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Discontinuities in Finlines on
Semiconductor Substrate

.
KERSTIN UHDE

Abstract —Using the singular integraf equation (SIE) technique, two

finline structures on an instdator-semiconductor substrate are analyzed.
The complex propagation constants of the dominant and the first three

higher order modes are presented depending on the conductivity of the
semiconductor layer. Then, diseontinuities in both slot width and snbstrate
complex dielectric constant are investigated theoretically. The reflection
and the transmission coefficients of the dominant mode are calculated
showing that a step in the permittivity can almost be compensated for by a
step in the slot width.

I. INTRODUCTION

w ITH THE INCREASING use of the rnillimeter-

wave band and the rapid development of mono-

lithic integrated circuits, there has been a growing interest

in the properties of microwave devices on semiconductor

substrates. A semiconductor dielectric waveguide has been

investigated which is used to realize an optically controlled

phase shifter [1]–[3]. The performance of optoelectronic

microstrip switches has been studied [4]–[6] and microstrip

lines on semiconductor substrates have been analyzed

[7]-[9].
Another important structure in the millimeter-wave band

is the unilateral finline. Using a finline on an insulator–

semiconductor substrate with the fins located at the air–

insulator interface, slow-wave modes can be obtained [10];

which may be utilized to build delay lines or phase shifters.

Taking a slot pattern on a semiconductor substrate, an

optoelectronic switch or phase shifter can be realized if the

slot region is illuminated by a laser beam. Due to the high

field concentration in the slot, this structure seems to be

superior to others using alternative transmission media

[1]-[3].

Referring’ to the conductivity of the semiconductor

material, an attenuation of the dominant mode has to be

expected. Therefore, we propose a structure with a thin

semiconductor layer on a lossless dielectric substrate to

realize an optoelectronic finline switch. Illumination of the

semiconductor layer increases its conductivity and the

desired attenuation of the dominant mode can be ob-

tained. In the other case without illumination, small inser-

tion loss can be achieved. Still, the active section should be

as short as possible. To prove the distortion caused by this

step in the substrate dielectric constants, such a discon-
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Fig. 1. Finline on a double-layer substrate with the fins located be-

tween the two layers. al + az = 7.112 mm, and al = 2b = 3.556 mm.

Fig. 2 Finline on a double-layer substrate with the fins located at one

side of the substrate. al + az = 7.112 mm, al + dz = 2b = 3.556 mm.

tinuit,y has to be analyzed. In this paper, discontinuities in

both slot width and substrate dielectric constant are in-

vestigated.
Dispersionin finlines is usually studied using the spec-

tral-domain technique [11]–[13]. Recently, it has been

shown that the singular integral equation (SIE) technique

is nu~merically more efficient if, in addition, higher order

modes have to be determined [14], [15]. Matching the

transverse electromagnetic fields in the plane of a dis-

continuity may require as many as ten eigenmodes; hence,

we have chosen the SIE technique for their calculation.

Step discontinuities in the slot width of a finline have

already been analyzed (see, e.g., [16] –[18]). Using a scatter-

ing matrix representation, we have adopted the procedure

outlined in [17] and generalized it to include the double
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Fig. 3. Step discontinuity in the slot width.
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Fig. 4. Abrupt change in the dielectric constants,

discontinuity for a finline on a layered semiconductor

substrate.
Two different cross sections have been investigated: a

sandwich structure (Fig. 1), where the metal fins are located

between two layers, and a structure with the fins located at

one side of a double-layer substrate (Fig. 2). The complex

propagation constants y of both structures have been

calculated and the influence of some design parameters

such as thickness and conductivity of the semiconductor

layer on y has been studied.

The discontinuities to be dealt with are shown in Fig. 3

for an abrupt change in the slot width and in Fig. 4, where

the complex dielectric constants are assumed to change

abruptly in a certain transverse plane, e.g., the latter may

be the intersection between a finline on a double-layer and

a finline on a single-layer substrate. Treating both together

demonstrates that a destructive interference of both partial

reflections is possible and a broad-band input matching

can thus be obtained.

II. ANALYSIS OF FINLINES ON AN

INSULATOR–SEMICONDUCTOR SUBSTRATE

The finline structures to be analyzed consist of four

different regions. Regions 1 and 2 are characterized by

their complex permittivities c~. with

u,
C*=C —j”_,

rz ri fori=l,2
tic~

where ~r, signifies the dielectric constant and u, the con-

ductivity of the region (i= 1, 2). Regions 3 and 4 are

air-filled with

63=1, fori= 3,4.

The metal fins are assumed to be infinitesimally thin

and perfectly conducting. Moreover, it is assumed that all

field components have the time and z-dependence exp (j~t

– yz ), where y means the complex propagation constant

y=a+j~.

The hybrid field is constructed by superposing an LSE

(superscript “h”) with an LSM (superscript “e”) term [14],

which are each described by four scalar potentials (~:’ h)

satisfying the Helmholtz equation in their respective re-

gions

Taking the perfect conducting walls at x = – al, a2 and

y = O, 2b into account, formulations for the scalar poten-

tials are set up. Applying the interface conditions leads to

expressions for the Fourier series expansion coefficients F.e

and F.h of the LSM and LSE Green’s functions, respec-

tively.

The tangential electric-field components E:, E; in the

slot region and the surface current density components

J=’, JYhon the fins are written as

By superposing the LSM with the LSE part,

tial electric field Eta in the slot region and

current density J, on the fins are determined

the tangen-

the surface

eY and e= mean the unit vectors in the y- and z-direction,

respectively.

Next, two cosine-series ~1( y) and ~2( y) are constructed

in terms of Eta

Then, two sine-series gl( y) and g2( y) are defined.

gl(Y) consists of two parts with one part jq( y) depending
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on the surface current density J~ and the other containing Of the incident (a@J,a(2J) and scattered (b(l), b(2)) modes

the expansion coefficients Ail). gz( y ) is equally defined

using ~~(y) and the expansion coefficients A~2) E);) = ~ [a$’)e-yal(’-’o) + b:OeYar(.-%)]e\@

()
gl(Y) = S -4~)sin ~

i-l

-f,(Y)
~=1 Hj:) = ~ [a,(l)e-~~(’-zo) – b,(l)eya,(’-zo)]~:a)

()g2(Y) =5 ~\2)sin ~ -f,(Y).
~=1

The sine-series f3( y) and f4( y) are constructed in a way

that their expansion coefficients A:) and A~4) approach

xt(l) and A ~2),respectively,n

i=l

~ [~~)e-yh(z-z.)+ ~f)eyb,(z-zO)]e}b)E;’) = M

j=~

lim (A~l)–A~))=O
j-l

n~m YaI and yb. represent the propagation constants, and ef~’)

lim (~j2) – ~~4)) =() and h j,? b~ the electric- and magnetic-field vectors of ‘the

n~co ith and jth normal modes, respectively. Then, Et, and HI,

with are matched in the plane of the discontinuity

[ ( )1/al’

= y(K=– Kh)J, +Kh 2
dy

(KeKh).

K= and Kh are given by

K’

‘m ‘:= (mr/b)n+cc

lim F: =Kh(nm/b).
n+cc

Thus, gl( y) and g2(y) have asymptotically vanishing

coefficients and they may be truncated after the Nth term.

The tangential electric field Eta exists only in the slot

region while the surface current density J, is unequal to

zero on the fins. The Fourier series expansion coefficients
A(l) and A~2) are determined in terms of integrals of fl( y)

a~d ~2( y ), respectively. Using these relations leads to two
integral equations between fl( y), f2(y) and gl(y), gz(y).

The integral equations are of standard singular type and

their solutions are well known (see, e.g., [19]). Thus, fl( y)

and f2( y ) are described by finite sums with n < N terms.

Substituting them in the integrals which determine their

coefficients results in a finite, homogeneous system of

linear equations with analytically known coefficients from

which the complex propagation constant and the field

expansion coefficients can be calculated [15].

III. SCATTERING MATRIX REPRESENTATION OF

DISCONTINUITIES IN FINLINES

To analyze a discontinuity in the slot width w and in the

complex permittivit y, the transverse electric- and mag-

netic-field components E}ra’ b, and Ht~’ b, of the wave-

guides (a, b) are written in terms of the amplitude vectors

J(
(s,)

e:’) XH$)) ds’=~ (e~’)XH~b))ds.
(s~)

Using the following orthogonality relations between the

normal modes of an uniform lossyly filled waveguide [20]:

J( )e~b) X h~) ds = Qmt$mn
(s,)

and with the definition

relations between the above-mentioned amplitude vectors

are obtained. S= and S5 are the cross sections of the

waveguides (a, b) and 8.~ is the Kronecker delta. To

calculate P., Qm, and A~~, four terms referring to the

different regions (i= 1,... ,4) have to be taken into

account, e.g.,

This leads to a system of N + M linear equations in the

amplitude vectors

Pi(afl)+b$l))= f tii~(b~)+a~)), i=l, . . ..N
,=1

~ ?,)(a?) -b?) ‘Qj(~~)-a~)),
j=l, . . ..~.

i=l

These equations can be arranged so that the discontinu-

ity is described in a scattering matrix representation [17]

[21=[221[$1
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Fig. 5. a and ~ of the dominant mode versus conductivity Oz, using the
structure shown m Fig. 1. Identical quantities for Figs. 5, 6, 8, and 9.
j’= 33 GHz, w = 0.2 mm, dl = 0.3 mm, C,I = 4.0, Crz =12.0, and 01= O.

The submatrices [Sll], [Slz], [S~l], and [Szz] have been

calculated according to [17]. In the following section, re-

sults will be given for both the reflection and the transmis-

sion coefficients of the dominant mode.

IV. NUMERICAL RESULTS

A. Calculation of the Propagation Constant

First, the propagation constants of a firdine on an

insulator semiconductor substrate have to be determined.

It is assumed that the substrate consists of a Iossless silicon

oxide layer ( ~,1 = 4.0,01 = O) and a conducting silicon layer

(c,z = 12.0, Oz). Thereby, two configurations are possible:
one with the fins between the two layers (Fig. 1) and the

other with the fins located at one side of the double-layer

substrate (Fig. 2). The dimensions of the shielding walls

have been chosen according to a WR-28 waveguide which

is used for 26.5 –40 GHz operation. A finline on a thin

substrate is difficult to handle. Therefore, we have as-

sumed a thickness of the silicon–oxide layer of 0.3 mm. At

a fixed frequency (f = 33 GHz), the propagation constants

of both structures have been calculated for different thick-

nesses of the silicon layer depending on the conductivity

Oz. A very similar behavior is observed. Figs. 5 and 6 show

the real part a and the imaginary part ~ of the complex

propagation constant y of the dominant mode. The at-

tenuation coefficient a increases with conductivity. This

T1001d2 = 0.1

d2 = 0.02
Y
<

d2 = 0.001

L! &

t

,o-~’0-2
-3 -2 -1 0 1 2 3 4

20

2
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Log102 fhnl --+

Fig. 6. a and ~ of the dominant mode versus Uz (structure of Fig. 2).

can be explained by the high field concentration in the

slot. A conductivity of the layer next to the fins must have

a considerable influence. In comparison to the reactive

attenuation that occurs below cutoff, this attenuation is

dissipative. The phase coefficient ~ changes slightly for

small values of conductivity y. Since the structure shown in

Fig. 1 has a dielectric layer on both sides of the fins, a

larger value of ~ is obtained. In the range of high conduc-

tivities, /? increases strongly, i.e., the wave is slowed down.

Then, the field is concentrated in the conducting silicon

layer and the attenuation and phase coefficients of both

structures have almost the same values. Increasing the

thickness of the silicon layer, a and ~ are enlarged. The

increase of ~ is due to the high value of the relative

dielectric constant ~,z of silicon, which may lower the

cutoff frequency of the next higher order modes. This

reduces the usable bandwidth.

Interchanging the sequence of the layers in the structure

shown in Fig. 2 leads to a finline with the fins located at

the silicon oxide–air interface. This structure has quite

different properties. In Fig. 7, a and ~ of the dominant

mode are given versus conductivity UI of silicon for differ-’

ent thicknesses of the silicon layer; a and ~ increase versus

Ul, reach a maximum value, and decrease again, which

means that the slow-wave effect exists in a narrow range of

conductivities. Then, the field maximum is shifted to the

silicon layer. Thus, the attenuation and phase coefficients

are enlarged and the maximum values of both occur at the
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Fig. 7. a and ~ of the dominant mode versus 01 (structure of Fig. 2).

~ =33 GHz, w = 0.2 mm, d2 = 0.3 mm, c,, =12.0, 6,2= 4.0, and 02= O.

same conductivity y. Using a thicker silicon layer, the slow-

wave effect appears at smaller conductivities. As Ul tends

to infinity, dl has no influence any &ore, and the three

curves of the imaginary part in Fig. 7 have the same

asymptotic limit. Such a structure may be used to build

phase shifters or delay lines, but it is not suited to realize

an optoelectronic finline switch, for the maximum attenua-

tion is about 2 dB/mm.

Only the finline structures in Figs. 5 and 6 will be

treated in the following discussion. Taking a conductivity

into account, the propagation constants of the higher order

modes are also complex. In Figs. 8 and 9, a and ~ of the

first three higher order modes are shown versus the con-

ductivity Oz of the silicon layer. In contrast to the propa-

gation constant of the dominant mode, the real part a is

slightly affected by the conductivity while the imaginary

part ~ increases versus crz. The imaginary part @ of the

second higher order mode (2. HM) is larger than the

imaginary parts of the first and third higher order mode.

This is caused by a maximum of the electric field of the 2.

HM near the conducting layer.

B. Computed Scattering Parameters

To investigate discontinuities in the slot width and in

the substrate dielectric constants, the magnitudes of the

reflection and the transmission coefficients (I Sll I and ISzll)

and their phases (-zSII and < Szl) have been calculated.
The sandwich structure (see Figs. 1 and 5) is analvzed in

, 1~
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F-

.2 -1 5 -1 -, 5 0
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Fig. 8. a and /3 of the first three higher order modes versus Uz
(structure of Fig. 1). dz = 0.001 mm.
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Fig. 11. Phases of S1~ and .& versus WI using the same quantities as in Fig. 10. ~ = 26 GHz ----, ~ = 33 GHz —, and
f=40GHz-. _._.

Figs. 10–14. The computed values of Sll and S21 of the

structure shown in Figs. 2 and 6 are given in Figs. 15 –17.

First, a step discontinuity in the slot width has been

studied. The substrate ‘is assumed to consist of a lossless

and a conducting layer. In Fig. 10, ISll I and IS21I are
presented versus slot width WI of waveguide “a” at three

frequency points. ISIII tends to larger values versus w ~

while &l is decreased. This is quite similar @ the behav-

ior of step discontinuities in finlines on a lossless single-

layer substrate. Increasing the step in the slot width causes

a stronger reflection. At small values of w ~, almost no

frequency dependence can be observed. At larger values of

w ~, a small influence of the frequency is obtained: ISll I is

enlarged versus the frequency. The phases of Sll and Szl

are given in Fig. 11. The phtise of S21 is slightly influenced

versus w ~ while the phase of % turns from ~ to 180°.

This is due to the negative value of the real part of S1l.

The frequency dependence of both is small. Calculating

the reflection and the transmission coefficients of the

structure in Fig. 2 leads to almost the same results.
The intersection between a finline on a double-layer

silicon–silicon-oxide substrate and one on a lossless sili-

con–oxide substrate has been investigated. The abrupt

change in the complex permittivities causes a reflection of

the dominant mode. Fig. 12 shows Sll and Sal versus

conductivity y Uia) of Wmwide” a” for two different thick-

nesses of the silicon layer. In the considered range of

{a) has almost no influence on the reflec-conductivities, 02
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Fig. 13. ISII I and IS21[ versus slot width WI (structure of Fig. 1). ~== 33 GHz,
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d2=0.001 mm----, and dz=O.1 mm—.

tion and the transmission coefficients. The reflection is

caused mainly by the change in the relative dielectric

constants. Increasing the thickness of the silicon layer

leads to a stronger reflection, for the distortion of the field

is enlarged. The phases of Sll and S21 are slightly changed

by a step in the dielectric constants. Values of about zero

degree have been computed, i.e., the real parts of Sll and

S21 are positive. Fig. 15 presents the reflection and trans-
(a)mission coefficients of the structure in Fig. 2 versus UZ .

Comparing it with Fig. 12, a similar behavior can be seen;

however, a smaller value of ISIII is obtained referring to

the smaller phase coefficient of this structure (see Figs. 5

and 6).

Finally, both discontinuities are treated together. At
fixed conductivity IJja), the influence of the slot width ~1

on ISll I and IS21I has been analyzed. As can be seen in

Figs. 13 and 16, a minimum of ISlll is obtained. At small

values of wl, the reflection due to the step in the SUbStrate

dielectric constants dominates and the real part of Sll is
positive. Increasing Wl, the real part of & decreases>

passes through zero and tends to large negative values, i.e.,

both lpartial reflections interfere destructively at the

minimum. In Figs. 14 and 17, the phases of Xl and”& are

presented versus w,. The phase of S,l turns from O to
180°, which is caused by the change of sign of the real part

of Sll. The phase of Szl is slightly affected. Using a thin

silicon layer lowers the slot width w ~ at which the mini-

mum appears (see Fig. 13). The frequency dependence of

the matching procedure can be studied in Figs. 16 and 17.
Only small change in Sll and Szl is observed. Therefore, a
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reflection occurring at the intersection between two re- [10]

gions with different material constants can be com-

pensated for by a proper step in the slot width. As shown ~111

in Figs. 16 and 17 moreover, a broad-band input matching

can thus be achieved.

Applying this to the design of an optoelectronic finline
[12]

switch with a finite semiconductor section, the design

parameters as thickness of both layers and intrinsic con- 1131

ductivity of the semiconductor layer have to be chosen.

The reflection caused by the step in the dielectric constants [141

and the slot width of the matching point have to be

calculated. Thus, the input reflection can lre mifiimized.

On the other hand, a strong attenuation of the dominant [151

mode is obtained by increasing the conductivity of the

silicon layer e.g., by illuminating it with a laser beam.
[161

Therefore, a good performance of such a finline switch can

be expected. r. “,
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