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Abstract: An electrically controlled ultra-compact surface plasmon polari-

ton absorption modulator (SPPAM) is proposed. The device can be as small 

as a few micrometers depending on the required extinction ratio and the ac-

ceptable loss. The device allows for operation far beyond 100 Gbit / s, being 

only limited by RC time constants. The absorption modulator comprises a 

stack of metal / insulator / metal-oxide / metal layers, which support a 

strongly confined asymmetric surface plasmon polariton (SPP) in the 1.55 

μm telecommunication wavelength window. Absorption modulation is 

achieved by electrically modulating the free carrier density in the interme-

diate metal-oxide layer. The concept is supported by proof-of-principle ex-

periments. 

© 2011 Optical Society of America 

OCIS codes: (250.5403) Plasmonics; (240.6680) Surface plasmons; (250.4110) Modulators; 

(250.7360) Waveguide modulators; (230.2090) Electro-optical devices. 
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1. Introduction 

Optical modulators in future integrated circuits should enable data rates of 100 Gbit/s and 

beyond; they should be compact with footprints comparable to those of electronic devices 

(typically <1 m
2
), and fabrication with standard CMOS technology should be possible. Elec-

tro-absorption modulators (EAM) belong to the most compact commercially available data 

encoding devices in optical communications. They are available in typical lengths of 200 μm, 

supporting data rates of 40 Gbit/s [1]. Analog bandwidths can be as high as 100 GHz for trav-

eling wave structures [2]. Unfortunately, high-speed EAM usually rely on costly InP technol-

ogy, which is challenging for economical mass production. 

Besides EAMs, more recently, CMOS-compatible silicon-based solutions have been sug-

gested [3,4]. High speed all-silicon and silicon organic hybrid (SOH) modulators with lengths 

of a few millimeters and speeds exceeding 40 Gbit/s have already been demonstrated [5–7]. 

More compact Si-based modulators have been demonstrated in resonant structures. These 

devices exploit free-carrier dispersion either in a forward or reverse-biased pn junction [3,8], 

allowing for operation at 10 Gbit/s. The operating speeds of such devices are ultimately li-

mited by the finite mobility of free carriers. Thus, an ultra-fast, ultra-compact modulator 

based on a CMOS compatible technology has yet to be developed. 

This can be achieved by using nano-plasmonic structures that enable strong confinement 

of both electrical and optical fields, thereby enhancing interaction with the underlying materi-

al and hence the modulation of the optical signal. Several approaches have been proposed for 

electro-optical manipulations of surface plasmon polaritons (SPPs). A technique proposed by 

Nikolajsen et al. [9] exploits the temperature-dependence of the refractive index in benzocyc-

lobutene, an effect with limited operating speed. The device by Dionne et al. [10] – the so-

called PlasMOStor device – exploits the carrier-induced refractive index change in a silicon 

layer. While this device works well, its speed is again limited by the electron mobility in the 

170 nm thick active silicon layer. Since early in the 1980s, various approaches have been 

proposed for SPP modulation employing the linear electro-optic effect, e.g. in a polymer 

sandwiched between two metallic patches [11–18]. The feasibility of this concept is still to be 
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investigated. Recently, a new modulation technique has been reported by our group [19] and 

independently by Feigenbaum et al. [20]. The technique relies on carrier modulation in a 

metal-oxide layer guiding a SPP. The approach of Feigenbaum et al. exploits the phase mod-

ulation of SPP in the visible wavelength range by a voltage-induced modulation of the carrier 

density in a bulk ITO layer. The group has reported ellipsometry measurements in the wave-

length range 500 nm…800 nm that show significant changes of the voltage-dependent refrac-

tive index in bulk ITO layers that are transparent at these wavelengths. In contrast, our ap-

proach is based on a change of the absorption experienced by an SPP at 1.55 μm telecommu-

nication wavelength. The absorption change is again caused by a voltage-induced carrier den-

sity modulation in ITO [19]. The advantage of our approach is that it has the capability of 

operating at telecommunication wavelengths, and that it is potentially free from carrier-related 

speed limitations. 

In this paper, we provide in-detail simulations and give first experimental evidence of the 

feasibility of an ultra-compact, CMOS compatible plasmonic SPPAM operated by directly 

modulating the electron carrier density in a metal-oxide layer. The suggested modulator oper-

ates at speeds that are only limited by the electronic drive circuits. To the best of our know-

ledge this is the first conceptual report of such an SPPAM supported by measurements. Unlike 

many prior plasmon modulator concepts, our approach is well suited for an operation in the 

near infrared and in particular in the telecommunication window around 1.3 µm and 1.55 μm, 

i.e. at a wavelength range where the plasmon resonances at the conventional metal/insulator 

interfaces are broad and therefore cannot be used for efficient switching. 

The paper is organized as follows: In Section 2, we introduce a design of the SPPAM 

compatible with the standard silicon-on-insulator (SOI) platform. In Section 3, the dispersion 

relation (DR) for the suggested four-layer configuration is derived in general. Further, the 

properties of the carrier accumulation layer are calculated by means of the Thomas-Fermi 

approximation, and an in-depth study of the DR for a particular case is given in Section 3. 

Section 4 is devoted to the description of recent experimental results which validate the SPP 

absorption modulation concept. 

2. Modulator design 

The configuration of the suggested SPPAM is given in Fig. 1. It comprises a silicon strip 

waveguide on a buried silicon-oxide layer. The central plasmonic section consists of a dielec-

tric layer and a thin metal-oxide layer sandwiched between highly conductive metal layers. 

The metal layers serve as SPP waveguides and as electrodes for applying an electric field 

across the dielectric. 

The operation principle of the modulator is as follows. An optical quasi-TM mode featur-

ing a dominant vertical electric field component is excited in the silicon strip waveguide (Fig. 

1, blue blocks). The light is subsequently coupled to the plasmonic waveguide, see the electric 

field magnitudes in Fig. 1 insets (a)-(c). The illustrative numbers for the following description 

were taken from Table 1 in Appendix A.1. Applying an electric field of, e.g., 10 V / 30 nm 

changes the free carrier density in the intermediate metal-oxide layer (e.g., 8 nm thick ITO) 

from 26 3

0 9.25 10 mN    to 26 39.34 10 m , thereby changing its complex permittivity from 

1.667 0.824i     to 1.721 0.832i  . As a consequence, the absorption experienced by 

the SPP is decreased from 12.19μm   to 12.07μm . After propagating through the active 

plasmonic section of length L (e. g., 1 µm), the plasmonic mode couples back to the photonic 

mode inside the output coupling zone. As an overall result, the applied electric field mod-

ulates the output power. 

In this work we have chosen for the active plasmonic section a sequence of four layers: 

From top to bottom (inset Fig. 1) we have a silver (Ag) layer, a thin metal-oxide layer, here 

indium tin oxide (ITO), a silicon dioxide (SiO2) film and another silver layer. The whole 

structure is embedded in either PMMA or SiO2. The choice of the dielectric sandwiched be-
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tween two electrodes is based on studies of the dispersion relation introduced below. The 

device length can be in the range of a 1 µm up to a few micrometers, depending on the re-

quirements with respect to the extinction ratio and the acceptable insertion loss. 

 

Fig. 1. The structure of a surface plasmon polariton absorption modulator (SPPAM). Light is 

coupled from a silicon nanowire into an active plasmonic section by means of a directional 
coupler. The active section consists of a stack of silver (Ag), indium tin oxide (ITO), and SiO2 

layers. The absorption coefficient of the SPP is modulated by applying a voltage between the 

two silver electrodes. The insets show how a photonic mode (a) in a silicon strip waveguide 
excites a SPP (c) via a hybrid mode (b) in directional coupler. The insets in (d) show the elec-

tric field Ey and the magnetic field Hx as well as the time-averaged Poynting vector distribu-

tions  Re / 2zS E H   in the active plasmonic part. The plot of the Poynting vector 

shows the power confinement of the SPP in the ITO layer. The length L describes the size of 

the modulator along the light propagation direction. 

The characteristics of ITO are key to the operation of the suggested structure. On the one 

hand ITO features a metallic behavior with relatively high carrier mobility, on the other hand, 

the carrier density is low enough to result in a small real part of the dielectric permittivity and 

a large electron screening length. This provides the following advantages for the operation of 

the modulator: 

• There are no carrier-related speed limitations because of the high carrier mobility in 

ITO. 

• The small magnitude of the complex permittivity of ITO compared to noble metals and 

typical dielectrics provides strong field enhancement within the ITO layer for the 

wavelength range of interest. Simulations in Fig. 1 inset (d) show that the electric 

field in ITO is large, while there is hardly any field within the silver layer. If SiO2 

was replaced by Si3N4, the field confinement in the ITO layer could be further en-

hanced. 

• The overlap between the externally induced charges and the SPP mode is particularly 

good in ITO compared to other metals because of the relatively large electron screen-

ing length. The large overlap is important to exploit the plasma-induced absorption 

change. 

• Because in our case the SPP represents a field confined to an area far below the diffrac-

tion limit, a relatively small voltage creates an enormous electric field in the dielec-

tric layer providing the necessary amount of carrier change in the ITO layer. 

As a result of this design optimization, the size of the device can be as small as a few hun-

dred nanometers in transverse direction by a few micrometers in length, a range which does 

not influence the modulator speed. In the future, such techniques could allow integrating hun-

dreds of modulators on the same chip. 
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3. Theory 

For discussing the basic operation principles of a plasmonic absorption modulator, we first 

investigate a 2D slab structure. We then identify key characteristic quantities, namely disper-

sion relation, insertion loss and extinction ratio, and study them in view of an actual 3D de-

sign. Finally, we specify the 3D SPP modal field and the propagation constant. 

3.1 Dispersion relation of the SPP in a four-layer slab configuration 

We derive here the dispersion relation (DR) of a four-layer active plasmonic structure, and we 

follow the procedure as described formerly [21–23]. The geometry of the problem and the 

respective permittivities are shown in Figs. 2(a) and 2(b). An SPP exist only in TM polariza-

tion, i.e. when the magnetic field is parallel to the metal-dielectric boundaries, see Fig. 2. 

Therefore we solve the wave equation for TM modes only. 

 

Fig. 2. Plasmonic structure with metal/dielectric/metal-oxide/metal layers. (a) Geometry and 

(b) dielectric permittivity distribution. The 
xH component of the SPP magnetic field is sche-

matically shown as a contour filled with reddish color in (a). The SPP propagates along the 

positive z-direction. (c) Carrier density distributions
i ( )N y in both electrodes. 

Assuming a time and z-coordinate dependency ( t z)-ie    for the magnetic field Hx, the 

wave equation takes the form 

 

2

2 2

0

( )
( ) ( ) 0,x

x2

d H y
k y H y

dy
        (1) 

where 
0k c  is the magnitude of the wave vector of plane wave in free space, ( )y  is the 

permittivity as a function of the y-coordinate and  is the propagation constant of the SPP. 

Without loss of generality we assume that the magnetic field
xH  is confined in the dielectric 

and metal oxide layers and decays exponentially in the adjacent Ag layers. Thus, the solution 

of Eq. (1) satisfying the above requirements in each layer can be written with the transverse 

propagation constant 2 2

0m mk k   as 

 

1

2 2

3 3

4

1

2 2
( ) ( )

3 3
( )

4

( ) e for 0

( ) e e for 0

( ) e e for

( ) e for


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   

   

    

    
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x
ik y ik y

x
ik y h ik y h

x
ik y d h

x

H y A y

H y A B y h

H y A B h y h d

H y B h d y

  (2) 

The subscripts m = 1 and m = 4 are used for the bottom and top metal layers, the subscript m = 

2 denotes the metal oxide layer, and the subscript m = 3 is assigned to the dielectric layer. The 

constants in front of the exponential functions describe the magnetic field amplitude in the 
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respective medium. The electric field in each material can then be derived employing Max-

well’s equations (
0  is the vacuum permittivity): 

 0

0

1

 


 


 



 

m

m x

z

m

m m

y x

m

H
E i

y

E H

  (3) 

Applying the boundary condition for the tangential components of the magnetic and the 

electric field allows to derive the dispersion relation 

 
32

32

22

2 3 3412

22

12 3 2 34

e 11 e
,

1 e e 1

i k di k h

i k di k h

k rr

r k r









 
  

  
  (4) 

where
12 2 1 1 2 2 1 1 2( ) ( )r k k k k       and 

34 3 4 4 3 3 4 4 3( ) ( )r k k k k      . The solutions of 

Eq. (4) represent the eigenmodes of such a four-layer structure with their respective complex 

eigenvalues  . The imaginary part of  describes the absorption in the system, and the pow-

er absorption coefficient is defined as 2Im[ ]  . 

The absorption modulator performance needs to be optimized for the lowest overall losses 

and the highest possible extinction ratio. Therefore it is convenient to introduce two parame-

ters, namely the propagation length 
eL and the length

1dBL . The effective propagation length 

  
11

2Im[ ]eL 



    (5) 

is the length after which the intensity of the SPP has decreased to a fraction of 1 / e of the 

initial intensity. 

In addition we define the 1dB on-off length 1dBL  where the on-off ratio is ER = 1 dB for an 

(arbitrarily chosen) DC on-voltage of 10VU   which is applied across the electrodes. The 

logarithmic extinction ratio ER is defined as 

 
   

 
on off

off on

on off 0 0

off on

ER 10lg 10lg e e

10lg e 4.34

 

 
 

 



 

   

L L

L

P P P P

L
.  (6) 

The logarithmic extinction ratio depends linearly on the difference of the absorption coef-

ficients 10V off on      for the voltage-off and the voltage-on states. The relation between 

1dBL  and the 1 dB extinction ratio is 

 1dB 1dB

10V

1
ER 1dB, .

4.34
L


 


  (7) 

To calculate the absorption coefficient in the voltage-on and voltage-off states the Tho-

mas–Fermi screening theory is employed as discussed in the next section. 

Finally, we introduce a figure of merit (FoM) that relates the effective propagation length 

Le to the 1 dB on-off length 1dBL . The FoM quantitatively describes the extinction ratio 

achievable in a device of length Le operated with a 10 V voltage, 

 
e 1dBFoM .L L   (8) 

The larger the FoM, the better the performance is, i.e. the lower the propagation losses are 

for a 1 dB extinction ratio and an applied on-voltage of 10 V. 
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3.2 ThomasFermi screening theory 

An external voltage applied to the metallic electrodes changes the carrier density in the metal-

oxide layer and hence influences the absorption coefficient of the SPP. For a proper estima-

tion of this effect we employ the Thomas-Fermi screening theory for deriving the carrier dis-

tribution for a given voltage applied to the electrodes. The resulting spatial carrier distribution 

can then be used for modeling the complex dielectric permittivity of the metal-oxide layer via 

the Drude model, which then yields the complete information necessary for solving Eq. (4) for 

the on-state. 

The Poisson equation relates the electric potential ( )y  to the induced charge density 

i ( )N y  within the ITO layer, 

 i 0

0 ITO

( ( ) )
( ) .

e N y N
y

 


    (9) 

Here, e  is the elementary charge, 
0  is the vacuum permittivity, 

ITO 9.3   is the relative 

static permittivity of ITO [24], and 0N  is the bulk free carrier density of ITO. 

Following the Thomas-Fermi approach the total free carrier density and the potential are 

related by 

  

3 2
2

3 2eff
i 2 2

81
( ) ( ) ,

3
F

m
N y E e y

h






 
  

 
 

  (10) 

where the Fermi energy is defined as 

 
2

2 3
2

02

eff

3 .
8

F

h
E N

m




 
    

 
  (11) 

In the latter expression h  is Planck’s constant. The electron effective mass effm  for ITO is 

given in Table 1 of Appendix A in terms of the free electron mass 319.1 10 kgem   . The 

bulk free carrier density 0N  of ITO can be calculated from the plasma frequency p  in Table 

1 via the relation
2

0 0 eff pN m e  . 

In the Thomas-Fermi approximation, Eq. (9) and Eq. (10) have been solved analytically 

for the case of a weak potential (e << EF) resulting in the so-called ThomasFermi screening 

length 

1/2 1/6
2 4

ITO 0

TF 2 2

0eff
34

h

Nm e

  




   
    

  
, which gives an estimate of the carrier density distribu-

tion at the conductor interface. The Thomas-Fermi screening length for ITO is estimated to be 

TF 6Å  , i.e. it is comparable to the value reported by Neumann et al. [24]. Obviously, due 

to the low free-carrier density of ITO, the estimated 
TF  is significantly larger for ITO than 

for noble metals where it is usually in the range of 1…2 Å. 

Rather than employing the weak potential approximation, we numerically solve Eq. (9) 

with Eqs. (10) and (11) for the ITO/dielectric interface with mixed boundary conditions 

 
ins ITO

h

,

( ) 0 for ,

 
 



 

 

  

y y h

U d d

d dy dy
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  (12) 
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where U and d are the voltage and the distance between the two electrodes, respectively. The 

quantity 
ins  is the dielectric permittivity of the (insulating) dielectric. Due to their large di-

electric strengths (high break-through voltage) silicon dioxide (SiO2) with 
2SiO 3.9   and 

silicon nitride (Si3N4) with
3 4Si N 7.8   have been considered as possible dielectrics for the 

above introduced structure. Inside the ITO layer, the second boundary condition is numerical-

ly approximated by taking the potential to be zero at a point many screening lengths 
TF  away 

from the ITO/dielectric interface. 

Solving the boundary value problem provides the potential distribution ( )y  in the ITO 

layer. This is then used to calculate the induced carrier density ( )iN y  near the interface with 

the help of Eq. (10) and Eq. (11). In order to calculate the effect of this carrier density change 

on the DR it is more practical to use the average carrier density across the thin ITO layer with 

height h, ( )i h
N y . This is justified by the fact that the SPP mode profile exhibits a relative 

constant amplitude in the ITO layer, Fig. 1. The relative change of the free carrier density in 

the 8 nm ITO layer is estimated to be 1% for a 10 V voltage applied across a 30 nm thick SiO2 

layer. Below we show that this relatively small carrier density changes can be good enough 

for on-off switching. 

3.3 Dispersion relation of SPP for the Ag-ITO-dielectric-Ag configuration 

To study the effect of a carrier density change in the SPP guiding layers we have numerically 

solved the dispersion relation as derived in Eq. (4). The material dispersion of both ITO and 

silver are taken into account via the Drude model, see Appendix A. In the following, a value 

of 2.19PHz  ( 0.46PHz ) is considered for the plasma frequency of Ag (ITO). 

Dispersion relation and absorption coefficient of an Ag / ITO(8 nm) / Si3N4(70 nm) / Ag 

structure (see inset Fig. 3(b)) are plotted in Fig. 3 as a function of frequency for two ITO car-

rier densities, N0 and ( )i h
N y ,. The quantities 

0N  and ( )i h
N y correspond to densities 

without and with a voltage applied to the Ag-electrodes. For illustration, ( )i h
N y  has been 

chosen to be i 0( ) 1.05
h

N y N  . It can be seen that the dispersion of the SPP at the tele-

communication frequency (193.5 THz) is basically not affected by carrier density changes 

within the ITO layer, Fig. 3(a). However, the change of the absorption coefficient is as large 

as 30%. Thus, the structure operates best as an absorption modulator rather than as a phase 

modulator. 

 

Fig. 3. Dispersion relation of SPP guided by the Ag/ITO(8nm)/Si3N4(70nm)/Ag layer stack. 

Both, propagation constant and absorption coefficient, change when the carrier density of ITO 

is increased by 5% (red lines). As opposed to the propagation constant the absorption coeffi-
cient varies significantly with ITO carrier density. 
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The maximum SPP propagation constant in Fig. 3(a) defines a so-called surface plasma 

frequency which is close to the communication frequency at 193.5 THz due to the small plas-

ma frequency of ITO. Decreasing the thickness d of the dielectric and increasing the ITO 

height h cause the maximum points in the dispersion relation Fig. 3 to be shifted to the lower 

frequency region. As a consequence, the values of  and   at the communication frequency 

193.5 THz (green horizontal dashed line) increase. Bound SPPs at such a configuration exist 

to the right of the light line, i. e., for frequencies below 240 THz (or significantly above 240 

THz [20] where the metallic property of ITO is less pronounced). The SPPs at the frequency 

range below 240 THz are well confined to the thin ITO layer because of its semi-metallic 

character. Therefore, the SPP absorption coefficient reacts very sensitively to a change of the 

free carrier density in ITO. This allows to efficiently modulate the intensity of light by electri-

cally modulating the carrier density in the metal oxide layer. 

 

Fig. 4. Dependence of characteristic device parameters as a function of the thickness d of the 

dielectric for two dielectric materials (Si3N4, SiO2,) and for ITO thicknesses h = 8 nm (black 
line), 10 nm (red line) and 15 nm (blue line). (a) Propagation constant β . A typical propagation 

constant achievable in a silicon nanowire (500 nm × 500 nm) waveguide is shown as a horizon-

tal green line. Therefore, an SPP excitation via a directional coupler is easily possible for a 
SiO2 dielectric, but a grating coupler is preferable for a Si3N4 dielectric. (b) Propagation length 

Le. Increasing the refractive index of the dielectric results in a decrease of Le. The inset shows 

the absolute value of the time-averaged Poynting vector distributions in the structures filled 
with Si3N4 (blue line) and SiO2 (red line). It can be seen that that the power confinement in ITO 

is larger than in the case of Si3N4. (c) Dependence of 1dB on-off length L1dB . It can be seen that 

L1dB is dramatically decreasing with the thickness of the dielectric, which is a result of both the 
static and the optical electrical field enhancement in the structure. The larger refractive index of 

the Si3N4 gives rise to a stronger optical field confinement in the active ITO layer, which in 

turn results in a shorter 1dB on-off length as well as shorter propagation length. (d) Figure of 
merit (FoM) as a function of the thickness of the dielectric. FoM increases for smaller dielectric 

thicknesses. The structure with Si3N4 dielectric performs considerably better. Insets give nu-

merical examples for extinction ratio ER, device length L and loss in the system for both Si3N4 
and SiO2. 
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The modulator performance fundamentally depends on the thickness (d) and on the per-

mittivity of the dielectric, and on the height (h) of the ITO. The dependencies of the propaga-

tion constant and absorption coefficient on h and d are depicted in Fig. 4(a) and Fig. 4(b) for 

two distinct dielectric materials, namely Si3N4 and SiO2 with refractive indices 3 2.0   and 

3 1.44  , respectively. It can be seen that the propagation constant   decreases with in-

creasing d. The propagation length 
eL  increases with d, because the portion of the optical 

power propagating in the lossy ITO layer decreases. The useful SPP propagation length does 

not exceed a few micrometers, which makes a proper choice of the ITO thickness crucial in 

the design. Further, one can see that Le is significantly smaller for a Si3N4 than for a SiO2 

dielectric, which is a result of a stronger SPP field confinement in the ITO layer for the former 

case, see inset of Fig. 4(b). The propagation constant β as well as the propagation length 
eL  

increases or decreases with increasing d depending on the ITO thickness and the refractive 

index of the dielectric layer, parameters which define the maxima in Fig. 3(a) and Fig. 3(b). 

For the same reason, extrema can be seen for the Si3N4-curves in Fig. 4. 

A significantly smaller 1 dB on-off length can be observed for the structure with a Si3N4 

dielectric. Therefore, for finding an optimum with respect to propagation length and 1 dB on-

off length as well as for a fair comparison of the structures with Si3N4 and SiO2 dielectric, 

respectively, we display in Fig. 4(d) the figure of merit from Eq. (8) in dependence of the 

dielectric and the ITO thicknesses. The graph in combination with the numerical values of the 

insets indicates that significantly improved extinction ratios with an acceptable loss can be 

achieved for a Si3N4 dielectric with device lengths shorter than 1 μm. 

In order to make plasmonic modulators working devices, it is preferable to couple light 

from a photonic silicon wire waveguide into the modulation section, see Fig. 1. However, the 

co-integration of plasmonics and photonics requires compact and efficient SPP excitation 

techniques. Several authors have proposed SPP excitation making use of a directional coupler 

configuration between the silicon and the plasmonic waveguide. Such coupling techniques 

require well-defined phase matching and a strong field overlap. It can be seen in Fig. 4(a) that 

phase matching is difficult with a Si3N4 layer, but can be easily achieved with an SiO2 layer. 

In this case the SPP propagation constant is close to the one of a photonic quasi-TM mode in a 

Si nanowire, see the green colored area in Fig. 4(a). Therefore, in spite of its large FoM for 

the Si3N4 dielectric, the subsequent discussions are based on a SiO2 layer. 

3.4 Three-dimensional structure 

The two-dimensional (2D) model is helpful for the general understanding of the operation 

principles and for a first device optimization. In this section we perform a full vectorial ei-

genmode analysis of a realizable three-dimensional (3D) SPPAM structure as outlined in Fig. 

1. It consists of a Ag / ITO / SiO2 / Ag multilayer structure on a SiO2 substrate. To ensure a 

SPP confinement along the x-axis, the top Ag layer has a finite width wSPP. It will be shown 

that the 2D results from Section 3.1 are still valid for the 3D case. 

The lateral cross section of the plasmonic active part guiding the highly confined plasmon-

ic mode is represented in Fig. 5. The choice of the configuration is such that efficient SPP 

excitation is guaranteed and fabrication is feasible with state-of-the-art nanofabrication tech-

niques. As in the 2D case, SPP of such a structure exhibit a large field confinement within the 

ITO layer (see Fig. 5). In addition to the dielectric and the ITO thickness some other geome-

trical 3D properties come into play, such as the width of the top silver strip SPPw  and the 

thickness of the silver layer Agh  which is chosen sufficiently thick to avoid SPP coupling to 

the top side of the upper silver strip and to ensure that the dispersion relation derived in Sec-

tion 3.1 is still valid. The eigenmodes of the 3D configuration have been simulated with 

COMSOL Multiphysics. The simulations have been performed with rounded metal corners 
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having a radius of curvature 4 nm. The propagation constant and length of the structure are 

plotted in Fig. 6 with a comparison to the 2D slab version of the structure discussed in the 

previous subsection. 

Small deviations of the SPP propagation constant and propagation length in the case of the 

3D structure are obviously caused by the finite values of
SPPw and Agh . Moreover, it can be 

seen that for relatively large values of SPPw the propagation constant of SPP in the 3D struc-

ture approaches the one of the slab structure. As opposed to the results for the propagation 

constant much larger differences can be seen in the propagation length when going from the 

2D slab structure to the 3D plasmonic waveguides. The larger propagation length in the case 

of the 3D structure is due to the decrease of the field confinement in the ITO layer. Therefore, 

one can assume that the required modulator length in the 3D structure might be slightly longer 

 

Fig. 5. SPP mode profile in terms of dominating magnetic and electric field components at the 

active part of the modulator: Ag/SiO2(40nm)/ITO(8nm)/Ag. The fields are normalized to a 

cross-section power of 1 W. Similar to the slab structure, h and d define the ITO and dielectric 

thicknesses, respectively. In addition, Agh and
SPPw describe the thickness and the width of the 

top silver electrode. 

than the values predicted by the 2D theory. However, both propagation constant and propaga-

tion length approach their 2D equivalents for small dielectric thicknesses. The latter is a con-

sequence of a decrease of the SPP/d w ratio. The SPP waveguide width SPPw  is an additional 

degree of freedom which can be used for manipulating both propagation constant and propa-

gation length. 

 

Fig. 6. Influence of plasmonic 3D waveguide width
SPPw on propagation constant (a) and prop-

agation length (b). For comparison, the 2D results from solving Eq. (4) are added (black line). 
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With a numerical 3D solution we have shown that the field can be horizontally confined 

along the x-axis under a silver bar with a finite width sppw , Fig. 5. In such a three-dimensional 

waveguiding structure, all the requirements for an SPP modulation are fulfilled, namely high 

electric field strength in the dielectric layer, and optical field confinement in the ITO layer. 

The modulation speed is RC-limited, and estimate of this limiting frequency will be given 

next. The structure Fig. 5 having a cross section width of 300 nm and a length of 2μm has a 

capacitance of 0.7fFC  . Assuming an internal generator impedance of R = 50 Ω, this re-

sults in a typical RC time constant of 35fsRC   . Therefore, letting aside problems of 

impedance matching, the modulation bandwidth is expected to be in the THz-region. 

4. Proof of principle 

In a proof-of-principle experiment we performed modulation measurements using a structure 

similar to the one proposed in [19]. The modulator differs, however, from the one suggested 

in this reference in that the electrodes are 61 μm apart rather than 30…50 nm as proposed in 

Fig. 5. The enormous distance between the electrodes in this test device results in a very low 

electric field in the metal oxide layer and consequently in a small extinction ratio. However, 

the structure is simple to fabricate and enables us to give a first proof of principle. 

A scanning electron microscope picture of the fabricated device before lifting off the silver 

(upper-left triangle outlined in green) is shown in Fig. 7(b). For the fabrication of the device 

we used a standard silicon-on-insulator wafer with a 220 nm thick silicon layer on a 2 μm 

thick buried oxide. Silicon wire waveguides of 240 nm (and 400 nm) width and 220 nm height 

were fabricated using DUV lithography and standard CMOS processing. Subsequently, sili-

con nitride with a 200 nm thickness was sputter-deposited. The ITO (10 nm) / Ag (250 nm) 

layers were then deposited on top of the Si3N4 layer via RF magnetron sputtering and electron 

beam evaporation, respectively. With photolithography the 10 μm long device was transverse-

ly structured along the silicon waveguides. A lift-off process removed the remaining silver. To 

decrease the spacing between the electrodes, the back of the wafer was partially thinned by 

wet etching with potassium hydroxide (KOH). In the etched-out area the silicon wafer was 

reduced to a thickness of ~60 μm. With electron beam evaporation a 500 nm thick electrical 

contact was then formed at the bottom of the silicon substrate. 

Experiments were performed by applying an electrical signal with 10 V peak-to-peak am-

plitude and a rectangular shape. This modulation signal was provided by a function generator 

with variable frequency and an internal impedance of 50 Ω. TM polarized monochromatic 

light at a wavelength of 1.55 μm from a tunable laser source was coupled to the silicon strip 

waveguide via a lensed fiber. The resulting amplitude modulation of the optical signal was 

detected with an InGaAs photodetector connected to a lock-in amplifier. In order to subtract 

coherent electrical input-output crosstalk, the lock-in amplifier was calibrated with the DUT 

not being connected to the function generator. 

Results of measured extinction ratios for modulation frequencies of up to 1.8 MHz are 

shown in Fig. 7(c) for waveguides with 400 nm () and 240 nm widths (), respectively. 

Measured extinction ratios are small but clearly detectable. The drop in the extinction ratio 

when increasing the modulation frequency is due to the low-pass characteristic of the device 

(RC limiting frequency ~58 kHz), see the equivalent circuit in the inset of Fig. 7(a). The capa-

citor C1 = 1.9 pF describes the layers between top metal and silicon substrate, while C2 = 0.2 

pF describes the silicon substrate itself. The silicon strip has such a large resistance that it can 

be represented by a capacitor. The capacitance values were calculated using the well known 

dimensions and dielectric constants of the materials. The value of the resistance R2 = 1.2 MΩ 

was calculated from the resistivity of the silicon wafer (material data provided by the manu-

facturer). With this model the voltage drop U across C1 has been simulated with a convention-

al circuit simulator. 
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This voltage U is then used for calculating the electric field in the Si3N4 layer and at the 

ITO / Si3N4 interface thereby defining the boundary condition Eq. (12) that is needed to solve 

Poisson’s Eqs. (9)–(11). The resulting induced carrier density Ni of the ITO layer enters the 

Drude model Eq. (13) together with the parameters of Table 1. With εITO of the ITO layer 

known, we employ the dispersion relation for a three-layer structure (equivalent to Eq. (4) for 

a four-layer device) and find the complex propagation constant β, the imaginary part of which 

gives the absorption coefficient αon (αoff for U = 0). The difference |αoff  αon| defines the ex-

tinction ratio according to Eq. (6). In an iterative manner we modify ωp and γ of Table 1, until 

we reach a match for the measured ER. 

A good match of the theoretically derived frequency response (solid blue line) and the ex-

perimental values (,) has been found for an ITO plasma frequency p p00.8   and a 

collision frequency
02.3   , where 

p0  and 
0  are published data [25], Table 1. Our val-

ues for the ITO plasma frequency and collision frequency are red shifted and blue shifted, 

respectively, relative to the values given in Table 1. Such a red shift of the plasma frequency 

and a blue shift of the collision frequency has been previously reported for ultrathin ITO lay-

ers [26]. 

 

Fig. 7. The modulator structure for a proof-of-principle experiment together with the measured 

extinction ratios versus modulation frequency. (a) 3D schematic of the fabricated device and its 

lumped element model describing the low-pass characteristic of the device. (b) Scanning elec-
tron microscope picture of the device before lift-off (the area taken inside the green contour has 

been removed after completing the lift-off process). The device length is L = 10 μm with an 

ITO thickness of 10 nm [19]. (c) Measured extinction ratios as a function of the frequency of 

the driving electrical signal. It can be seen that the extinction ratio does not depend on the sili-

con width w. The extinction ratio calculated by the theory is represented as a blue line with the 

fit parameters p p00.8    and 
02.3   , where p0 and

0  are plasma and collision fre-

quencies of ITO from Table 1. (d) Predicted ER for the strong electric fields obtained from the 

theory using fit parameter 
p  and  . 
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To prove that the detected small amplitude modulation is a result of the carrier modulation 

in the ITO film and that it does not originate from plasma or thermal effects in silicon, we 

performed additional measurements. 

To exclude the potential influence of a plasma effect in silicon we measured the extinction 

ratios for silicon wire waveguides with two different widths w. Both silicon waveguides were 

covered with a 200 nm thick silicon nitride layer, see Fig. 7(a). An eigenmode analysis re-

vealed that the confinement factor of the quasi-TM mode is approximately two times larger 

for the 400 nm waveguide compared to the 240 nm waveguide. If the modulation was caused 

by the plasma effect in silicon, the measured extinction ratios for the wide and the narrow 

waveguide should be related by 2:1. According to Fig. 7(c) and its formula inset this is not 

true: The average measured quotient of the two extinction ratios is 1.08, hardly larger than 1 

and far away from 2. 

Next, a potential thermal effect due to heating of the sample while applying a voltage has 

been considered. Heat could be dissipated in resistor R2 of the equivalent circuit Fig. 7(a). 

However, more heat would be dissipated at larger frequencies where a higher voltage drops 

across R2 (as can be seen from the solid line in Fig. 7(c) which shows that U decreases with 

frequency where the voltage between the silver electrodes is kept constant). As a consequence 

we would see a hypothetically larger extinction ratio at higher frequencies. However, accord-

ing to our measurements in Fig. 7(c) this is not true, so we exclude dominant thermal effects. 

The final question to be answered is: What could be expected for the optimized structure 

Fig. 1 where most of the voltage drops across the insulating SiO2 layer? To this end we plot 

the extinction ratio as a function of the modulating field strength as described before Fig. 7. 

The inset Fig. 7(d) shows the measured values () and the fitted curve (──). The main graph 

Fig. 7(d) then shows the ER prediction in a wider range of electric field strengths. A 1 dB 

extinction ratio can be obtained with an electric field of 100 V / µm applied to a 10 µm long 

device. Such an electric field strength can be easily achieved in the structure Fig. 1. This field 

strength is far below the dielectric strength which is in the order of 10
3
 V / µm for materials 

like SiO2 and Si3N4. 

6. Conclusion 

We investigated an electro-optic surface plasmon polariton absorption modulator (SPPAM) 

operating at the 1.55 μm telecommunication wavelength. The underlying principles were 

analyzed. A three-layer prototype was designed, and first proof-of-principle experiments were 

performed. The device is RC-limited with a typical RC time constant of 35fs  . Therefore, 

the theoretical modulator speed is in the THz-region thus fulfilling future ultra-high speed 

data modulation requirements. For an optimized four-layer modulator with SiO2 dielectric, a 1 

dB extinction ratio has been predicted for a device length of 2 μm and a total plasmonic loss 

in the range of 18 dB. However, for the same extinction ratio of 1 dB the device length can be 

significantly decreased by utilizing Si3N4. With a modulation field strength of 250 V / µm the 

loss would amount to 12 dB for a device length of about 0.5 µm which is comparable to the 

footprints of electronic devices. 

Appendix A 

In this appendix, we discuss the material parameters of ITO and silver used in the above cal-

culations. 

A.1 Material parameters of ITO and Silver 

The frequency dependence of the dielectric permittivities of both silver and ITO are taken into 

account by the Drude model, 
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In the infrared spectral region, the contribution of the bound electrons is included in the fre-

quency independent parameter 
. The plasma frequencies p  needed in the Drude model are 

given in Table 1. For silver, the plasma frequency is 9.12 eV [27]. For comparison, the Drude 

model parameters for an 8 nm thick ITO layer are also listed. 

Table 1. The Drude Parameters of ITO and Ag 

Parameters ITOoff ITOOn (U = 10 V / 30 nm(SiO2)) Ag 

Background permit-

tivity   

3.9  3.9  1  

Plasma frequency 
p  15 12.9 10 s  [25] 

15 12.914 10 s  
16 1

1.38 10 s


  

Collision frequency 
  

14 11.8 10 s  [25] 
14 1

1.8 10 s



 

13 13.22 10 s  

Electron effective 

mass effm  
e0.35 m  [24]

 e0.35 m
 e1 m

 

Carrier density
0N  

26 39.25 10 m
 

26 3

8nm
( )  9.34 10 m


 i h

N y
 

28 3
6.03 10 m




 
Complex dielectric 

permittivity 
1.667 0.824i 

 
1.721 0.832i 

 
128.7 3.44i 

 

Different values have been reported for the plasma frequency of ITO. They are mostly de-

rived by observing SPP resonances in the near - infrared region. The plasma frequency values 

used in this paper are taken from Michelotti et al. [25]. They investigated SPP resonances for 

several commercially available ITO samples with various thicknesses. Using these data they 

calculated and reported on plasma and collision frequencies of ITO by fitting experimentally 

obtained transmittance and reflectance spectra with the ones calculated through the Drude 

model. Observing the plasmon resonances for ITO films with various thicknesses in the wave-

length range from 1.4 µm to 2.0 µm, Rhodes et al. [28] reported significantly larger plasma 

frequencies. Moreover, they found that the plasma frequency is constant for samples with 

thicknesses down to 30 nm. 

On the other hand, Dasgupta et al. [26] investigated ITO ultrathin films, and the absolute 

values of plasma frequencies reported by them is approximately two times smaller than the 

ones shown in Table 1. However, based on these findings and other experimental investiga-

tions [26,29], one may conclude that for ITO layers thicker than 8 nm the free carrier density 

of ITO saturates towards its bulk value. Thus, the plasma frequency of ITO used in this paper 

is the one from Ref. [25]. which is near the average of the values so far reported in the litera-

ture. It should be emphasized that since the ITO thicknesses of interest are in the range of 8 

nm to 15 nm, it is possible to optimize the free carrier density by varying the thickness of ITO 

such that bound SPP strongly confined in ITO film exists at the wavelength of 1.55 μm. 

Moreover, the use of the parameters given above is justified by the fact that the key material 

parameter influencing the overall modulator performance is mainly the plasma frequency of 

ITO which can be optimized by controlling the ITO sputtering process via the oxygen content, 

and by the tin-to-indium ratio as well as the temperature and pressure in the deposition cham-

ber. 
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