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Rigorous Analysis of Mode Propagation and
Field Scattering in Silicon-Based Coplanar MIS
Slow Wave Structures with Abrupt Transitions

to Transmission Lines on Normal Substrate

Shuoqi Chen, Riidiger Vahldieck, Senior Member, IEEE, and Jifu Huang

Abstract— This paper presents a rigorous field theoretical
analysis of slow wave mode propagation in coplanar waveguide
(CPW) metal-insulator-semiconductor (MIS) transmission lines
with a laterally confined doping profile. Two types of transmission
line structures are investigated—Dbulk silicon and semiconductor-
on-insulator (SOI). In both cases a Gaussian profile of the doping
depth is assumed. It was found that an optimum lateral width
of the doping region exists for which both structures exhibit a
much better slow wave factor at lower losses than traditional
thin-film MIS transmission lines. The abrupt transition between
MIS, CPW, and CPW on a normal insulating substrate was
investigated as well. It was found that the reflection coefficient
increases significantly with frequency and when the lateral width
of the doping region is extended over the whole cross section of
the CPW. The investigation was carried out using the frequency-
domain transmission line modeling (TLM) (FDTLM) method.

I. INTRODUCTION

T IS well known that metal-insulator—semiconductor MIS

transmission lines support slow wave mode propagation.
This phenomenon, combined with the attractive features of
coplanar waveguide (CPW), are of increasing interest in the
design of monolithic microwave-integrated circuits (MMIC)
for wireless communications systems in the 1-2 GHz range
and for high-speed digital integrated circuits. However, slow
wave mode propagation in semiconductor-based transmis-
sion lines comes at the price of relatively high losses and
low Q-factors, which are problems that have prevented the
widespread use of metal-insulator-semiconductor (MIS) CPW
in the past. This problem has been studied experimentally
and theoretically by several researchers [1]-[7], and it was
found that thin-film MIS CPW are in general less lossy than
thick-film structures [6], [9], but that the latter can sustain
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slow wave mode propagation over a wider frequency range
than the former. A compromise between a maximum slow
wave factor and minimum losses can be found either by
carefully controlling the doping-layer thickness or by limiting
the lateral width of the doping region. The latter approach
was investigated by Wu and Vahldieck [8], [9] for thick
and thin-film MIS CPW. By gradually lowering the doping
level in a lateral direction with maximum doping below the
center conductor, it was found that losses can be reduced
significantly, and at the same time a moderate slow wave
factor can be maintained. Although this approach is generally
helpful in improving the Q-factor of a MIS CPW, its practical
realization is difficult with epitaxial technology. A better
approach is to keep the doping level constant within a laterally
confined region. The lateral width of the doping region must
then be optimized for a maximum slow wave factor and
minimum losses.

In the following, this problem is investigated in more detail
with special consideration for the physical process of realizing
MIS CPW. As it is well known, ion-implantation into a
semiconductor is easily achieved through a mask window.
However, this results in an abrupt transition between the
doped and the undoped region. Applied to a thin-film MIS
CPW, the lateral doping profile changes abruptly rather than
gradually (Fig. 1). To achieve the same or better slow wave
characteristics as those obtained by the gradual doping profile,
an optimum lateral width of the doping region must be
found. To investigate the effect of different lateral doping
widths on the slow wave characteristics, we have considered
two different structures—bulk silicon and semiconductor-on-
insulator (SOI). In both cases the p™-doping layer is realized
by implanting boron ions (B2*) through the photoresist-mask
window, whereby the size of the window determines the
lateral width of the doping region. The added difficulty in this
investigation is due to the fact that the doping level changes
with penetration depth into the semiconductor and shows a
Gaussian-like doping depth profile.

Since the MIS CPW with a lateral doping confinement still
exhibits considerable losses, the length of a transmission line
with a doped region (in the propagation direction of the wave)
should be kept to a minimum. This leads inevitably to an
abrupt transition between the doped and undoped substrates

0018-9480/96$05.00 © 1996 IEEE



2488

" (Figs. 5 and 6) and, thus, introduces additional losses. This
problem has not been discussed in the literature yet, but is
very important when slow wave structures are integrated with
other circuit parts. To quantify these losses we have calculated
for the first time the scattering parameters for such a transition.
First, we considered only the transition from an undoped to a
doped substrate of a limited lateral extent and no step in the
metal conductor in order to isolate the scattering effect of the
doped substrate from that of the metal discontinuity. Secondly,
we also included steps in the conductor widths of the CPW.

To calculate the electromagnetic field in transmission line
cross-sections of this kind is very difficult because the dop-
ing distribution is inhomogeneous in the lateral and vertical
directions. While the lateral width of the doping region de-
pends only on the dimensions of the photoresist mask, the
vertical doping-level depth depends on the doping process
and shows approximately a Gaussian-like profile for which
the distribution can be found from the LSS range theory
for amorphous targets (the unified theory of atomic stopping
by Lindhard, Scharff, and Schiott) [10]. Once the doping-
depth profile is known, the frequency-domain transmission line
matrix (FDTLM) method [11]-[16] is applied to compute the
slow wave factor, the corresponding losses, and the scattering
matrix of the transitions. The advantages of the FDTLM
method have been discussed in previous papers and only
a brief description of the method will be given here. The
structures investigated in the following underline once more
the flexibility of this approach.

II. METHOD OF ANALYSIS

A. Slow Wave Mode Propagation

The geometrical layout of the two types of coplanar MIS
structures investigated in this paper is presented in Fig. 1(a)
and 1(b), respectively. The first step in the analysis is to model
‘the conductivity distribution in the doping layer. Once this is
accomplished, the cross section of the structure is discretized
by frequency-domain nodes. Each of these nodes represents
the electromagnetic field at that location under the influence
of the local material parameters. The FDTLM algorithm then
governs the interaction of the electromagnetic field in between
the nodes. Details of this approach will be discussed briefly.
First, however, we outline the approach of how to determine
the material parameters.

Both structures in Fig. 1 consist of a thin p*-doping region
separated from the conductor layer by a thin insulating layer
of SiO,. The structure in Fig. 1(b) contains an additional
insulating layer of SiO; between the pT layer and the bulk
silicon. This structure is also referred to as SOI While in
conventional MIS CPW the semiconductor is doped homoge-
neously over the entire cross section of the structure, we limit
the doping range in the lateral direction to the area below
the center conductor and the two slots, because this is the
area in which the electric field of the fundamental mode is
most prominent. The pT-doping region is fabricated by B2+
implantation into the silicon substrate. According to the LSS
range theory, the implanted Bt concentration in silicon is
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Fig. 1. Cross sections of two types of MIS coplanar waveguides. (a)
Bulk silicon and (b) SOL The doping region is obtained by Boron dopant
ion-implantation at energy levels of 200 keV.

approximately a Gaussian distribution function of depth, which
may be expressed as

N(z) = 72_—;;—@ exp[~(w — Rp)Y/ARYY (1)
where D is the total number of ions implanted per unit area,
z is the distance measured along the axis of incidence, N (az)
is the density of the implanted B2* that stop at the plane z,
Rp is the projected range which estimates the depth at which
the concentration of implanted dopants reaches its maximum
value, and ARp is the average fluctuation in the projected
range. After taking account of diffusion effects that may occur
during implantation or during the annealing treatment, Fig. 2
illustrates the relative-conductivity depth profile of the very
thin pT-doping region (about 2-ym thickness) in the silicon
substrate. The  parameters of both MIS CPW structures in
Fig. 1 are:

W =40 pm, G = 25 pm;
SiO, layer ¢, = 1000 A, ¢, = 3.9, ¢ = 0;
Doping region t4 = 2.0 um; o = 30.6 ~ 0.5 S/mm;
SOI structure  £4 = 1 pm, ¢, = 11.8,
p (SOI resistivity) = 10 Q-cm,
to, = 2 pm;
Si substrate tsy, = 525 pm, €, = 11.8,
p (Si substrate resistivity) = 20 £-cm.

The conductivity depth profile shown in Fig. 2 determines
the material parameters at the location of the FDTLM nodes.
The FDTLM algorithm then models the interaction of the
electromagnetic field among the nodes. The nodes utilized
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Fig. 2. The conductivity profile in silicon obtained by Boron
2 at energy

ion-implantation with doses of 1 x 10'® B2t ions/cm
levels of 200 keV (after annealing).

in the FDTLM method are mostly based on the symmet-
rical condensed node (SCN) shown in Fig. 3. Other nodes
are possible and are described in numerous publications.
The interaction between the transmission lines of the SCN
are given by the scattering matrix at the node center. In
contrast to the time-domain TLM (TDTLM) method [17],
[18], in which an impulse excitation leads to.a time-iterative
procedure of scattering at each node and interconnection
with its neighboring nodes, the FDTLM algorithm works
entirely in the frequency domain. That is, the FDTLM network
is considered to be in a steady-state where scattering and
interconnection occurs simultaneously. The advantage of this
approach is that time synchronism (required in the TDTLM)
is not needed and that a graded mesh layout with a large
grading ratio can be chosen. This is particularly useful in
the present analysis because of the very thin inhomogeneous
substrate-layers that are in close proximity to larger structural
details. In the network of TLM nodes used to discretize
the transmission line network, the electromagnetic field is
represented by voltages and currents on the node link lines.
The network is characterized by the intrinsic scattering matrix,
Sism» Which represents all the internal branches of a network
by the network branches pointing in the propagation direction
of the wave [12]. For a two-dimensional (2-D) propagation
problem this has the advantage that the guided wave structure
can be considered as a periodic network with periodicity of
Az in the propagation direction. Based on Floquet’s theorem
the periodic structure can be reduced to a single unit cell,
and the intrinsic scattering matrix S;,, is constructed from
one slice of the waveguide which contains only as many
FDTLM SCN’s as needed to discretize the cross section of the
structure. The propagation constant «y and its corresponding
eigenvectors (voltages) can be determined by solving the
following eigenvalue equation [12], [16]:

cosh (yA2) - V=A-V @)
where V' is the vector containing voltages at the exterior

branches of the waveguide slice (the cross-section of the
waveguide), and Az is the length of the slice (the SCN’s
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‘Fig. 4. Bulk silicon and SOI MIS CPW with (a) an undoped (S = 0) and

(b), (¢), (d) three different lateral doping structures (b) S = W + 2(G/2);
©) § = W + 2G; (d) over entire cross section.

dimension along the propagation direction). Matrix A is found
from the S, of the waveguide slice [12], [16]. Equation (2)
yields the transverse-electromagnetic field distribution and the
propagation constants « of the propagating modes supported
by the structure at a given frequency.

B. Scattering Parameters of the Slow
Wave MIS CPW Discontinuity

Integrating the slow wave structures of Figs. 4(c) and (d)
into other circuit parts results in an abrupt transition between
the undoped and the doped silicon as depicted in Fig. 5.
Furthermore, since a given characteristic impedance on the
conductor dimensions in the slow wave region is different
from the undoped region, steps in the conductor width must
also be considered. This is illustrated in Fig. 6.

The FDTLM method has been applied in the past to
characterize CPW discontinuities on a lossless substrate, and
good agreement with other techniques and measurements was
found [11]-[16]. The present problem is more challenging
due to the fact that now location-dependent lossy material
parameters have to be accounted for in the FDTLM nodes. The
S-parameter extraction technique developed for the FDTLM
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Fig. 5. Top view-of an abrupt discontinuity between an undoped CPW on
high-resistivity silicon and an MIS CPW with a laterally confined doping
region (S = W + 2G).
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Fig. 6. Top view of a double-step discontinuity between an undoped CPW
on high-resistivity silicon and MIS CPW (top view) with a laterally confined
doping region (S = W + 2G).

method remains the same as in previous papers (i.e.; [12]) and
is briefly discussed in the following. The MIS CPW section
can be considered as a discontinuity region attached to two
CPW transmission lines as input and output ports. The intrinsic
scattering matrices for the discontinuity region and the two
attached semi-infinite CPW transmission lines are determined
from a 2-D analysis. They are denoted by Sps, Sgi, and Sga,
respectively. The incident and reflected waves at the interfaces
to the discontinuity region and the attached CPW transmission
lines are related as follows:

b1 a1 Sy Smiz | |@m

[52} = Su le} [SM21 SM22:I [02} ®
where aq, by are the incident and reflected waves at the inter-
face of the left CPW transmission line and the discontinuity
region, while a2, by are the incident and reflected waves
at the interface of the right CPW transmission line and the
discontinuity region. The system is then excited by injecting
the mode-field distribution of the fundamental mode of the left
CPW (known from an eigenvalue analysis of that transmission

line) at the left interface. The reflected and transmitted waves
at the discontinuity region are then obtained from:

az = Sga - by “)
bng-a1:T~(SRl‘b?i+a10) (5)
where the reflected and transmitted waves contain all modes
(including propagating and evanescent modes) of the corre-

sponding CPW transmission lines. The modal field coefficients
of a specific mode can be extracted by using

[A] =] - a (6)
[A] =[]t b 7

In order to obtain the scattering parameters, the modal fields
a; and b; are normalized to - 1W of power and the scattering
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parameters of the first mode at the input and output ports are '
found as

S = A} = [ai] Y., -1 (¥
Sg1 =AY = [b;]7* b )]

i=1

where A7 and A} are the first elements of (6) and (7) with
a substituted by the first element of the total reflected and
transmitted waves from which the final scattering parameters
can be calculated [16].

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Slow Wave Propagation in MIS CPW

The structures of the MIS CPW lines investigated in the
following are shown in Fig. 1. They are made from bulk
silicon [Fig. 1(a)] or SOI [Fig. 1(b)]. For both structures the
doping-depth profile is assumed to be Gaussian. Four different
lateral doping-widths have been investigated as shown in
Fig. 4a) S =0, (b) S =W +2*(G/2); (c) S = W + 2*G;
and (d) S = doping over the entire CPW cross section. For
faster computation, the metallization thickness is assumed to
be zero, and metallic losses have not been considered. Fig. 7

“illustrates the propagation constant, loss factor, and Q-factor

of the bulk silicon MIS CPW for the different lateral doping-
widths of Fig. 4. Fig. 8 shows the corresponding results for
the SOI MIS CPW. To verify the results, a comparison with
the method of lines [8] is included. For both structures it was
found that the configuration in Fig. 4(c) shows the lowest-
loss slow wave mode propagating over the frequency range
between 0.7-5.0 GHz. The highest slow wave factor, however,
can only be obtained from the structure in Fig. 4(d).

1) The Bulk Silicon MIS CPW: Fig. 7(a) and (b) illustrate
that a compromise exists between the maximum slow wave
factor and minimum losses. For the structure in Fig. 4(c) the
maximum attenuation is less than 0.75 dB/mm at 5 GHz and
less than 0.3 dB/mm at 2 GHz. At the same time the slowing
factors Ao/, are between 12.5-13 with very little dispersion
over the frequency range of 0.7-5.0 GHz. This slowing factor
corresponds to effective dielectric constants of 156.3-169.0,
which are much larger than the dielectric constant of either
the Si substrate or the SiO» insulating layer. The losses found
with the structure in Fig. 4(c) are less than the data reported
in literature [3]-[9] for structures with homogeneous doping
over the entire transmission line cross section. Also the quality
factor, Q, shown in Fig. 7(c), reaches a higher value compared
to the much larger MIS CPW structures on GaAs [1] or
other microstructure CPW MIS transmission lines [4]. The
numerical results for the structure in Fig. 4(b) are verified
by measurements and shown in Fig. 7. This good agreement
indicates that the other numerical results are also a true picture
of the physical reality.

2) The SOI MIS CPW: Similar characteristics can.be ob-
served for the SOI structure shown in Fig. 8. In comparison
with the silicon bulk structure, the slow wave factor is gen-
erally approximately 15% higher and shows somewhat less
dispersion. At the same time the attenuation is only 3.5%
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- Fig. 7. Slow wave propagation characteristics of a bulk silicon MIS CPW
with different doping widths, S. (W = 40 pm and ¢ = 25 um.) (a) Slow
wave factor versus frequency. (b) Attenuation versus frequency. (c) Quality
factor versus frequency. Refer to Fig. 4 for structural details.

higher. The introduction of a lossless SiOy layer between
the doping layer and the high-resistivity Si substrate plays
an important role in confining the electric field in the insulat-
ing layer beneath the coplanar conductors. This may be the
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Fig. 8. Slow wave propagation characteristics of SOI MIS CPW with
different doping widths, S (W = 40 pm and G = 25 um.) (a) Slow wave
factor versus frequency. (b) Attenuation versus frequency. (c) Quality factor
versus frequency. Refer to Fig. 4 for structural details.

reason why SOI structures with selected B2T ion-implantation
doping exhibit reasonably large slow wave factors with little
dispersion. The analysis indicates that the SOI structure with
a lateral doping width as shown in Fig. 4(c) not only provides
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a better slow wave factor, but the Q-factor is also improved
over that of the bulk structure.

B. S-Parameters for the Abrupt Transition Between the MIS
CPW and a CPW on Undoped High-Resistivity Silicon

To illustrate the scattering effects introduced by the transi-
tion from an undoped to a doped substrate, we first investigate
the structure in Fig. 5 with homogeneous conductor dimen-
sions and a lateral doping width of § = W +2(@. By increasing
the frequency and the length of the doping region, Fig. 9 shows
clearly that the transmission coefficient decreases significantly,
and the reflection coefficient exhibits a strong dependency on
both parameters. The sensitivity of Si; with respect to the
length of the slow wave structure is due to some back reflection
from the opposite transition. The effect of the frequency on
S11 is most likely caused by the skin effect of the doping layer.
At higher frequencies (>5 GHz) the electric field penetrates
much less into the doping layer then at 1 GHz. At frequencies
higher than 5 GHz, the doping layer appears like a ground-
plane separated by a 0.1 um thick SiOs insulating layer. In
this case, the electric field is mostly concentrated between the
center conductor of the CPW and the doping layer rather than
in the 25-pm wide slots between the center conductor and the
uniplanar ground-plane. Hence, the characteristic impedance is
not only very low, but the wave encounters a transition from a
CPW mode into a microstrip-like mode, which introduces even
higher reflections. This explanation is also supported by results
from an analysis in which the conductivity of the doping
layer is increased to that of a lossy conductor (cross-points
in Fig. 9).

Fig. 10 illustrates a comparison between two types of lateral
doping widths for the structure in Fig. 5—homogeneous dop-
ing over the entire transmission line cross section and doping
only over the strip and both slot regions. The results clearly
indicate that homogeneous doping over the entire cross section
not only lowers the characteristic impedance of this CPW
section and, thus, increases the reflection coefficient, but also

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 12, DECEMBER 1996

O -
g
~ 10}
@
]
5}
£
g
-20
» S=W+26G
— ——— doping over entire
| cross-section J
-30 : : . "
0 2 4 6 8 10

Frequency (GHz)

Fig. 10. S-parameters for the abrupt discontinuity between the undoped
CPW and the MIS CPW with different lateral doping widths. (a) S = W +2G
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increases the overall losses. This observation is in line with
our previous conclusion that in order to achieve the lowest loss
slow wave mode, doping over the whole cross section should
be avoided. At the same time one would also achieve a lower
reflection coefficient at the transition.

C. Laterally Doped MIS CPW with Double-Step Discontihuity

Fig. 11 illustrates S-parameters for an MIS CPW with a
laterally confined doping region (S = W + 2G) and double-
step discontinuity in the conductor and ground-plane (Fig. 6),
as well as for various CPW discontinuities on a normal
insulating substrate. The dimensions of the conductors on the
insulating substrate are designed for 50 . On the doped
region, the characteristic impedance in this section drops to
less than 5 2. The reflection coefficient of such a transition is
shown in Fig. 11 curves (a) and (c). For comparison, curves
(d), (e), and (b) represent transitions between 50 Q-25 -50
Q, 50 Q-10 2-50 £, and 50 Q-50 Q-50 2 CPW transmission
lines on the insulating substrate, respectively. Curves (a) and
(c) seem to suggest that the impedance step is even more
pronounced than what could be expected from a comparison
with curve (e). This, however, is not the case. The larger
reflection coefficient is due to the fact that, as discussed before
in conjunction with Fig. 9, the doped region acts more like a
groundplane to the CPW mode, evidently changing the CPW
mode to a microstrip mode and, thus, representing a more
pronounced discontinuity to the CPW mode-field incident
into the discontinuity plane. As a final note, the reflection
coefficient for curve (b) clearly indicates that, although both
sides of the discontinuity are of 50 (2, the change in the
conductor dimensions still represent a discontinuity to the
electromagnetic field and thus causing the reflection to occur.

IV. CONCLUSIONS

A numerical analysis of slow wave propagation, losses, and
Q-factor in bulk silicon and SOI MIS CPW has been presented.
The analysis is based on the FDTLM method. It was found that



CHEN et al.: RIGOROUS ANALYSIS OF MODE PROPAGATION AND FIELD SCATTERING

0
10}
oy
S L
g 20}
®
£ |
g
g 0p
» -
L ¥ 4 L* e J
L St (a)d =150 wm, S = W +2G
40F ¢ - Le” ——memem (B)d =150 pm, S =0 1
(" /" ————— (c)d=100um,S =W + 2G
) .’ —pp = (d) 50 - 25 - 50 Q transform "
;. @ —— (€} 50-10-50Q transform
.50 . N ' — s
0 2 4 6 8 10
Frequency (GHz)
Fig. 11. S-parameters for the double-step discontinuity (d = 100 pm and

150 ym, W = 40 pym, G = 25 pm, t, = 0.1 pm, t,,; = 525 pm,
€ro = 3.9, and ¢, = 11.8).

large slowing factors at low losses can be achieved by opti- -

mizing the lateral extent of the semiconductor doping region.
It was furthermore found that SOI structures show a better
Q-factor with less dispersion than the bulk silicon structures.
Scattering effects at abrupt transitions between MIS CPW and
undoped CPW discontinuities have been investigated as well.
It was found that the doping region not only introduces a very
low characteristic impedance with a correspondingly high-
reflection coefficient, but that the doping layer also acts as
a lossy ground-plane in close vicinity to the center conductor
of the CPW and, thus, obviously changes the CPW mode to
a microstrip mode in that region. This change in field pattern
introduces additional reflections that cannot be explained by
only considering the impedance step between the doped and
undoped CPW section.
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