

FIG. 5. The ratio of modal transmittance at (a) 1320 nm and 

(b) 1550 nm for the full structure shown in FIG. 1. The length 

la of the active region is fixed to 8 µm in this simulation.

the active region, and scattering at the junction of inactive 

and active regions, can affect the overall transmittance. 

Therefore, in the next section full numerical simulations of 

the structure shown in Fig. 1 are conducted, using the 

Fourier modal method (FMM).

IV. ANALYSIS OF POWER COUPLING 

EFFICIENCY

The FMM is a powerful analysis method, especially for 

calculating the power coupling ratio for a specific mode. 

This method analyzes the geometric shape of a layer with 

finite numbers of Fourier coefficients, then find the 

eigenmodes, eigenvalues, and coupling coefficients for the 

electromagnetic vectors. The detailed method and MATLAB 

code for FMM simulation can be found in [33, 34]. The 

input signal is given as an SPP mode incident from the 

left side of the inactive region, which can be launched 

using the slit-coupling method [35] or Kretschmann’s 

configuration [36]. The modal reflectance R and transmittance 

T are defined by the reflected power coupled to the same 

mode as the input SPP at the left side of the junction, and 

the transmitted power coupled to the same mode at the 

right side of the junction, respectively, which are normalized 

by the input power at the left side of the junction. 

Figure 5(a) shows the ratio of modal transmittance 

before and after the GST phase transition (Tam / Tcry) varying 

with two thicknesses (td and tGST) at 1320 nm. The length 

la of the active region is fixed at 8 µm in this simulation, 

and will be tuned for specific cases later. As shown in 

Fig. 5(a), there are several optimized rconditions for a 

high modal transmittance ratio, which are mainly observed 

in Regions A, C, and D. Region A shows both high 

performance in the modal analysis and the full numerical 

simulation, whereas Regions C and D show high perfor-

mance only in the full numerical simulation, with relatively 

low performance in the modal analysis. Region B shows 

the best performance in the modal analysis, as shown in 

Fig. 4(a), but it does not provide high performance in the 

full numerical simulation. Similar aspects can be observed 

for an incident wavelength of 1550 nm, as depicted in Fig. 

5(b), except for the shift of optimized conditions to larger 

geometry. Therefore, Region D disappears from the scope 

of the parametric sweep at 1550 nm. The field distributions 

in these parametric regions will be investigated in the next 

paragraph. 

In Figs. 6(a)-(h), the Hy field distributions for the 

proposed scheme (at 1320 nm), before and after the GST 

phase transition, are shown for representative conditions 

selected from Regions A, B, C, and D respectively. The 

representative conditions of Regions A, C, and D are 

chosen according to the local maximum of the bright spot 

shown in Fig. 5(a), whereas that of Region B is appro-

priately chosen from Fig. 4(a). As depicted in Figs. 6(a) 
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FIG. 6. Hy field distribution for the proposed plasmonic switching scheme, for different geometric conditions selected from Regions 

A((a) and (b)), B((c) and (d)), C((e) and (f)), and D((g) and (h)). Figures (a), (c), (e), and (g) show the field distributions when the GST 

layer is in the amorphous state, whereas (b), (d), (f), and (h) show the cases when the GST film is crystalline.

and 6(b), the GST phase transition under the parametric 

conditions of Region A (tSiO2 = 70 nm, tGST = 7 nm) can 

dramatically change the propagation characteristics of the 

SPP mode. Moreover, it seems that the modal reflection 

and multiple reflections of the SPP mode within the active 

region is quite small, compared to the cases of Region C 

(tSiO2 = 180 nm, tGST = 10 nm) and Region D (tSiO2 = 165 nm, 

tGST = 45 nm). 

On the other hand, the field distributions for Region B 

(tSiO2 = 30 nm, tGST = 20 nm), which shows the best 

performance in the modal analysis but relatively poor 

performance in the full simulation, are shown in Figs. 6(c) 

and (d). Although the attenuation of the SPP mode for 

crystalline GST capping (Fig. 6(d)) is much stronger than 

the case shown in Fig. 6(b), the coupling of the SPP mode 

at the end of the active region is quite small for amorphous 

GST capping (Fig. 6(c)), compared to the case shown in 

Fig. 6(a). Such degradation may be caused by too great a 

difference in SPP modal shape between the inactive and 

active regions. Therefore, the ratio of overall modal trans-

mittance becomes worse, compared to the case for Region A. 

In Figs. 6(e)-(h), the field distributions for other high- 

performance conditions shown in Regions C and D are 

shown. Although Region C has two local maxima, only 

one of those conditions is shown, as they show similar 

field distributions. The standing-wave patterns shown in 

these figures indicate that there are strong multiple reflections 

inside the active region when tSiO2 is too thick. Under 

these conditions, the high ratio of modal transmittance 

mainly originates from cavity resonance of the active 

region, rather than the difference in extinction coefficients 

between amorphous and crystalline GST. Since the cavity- 

resonance condition strongly depends on the length of 

cavity, these kinds of conditions may apply for the specific 

length of la = 8 µm, but cannot be generally used for an 

arbitrary value of la. Therefore, it can be expected that the 

conditions of Region A may be the best candidate for the 

proposed plasmonic switching device controlled by GST 

phase transition.

To verify the assumption that the optimized condition of 

Region A shows less sensitivity for a change in la, Fig. 7 

plots the variation of modal transmission ratio with length 

of the active region, for representative conditions of 

Regions A, B, C, and D. As already checked in Fig. 5, 
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(a)

(b)

FIG. 7. The ratio of modal transmittance (in dB) is plotted for 

varying length of active region, at (a)1320 nm and (b)1550 nm.

the representative conditions of Regions A, C, and D show 

a very high modal transmission ratio of ~30 dB (~1000) at 

the specific length of la = 8 µm. However, significant 

fluctuation in performance is observed for the conditions 

of C and D, which is clear evidence of multiple reflections 

inside the active region. It is quite important to reduce 

multiple reflections in using the proposed scheme as a 

compact optical modulator, because multiple reflections can 

distort the output signal when a pulsed input signal is used.

The best performance of the proposed device is observed 

near la = 8 µm, but the device still has a reasonably high 

on/off ratio greater than 10 dB at la = 3 µm; this optical 

modulation length is quite short (about twice the SPP 

wavelength), so the proposed device can be termed a 

‘compact’ plasmonic modulator driven by a phase-change 

material. The proposed scheme has quite a simple config-

uration and can be fabricated by conventional photo-

lithography, and very thin (~7 nm) GST film can be 

deposited by sputtering [28]. The phase change of the 

GST film may be induced by flowing electrical current 

through metal electrodes connected to the thin GST film, 

as demonstrated recently [28]. Similar processes can also 

be carried out for a different design wavelength of 1550 

nm, shown in Fig. 7(b). The field distributions of the 

optimized device at 1550 nm (tSiO2 = 80 nm, tGST = 10 nm, 

la = 8 µm) show better performance then in the case of 

1320 nm, and were depicted in Figs. 1(b) and (c) as a 

representative figure.

Finally, the stability of the optimized conditions with 

respect to a small change in extinction coefficient is briefly 

analyzed. For example, Region A, which has the best 

performance at 1320 nm, has a modal transmission ratio of 

32.08 dB for the simulated conditions. A 10% reduction in 

the extinction coefficient of crystalline GST gives a 30.4 

dB modal transmission ratio. The degradation of optimized 

performance due to instability of the permittivity is not so 

significant. Other perturbations, such as a 10% change in 

the extinction coefficient of amorphous GST, show less 

variation (a result of 31.9 dB) than does a change in the 

crystalline GST’s extinction coefficient.

V. CONCLUSION

In conclusion, a compact plasmonic switching scheme 

based on GST phase transition is proposed and optimized 

at optical communication frequencies. It is shown that the 

difference in SPP mode extinction before and after the 

phase change of a thin GST film deposited on a metal- 

dielectric substrate is a primary factor for the high on/off 

ratio of the proposed scheme. Full electromagnetic simul-

ations based on FMM show that multiple reflections inside 

the cavity formed by the active region can affect the 

on/off ratio. However, only the geometric conditions that 

simultaneously satisfy low multiple reflections and high 

ratio of SPP modal extinction show generally large on/off 

ratio, for any length of active region. The optimized 

conditions for the proposed device may have a very high 

on/off ratio of ~30 dB with a modulation length of a few 

micrometers, at two chosen wavelengths for optical com-

munication. Since the phase transition of GST can be 

induced either optically or electrically, the proposed scheme 

is expected to be a simple but promising technique for 

developing integrated optical systems.
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