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Nonreciprocal Wave Propagation in Multilayer
Semiconductor Films at Frequencies

Up to 200 GHz
Vee H. Mok, Member, IEEE, and Lionel E. Davis, Life Fellow, IEEE

Abstract—Three multilayer gyrotropic thin-film semiconductor
waveguides comprising S-I GaAs/AlAs/n–GaAs/AlGaAs in a static
magnetic field of 0.15 T have been analyzed over the frequency
range of 0–200 GHz. The dispersion diagrams and field distribu-
tions show nonreciprocal propagation, and forward waves and
backward waves depending on the order in which the films are
stacked. Potential applications such as miniature phase shifters
and isolators in the frequency range of 50–100 GHz with lengths
of the order of micrometers are briefly discussed.

Index Terms—Dispersion diagram, isolator, magnetoplasmon,
nonreciprocal, phase shifter, semiconductors, thin films.

I. INTRODUCTION

WAVEGUIDES containing gyrotropic materials, in
particular, magnetized ferrites, have led to the realiza-

tion of isolators, circulators, and phase shifters [1], [2]. The
propagation of magnetostatic surface waves (MSSWs) on a
ferrite/dielectric interface has been reviewed in a number of
papers and books [3]–[6]. A thin-film isolator and multiport
devices have recently been discussed [7], [8]. Also, a novel
nonreciprocal ferrite image guide by Akyol and Davis [9], [10]
has demonstrated nonreciprocal leaky-wave behavior. Electro-
magnetic surface waves on an interface between nonmagnetic
media are well known [11] and their existence requires that
one of the two dielectric constants is negative. A classical
example is the support of optical plasmons on the interface
between air and silver [12]. Surface-wave behavior along a
single gyroelectric or isotropic semiconductor interface has
been extensively investigated analytically and experimentally
[13]–[18], and the references therein]. In 1972, Chiu and Quinn
[13] analyzed magneto-plasma surface waves (i.e., magneto-
plasmons or polaritons) for the three primary orientations of

, i.e.: 1) ; 2) ; and 3) ,
where is the normal to the surface and is the direction
of propagation. Brion and Wallis [14] found a branch of the
dispersion curve not identified in [13] by considering a wider
range of values of limiting relative permittivity . Marschall
and Fischer [15] analyzed far infrared (FIR) polaritons on GaP
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thin films with . Hartstein and Burstein [16] reported
experimental observation of nonreciprocal dispersion of FIR
polaritons on an InSb/air interface and they obtained qualitative
agreement with theory. They also discussed the possible effects
of surface defects. In 1974, Wallis et al. [17] extended their
earlier analysis [14] to discuss more general cases. In 1987,
Kushwaha and Halevi [18] discussed the theoretical splitting
of the dispersion curves due to resonance in a magnetoplasma
transition layer using a InSb film on an MgO substrate as an
example. The design and construction of isolators, circulators,
and reflection beam isolators in the millimetric and submil-
limetric regions using the properties of magnetoplasmons
in semiconductors have been reported by several authors
[19]–[22]. Also, the nonreciprocal behavior of a grounded
dielectric slab with a gyroelectric semiconductor layer as a
superstrate, and the inverted structure, has also been reported
[23].

In this paper, waveguiding on thin-film multilayer semicon-
ductor structures is described in order to begin to explore the
possible integration of miniature phase shifters and isolators on
monolithic microwave integrated circuits (MMICs). Fabrication
constraints are taken into account and three structures consisting
of two or three submicrometer layers on a semiconductor sub-
strate are studied for the first time. Nonreciprocal wave behavior
is discussed in the frequency range of 50–200 GHz, where mag-
netoplasmon wavelengths are of the order of micrometers, i.e.,
two orders of magnitude smaller than many conventional pas-
sive devices in this frequency range. The structures comprise
a semi-insulating (S-I) gallium arsenide (GaAs) substrate, un-
doped (U/D) aluminum arsenide (AlAs) buffer layer, U/D alu-
minum gallium arsenide (AlGaAs) layer, and a gyrotropic layer
of high-quality n-type GaAs [24]. All the films are assumed
lossless. A uniform external magnetic flux density ( ) is ap-
plied parallel to the film surface and perpendicular to the direc-
tion of propagation. Dispersion diagrams ( versus ), together
with field distributions for the transverse microwave magnetic
field, are presented for the forward- and reverse-wave behavior
for all three structures.

II. THEORY

The S-I substrate and films are treated as lossless di-
electrics. The gyroelectric n-GaAs film is modeled using the
Drude–Zener model [25]–[27] assuming the electron collision
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frequency . In the presence of a mutually perpendicular
static magnetic bias field and a sinusoidal electric field ,
the cyclotron motion of the mobile electrons causes gyroelectric
behavior and the relatively massive holes are assumed to be
stationary. Under these circumstances, and with the bias field
in the -direction, the tensor relative permittivity can be
written in the form

(1)

(2)

(3)

(4)

The term is the (isotropic) relative permittivity of the semi-
conductor magnetoplasma when or and

. The symbol denotes the plasma frequency, and
is the cyclotron frequency, defined by (5) and (6) respec-

tively, as follows:

(5)

(6)

where is the permittivity of free space, is the electron
charge, is the electron effective mass, is the electron
concentration, and is the applied static magnetic field. The
key criterion for the semiconductor to exhibit plasma behavior
is , where the collision frequency .
For GaAs at 77 K, kg [28], where is the
electron mass in vacuum having a value of 9.109 10 kg.
With an electron mobility , the calculated
collision frequency is . With an applied
magnetic flux density of T, the cyclotron frequency
is rad/s and the ratio . Hence,
this combination of parameters satisfies the condition that

. The relative effective permittivity experienced by
the extraordinary (TM) wave in an unbounded semiconductor
plasma is defined in (7) as follows:

(7)

The frequency dependence of is shown in Fig. 1 for the pa-
rameters given above and frequency ranges of potential interest
are defined. A singularity occurs at frequency and this is
referred to as the extraordinary wave resonance frequency. The
frequencies and indicated in Fig. 1 are defined in
[27] and, at and , the magnitude of the gyrotropic ratio

is equal to unity. With the parameters defined above,

Fig. 1. Effective relative permittivity as a function of frequency for n-GaAs
at liquid-nitrogen temperature (77 K) with a transverse magnetic flux density
B = 0:15T and TM mode propagation. The material is assumed to be lossless.
" = 13:1; ! = 0:85 � 10 rad/s and ! = 0:39 � 10 rad/s. f =

107:79 GHz, f = 149:33 GHz, and f = 170:45 GHz.

GHz, GHz, and GHz.
The effective relative permittivity is negative in two frequency
regions, i.e., for (region 1) and (re-
gion 3) and is positive for (region 2) and
(region 4).

III. SEMICONDUCTOR MULTILAYER

WAVEGUIDE STRUCTURES

A. Design Constraints on a Multilayer Structure

In the fabrication of multilayer thin-film semiconductor struc-
tures, a lattice mismatch at the interface between differing ma-
terials causes stress that imposes constraints on the maximum
allowable thickness of each film before dislocation causes film
defects. Two important parameters in growing multilayer III–V
semiconductor structures are strain and critical thickness and the
relevant formulas are as follows [29], [30]:

strain (8)

critical thickness
strain

(9)

where and are the values of lattice constant of the
III–V semiconductors comprising the substrate and superstrate
layer, respectively. If , compressive (i.e., positive)
strain occurs and the crystal structure of the superstrate layer
compresses itself in order to match the size of the crystal struc-
ture of the substrate layer. In the reverse case, i.e., when

, a tensile (negative) strain occurs and the superstrate crystal
structure relaxes in order to match the substrate crystal structure
[31]. The critical thickness is the maximum permitted thickness
of the layer before the crystal structure starts to dislocate itself
in the system due to the strain (compressed or tensile). It is evi-
dent from (9) that the critical thickness is inversely proportional
to the strain and it is necessary to take this point into considera-
tion in the design of a multilayer waveguide. A general guide for
growing high-quality multilayer structures by molecular beam
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Fig. 2. Geometry of a two-film waveguide structure on a substrate.

epitaxy (MBE) is not to exceed a total structure thickness of
2–4 m with a growth rate of 1 m/h. These dimensions sug-
gest that semiconductor films could be used as magnetoplasmon
waveguides at millimetric wavelengths or bulk waveguides at
terahertz and FIR wavelengths. This paper considers the prop-
erties of magnetoplasmons in these films.

B. Two-Film Waveguide

The four-region waveguide structure shown in Fig. 2 has two
thin films. The structure consists of an S-I GaAs substrate, U/D
AlAs buffer layer, a gyroelectric n-type GaAs layer, and air
above. The buffer layer and the n-GaAs film have thicknesses

m and m, and relative dielectric con-
stants of and , respectively. The S-I GaAs
substrate has and the uppermost region is air with

. The static magnetic flux density is applied in the
-direction and propagation is in the -direction .

For guiding to occur, the fields are evanescent in the substrate
and air regions, with a transverse behavior described by
and , respectively, where and are both positive real.
Assuming TM modes ( , and ) and , the
magnetic field for each of the four regions can be written as
follows:

(10)

Phase-matching conditions yield

(11)

(12)

(13)

(14)

where is the free-space propagation constant, is
the guided-wave phase constant, and and are the permit-
tivity and permeability of a vacuum. The other field components

Fig. 3. Dispersion diagram of a two-film waveguide structure showing both
forward and reverse propagation. S-I substrate: " = 13:1. U/D buffer layer:
" = 10:1; h = 0:25 �m. n-GaAs: " = 13:1; h = 0:20 �m. Air: " = 1.
Applied magnetic flux density: B = 0:15 T.

( and ) for the TM modes are obtained from Maxwell’s
equations for the respective regions as follows:

for

for
(15)

for

for
(16)

The propagation constant is obtained from the solution
of the six homogeneous equations that result from solving the
boundary conditions by matching the tangential components of

and . In matrix notation, this leads to the following equa-
tion system:

where (17)

The homogeneous equation system has nontrivial solutions
only when its system determinant . A program written in
Mathematica 4.0 was used to obtain numerical solutions directly
by searching for zeros of the unexpanded determinant. Once the
propagation constant value is found, one of the coefficients

is set to one and the remaining coefficients are found
accordingly by solving the system.

Fig. 3 presents the dispersion diagram versus over a
frequency range of 0–200 GHz. It can be seen that the first
mode of the forward wave starts from (Fig. 1,
region 1), rises, and asymptotically approaches infinity at

GHz, i.e., below . The second mode of the
forward wave which is associated with frequency region
3 (Fig. 1), starts from GHz, again rises, and
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Fig. 4. H (x)[t = 0; z = 0] at f = 75 GHz in region 1. (a) � . (b) � .

asymptotically approaches infinity at GHz,
i.e., below . (It should be noted that, although it is not
clear due to the scale of the graph, the branch starts at
a point where . The wave at such a point has been
termed a “pseudosurface wave” [17] because the wave is not
evanescent in both external media. This point is discussed in
more detail in connection with the three-film structure later in
this paper.) For the reverse propagation, starts from origin,
rises, and asymptotically approaches infinity at frequency

GHz, i.e., below . A second reverse wave
does not exist below 200 GHz.

The transverse variation of for the first
forward and reverse waves at 75 GHz are shown in Fig. 4(a)
and (b). The thicknesses of the U/D AlAs and n-GaAs films,
i.e., m and m, are indicated by the
vertical dashed lines. It can be seen that the field peaks at
the n-GaAs/AlAs interface for both directions of propagation,
but with the reverse wave, there is greater penetration into
both the substrate and air regions. The field displacement
from one side of the n-GaAs film to the other sometimes seen
on reversal of the direction of propagation is suppressed by
the highly asymmetric dielectric loading on each side of the
n-GaAs film. For the second forward wave, over the range

(Fig. 3), the field distribution is similar to
that shown in Fig. 4(a).

C. Three-Film Waveguide Structure—Type I

The addition of a third film to the two-film structure enables
the effect of asymmetry in the dielectric constant of the
“cladding” external to the n-GaAs film to be studied. The
dispersion diagram of the three-film waveguides depends upon
the order in which the films are stacked, which is described
below. The first of the two proposed three-film structures is
shown in Fig. 5. It consists of an S-I GaAs substrate, U/D AlAs
buffer layer, U/D AlGaAs layer, and a gyroelectric n-GaAs
film with air above. The films have thicknesses m,

m, and m, respectively. The dielec-
tric constant of U/D AlGaAs is 11. The n-GaAs film
is uniformly magnetized in the -direction and the wave is
propagating in the -direction. The transverse variation in
the S-I GaAs substrate and air regions is given by and

Fig. 5. Geometry of a three-film waveguide structure-type I.

Fig. 6. Dispersion diagram of a three-film waveguide structure-type I showing
both forward and reverse propagation. S-I substrate: " = 13:1. U/D buffer
layer: h = 0:25 �m, " = 10:1. U/D AlGaAs film: h = 1:0 �m, " = 11.
n-GaAs film: h = 0:2 �m, " = 13:1. Air: " = 1. B = 0:15 T.

, respectively, and the transverse magnetic field can
be written as follows:

(18)
with

(19)

Solving the boundary conditions by matching the tangential
components of and yields eight homogeneous equations,
which can be represented by (17), where the coefficient is .
The dispersion diagram was obtained using the same procedure
as before and is shown in Fig. 6. It can be seen that it is very
similar to Fig. 3 for the two-film structure. It can be seen that
increasing the dielectric constant beneath the n-GaAs film from
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Fig. 7. Geometry of a three-film waveguide structure-type II.

10.1 (U/D AlAs) to 11.0 (U/D AlGaAs) has left the second for-
ward mode unaffected, but has slightly changed the first
forward mode . The asymptotic frequency is reduced
by 1.87 GHz and the isolation bandwidth has
increased from 27.79 to 29.63 GHz. The distribution of
on each branch of the dispersion diagram is similar to the be-
havior shown in Fig. 4(a) and (b), except it is more tightly bound
to the n-GaAs/AlGaAs (lower) interface. Graphs of the field dis-
tribution are omitted for brevity. Again, the field displacement
with the reversal of the direction of propagation does not occur.

D. Three-Film Waveguide Structure—Type II

The geometry of the type-II three-film waveguide structure
is shown in Fig. 7 and it is a rearrangement of the structure
shown in Fig. 5. It consists of an S-I GaAs substrate, U/D AlAs
buffer layer, a gyroelectric n-GaAs film, and an U/D AlGaAs
film with air above. The individual film thicknesses are the same
as before, i.e., m, m, and m.
As with the previous structures, is applied parallel to the
film surface and perpendicular to the direction of propagation
and the fields in the S-I GaAs substrate, and the air region are
described by and . The magnetic field for each
of the five regions can be written in a similar form to (18), but
with two layers interchanged.

The dispersion diagram can be obtained as before, using the
boundary conditions on and and using (17). The result
is shown in Fig. 8 and it has some significantly different fea-
tures from Figs. 3 and 6. There are two branches for the reverse
wave ( and ), whereas there was only one branch for
the reverse wave in Figs. 3 and 6. The splitting in the asymp-
totic frequencies for and GHz and

GHz is less than was seen in Figs. 3 and 6. The field
distribution for the first forward and reverse waves at 70 GHz
are shown in Fig. 9(a) and (b), respectively. For the first for-
ward wave , the magnetoplasmon is shown [see Fig. 9(a)]
to be concentrated primarily at the n-GaAs/AlAs (lower) in-
terface, whereas for the first reverse wave , it is shown
[see Fig. 9(b)] to be concentrated primarily at the n-GaAs/Al-
GaAs (upper) interface. Thus, nonreciprocal field displacement
occurs depending on the direction of propagation because the

Fig. 8. Dispersion diagram of a three-film waveguide structure-type
II showing both forward and reverse propagation. S-I GaAs substrate:
" = 13:1. U/D AlAs buffer layer: h = 0:25 �m, " = 10:1. n-GaAs film:
h = 0:2 �m, " = 13:1. U/D AlGaAs film: h = 1:0 �m, " = 11. Air:
" = 1. B = 0:15 T.

asymmetry in the adjacent dielectric loading is not too large
to prevent it. Unlike the first pair, the second pair of magne-
toplasmons , associated with region 2 in Fig. 8, ex-
hibit backward-wave behavior and their asymptotic frequencies

are very close together. The branches do not ter-
minate at , and the end point is shown on a very en-
larged scale in Fig. 10(b). Branch (not shown in Fig. 8) ter-
minates on the line of at 149.37 GHz. It can be seen from
(14) and Fig. 10(a) that this condition implies that , i.e.,
the field is no longer guided at the interface between the GaAs
substrate and U/D AlAs (the “pseudosurface waves” condition
[17]). Branches and terminate very close to at
149.07 GHz and, in this case, the field is no longer guided at the
interface between the n-GaAs and the U/D AlGaAs/air regions.
Near the center of the band, at 140 GHz, the field distributions
of and are as shown in Figs. 11(a) and (b) and
12(a) and (b) for the and branches, respectively. (Each
of the graphs is normalized for clarity.) The distribution of the
Poynting vector , computed from the un-
normalized data, is shown in Fig. 13(a) and (b), but is presented
here in normalized form. The backward-wave nature of these
magnetoplasmons can be confirmed by integrating the Poynting
vector over the range , i.e., the multilayer cross
section. The Poynting vector is oppositely directed inside and
outside the n-GaAs film, but it can be seen that the strong con-
centration of and within the n-GaAs film gives rise to the
backward-wave behavior. On , the power density is concen-
trated nearer the n-GaAs/AlGaAs (upper) interface and, on ,
the concentration is more towards the n-GaAs/AlAs (lower) in-
terface. As a result, as the frequency is decreased and ap-
proaches cutoff, the field concentration on both branches tends
more towards the lower n-GaAs interface.
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Fig. 9. H (x)[t = 0; z = 0] at f = 70 GHz in region 1. (a) � branch. (b) � branch. (Field components in normalized units.)

Fig. 10. Enlarged scale of the dispersion diagram (� � f). (a) � branch. (b) � branch.

Fig. 11. (a)H (x) and (b)E (x)[t = 0; z = 0] for � at f = 140GHz in region 2 showing the backward-wave behavior for forward mode. (Field components
in normalized units.)

E. Device Considerations
The dispersion diagrams suggest potential device applica-

tions for these thin-film structures. For example, in Fig. 3, it
can be seen that, over the range , only the
reverse mode exists and over the range , only
the forward mode exists. This behavior suggests the possibility

of using these two modes for the design of an isolator either
over the range – ( GHz) or over –
( GHz) provided that the attenuation constant for the
single mode of propagation in each case is low. A second
possibility for a device based on Fig. 3 is a nonreciprocal
phase shifter. For example, at 70 GHz, the differential phase
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Fig. 12. (a)H (x) and (b)E (x)[t = 0; z = 0] for � at f = 140 GHz in region 2 showing the backward-wave behavior for reverse mode. (Field components
in normalized units.)

Fig. 13. P = E �H at f = 140 GHz in region 2. (a) � . (b) � . (Power density in normalized units.)

shift – rad/m
rad m m. Similar comments regarding po-

tential isolators can be made about Fig. 6, but the nonreciprocity
between and is slightly larger ( – GHz)
because the asymmetry of the dielectric loading either side of
the n-GaAs film is larger. Consequently, at 70 GHz, the (type
I) three-film structure in Fig. 6 yields –

rad/m rad m m.
In Fig. 9(a) and (b), the nonreciprocal field displacement effect
suggests that the (type II) three-film structure in Fig. 7 might
be used for a resistive-film field displacement isolator of the
type that is familiar in ferrite-loaded waveguides. However, the
semiconductor film structure would offer significant minia-
turization. For example, the wavelength of magnetoplasmons
in each of these structures at 70 GHz is of the order of 1 m.
The statements above provide preliminary guidelines for
prospective devices, but the inclusion of losses due to collision
mechanisms in the n-GaAs film will require the guidelines to be
modified. The real and imaginary parts of are dependent on

and , as well as the collision frequency . With the values
of and used for the lossless calculations, and assuming

s , the two-film waveguide exhibits lowest
loss in the frequency range of 60–70 GHz and, in this range,
the magnitudes of and are reduced by approximately

50% and 30%, respectively, compared to their lossless values.
However, no attempt has been made to optimize the parameters
to minimize the loss, and more detailed calculations are in
progress.

IV. CONCLUSION

The nonreciprocal properties of a multilayer n-GaAs-film
waveguide on an S-I GaAs substrate with a transverse magnetic
field have been explored. The dispersion diagrams and field
distributions for three structures each with a total thickness
of less than 2 m have been computed and both forward and
backward waves have been found depending on the order in
which the films are stacked. Some possibilities for miniature
isolators and nonreciprocal phase shifters with lengths of the
order of micrometers have been briefly discussed.
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