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Slow-Wave Coplanar
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Abstract —A hybrid-mode analysis is presented to characterize
the propagation properties of uniplanar slow-wave MIS copla-
nar transmission lines. The effect of homogeneous versus gradu-
ally inhomogeneous doping prefile is investigated as well as the
influence of the metal conductor losses and finite metallization
thickness on the slow-wave factor and the overall losses. Numer-
ical results indicate that thick-film MIS CPW’s can support a
slow-wave mode with moderate loss up to 40 GHz when the line
dimensions are kept in the micrometer range. Furthermore, it is
found that an inhomogeneous doping profile can reduce the
overall losses and that the effect of metal conductor losses in
heavily doped MIS structures is only marginal. On the other
hand, in weakly doped or insulating GaAs material a lossy metal
conductor leads to a higher propagation constant exhibiting a
negative slope with increasing frequency. The numerical simula-
tion is carried out by using the spectral-domain approach for
lines with homogeneously doped semiconductor and the method
of lines for the ones with inhomogeneously doped semiconduc-
tor, respectively. A self-consistent approach is used to represent
lossy metal conductor planes.

1. INTRODUCTION

NILATERAL coplanar transmission lines are of

growing interest for the design of monolithic mi-
crowave integrated circuits. In particular coplanar
metal-insulator—semiconductor (MIS CPW) structures,
which may support low-loss slow-wave propagation, have
potential application in pulse delay circuits for phased
arrays, in electronically controlled phase shifters and fil-
ters, and in reducing cross-coupling in high-speed digital
integrated circuits, to name a few examples. Slow-wave
propagation along coplanar MIS structures has been stud-
ied theoretically and experimentally by a number of au-
thors [1]-[12].

The basic structure which supports a slow-wave mode is
shown in Fig. 1 and consists of a multilayer coplanar
transmission line on a thin semiconductor substrate which
is homogeneously doped and is separated from the copla-
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nar conductor plane by a low-loss or lossless insulating
layer of silicon dioxide. The presence of a back metalliza-
tion may or may not be considered. In any case, its
influence on the propagation of a slow wave is negligible.
The existence of a slow-wave mode in such a structure
can be explained in the following way: The low-imped-
ance semiconductor is virtually invisible to the magnetic
field while the electric field is highly concentrated be-
tween the semiconductor and the center strip of the
coplanar transmission line. This field distribution corre-
sponds to a separate storage of clectric and magnetic
energy in space, which is the well-known condition for a
low-loss slow-wave mode to propagate. The field concen-
tration for this case is illustrated in Fig. 2, which shows
the normalized power density distribution over the cross
section of a thin-film MIS CPW deposited on a GaAs
substrate. The power distribution is calculated using a
spectral-domain approach [16]. As shown in Fig. 2(a), a
large portion of the power density is located at and near
the edge of the slot area at 0.1 GHz. While the power
density at this location at interfaces 2 and 3 (see Fig. 1) is
approximately the same, the power density in interface
plane 1 is significantly smaller. The slow-wave mode dis-
appears when the power density in interface 3 becomes
significantly larger than that in interfaces 1 and 2. This is
the case at 10 GHz and is illustrated in Fig. 2(b). At this
frequency the power densities in interfaces 1 and 2 are
almost identical while the power density in interface 3 is
significantly higher. This means that the transmitted power
is mainly concentrated in the semiconductor—insulator
interface, which explains why the slow-wave mode is re-
duced from Ay /A, =24.3 (« =023 dB/mm) at 0.1 GHz
to Ay /A, =2.9 (a=553 dB/mm) at 10 GHz. The latter
value corresponds to a lossy dielectric mode.

For thin-film MIS transmission lines slow-wave propa-
gation occurs mainly in the frequency range up to 1 GHz.
Typical data are 0.2 dB/mm losses at 0.5 GHz and a
slow-wave factor of 40 while losses increase at 4 GHz up
to 10 dB/mm combined with a reduced slow-wave factor
of 10 (for GaAs material). Extrapolating these results
toward higher frequencies leads to the obvious conclusion
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Fig. 1. Cross section of the thin- and thick-film MIS CPW structure

with homogeneously and inhomogeneously doped semiconductor de-
posited on RT /Duroid or semi-insulating GaAs substrate (¢, = 10 mm).

that those structures are not suitable for application at
frequencies higher than 5 GHz.

To achieve low-loss slow-wave propagation also at
higher frequencies, Kwon, Hietala, and Champlin [13],
[14] proposed another version of the CPW structure, the
so-called micrometer-size coplanar MIS transmission line,
which is fabricated on a heavily doped thick N silicon
surface where a thin layer of SiO, is grown as insulator.
In that paper some theoretical results based on a quasi-
TEM approach together with experimental data up to 12
GHz were presented. Since the quasi-TEM approach
becomes somewhat questionable at frequencies higher
than 10 GHz, in the present paper a spectral-domain
analvsis was applied to determine the upper frequency
limit of those structures. As a result of our analysis it was
found that slow-wave mode propagation can theoretically
be extended up to 40 GHz. Although fine line dimensions
are necessary to realize this performance, which may lead
to high fabrication cost, it is expected that with advanced
process technology this structure may become of interest
in the future. Therefore, in Section II of this paper design
data will be given together with a more detailed discus-
sion of the propagation characteristics in micrometer-size
MIS CPW’s.

1349

P
®\I/®
0,75
0,50
0,25 :
!
|
0,00 /‘J ]
(@ W h/2
P
1.00
0.75
0.50
0.25
0.00

()

Fig. 2. Normalized power density at the three interfaces for a thin-film
MIS CPW, as shown in Fig. 1, grown on GaAs substrate (e,=8.5,
e, =¢€,=13.1,¢,=03 pm, t, =0.7 um, t.=360 um, t,=0.0, w=410
wm, b =280 um, o =12.8 (& -mm) !, ~———: magnetic wall). (a) Real
part at 0.1 GHz. (b) Real part at 10 GHz.

An alternative approach for overcoming the problem of
small line dimensions has been proposed by Wu [15]. In
this solution the high doping region of the semiconductor
in the MIS monolithic structure is limited to the region
just below the center conductor instead of over the full
cross section, as in [13] and [14]. For optimum results it
was suggested to use a gradually inhomogeneous
(Gaussian-like) doping profile which reaches a maximum
level just below the center conductor (Fig. 1, in the case
of k,# 0). Based on the theoretical analysis it was found
that this solution is potentially suitable for reducing the
losses of the slow-wave mode, which to a large extent is
due to the electric field emerging from the strip area and
its tangential component along the semiconductor inter-
face. While the task in the homogeneously doped micro-
size MIS CPW was to reduce this component by virtue of
a reduced slot width, the inhomogeneous doping profile
reduces only the effective lossy interface area by reducing
the lateral expansion of the doped semiconductor.” In
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other words, the semiconductor—insulator interface under
the strip changes very rapidly to an insulator—insulator
interface with progressing distance from the strip area;
hence the tangential component of the emerging electric
field has less influence on the circuit losses. Therefore,
the slot width need not be reduced to microsize dimen-
sions.

Section III of this paper outlines the numerical proce-
dure to analyze the propagation characteristics of the
gradually inhomogeneously doped MIS CPW. Since the
spectral-domain approach is not suitable for this task, the
method of lines (MOL) has been adopted. It has been
recognized very recently [22]-[26] that the effect of metal
conductor loss may play a significant role for pulse propa-
gation at lower frequencies; therefore this effect has been
included in the analysis. This is particularly important
when micrometer-size line dimensions are used which arc
of the order of the skin depth.

In Section IV numerical results based on the MOL are
presented. Different doping profiles will be investigated
to determine their effect on the slow-wave factor and
semiconductor losses. Finally, we make use of results
obtained by a self-consistent MOL to demonstrate the
influence of the metal losses on the slow-wave factor and
overall losses.

II. DEsiGN AspECTS OF MICROMETER-SIZE,
HomoceNeousLy DorEp MIS CPW

Homogeneously doped MIS CPW’s have been studied
extensively at frequencies below 10 GHz. Therefore, the
first part of the following analysis, which is based on a
spectral-domain approach assuming lossless metal con-
ductor and no metallization thickness, focuses on a wider
frequency range up to 40 GHz. Only structures which are
deposited on SiO, /Si thick-film heavily doped micro-
dimensional MIS CPW are considered. This is for the
following two reasons: First, it was found that this struc-
ture can support a slow-wave mode at moderate loss up to
the millimeter-wave region; second, so far only little de-
sign information has been published for this version of
the MIS CPW. The numerical procedure leading to the
spectral-domain algorithm for this structure was pub-
lished in [16] and is therefore omitted here for brevity.

The geometry of the central conductor, slots, and insu-
lator layer in a micro-size MIS line are very small (several
pm). While in a conventional thin-film MIS CPW the
ratio between semiconductor layer and insulator thick-
nesses is typically in the range of 2:1 to 100:1, the
micro-size MIS CPW is grown on a thick semiconductor
and the insulator thickness ranges between 0.1 wm and
0.53 um (ratio more than 1000:1). At the same time the
strip width ranges from 5 to 10 um, which is significantly
smaller than in a conventional thin-film MIS CPW.

A. Frequency Characteristics

It was found in [13] that by optimizing the line dimen-
sions and the doping level a moderate low-loss slow-wave
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mode can exist at frequencies higher than 5 GHz showing
very little dispersion (quasi-TEM propagation). To predict
the line parameters, a TEM model was developed in [14]
which agrees well with measurements up to 10 GHz. For
higher frequencies, however, the fluctuation of measured
data around the predicted values increased significantly,
which is an indication that this model is no longer valid.
Therefore, we make use of the full-wave analysis [16] to
determine the upper frequency limits of the micro-size
MIS CPW. Fig. 3 illustrates the slow-wave propagation in
a micro-size thick-film MIS CPW for different slot and
strip widths. In comparison with the conventional thin-film
MIS CPW, it is obvious from the figures that relatively
low-loss slow-wave propagation can be expected up to 40
GHz when the slot and line widths are chosen very small
(w =100 um, & =0.5 um, parts (a) and (b) of Fig. 3). For
these dimensions the slow-wave factor remains above a
moderate value of 15 with virtually no dispersion. The
same observation can be made for the real part of the
characteristic impedance, which shows only slight varia-
tions over the frequency but changes from Z, = 0.3 Q for
a strip width of #=50 um to Z, =18 Q for A =0.5 pm.
This effect is even more pronounced when the slot width
decreases from w =100 um, in parts (a) and (b) of Fig. 3
to w =50 um, in parts (c) and (d). In the latter case losses
of 5 dB/mm can be observed at 30 GHz together with a
slow-wave factor of A,/A,=13. The real part of the
characteristic impedance varies now from Z.= 0.6 Q for
h=50 um to Z, =108 Q for h=0.5 pm. At the same
time the imaginary part of Z; can change from Z, =0 to
10 Q. This behavior clearly indicates that in contrast to
conventional thin-film structures the influence of the fre-
quency on the field distribution in micro-size heavily
doped MIS CPW'’s is significantly reduced. This is be-
cause the center conductor dimensions are considerably
smaller than the guided wavelength in the frequency
range up to 40 GHz. Therefore the electric field is mainly
confined to the insulating layer below the center conduc-
tor (Fig. 1) and the distribution of the E field is similar to
the quasi-static case. The magnetic field is to a good
approximation the same as that of the CPW without a
semiconductor. This also explains why the slow-wave ef-
fect appears virtually free of dispersion. Furthermore, the
line loss, which is due to the skin effect (Ww,u,—a ) and
the relaxation time (2we /o), is considerably reduced
since the active surface in contact with the heavily doped
semiconductor has the same size as the center conductor
itself.

B. Influence of Line Parameters

As illustrated in [15], widening the strip leads to a
higher slow-wave factor but at the same time the losses
increase too. On the other hand, the complex characteris-
tic impedance can be sensitively controlled by the slot
width only as long as the center strip remains in the
micro-size range, in general below 10 um. To gain a
better understanding of how the slow-wave characteristic
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Fig. 3. Slow-wave factor, loss, and impedance characteristics as a function of frequency in a thick-film SiO, /Si MIS CPW
deposited on RT /Duroid substrate (z, = 0.1 pm, £, =150 pm, t, = 660 um, t,=0.0, e, = 2.22, o = 3.7037 (4 *mm)~1).

depends on the geometry of a thick-film MIS CPW, the
following investigation concentrates on the effect of the
insulator thickness and the doping level of the semicon-
ductor bulk because of their key influence on the slow-
wave mode.

Fig. 4 illustrates the typical behavior of the propagation
constant and complex impedance versus the insulator
thickness, ¢,. It can be seen that the losses decrease
drastically when the insulator thickness increases but at
the same time the slow-wave effect also tends to disap-
pear (Fig. 4(a)). The losses decrease even more when the
slot width is changed from w =100 um to w=10 pum.

This can be explained by remembering that a fraction of
the electric field emerges from under the strip into the
neighboring area with a component tangential to the
semiconductor. It is this component which causes addi-
tional losses. When the slot width is reduced, an increas-
ing portion of the emerging ficld is drawn into the slot
area, thus reducing the part of the electric field which is
tangential to the semiconductor surface; therefore also
the losses are reduced. This variation in slot width exerts
only a minor influence on the slow-wave factor but is
significant with respect to the characteristic impedance,
which, at the same time, changes by a factor of 10 (Fig.
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Fig. 4. Slow-wave factor, loss, and impedance characteristics versus
insulator thickness ¢, for w =10 um and 100 pm (f =10 GHz, /2= 0.5
wm).

4(b)). The real part of Z, shows saturation effects around
t,=10 pm. At the same time the slow-wave mode tends
to disappear when the center conductor width exceeds 10
wm, Based on these results, one can identify an optimum
range for the insulator thickness of 0.03-0.5 wm to allow
a slow-wave factor of 25-5 and losses between 5 and 0.2
dB/mm. Furthermore, it can be seen from Fig. 4 that for
values of ¢, larger than 10 pum the results converge to
those for the lossless case (o = (), because the influence
of the semiconductor on the field becomes negligible and
consequently the phenomenon of field separation dimin-
ishes.

The loss and slow-wave factor also depend on the
doping intensity of the semiconductor, as shown in Fig. 5.
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Fig. 5. Slow-wave factor and loss characteristics versus conductivity o
for different values of insulator thickness ¢,.

It can be seen that a maximum slow-wave factor exists
together with minimum losses in the heavy doping range
of ¢ =10°-10° (Q-m)~! for different ¢,. It should be
mentioned that this result is confirmed by experiments
published in [14]. Fig. 6 illustrates the effect of the con-
ductivity on the characteristic impedance. For conductiv-
ity values smaller than o =10% (Q-m)~! the real part of
Z, remains relatively high (Z, =500 Q at ¢,=0.01 pm)
and less sensitive to the insulator thickness while the
imaginary part varies strongly with o. Within the opti-
mum range of insulator thicknesses there is a certain
amount of flexibility in choosing the structural dimensions
of the MIS CPW. For instance, at o = 10* (Q-m)~! the
loss factor ranges from 0.1 dB/mm to approximately 10
dB/mm for ¢,=1.0 um and ¢, = 0.01 um, respectively. It
is interesting to note that the low-loss slow-wave propaga-
tion usually occurs in case of Z, =0, which can be ex-
plained by the fact that the reactive power is reduced to a
minimum value and thus decreases the relaxation
time, RC.

III. MeTHOD OF LINES ANALYSIS OF INHOMOGENOUSLY
Dorep MIS CPW

An obvious disadvantage of the homogeneously doped
MIS CPW is that the common impedance range of 50
requires ultrafine line dimensions, which could impose
manufacturing problems. As will be shown later, inhomo-
geneous doping of the semiconductor may solve this prob-
lem to a certain extent. The spectral-domain approach as
used in the homogeneously doped thick-film structure is
not suitable for analyzing this type of structure. There-
fore, we use the method of lines combined with a
nonequidistant discretization (Fig. 7). Compared with the
equidistant discretization, this approach reduces consider-
ably the memory space and CPU time requirements. This
is a particularly important aspect in the numerical analy-
sis of microdimensional MIS transmission lines, because a
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high line resolution is required in the strip /slot region. If
we assume symmetry of the structure and concentrate our
analysis on the fundamental mode only, the
Neumann-Dirichlet condition can be imposed, which
means magnetic and electric walls are assumed as lateral
boundaries. This step simplifies the formulation signifi-
cantly and leads to a square matrix analysis. Since a
detailed discussion of this approach has been presented
in [171-[20], only those steps in the formulation which are
related to the inhomogeneous doping distribution o(x)
will be given.

A. Analytical Formulation

The MIS CPW cross section is divided into two subre-
gions, the equidistant discretization region with an inter-
val size of d; between lines and the nonequidistant dis-
cretization area for which the line distance is calculated
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Fig. 7. Cross section of the coplanar MIS CPW with equidistant and
nonequidistant discretization scheme used in the method of line analy-
sis. (a) Structure with zero metallization thickness. (b) Finite metalliza-
tion thickness treated as conductive dielectric layer in the self-consistent
approach. (s + ¢ = 100X and 10X (w +0.5k) for all following structures.)

in the following way:

(g a positive scaling coefficient).

(1

Along each of these lines the electric field components E
and H are derived from two independent TE and TM
scalar potential functions, ¢ and ", which must satisfy
both the scalar Helmholtz and the Sturm-Liouville equa-
tion, respectively [19], [20]:

e,1=¢,1tq dg

azlﬁh aleh R s .

8y2 + ax2 +(6r(x)k0_ﬁ )'p =0
% d 1 dye s avae
ayz +Er(x)_a;(€r(x) dx +(Er(x)k0—B )tﬂ =0

(2)

with k%= w’uy€, and B the unknown propagation con-
stant. Note that dielectric losses caused by the semicon-
ductor doping are included in these equations as the
imaginary part of the dielectric permittivity. The basic
idea of the MOL is to decouple the Helmholtz and
Sturm-Liouville partial differential equations in (2) in the
discrete space domain by means of an appropriate trans-
formation such that both equations can be written in a set
of analytically solvable ordinary differential equations of
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the following form:

dZI;}e’h 72 1ieh

&7 KeaVor=0 (3
with %i , a diagonal matrix. The following discussion
addresses mainly the diagonalization process for the ma-
trix %f’h in the semiconductor layer, because for the
homogeneous layer it has already been explained in some
detail [18]. To begin with, the first step in the procedure is
to discretize the potential functions, then normalize the
ones that are related to the nonequidistant discretization
area, and finally transform them so that they can be
written in the following vector form:

Je,h _ ,ye,hTe,hpe,hI;)e,h (4)
with
o = diag(/d, /e, ). (5)

Te" denotes the orthogonal transformation matrix [18]
and p®” is an additional complex eigenmatrix to take into
account the inhomogeneously doped semiconductor. For
the area of equidistant discretization, e, =k, = d.

After the normalization and transformation procedure,
the x-dependent term in (2) can be written in matrix
form:

. 3 1 dype 22
e R o + e
Y Er(x) dx er(x) dx er(x) Ol//
&D'e D, .
=>|——— + €%3 | TepeVe
dg

Thphﬁh‘

(6)

The terms D, denote the normalized finite difference
matrices resulting from the discretization procedure. The
diagonal matrices €” and &° represent the discretized
complex dielectric permittivity. The matrix product on the
right-hand side in (6) is still tridiagonal. Diagonalizing the
matrix for the homogeneous layer is achieved simply by
applying the orthogonal matrix 74", For the inhomoge-
neous layer, however, an additional transformation is
required since the matrix product on the right-hand side
of (6) is still not diagonmal. This can be achieved by
applying the complex eigenmatrix p*”:

a2y D, D
-1 h XX =
y* {sz +¢€,(x)kiy } = (— ___dg + etk

[ &Die" D, .
T°¢ b ——Ez——‘- + Eekg TepeVe
Y
es'es .
= ————dz —|—€ek§ peVe
0

p*.

(7)

Thphﬁh

2

J[_ DDy
T" {(— - +&"kg
dy

36¢
=>(——d—5' +€hk§
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The new terms in (7) are
§=T"D,T¢
ge=TeeT*
én=THehT", (8)

The eigenmatrix p®” can be determined by using the QR

algorithm in such a way that the matrix k2, becomes
diagonal:

_, ey N

k;=p° —p € kylpe+pil

0
- _i| 88°
kii=p" I(F“fhkﬁ)l?“rﬂzl (9)
0

Equations (4) to (9) have outlined the diagonalization
procedure for matrix &2, in (3). The solution to (3)
corresponds now to a set of simple transmission line
equations in the transformed domain in the y direction.
This provides a simple means of directly linking the
transformed electric/magnetic potentials at the two
boundaries within a subregion. After matching the trans-
formed tangential field components at cach interface, a
matrix relationship can be established between two subre-
gions. Finally, by successively multiplying those matrices
with the related transmission line matrices, two matrix
equations can be established, one relating the fields at the
top housing wall to the strip/slot interface plane and the
other relating the bottom housing wall to the strip /slot
interface plane. After some mathematical manipulations,
both matrix equations are reduced to a single algebraic
coupled Green’s function matrix in the transform domain
(in the slot/strip interface):

Z\[Ver Vel |
Lj“yn o et (10)
z -]:.'

Transforming (10) back into the original space domain
and setting the tangential modal current in the slot area
to zero leads to the characteristic matrix equation system
for which the nontrivial solutions of its determinant must
be sought. The potential lines intersecting the slot area
are limited to a relatively small number necessary to
obtain convergence. This number directly determines the
size of the characteristic matrix equation system.

For the structure to be studied in this paper we have
chosen a doping distribution as follows:

X\ ko
ao(chz) for (x| <0.5A+w+s)
o(x)= —k
05h+w+s 0
oy ch—hh) for (|x| > 0.5+ w + 5)

(11)

in which a positive value of k, determines the inhomoge-
neous doping profile and ¢, the maximum doping level.
It should be noted that this function does not necessarily
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describe the optimum doping distribution for all kinds of
slow-wiave structures. The best function for optimum low-
loss slow-wave propagation depends on the type of MIS
transmission line and also on the ratio of structural di-
mensions. o ~
To include a lossy conductor of finite metallization
thickness in the numerical analysis; we make use of a
so-called self-consistent approach to the MOL. The ana-
lytical formulation is similar to the one presented above
except that LSE, /LSM  potential functions are used
instead of the TE /TM approach. The term self-consistent
means that the lossy conductor with finite mietallization
thickness is treated as a lossy dielectric layer with high
- conductivity (Fig. 7(b)). Details of this approach are be-
yond the scope of this paper. The interésted reader is
referred to [22] and [24]. Only results from this approach
will be discussed in the following sections:

B. Convergence Behavior

Fig. 8 shows a convergence analysis of the normalized
propagation constant for different discretization schemes
in a conventional CPW. For narrowly spaced equidistant
lines in the strip—slot region (d, = 0.3125 mm) and differ-
ent scaling factors g, rangidg from g = 0. (equidistant
discretization outside the strip-slot region) to g = 5 (very
coarse¢ nonequidistant discretization, see also (1)), the
error is virtually negligible. The error increases up to 1%
if the equidistant line spacing in the &trip—slot region is
increased by a factor of 2. Changing th& parameter for

nonequidistant discretization outside theé strip-slot area

has only a minor.effect on the overall gonvergence. This is
because most of the electromagnetic field is concentrated
in the strip—slot area. Consequently, all the following
investigations have been performed by using eight z/;‘?’“
lines in the strip-slot area and up to five y*” lines
outside.
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Fig. 9. Frequency-dependent slow-wave and loss factors for inhomoge-

neously doped thin-film MIS structures and different doping distribu-
tions (o = 12.8 (2 *mm) ). Dimensions and parameters for all thin-film
structures as in Fig. 2, except ¢, = 5.0 mm.

IV. RESULTS FOR INHOMOGENEOUSLY DoPED
MIS CPW

It is known from the previous analysis that thin- and
thick-film MIS CPW’s have their own distinctive behavior
in terms of losses and slow-wave propagation. In general,
the thin-film MIS CPW supports a low-loss slow-wave
mode only at lower frequencies (usually below 1 GHz),
while in a thick-film structure a slow-wave mode can be
maintdined up to the lower portion of the millimeter-wave
region. Therefore, both structures are analyzed sepa-
rately.

A. Thin-Film MIS CPW

Fig. 9 shows the slow-wave factor and the line losses
versus fredliency in a thin-film MIS CPW with homoge- -
neous (k, = 0) and gradually inhomogeneous doping pro-
files (k,=0.5-2). As expected, the slow-wave factor re-
duces significantly with increasing frequency and becomes
a dielectric mode beyond 2 GHz. This effect becomes
more pronounced by narrowing the shape of the doping
profile. At the same time a narrower doping profile
improves the loss factor significantly. Both results can be
explained by the fact that a sharp doping lobe cannot
grasp the electric field sufficiently because of a consider-
ably reduced effective active surface area below the cen-
ter conductor. In other words, the electric field is dis-
persed into the cross section in a way similar to that of
the magnetic field; hence the condition for a slow-wave
mode to propagate, namely the separate storage of mag-
netic and electric energy in space, is no longer satisfied.
Fig. 10 shows relative values of the line quality factor, Q,
which is defined by Q =(a-A,)~", for different doping
profiles. At frequencies where the slow-wave mode is
most sensitive to the -doping profile, the Q factor shows
no significant improvement. At frequencies higher than 2
GHz, the slow-wave mode approaches the dielectric mode -
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Fig. 10. Relative line quality for thin-film MIS structures.
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Fig. 11. Slow-wave and loss factors of the inhomogeneously doped

thick-film MIS structures versus frequency (o, =10.0 (Q-mm)~ "), Di-
mensions and parameters for all thick-film structures as in Fig. 3, except
h=w=50 um, t;=50mm, {,=02 pm.

and the losses decrease considerably if the doping profile
is made very narrow. This leads to an increase of the Q
factor with progressing frequency.

B. Thick-Film MIS CPW

Fig. 11 illustrates the behavior of the slow-wave mode
in a thick-film MIS CPW over a range of 40 GHz. Two
observations can be made: First, the slow-wave mode is
less dispersive than in a thin-film MIS CPW and can be
maintained beyond 30 GHz; second, the doping profile
has less influence on the slow-wave mode. Only a very
narrow doping profile (k,=4) reduces the slow-wave
mode significantly. The reason for this behavior has been
explained previously in conjunction with the thin-film
MIS CPW. The line losses, however, are more sensitive to
the doping profile. Loss reduction of 5 dB/mm can be
achieved if the doping profile index, &, is changed from
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Fig. 12. Relative line quality for thick-film MIS structures.

ko =0 (homogeneous doping distribution) to k, =4 (very
narrow doping profile). Comparing this figure with Fig.
3(c) shows clearly that by using a relatively wide center
conductor (50 pwm) the inhomogencous doping profile
allows a low-loss slow-wave mode (¢ <10 dB/mm) up to
20 GHz. For the structure in Fig. 3(¢), this was possible
only by reducing the center strip width to 10 pm or less.

Fig. 12 illustrates the line quality factor versus the
frequency. It is interesting to note that for frequencies
higher than 30 GHz the influence of the doping profile on
the Q factor is virtually negligible. This may be explained
by the fact that at higher frequencies the electric field is
increasingly concentrated below the center conductor so
that the doping profile outside this region has less influ-
ence on the field.

V. ErreEcT oOF METAL CONDUCTOR AND
SEMICONDUCTOR LOSSES

It is known that with decreasing line width, the metal
conductor losses increase. Since the analysis of the mi-
crodimensional MIS CPW presented in Section II did not
include this effect, the following section investigates the
influence of both the metal conductor and the semicon-
ductor losses on the overall loss behavior and the slow-
wave factor in a thick-film MIS CPW.

In the past, the perturbation method and the surface
impedance approach were widely used in the literature to
determine metal conductor losses. Their accuracy, how-
ever, become questionable in view of the fact that the
metallization thickness in the MIS CPW is not always
large in comparison with the skin depth. The following
results are therefore based on a self-consistent descrip-
tion of metallic losses [24] together with a full-wave analy-
sis, in this case the MOL. This approach treats the
conductor as a lossy dielectric layer of high conductivity
and hence is not based on any approximation.
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Fig. 13. A comparison of measured and calculated results of bulk,

weakly, medium, and strongly doped SlO2 /Si MIS CPW including lossy
conductor (low-density Al o, = 2.7%10% (Q-mm) ') with finite thick-
ness 1 =08 pm (h=10 pm, w=5 um, f,=1.0 um, ¢, =480 ;Lm
t,=0.0, td—SOmm)

A. Loss Effect of Doped Semiconductors

To begin with, we first examine the effect of the semi-
conductor loss on the slow-wave factor and the overall
loss for different levels of doping. The metal conductor is
included in the analysis and during this part of the investi-
gation consists of low-density Al with o =2.7x10* (-
mm) L. Fig. 13 shows the frequency-dependent slow-wave
characteristic for different (homogeneous) doping levels.
A comparison is made between the MOL results and
results obtained from a FDTD analysis [26], which was
published recently together with measurements. The MOL
results are in good agreement with the measurements and
generally also with the FDTD results, It is furthermore
evident from Fig. 13(b) that the loss characteristic mea-
sured in [26] is in even better agreement with résults
obtained from our MOL analysis than with the FDTD
prediction published in the same paper.

It should be noted that the results published in [26]
only deal with weakly and very weakly doped thick-film

1357

MIS CPW structures (o = 1074 ~ 0.1 (2 -mm)~!). Unfor-
tunately, the authors have made no comparison with the
heavily doped thick-film MIS CPW in [13] and [14]; nor
have they mentioned this work at all. Therefore, Fig. 13
illustrates also the transmission properties for heavily
doped (o =10 (Q-mm)~") as well as insulating (o = 0.0
(Q-mm)~?!) semiconductor bulk. It is interesting to see
that from 10 to 100 GHz the heavily doped MIS CPW

~ displays clearly better performance (higher slow-wave. fac-

tor together with lower losses and relatively little disper-

~ sion) than the weakly doped (o < 0.1 (Q-mm)™!) struc-

ture. In particular the loss factor of the heavily doped line
(o0 =10 (Q-mm)~1) is reduced by nearly 3 dB/mm at 30
GHz over the weakly doped (o =0.1 (Q-mm)~1) case.
On the other hand, both the heavily doped and the
weakly doped semiconductors show very similar charac-
teristics at frequencies below 1 GHz.

B. Loss Effect of Nonideal Conductors

To answer the question whether and to what extent the
slow-wave factor is affected by the metal conductor loss,
we consider the two cases of weakly doped (c=10"*
(Q-mmi)™Y) and insulating bulk semiconductors (o =0.0
(Q-mm)~Y), also illustrated in Fig. 13. First of all it
should be noted that in both casés the propagation con-
stant is not associated with a slow-wave mode. For the

~insulating semiconductor bulk ‘and a lossy metal conduc-

tor it is surprising to see that, in contrast to classic results;
a negative slope (Fig. 13(a)) of the propagation constant
occurs._ at lower frequencies. This phenomenon is also
backed by two recent -experiments [25], [26]. A possible
explanation for this behavior may be that at low frequen-
cies the skin depth, 8, is relatively large, allowing the
current to petetrate deeper into the conductor (usually
t~28). In this situation the metal acts more like a
semiconductor, influencing the propagation constant as a
doped semiconductor layer would influence the slow-wave
factor over the frequency. A slightly different but perhaps
more plausible explanation, leading to the same results,
may be that the current penetration deeper into the metal
surface increases the inductance per unit length of line.
This would slow down the phase velocity and increase the
propagation constarnt. With increasing frequency, how-
ever, this mechanism would lose its effect (as shown in
Fig. 13) since the skin depth decreases. Comparing the
effect of the weakly doped and the insulating semiconduc-
tor layer, Fig. 13 seems to suggest that a lossy .rietal
conductor can yield a higher propdgation constant than a
very weakly doped MIS CPW. This observation could lead
to the assumption that a lossy metal conductor could
increase the slow-wave factor in a heavily doped semicon-
ductor line.

To investigate the extent to which this assumption is
true, Figs. 14 'and 15 compare the slow-wave factor and
overall losses in thin- and thick-film MIS CPW’s on
heavily doped semiconductor material, considering a lossy
metal conductor of finite thickness. It is interesting to



1358

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 8, AUGUST 1991

40 — 3 N
4 -1
--- 6,=111x10"(Qmm) i
.......... 0, =3.33x 10* (@mm)* I
N — O,==andr=0 -
30 ~ I
L
R
R R N a
I 20 A B §
g F 3
.... ’-
10 — i
0 T T T T T T T UM R B R L 01
0.1 ! 10
f (GHz)

Fig. 14. Frequency-dependent slow-wave factor and loss characteristics of thin-film MIS CPW lines for different
conductors (¢ = 1.5 pm). Dimensions and parameters as in Fig. 9.
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Fig. 15. Frequency-dependent slow-wave factor and loss characteristic of thick-film MIS CPW lines for different
conductors (¢ = 1.5 pm). Dimensions and parameters as in Fig. 3 (w = &= 50 um).

note that in both structures the transmission characteris-
tics are indeed affected by the amount of metal conductiv-
ity but in opposite directions. In the thin-film structure a
smaller metal conductivity lowers the slow-wave factor up
to approximately 1 GHz (at higher frequencies the effect
diminishes) while exactly the opposite effect is observed
for the thick-film transmission line up to 5 GHz. The
overall losses are increased in both cases. Fig. 14 shows
also the influence of a lossless metal conductor of zero
thickness. Compared with the finite-thickness metal con-
ductor of good quality (usually gold or high-density Al,
o =3.33x10* (Q-mm) 1Y), the difference is less than 5%

at lower frequencies. This result suggests that the data
presented in Section 11, which assumes a lossless and zero
thickness metal conductor, are suitable for design pur-
poses.

VI. CoNcLUSION

Based on the spectral-domain approach we have pre-
sented a selection of design data for microsize homoge-
neously doped thick-film MIS coplanar transmission lines.
It has been shown that this type of structure is superior to
traditional thin-film MIS transmission lines for the follow-
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ing reasons: 1) the slow-wave mode operation can be
extended up to 40 GHz with moderate overall loss; 2) the
slow-wave mode exhibits very little dispersion over an
extremely wide frequency band. :

To overcome the microsize dimensions: and to reduce
the losses even further, gradually inhomogeneous doping
of the thick-film MIS CPW has been introduced. The
analysis procedure for this type of transmission line is
based on the method of lines using a nonequidistant
discretization. The analysis includes the finite metalliza-
tion thickness and losses of the metal conductor by using
a self-consistent approach. First, it was shown that, de-
pending on the dopmg profile, the microsize dimensions
of the thick-film MIS CPW can be relaxed by a factor of
5. Second, the loss mechanism introduced by the semicon-
ductor and the lossy metal conductor has been investi-
gated separately. It was found that in a thin-film structure
a lossy metal conductor reduces the slow-wave effect
while the opposite is true in a thick-film transmission line.
For the special case of an insulating semiconductor and
considering only. the losses introduced by the metal con-
ductor, it was most surprising to see that the propagation
constant decreases over the frequency. This is in contrast
to hitherto known results but is confirmed by experiments
conducted recently.
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