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Design and Analysis of the Integrated Plasma
Wave Micro-Optical Modulator/Switch

SINA KHORASANI
ALIREZA NOJEH
BIZHAN RASHIDIAN

Department of Electrical Engineering
Sharif University of Technology
Tehran, Iran

Feasibility of a new integrated amplitude modulator/switch operating up to the visible
spectrum, based on the absorption of light due to the linear interaction of the incident
laser and a two-dimensional plasma layer is demonstrated. Plasma layers are gen-
erated via the Muller effect at the waveguide’s interfaces. A plasma wave is excited
in the two-dimensional gas when it is illuminated by electromagnetic radiation. Thus,
due to the energy transfer from the electromagnetic wave to the plasma wave, the
output light intensity can be controlled. The device is capable of amplitude modula-
tion of guided beams in dielectric waveguides. Analysis based on both full-classical
and semiclassical approaches are performed and are compared.
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Introduction

Rapid growth of electronics technology demands faster and smaller structures. In a recent
study, it has been discussed how the propagation of plasma waves in a High Electron Mo-
bility Transistor (HEMT) can be used to implement a new generation of terahertz devices
[1]. Presently, a great deal of research is being done on optical structures. Light beams,
instead of electric current, will be responsible for carrying information between different
parts of these devices and optical circuits. Several approaches for light modulation have
been proposed based on electro-optical, magneto-optical, and acousto-optical effects [2].
However, there still exist some fundamental limitations in their sizes and speeds.

Another approach makes use of the interaction of an electric charge and an elec-
tromagnetic wave. McQuistan and Schultz [3] proposed an infrared modulator in which
free carrier absorption in germanium has been utilized to modulate the radiation. Allen,
Tsui, and Vinter [4] investigated the absorption of infrared radiation by electrons in semi-
conductor inversion layers. Kovacs and Scott [5] demonstrated the optical excitation of
surface plasma waves in metal-dielectric interfaces, from both theoretical and experimen-
tal points of view. A valuable review of optical plasma resonance has been published by
Steinmann [6]. The coupling of light to plasmon oscillations has also been investigated by
Lindau and Nilsson [7] and Fontana [8]. Also, a far-infrared light modulator and switch
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has been proposed and developed in the 400 KHz range by Kuijk, Vounckx, Stiens, and
Borghs [9–11]. They have used the concept of re� ection of light from an inversion layer
that acts as a mirror for light frequencies below the layer’s plasma frequency. However,
it seems that very fast modulation had not been achieved because of the slow dynamics
of the inversion layer.

In this article, feasibility of a new voltage-controlled integrated optical modula-
tor/switch, which may be fabricated by existing microtechnology methods, is presented.
In this device, the TE or TM polarized laser beam propagates in a planar optical waveg-
uide structure. By means of the Muller effect, which will be discussed in detail, two-
dimensional electron gases (2DEGs) are generated at the waveguide’s � lm-cover and
� lm-substrate interfaces. These two-dimensional plasmas can be excited by the light and
thus energy transfer between the light beam and the 2DEGs could happen as the re-
sult of this interaction. As the amount of light absorption by the electron gases depends
on the properties of the 2DEGs such as the charge density in them, it is possible to
have a modulator, if one is able to change these properties in a convenient manner. In
the Muller effect, a transverse voltage is responsible for the generation and control of
the electron gas, and thus the modulation or the switching of the light beam intensity.
As will be demonstrated, the device could be operated with low voltages (< 5 V) and
power (»2.5 mW/¹m2), low switching/modulation time (< 10 ps), and, because of its
vertical structure, it can be fabricated in small dimensions. Moreover, the device shows
excellent phase behavior, so that amplitude modulation of a guided beam is possible,
without violating the dispersion relation of waveguide. As shown, the device is capable
of modulating visible light beams. Compared to the approaches for modulating visible
beams usually used, including the acousto-optic, magneto-optic, and electro-optic effects
[12] at maximum bandwidths well under 10GHz, the proposed device, in addition to
its considerably wider bandwidth, has the possibility for being integrated into optical
integrated circuits at compact dimensions. Direct amplitude modulation of light is possi-
ble also in semiconductor lasers by controlling the electric drive current [13]. However,
the structure of our proposed device is much simpler. This permits better and denser
integration leading to applications including the integrated optical memory and optical
transistor [14], and integrated programmable diffractive element [15] and programmable
grating [16]. The preference for operation at visible and shorter wavelengths lies within
the fact that the size of waveguide devices vary nearly proportional to the wavelength.
Therefore, if the device could operate at a shorter wavelength it could enjoy smaller
dimensions which result in better integration, as discussed later in the scaling law of our
device.

To analyze the device characteristics, two approaches are followed. In the � rst ap-
proach, being referred to as the full-classical approach, only Maxwell’s equations are
solved, with the approximation that the charge layer’s thickness is negligible. Obviously,
this approach is suitable for wavelengths in FIR range, or longer. In the second approach,
being referred to as the semi-classical approach, the thickness of the charge layer is calcu-
lated by self-consistent solution of Schrödinger’s and Poission’s equations. This method
of self-consistent solution has been widely used in the analysis of HEMT as explained
below in more detail. The results are then compared.

Device Structure

The proposed structure is shown in Figure 1. As may be seen in this � gure, the device
consists of a planar dielectric waveguide in which the light beam propagates. Two metal
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Figure 1. Device structure for the plasma wave optical modulator/switch.

electrodes make it possible to apply a transverse electric � eld to the waveguide. As is
known from the Muller effect, such a voltage will produce a surface electric charge
in the interfaces of the dielectrics, if the conductivity to permittivity ratios of these
dielectrics are different. This effect has been illustrated in Figures 2(a) and (b). Two
neighboring dielectrics standing for the � lm and cover slabs, as shown in Figure 2(a),
may be represented by an equivalent circuit as in Figure 2(b). The voltage is applied
across the interface by an external source, which generally results in establishment of
an electric current density of free charges normal to the interface. The � ow of electric
current density leads to accumulation of free interface charges. It can be easily shown that
for the � lm-cover interface, the density of this surface charge is given by the following
relationship:

¾fc D .½s ts C ½f tf C ½ctc/¡1.½f "f ¡ ½c"c/V; (1)

(a)

(b)

Figure 2. Illustration of Muller effect: (a) Two dielectrics in contact; (b) Equivalent circuit.
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where V is the transverse voltage, t stands for a layer’s thickness, and ½ and " denote re-
sistivity and permittivity, respectively. Also, f , s, and c subscripts refer to � lm, substrate,
and cover layers, respectively. It is seen that the surface charge density is proportional to
the applied voltage. If this voltage is changed, the density of the two-dimensional plasma
will be changed, causing a change in the re� ection coef� cient of light, thus modulating
the output beam intensity. Proper layer characteristics could be chosen in order to obtain
the desired surface charge density with typical voltage values in state-of-the-art CMOS
technology (< 5 V).

Method of Analysis

In this section, the method of analysis for the device is described. First, it is shown
how a single re� ection coef� cient from the � lm-cover interface is calculated, then the
amplitude and phase responses are studied. Since we assume a symmetric structure, the
same arguments would be applicable for the re� ection from the � lm-substrate interface,
too. Then, the amplitude re� ection coef� cients are compared to the results obtained
from a semiclassical approach by self-consistent solution of Poission’s and Schrödinger’s
equations.

Calculation of a Single Re� ection Coef� cient

In order to calculate the re� ection coef� cient of light by the structure, one has to solve
Maxwell’s equations for the system. First, the structure shown in Figure 3 is considered
for simplicity, and its re� ection coef� cient is calculated. The results obtained in this
subsection will be used in the complete analysis of the problem in the next subsection.
The Silver layer which is shown in the structure accounts for the metal electrode. All
mediums are supposed to be simple nonmagnetic and isotropic dielectrics.

Here, only the details of TM polarization are described. For TE polarization a similar
approach can be applied. A uniform plane wave is assumed to be incident at the 1-2
boundary at angle µ . The total electric and magnetic � elds in region 1 are the sum of the
incident and re� ected � elds. Thus:

E1 D Einc C Eref ; H1 D Hinc C Href

Einc D Ei exp.¡jki × r/; Hinc D
k1

!¹0
Oz exp.¡jki × r/

Eref D Er exp.¡jkr × r/; Href D
k1Er

!¹0
Oz exp.¡jkr × r/;

(2)

where E and H are the electric and magnetic � elds’ time-independent harmonic vectors,
inc and ref subscripts refer to the incident and re� ected phasors, and Ei and Er refer
to amplitudes of the incident and re� ected amplitudes, respectively. Also, k and r are
the wave and position vectors, and jkij D jkr j D k1 D 2¼ n1

¸
, and Ei D jEi j D 1. The

incident electric � eld amplitude is assumed to be normalized to unity, ! is the light
frequency, and ¸ and n1 denote the free space wavelength and the refractive index of
region 1, respectively. Also, use has been made of Maxwell’s curl equation for writing
H in terms of E. It should be noted that the magnetic � eld is perpendicular to the plane
of the � gure for TM polarization and that the electric � eld lies in that plane.
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Figure 3. Structure used in the analysis of the optical modulator/switch in Figure 1.

In regions 2, 3, and 4, the electric and magnetic � elds are expected to obey the
relations

El D [Slx .y/Ox C Sly .y/Oy] exp.¡jkixx/; (3a)

Hl D
³

"0

¹0

´1=2

[Ulz.y/Oz] exp.¡jkixx/; (3b)

in which the subscript l takes the values 2, 3, or 4. S.y/ and U.y/ remain as some
unknown functions to be determined. The reason for adopting these de� nitions is that
the structure has been assumed to be in� nite in the x direction. In addition, it is known
that in the case of total internal re� ection from 1-2 interface, the energy of the electro-
magnetic wave propagates only in the x direction and decays in the y direction. Thus,
it is reasonable to assume the x behavior of the electromagnetic wave to be like a plane
wave. In fact, after the complete solution is found, it will be seen that the electromagnetic
wave in regions 2 and 3 is a nonuniform plane wave, i.e., its amplitude depends on the
y coordinate. These de� nitions are similar to those used in [17] for grating diffraction
analysis. The above formulae are inserted in Maxwell’s curl equations [18], i.e.,

r ´ El D ¡j!¹0Hl; (4a)

r ´ Hl D j!"0"lEl : (4b)
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After some mathematical manipulation, the following equations result:

kixSly .y/ ¡ j
@Slx .y/

@y
D !.¹0"0/1=2Ulz.y/; (5)

³
"0

¹0

´1=2 @Ulz.y/

@y
D j!"0"lSlx .y/; (6)

³
"0

¹0

´1=2

kixUlz.y/ D !"0"lSly .y/: (7)

Inserting eqs. (6) and (7) in eq. (5) results in

@2Ulz.y/

@y2
C [!2¹0"0"l ¡ k2

ix ]Ulz.y/ D 0: (8)

Based on eq. (8), the magnetic � eld in regions 2, 3, and 4 is found from

Ulz.y/ D al exp.Cj®ly/ C bl exp.¡j®ly/; (9)

with

®l D .!2¹0"0"l ¡ k2
ix/1=2: (10)

It should be noted that a4 D 0, because region 4 is semi-in� nite and only one term
suf� ces for describing the electromagnetic wave in it, either for the propagating mode
or for the evanescent situation. In the later case, the � rst term in the magnetic � eld in
region 4 increases with increasing distance from the 3-4 interface, which is unacceptable.
Therefore the � rst term is omitted.

The solution for the electric � eld is now simply obtained from eqs. (6) and (7). In the
next step, the boundary conditions are imposed. When the transverse voltage is zero, there
is no net charge in the interfaces, and the normal and tangential coef� cients of the electric
� eld, as well as the tangential coef� cient of the magnetic � eld, are continuous across the
boundaries. Applying a transverse DC potential to the system causes an accumulation of
net charge at the interface, hence a discontinuity in the DC component of the electric
� eld. As a result of the net charge accumulation, an ac electric current � ows parallel to
the interface, in response to the incident electromagnetic wave. This ac surface current
is given by the following relation:

Js D .¹nse/Ex Ox; (11)

where ¹ denotes the mobility of the charges in the electron gas and should not be
confused with the permeability. ns represents the surface carrier density which is equal
to ¾=e, where e is the fundamental positive electric charge. A discontinuity equal to the
amount of this surface current appears in the tangential component of the magnetic � eld
across the interface.

Applying the boundary conditions on the tangential electric and magnetic � elds
yields a system of six linear algebraic equations which is solved for the unknowns. The
re� ection coef� cient of the structure is then found from

ref D ErE¤
r : (12)
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A similar analysis has been done for calculating the re� ection coef� cient for the TE
polarized light. Here, the electric � eld is perpendicular to the plane of the � gure and
the magnetic � eld lies in it. The incident magnetic � eld is assumed to be normalized to
unity, and the re� ection coef� cient is obtained using the following relation:

ref D HrH ¤
r : (13)

Full-Classical Analysis of the Device

In this subsection, the previous results are used in the complete analysis of the structure,
taking also the waveguide’s dispersion into account. In the dielectric slab waveguide
shown in Figure 1, the following dispersion relation governs the discrete wave propagation
modes [19]:

2knf tf cos µ ¡ 28s ¡ 28c D 2v¼; v D 0; 1; 2; : : : ; (14)

where k D 2¼=¸ is the free space wave-vector, and 8s and 8c stand for the re� ection
phases from the � lm-substrate and � lm-cover boundaries. Thus, one has to know the
re� ection phases as a function of the incident angle µ in order to be able to solve
the dispersion equation. These phases are obtained from the analysis performed in the
previous subsection. For each waveguide mode (i.e., for each µ), there exist two re� ections
in the length 1z of the waveguide given by

1z D 2tf tan µ: (15)

The decay length 0 of the electromagnetic wave in the waveguide along the z-axis is
then de� ned from the following:

exp
³

¡
1z

0

´
D refs refc: (16)

Using eq. (15) in eq. (16) and solving for 0 yields

0 D ¡
2tf tan µ

ln.refsrefc/
; (17)

which is the required length of the waveguide for having a decay in the wave’s amplitude
by a factor of e¡1 (e is the Euler’s constant), and may be considered a useful design
parameter.

Semiclassical Analysis of the Device

In the semiclassical approach, the effect of thickness of charge layer has been taken into
account. It is assumed that the volume density distribution of the charges is governed
simultaneously by the Poission’s and Schrödinger’s equations, so that the application of
voltage makes changes in the average density and thickness of the charges. Then an
effective complex permittivity constant is assigned to the charge layer, and after then it
is treated as a dielectric slab with known thickness and dielectric constants.

Schrödinger’s equation may be written in the form

Hjni D ¸njni; (18)



180 S. Khorasani et al.

in which jni is the eigenket of nth state in the system and ¸n is the associated eigenvalue
with it. The electronic Hamiltonian H is de� ned as [21]

H D ¡
´2

2m¤
d2

dz2 C V .z/: (19)

The constituting materials and the interface are assumed to be isotropic with regards to the
electron effective mass represented by m¤, and the effect of background periodic potential
is considered in the value of m¤. The potential energy is related to the electrostatic
potential 8.z/ de� ned by the relationship

V .z/ D ¡q8.z/ C 1Ecµ.¡z/; (20)

in which ¡q stands for the electronic charge, and 1Ec is the conduction band energy
difference across the � lm and cover interface (z D 0). Also µ represents the unit step
function. The density of occupied states may be written as [22]

Nn D Dn
kT

q
ln

"
1 C exp

³
EF ¡ ¸n

kT

´#
; (21)

where Dn is the density of the nth state [23] given by

Dn D
qm¤

¼´2 : (22)

The energy levels of the unperturbed system with no applied voltage are [24]

¸n D
³

´2

2m¤

´1=3 "
3
2

qjEs.0/

³
n C

3
4

´#2=3

: (23)

Here, Es.0/ stands for the discontinuity of normal electric � eld at the interface due to
the 2D electron gas and may be expressed as

jEs.0/j D q
ns

"eff
; (24)

in which the effective dielectric permittivity at the contact interface is de� ned as "eff D "0

."c C "f /=2 [18]. Also, the electrostatic potential obeys the Poission’s equation:

r28.z/ D ¡
½.z/

"
; (25)

in which ½.z/ is the effective charge density:

½.z/ D ¡q S
n

Nnjhzjnij2: (26)

Here, Nn is the density of occupied states, and hzjni is the electron wave function at nth
state.
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The numerical method solves the system of second-order differential equations:

d2

dz2

2

6666664

8.z/

hzj0i0

hzj1i0
×
×

hzjni0

3

7777775
D

2

6666666666666664

¡
q

"eff S n

Nnjhzjni0j2

2m¤

´2
[V .z/ ¡ ¸00]hzj0i0

2m¤

´2 [V .z/ ¡ ¸10]hzj1i0

×
×

2m¤

´2
[V .z/ ¡ ¸n0]hzjni0

3

7777777777777775

; (27)

subject to the boundary conditions

hzjnijzD¡tf D 0;

hzjnijzDtc D 0;

8.z/jzD¡tc D V ;

8.z/jzDtf D 0:

(28)

In eq. (27) the zero subscript denotes the unperturbed states without voltage across
the interface.

Now, the following � nite difference approximation [25, 26]

d2

dz2
A.z/ ¼

A.znC1/ C A.zn¡1/ ¡ 2A.zn/

1z2
(29)

is applied to solve the system in eq. (27). Of course, the unperturbed wave functions ap-
pear in the � rst equation as well, thus complicating the numerical method. By repeated so-
lution of eq. (27), however, it is possible to achieve convergence with reasonable iterations.

Then, the perturbed eigenvalues are found from the relations

¸k D ¸k0 C 1¸k; (30)

1¸k ¼ hkj1Hjki: (31)

This is the standard perturbation technique as applied in quantum mechanics [27].
Finally, the average density of electron gas h½i and effective thickness hti are derived

from

h½i D S
n

Nnhjhzjnij2i;

hti D ¡
¾fc

qh½i
:

(32)

This information are used in de� ning the frequency dependent complex permittivity of
the electron gas layer. In the collisionless limit it is given as [28]

" D "eff

³
1 ¡

!2
p

!2

!
C j

³q¹

!
h½i

´
: (33)



182 S. Khorasani et al.

Here, !2
p D q2h½i=m¤"eff is the so-called plasma frequency, ¹ is the interface mobility,

and j is the unit imaginary number. The real part of the above relation represents the total
electrical behavior of the electron gas, while the imaginary term represents its electrical
conductivity.

The rest of this approach is similar to the previous subsection, but with a � nite
thickness electron gas layer inserted between the � lm and cover layers instead of a
simple current sheet.

Results and Discussions

A typical structure has been analyzed based on the above formulation. The dielectric
regions can be made up of transparent conductors such as ITO (Indium Tin Oxide) or
ZnO (Zinc Oxide). One can control the degree of transparency and conductivity to a
large extent in the process of depositing these materials. In our example, an index of
refraction equal to 1.8 is assumed for the � lm region (region 1 in Figure 3). It should
be pointed out that interface mobility is greater than the bulk mobility, because interface
states are present at the interface and carriers in these states are not bounded to the lattice
to the degree that the bulk states are. This is why the use of dielectrics in the structure
does not cause any dif� culty. Meanwhile, the interface mobility may be increased by
either depositing a thin layer (a few monolayers) of a high electron mobility material
or reducing the operation temperature. For the second region (the cover), a refractive
index equal to 1.4 has been assumed. For the Ag electrode, the value of the relative
permittivity has been taken as ¡12 C j 0.4 for the wavelength used in the analysis [20].
Also, t2 D 100 nm and t3 D 20 nm with resistivities ½s D ½c D 10¡2 ­ m and ½f D 10¡1

­ m have been chosen for the calculations.
The calculated classical re� ection coef� cient for a visible incident laser beam (4950

A° ) as a function of incident angle is plotted in Figure 4 for both TM and TE polarizations.
In the TM case, it is seen that there exists a deep minimum in the curve that is known to
be due to the excitation of a surface plasma wave (SPW) at the electrode-cover interface.
This plasma wave absorbs energy from the incident beam and reduces the re� ected light
intensity. Such a minimum is not observed in the TE mode, because the TE polarized
light does not have a coef� cient of the electric � eld perpendicular to the interface, and
thus it can not generate a surface electric charge. Next, it is assumed that a transverse
voltage is applied to the system. A net charge density is generated at the � lm-cover
interface as the result of the Muller effect. This net charge produces a net surface electric
current that appears in the continuity relation for the magnetic � eld at the interface under
consideration. The corresponding equations are again solved and the resulting re� ectance
is plotted as a function of the angle of incidence in Figure 4 for different values of the
applied external voltage.

As may be observed from the � gure, the re� ectance curve is shifted to lower values
after the voltage is applied to the system, for both TM and TE modes. This general
reduction of the re� ected power throughout the curve is attributed to the excitation of a
surface plasma wave at the � lm-cover interface. It is also possible to plot the classical
re� ectivity versus the applied voltage, at a � xed angle (Figure 5). This curve shows the
light intensity modulation caused by the applied voltage for different values of interface
mobility at the � xed angle of incidence of 50° . In addition, the excellent switching
capability of the device is seen from the � gure, as the application of 5V to the system
causes the re� ection coef� cient to fall from 0.9 to 0.1, interface mobility of 4m2/VSec
and TM polarization. For the TE case, a 5V transverse voltage causes a reduction in
re� ectivity from 1 to 0.1.
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(a)

(b)

Figure 4. Dependence of re� ectivity on incident angle: (o) No applied voltage, (x) V D 1V, (C)V D
3V, (¤)V D 5V (Interface mobility D 5m2/VSec). (a) TM polarization; (b) TE polarization.

Next, the waveguide shown in Figure 1 is considered. The difference between single
classical re� ection phases for 0V and 5V applied transverse voltages is plotted in Figure 6
for TM and TE modes, as a function of the incident angle. An interface mobility equal
to 1m2/VSec has been assumed. As it is seen from the � gure, the application of a
small (< 5V) transverse voltage causes no signi� cant change in the re� ection phase and
thus leaves the wave propagation modes approximately unchanged in the waveguide.
This feature is extremely important in the modulator application of the device. If this
characteristic did not exist, the change in the transverse voltage would have brought
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(a)

(b)

Figure 5. Dependence of re� ectivity on the transverse voltage: (o), Interface mobility D
1m2/VSec; (x), Interface mobility D 4m2/VSsec; (C), Interface mobility D 7m2/VSec; (¤),
Interface mobility D 10m2/Vsec. (a) TM polarization; (b) TE polarization.

a propagating mode to a cut-off mode and it would have been impossible to have a
modulated output in a � xed propagation angle µ (i.e., in a � xed propagation mode). It
should be pointed out that increasing the interface mobility severely affects this feature.
For interface mobilities about 5m2/VSec, the re� ection phase greatly changes by changing
the applied voltage, and as a consequence wave propagation modes change and the device
can only be used as a switch and not a modulator.



Micro-Optical Modulator/Switch 185

(a)

(b)

Figure 6. Dependence of re� ection phase difference between 0V and 5 applied voltage cases on
the incident angle (Interface mobility D 1m2/VSec). (a) TM polarization; (b) TE polarization.

In Figure 7, the dependence of the decay length de� ned by eq. (17) on the propagation
angle (mode) is shown for several transverse voltages. The interface mobility has been
assumed to be equal to 1m2/VSec which is an appropriate value for the re� ection phase to
be independent of the transverse voltage. Although the re� ectivity variation as a function
of the voltage is weaker in smaller values of mobility, one must take into account the fact
that the light undergoes several re� ections in the waveguide and the overall modulation of
the output intensity will be considerable, for it is the product of all re� ection coef� cients.
This is why reasonable decay lengths are obtained (Figure 7). It should also be considered
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(a)

(b)

Figure 7. Dependence of the decay length along the waveguide axis on the propagation angle:
(o), No applied voltage; (x), V D 1V, (C)V D 3V; (¤), V D 5V (Interface mobility D 5m2/VSec).
(a) TM polarization; (b) TE polarization.

that only a set of discrete angles is allowed for propagation and the curve does not have
any meaning for angles out of that set.

In Figure 8 the results of semiclassical analysis for the effective thickness and density
of the gas layer as given by eq. (32) are drawn, for a potential step of 0.1eV in the
conduction bands across the interface. It is observed that for voltages below 2V, the
variations are nearly linear. Higher voltages lead to large effective thickness above 0.1¹m,
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(a)

(b)

Figure 8. Dependence of charge layer’s properties vs. applied voltage: (a) Effective thickness;
(b) Effective density.

far from the practice. This is due to the fact that at higher voltages, the accuracy of
the � rst-order perturbation fails down due to a larger potential gradient. Furthermore,
considering the shape of wave functions at the � lm-cover interface, which has a large
peak and long tails, averaging will result in this relatively large effective thickness. To
be able to make a comparison between the classical and semiclassical calculations, the
dependence of re� ectivity on the angle of incidence versus the applied voltage same as
in Figure 4, are plotted for TM and TE excitations in Figure 9. A reasonable agreement
between the corresponding curves can be noticed for the applied voltages of 0.1 and 1V.
Of course, as discussed earlier, inaccuracy of semiclassical analysis at higher voltages
has led to many distorted behaviors at 3V and 5V. Of course, one expects to get improved
results both with applying a higher-order perturbation technique or a more exact non-
linear numerical scheme, as well as taking the effect of collisions into account. For larger
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(a)

(b)

Figure 9. Dependence of re� ectivity on incident angle—Semiclassical analysis: (o), V D 0.1V;
(x), V D 1V; (C), V D 3V; (¤), V D 5V (Interface mobility D 5 m2/V.sec): (a) TM polarization;
(b) TE polarization.

wavelengths (above 5 mm), the classical approach is expected to give more accurate
results. This is obviously due to the small thickness of the charge layer compared with
the wavelength.

A critical point to be considered here is the device’s speed. The speed limiting
mechanism in this device is the time constant that accounts for charge accumulation in
the interfaces and is equal to the sum of three time constants, each of which describes
one of the three regions of the waveguide:

¿ D RsCs C Rf Cf C RcCc D ½s"s C ½f "f C ½c"c; (34)
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where R and C denote resistance and capacitance, respectively. In our example, ¿ is
calculated to be 2.64ps, and it is hence concluded that up to more than 100GHz switching
is possible. It is seen that ¿ is independent of the structure’s dimensions and depends only
on layers’ resistivities and permittivities. Eq. (1) shows that changing all the resistivities
by the same factor does not affect the surface charge density, and so leaves the re� ectivity
unchanged for a given applied voltage. On the other hand, a decrease in the resistivities
causes a decrease in ¿ , thus speeding up the device. But it also increases the transverse DC
current that is a consequence of the Muller effect. Hence, the overall power dissipation is
increased. Also, it is seen from eq. (11) that an increase in the carrier mobility increases
the surface current that absorbs energy from the incident beam and thus decreases the
re� ectivity. One interesting point to be considered here is that the dependence of the
re� ectivity on the applied voltage for a � xed angle is approximately linear for smaller
values of interface mobility (interface mobility D 1m2/VSec). This feature is seen in
Figure 4. So, the amplitude modulator is linear to a large extent. Increasing the value of
interface mobility increases the energy absorption by the surface current, but as is seen
from Figure 4, it decreases the linearity of the modulator. The dissipation power at a
voltage of 5V is estimated to be about 2.5 mW/¹m2.

It is also interesting to discuss the wavelength dependence of the device. If the
wavelength of the laser beam is changed by an arbitrary factor, not only the structure
dimensions but also the applied voltage has to be increased by the same factor in order
to have the same result. Because increasing layer thicknesses causes a decrease in the
generated interface charge as is seen from eq. (1), thus the transverse voltage should
be increased by the same factor in order for the interface charge to remain constant.
Generally speaking, the performance of the device becomes better for larger wavelengths.
The higher the wavelength, the better the classical behavior of the device, and thus the
better the performance.

Conclusions

A waveguide structure for modulating the intensity of a visible laser beam by means of a
transverse applied electric � eld has been proposed. The two-dimensional plasmas which
are produced at the waveguide’s � lm-cover and � lm-substrate interfaces as the result of
the Muller effect are responsible for the absorption of power from the incident beam and
the modulation of the output intensity. The analysis was done through classical and semi-
classical approaches and the results were in agreement, especially at low voltages. The
proposed device may be fabricated by existing microtechnologies and has much potential
for use in optoelectronics integrated circuits. It has numerous potential applications in
the technology of integrated optical computing.
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