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The main difference between (27) and (20) is the appearance of
the terms — (8(r — ') /k®)1 and (8(r — r')/k?)%% in them, respec-
tively. This indicates that if the current source is transverse in the
waveguide, we will not obtain any term like — (1/jwe)J (1) in the
computation of the E field, whereas the components — (1/jwe) -
[J(N% + J,(n¥] will show up in the computation of the E field
in the cavity. The aforementioned difference between the equations
results because we used the functional exp (—I'nm | 2 — 2’ |) for the
waveguide case. This function has special characteristics when one
computes its derivatives [(15) and (18)]. In other words, the in-
finite nature of the waveguide comes into the picture when one
computes G, for the waveguide.

IV. CONCLUSION

It is possible to construct the complete dyadic Green’s function
by employing the scalar eigenfunction of the Helmholtz equation.
Care must be exercised in defining the derivatives in the sense of
distribution and in using the correct completeness relation in order
to compute the correct dyadic Green’s function. This leads to the
computation of the E field in the entire structure as well. The
procedure discussed in this short paper may also be used to determine
the complete form of the dyadic Green’s function for nonrectangular
waveguides and cavities.
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Enhancement of Surface-Acoustic-Wave Piezoelectric
Coupling in Three-Layer Substrates

A. VENEMA awnp J. J. M. DEKKERS

Abstract—Numerical results with respect to the piezoelectric
coupling of a three-layer substrate (CdS-SiO,~Si) are presented.
{111) -cut Si is used, and the direction of propagation is [112],
the SiO, layer is amorphous and the CdS layer (hexagonal, 6 mm)
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has the ¢ axis normal to the substrate. The choice of these materials
is connected with the integration of acoustic surface-wave devices
on silicon. The interesting result is that, depending on the applied
transducer configuration for particular values of kh of the SiO; and
CdS layer, an increase in the piezoelectric coupling occurs. Its
maximum exceeds the value of the coupling in the two-layer sub-
strates: CdS-Si0, and CdS-Si, therefore more effectiv: interdigital
transducers can be designed for three-layer substrates.

The integration of frequency-selective acoustic surface-wave de-
vices on silicon (Si) substrates has interesting device asoects [1]. Of
particular interest are the structures which can be combined with p-n
eircuits and which can be realized by the application of silicon planar
technology to one monolithic device. Since silicon is nonpiezoelectric,
thin-film piezoelectric areas, including interdigital transducers,
are necessary to convert electrical signal energy inlo acoustical
energy. Cadmium sulfide (CdS) and zinc oxide (ZnO) are two ma~
terials commonly used in the construction of piezoelecsric films.

To be compatible with silicon planar technology, the piezoelectric
film must be separated from the silicon substrate by a (thermally
grown) silicon dioxide (SiO:) layer. This layer also provides an elec-
trical insulation between the silicon-substrate and the interdigital
transducer, in case the configurations 4 or B are used (Fig. 1). In
our calculations, however, the electrical conductivity of the silicon
is assumed to be zero. This then leads to a substrate consisting of
three layers, with 8i and SiO. as essential materials. The (111 )-cut
silicon wafer has a scribing flat in the (112 ) plane.

An important design parameter for surface-wave interdigital
transducers is the piezoelectric coupling coefficient K that is a measure
of electrical to acoustical energy conversion and vice versa. K has
been calculated from the relative change Av/v in the phase velocity
v, when an electrically perfect conducting plane is placed at the posi-
tion of the interdigital transducer [2]; K% = 2| Av/v | (approxi-
mately). The present calculations are an application of the theory of
elastic wave propagation in thin layers, as given by Farnell and
Adler [3], to a three-layer substrate CdS—8i0s—Si. Tlis is in con-
trast to Armstrong and Crampin [47, and Fahmy and Adler {57, who
used a matrix formulation to perform these calculations on multi-
layer substrates.

The following specifications and assumptions are made (Fig. 1).

The layers are considered to be free of any loss.

The CdS layer (hexagonal, 6mm) has the ¢ axis normal to the sub-
strate surface.

The amorphous SiO; layer is considered electrically and elastically
equivalent to fused quartz.

The Si substrate is (111) cut, coplanar with the X;-X; plane and
considered as a half-space.

The constants of the CdS and Si material were taken from Slobod-
nik and Conway [6] and those for used quartz were from Auld [7].

The mass loading due to the conducting planes is neglected.

The three-layer substrate is unbounded in the X:-27, plane.
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Fig. 1. Three-layer substrate with four possible transducer configura-

tions.
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The propagation direction Xi, for the surface wave, is collinear
with [112].

The surface waves are “straight-crested’’ waves, with wavenumber
k. For this propagation direction the surface wave is polarized in the
sagittal plane, i.e., components of the displacement and the electric
field in the X directions are zero.

Solie [8] found an enhancement in the piezoelectric coupling of
two-layer substrates, i.e.,, when a piezoelectric substrate was over-
laid by a nonpiezoelectric film, or a nonpiezoelectric substrate by a
piezoelectric film. An even greater enhancement is found in the three-
layer case considered here. The enhancement is defined relative to the
CdS-8i0; substrate, because its piezoelectric coupling is generally
higher than that in the CdS-Si case. The CdS-Si substrate is denoted
by khy = 0 and the CdS—Si0; substrate by kh = .

RESULTS

Configuration A (Fig. 2)

Curve kh; = 1: the maximum enhancement is 23 percent (khs =
1.33).

Curve khy = 0.5: the maximum enhancement is 20 percent (kh, =
1.33). .

Curve kh; = 0.25: the maximum enhancement is 10 percent (kh, =
1.66).

Configuration B (Fig. 3).

To avoid too weak signals Av/» must not be taken lower than,
e.g., 0.001.

First Peak

Curve kh; = 1: the enhancement increases from zero (khe = 0) to
a maximum value of about 8 percent (kh, = 0.42).

Curve khy = 0.5: the enhancement increases from 3 percent (kh; =
0.33), 25 percent (kh: = 0.5) to a maximum value of 38 percent
(khe = 0.66).

Curve kh: = 0.25: the enhancement increases from 14 percent
(khy = 0.5), 52 percent (khs = 0.66) to high values.

Curve kh; = 0.1: the enhancement is about .15. percent (kh, =
0.58). o

Second Peak

Curve khy = 1:the enhancement decreases from 86 percent (kh: =
1.33), 57 percent (kh: = 1.50), 24 percent (kh: = 2.00), 12 percent
(kha = 2.50) to zero. .
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Fig. 2. Av/v is given as a function of kh: with khi as a parameter.
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Fig. 3. Av/v is given as a function of kk; with kh: as a parameter.
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Fig. 5. Av/vis given as a function of kh, with kh: as a parameter.

Curve kh; = 0.5: the enhancement decreases from more than 100
percent (khe = 1.33), 72 percent (kh: = 1.50), 28 percent (kh; =
2.00), 11 percent (kh, = 2.50) to zero.

Curve khy = 0.25: the enhancement decreases from 92 percent
(khe = 1.33), 67 percent (kh, = 1.50), 24 percent (kh: = 2.00),
5 percent (kh: = 2.50) to zero, '

Curve khy = 0.1:the enbancement decreases from 70 percent
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(khe = 1.33), 54 percent (kh: = 1.50), 14 percent (kh: = 2.00) to
zero.

Configuration C' (Fig. 4)
For this configuration no enhancement is found.
Configuration D (Fig. 5)

Curve khy = 0.5: a small enhancement of about 2 percent is pres-
ent in the range kh, = 0.38 to 0.5.
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Microwave Propagation in Rectangular Waveguide
Containing a Semiconductor Subject to a
Transverse Magnetic Field

J. B. NESS anp M. W. GUNN

Abstract—The propagation constant of waveguide partially loaded
with a semiconductor in the H plane is evaluated using a three-mode
approximation analysis. As the waveguide is progressively filled,
a large peak occurs in the attenuation coefficient due to higher order
mode propagation. In the presence of a transverse magnetic field,
propagation becomes nonreciprocal and this nonreciprocal effect
is shown to be significantly increased in the region of the peak.
The theoretical resulfs are verified using n-type germanium samples
in 26.5-40-GHz waveguide.

INTRODUCTION

The propagation characteristics of rectangular waveguide loaded
with dielectric or semiconductor slabs have been investigated by
many researchers [11-[4], and these characteristics have been used
to measure material properties or as a basis for construction of
microwave devices. Semiconductor loading presents a more difficult
problem for analysis than lossless dielectrie, and if the semiconduetor
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material is anisotropic, as occurs in the presence of a magnetic field,
the problem is further complicated.

Waveguide partially loaded with a semiconductor subject to a
transverse magnetic field may exhibit nonreciprocal propagation,
and the possibility exists of constructing isolators, circulators, vari-
able attenuators, eie., using semiconductor-loaded waveguide. Such
nonreciprocal propagation has been studied experimentally [57, [67,
and approximate theoretical analyses for both reciprocal and non-
reciprocal propagation have been given by several authors [7]-[9].
Experimental devices such as isolators and power dividers have also
been constructed [5], [10].

An approximation technique due to Schelkunoff [11] was used by
Arnold and Rosenbsum [127] to analyze the partially loaded wave-
guide shown in Fig. 1. An approximate solution for the propagation
constant was obtained using a two-mode (TEy, and T'My:) analysis,
and was shown to give reasonable agreement with experimental
results.

In this short paper, a three-mode (TEi, TEn, TMu) analysis is
used, and although the mathematics becomes more complex, an
improvement in accuracy is evident and certain aspects of the
propagation constant are illustrated more clearly.

THEORY

For a semiconductor subject to a transverse magnetic field, as
shown in Fig. 1, the permittivity becomes a tensor giver. by [7], [127].
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where

R, Hall coeflicient;

o dc conductivity;

B, magnetic-field strength;
e relative permittivity.

The simplifying assumptions that only one type of carrier is
present and that the signal frequency « is much less than the scatter-
ing frequency so that o is essentially constant, arc used in the
preceding equations. Thus the semiconductor parameters and the
magnetic field enter the problem through the tensor permittivity.

For the two-mode approximation, the method of obtaining the
propagation constant is given by Arnold and Rosenbaum [127] and
the three-mode analysis is similar except that a six‘h-order poly-
nomial in v, the propagation coefficient, is obtained, ie.,

¥+ Ayt 4 Aoyt + Ayt + Aoy + Ay + 40 =0 (1)

where all 4, are in general complex. The analytical forms of the
coefficients Ao, -+ +,45 are given in the Appendix.
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Fig, 1. Partially filled rectangular guide.



