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Abstract — We present a simple quasi-TEM analysis of “slow-wave”

mode propagation on micron-sixe coplanar MIS transmission lines on

heavily doped semiconductors and compare theoretical results with mea-

surements on four such stroctnres at frequencies from 1.0 to 12.4 GHz.

Excellent agreement is found, wfdeh shows that the “slow-wave” mode

propagating on these transmission fines is, in fact, a quasi-TEM mode.

Relatively low-loss prop~ation afong with significant wavelength reduction

is observed. Conduction losses of the metal, which have been tacitly

ignored in previously published “fsdl-wave” treatments of “slow-wave”

mode propagation, are included in the theory and are shown to dominate

the attenuation at frequencies below 25 GHz and to still be significant at

frequencies up to at least 100 GHz.

I. INTRODUCTION

c OPLANAR metal-insulator-semiconductor (MIS)

transmission lines on true (i.e., not semi-insulating)

serhiconductor substrates have applications in both mono-

lithic microwave integrated circuits (MMIC’S) and very

high speed digital integrated circuits (VHSDIC’S). Such

structures have been studied experimentally by Hasegawa

and coworkers, who reported measurements of “slowing

factor” and characteristic impedance magnitude [1] and of

attenuation coefficient [2] as functions of frequency over

the range from 700 MHz to 4 GHz. Their papers refer to a

quasi-TEM analysis of their coplanar MIS structure. How-

ever, their analysis does not include the effects of losses;

nor does it explain the observed frequency dependence of

the experimentally determined quantities.

More extensive numerical analyses of coplanar MIS

transmission lines on semiconductors have been described

by other investigators [3]-[8]. These so-called full-wave

treatments have been based upon either the classical

mode-matching (MM) method [3]–[6], the spectral-domain

analysis (SDA) method [4], [7], [8], or the finite-element

method (FEM) [8]. Although such computational tech-

niques have generally included semiconductor losses, they

have tacitly assumed perfect metallic conductors. Accord-

ingly, metal losses have been systematically ignored.

Manuscript received November 8, 1986; revised January 24,1987. This

work was supported in part by the U.S. Army Research Office and the

National Science Foundation under Grant ECS-83-16246 and by a grant
from the Microelectronic and Information Sciences Center of the Univer-

sity of Minnesota.
The authors are with the Electrical Engineering Department, Univer-

sity of Minnesota, Minneapolis, MN 55455.
IEEE Log Number 8714119.

This paper presents a simple quasi-TEM analysis of

coplanar microstructure MIS transmission lines on heavily

doped semiconductors propagating the” slow-wave” mode.

Preliminary measurements on such a structure have re-

cently been reported [9]. The theory includes metal losses

as well as semiconductor losses and employs an equivalent

circuit model that is similar to those used by others to

analyze Schottky and MIS rnicrostrip transmission lines

[10] -[12] and Schottky coplanar transmission lines [13],

[14]. Quantities derived from this quasi-TEM theory are

compared with quantities measured in the range from 1.0

to 12.4 GHz using four coplanar MIS microstructure

transmission lines fabricated on N+ silicon. Excellent

agreement between theory and experiment is observed.

Such close agreement corroborates the assumption that the

“slow-wave” mode propagating on these microstructure

MIS transmission lines is, in fact, a qumi-TEM mode and

can therefore be treated by fairly elementary techniques.

Relatively low-loss microwave propagation along with

significant wavelength reduction is predicted by the theory

and confirmed by the experiments. Such properties suggest

that coplanar microstructure MIS transmission lines on

heavily doped semiconductors may be useful as transmis-

sion media for fabricating distributed components of

MMIC’S. The theory shows that metal losses of the experi-

mental transmission lines are very significant at frequen-

cies below 100 GHz and, in fact, constitute the dominant

loss mechanism at frequencies below about 25 GHz. Thus,

the previously published “full-wave” analysis treatments

[3]-[8], because of their systematic omission of metal losses,

are deemed inadequate for accurate analysis of these

microstructure transmission iines.

II. EXPERIMENTAL RESIJLTS

The geometry of the experimental microstructure trans-

mission lines is shown in Fig. 1. These structures employed

coplanar aluminum strips separated from an N+ silicon

substrate by a thin layer of Si02. The SiOz was grown on

antimony-doped, N+ silicon (80 ($2ocm)-l, Nd = 3X1018

cm – 3) by wet oxidation at 1000”C. The center conductor

and ground planes were fabricated by evaporating

aluminum onto the SiOz and defining the conducting

structure using standard photolithographic and etching
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Fig. 1. (a) Cross-sectional view and (b) plan view of micron-sized
coplanar MIS transmission line.

TABLE I
DIMENSIONS (S, W, h ) AND CAPACITANCE SCALING FACTOR (K)

OF THE EXPERIMENTAL LINES

J
Line s w h K

1 4.2 6.0 0.53 1.3

2 4.2 14,0 0.53 1.3

3 8.7 9.5 0.28 1.1

4 4.7 13,5 0.28 1.2

All dimensions are in micrometers.

techniques. The resulting line dimensions (defined in Fig.

1) are summarized in Table I. For all four transmission

lines, the wafer thickness (d) was 530 pm, the length (1)

was 2500 pm, and the metal thickness (t) was 1 pm.

S-parameter measurements were performed over the
range from 1.0 GHz to 12.4 GHz with a computer-assisted

HP 841OB test set employing a 12-term error-correction

procedure. Contacts to the lines were made with a pair of

Cascade Microtechl microwave probes which provided

rapid, reproducible measurements free of packaging con-

siderations. The complex characteristic impedance and

complex propagation coefficient were derived from the

measured S parameters after first subtracting the capaci-

tive effects of the contact pads.

As seen in Fig. 2, the attenuation of each of the lines is

quite small. The maximum observed attenuation, ap-

proximately 2 dB/mm (line 3) at 12.4 GHz, is, to the best

of our knowledge, considerably less than any microwave

attenuation value reported by others for transmission lines

on room-temperature silicon. Fig. 3 displays the real and

imaginary parts of the characteristic impedance as func-

1Cascade Microtech, Inc., P.O. Box 1589, Beaverton, OR 97075-1589.
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Fig. 2. Attenuation versus frequency. (a) Line 1. (b) Line 2. (c) Line 3.

(d) Line 4. Solid lines are theoretical. Symbols are measured values.

tions of frequency. One sees that all four lines have char-

acteristic impedances which are nearly real, relatively

independent of frequency, and of the order of the 50-LI

impedance commonly used in microwave circuits. Line 2,

in particular, has a characteristic impedance of approxi-

mately 440.
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Fig. 3. Complex characteristic impedance versus frequency. (a) Line 1.

(b) Line 2. (c) Line 3. (d) Line 4. Solid lines are theoretical. Symbols are

measured values.

Fig. 4 shows the “slowing factors” A o/A ~ as functions

of frequency and displays values greater than 4 with very
little dispersion occurring over the full range of measure-

ment. The largest slowing factor observed, 7.5 (line 3),

corresponds to an effective dielectric constant 56.3 —a

value much larger than the dielectric constant of either Si
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Fig. 4. Quality and slow-wave factors versus frequency. (a) Line 1. (b)

Line 2. (c) Line 3. (d) Line 4. Solid lines are theoretical. Symbols are

measured values.

or SiOz. This fact, along with the relatively low loss,

confirms operation in a “slow-wave” mode. Additional

proof of slow-wave mode propagation is given below in

Section IV. Fig. 4 also displays the quality factor Q versus

frequency. One sees that the four quality factors increase

with frequency and reach values ranging from 3.6 to 4.3 at



548 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MIT-35, NO. 6, JUNE 1987

12.4 GHz. These values may be compared with quality

factors of approximately 1.6 at 1 GHz and 0.9 at 2 GHz

obtained by Hasegawa and coworkers [1], [2] using a much

larger MIS coplanar structure on GaAs.

III. QuAsI-TEM ANALYSIS

The validity of our quasi-TEM analysis is based upon

the assumption that transverse dimensions are so small

that transverse fields are, to first-order, quasi-static. Be-

cause of the low impedance of the N+ semiconductor,

most of the electrical energy is thereby confined to the

lossless insulating layer immediately below the center con-

ductor [13]. However, the magnetic field freely penetrates

the N+ substrate because the dimensions of the line are so

small that the quasi-static range of magnetic field is much

less than the semiconductor’s skin depth (tl~ = 56 pm at

10.0 GHz). Thus, since the skin effect is unimportant and

the semiconductor is a nonmagnetic material, to first-order

the magnetic field does not “see” the N+ layer at all.

Accordingly, the magnetic field distribution is nearly that

of normal coplanar waveguide (CPW) on an insulating

substrate [13]. This separation of electric and magnetic

energies results in slow-wave mode propagation.

For quasi-TEM propagation, one can introduce an in-

ductance per unit length, L, which can be expressed as

1
L=—

c2c~
(1)

where c is the free-space phase velocity and C‘ is the

capacitance per unit length of an equivalent air-filled

transmission line. Since the magnetic field of the present

structure is nearly that of normal CPW, C‘ can be de-

termined by conformal mapping. This leads to [15]

1
L=——————

4C2COF
(2)

where c~ is the permittivity of free space and F is a

geometrical factor which can be approximated by [15]

‘( )In 2(1+JZ)

(1 -w)
for O.707<k<l

T
F=

IT

,( 1

for O < k <0.707
2(l+@)

ln (1 -m)

in which

s
k=—

S+2W
and

k’=41–k2.

(3)

(4)

(5)

The longitudinal inductance L is shown in the equivalent

circuit of Fig. 5.

The metal conductive losses are introduced as a correc-

tion represented by the resistance lt~ in series with L in

r----+k
R

m L

~ Ct

( R
t

o 1 0
Fig. 5. “Slow-wave” mode equivalent circuit of coplarm microstructure

MIS tr~smission line used in quasi-TEM analysis.

Fig. 5. This longitudinal loss resistance, expressed in ohms

per unit length, is approximated in our simple model by

the effective resistance of the center conductor:

r1
for t < ?lm

omts
R.=

1
(6)

for t > ISm
Um?lms

where u~ and i3~ are the conductivity and skin depth,

respectively, of the aluminum. Since current densities in

the ground planes are much less than in the center conduc-

tor, the ground plane contribution to R ~ is ignored.

Longitudinal current, which parallel the current of the

center conductor, flows in the N + semiconductor im-

mediately under the center conductor and also contributes

to loss [11], [12]. This current is essentially a correction to

the assumption of no interaction between the magnetic

field and the N+ semiconductor. Losses associated with

longitudinal current in the semiconductor are represented

by R ~ in Fig. 5. Since the longitudinal semiconductor

current flows in addition to the longitudinal current in the

metal, a parallel connection was employed rather than the

series connection of Seguinot et al. [13], [14]. In our model,

R= is given by

(7)

where us and 6S are the conductivity and skin depth,

respectively, of the N+ semiconductor. Equation (7) is

based upon the assumption that the longitudinal E field

under the center conductor decays exponentially in the

vertical direction with decay constant d~. Note that the

assumption of small dimensions applies only to the trans-

verse dimensions and does not preclude skin effect behav-

ior of the longitudinal electric field.

Energy storage and loss associated with the transverse

electric field and current are represented by the transverse

capacitance Cf and transverse resistance R ~, respectively,

in Fig. 5. Since electric energy storage is largely confined

to the dielectric layer under the center conductor, the

transverse capacitance per unit length is approximated by

SCZCOK
ct=—

h
(8)

where Ci is the dielectric constant of Si02 and K is a
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geometric factor slightly larger than unity introduced to

account for field fringing. The K values used for each

transmission line are given in Table I. These values were

found byusing finite-difference calculations to determine

the exact static capacitance of each line. Results are not

critically dependent on K values, however. Maximum

errors in 20 and y of only about 10 percent will result

from simply letting K =1.

For the N+ semiconductor, us>> tic~co, where c~ is the

relative dielectric constant of silicon. Accordingly, trans-

verse current flow is predominantly resistive and is repre-

sented by Rt in series with Ct in Fig. 5. In the present

model, this transverse resistance is approximated by

1
Rt=—

20~F
(9)

where F is the geometric factor defined in (3). The deriva-

tion of (9) is based upon the analogy between the trans-

verse resistance of the present structure and the inverse

transverse capacitance of normal CPW.

In principle, there should also be a transverse capaci-

tance through the air [13], [14]. However the susceptance

of this capacitance is very small compared with the suscep-

tance of Cf and Rt in series and is ignored in our model.

For a particular transmission line implementation, the

circuit elements of Fig. 5 were evaluated as functions of

frequency using (2)-(9). The complex propagation coeffi-

cient y and complex characteristic impedance 20 were

then determined from

y=a+j~=~ (lo)

r

z
Zo=Z~+jZ{=

7
(11)

where

1
z= ~

1
(12)

~+
L jtoL + R.

1
Y=

1“
(13)

R,+—
joC,

Finally, the quality factor Q and” slowing factor” (Ao/Ag)

were determined from

Q.;

and

(14)

(15)

IV. RANGE OF VALIDITY

The quasi-TEM analysis described above assumes

quasi-static fields having a depth of penetration into the

N+ semiconductor that is small compared with the semi-

1 10 100 1000

Frequency (GHz)

Fig. 6. Contoars of constant Q in the “slow-wave” mode region for

transmission fine 2. Dashed fine corresponds to experiment.

conductor skin depth. From the results of Davis, Williams,

and Celestini [16], we conservatively estimate this quasi-

static field range to be (S/2+ W). For our quasi-TEM

model to apply, the frequency ~ must therefore be small

compared with the frequency ~1 for which the skin depth

equals (S/2 + W):

1
(16)

‘1= ~a#o(s/2+ W’)* “

In addition, (9) assumes that UC~EO<< us. This implies that

the frequency f is small compared with the dielectric

relaxation frequency f2, defined to be

(17)

We conclude that the quasi-TEM mode analysis presented

above is only valid at frequencies which satisfy both f <<fl
and f <<f2.

The two frequencies defined in (16) and (17) can also be

used to differentiate between three different modes of

propagation [10]. For f2< f < fl, transverse electric and

magnetic fields both freely penetrate the semiconductor

substrate and propagation of the “dielectric quasi-TEM

mode” occurs. For f ~c f < f2, the mode of propagation is

the “skin-effect mode” in which neither field penetrates
into the semiconductor substrate. Finallly, for f <<fl and

f<< f2, the mode of propagation will be a “slow-wave”
mode. In this region, the magnetic field freely penetrates

the semiconductor substrate while the electric field does

not. These last conditions are also those required for the

quasi-TEM model presented above to apply. Using worst-

case parameters for the four transmission lines under

consideration, fl = 120 GHz and f2= ;12000 GHz. Thus,

by comparing fl and f2 to the maximum measurement

frequency of 12.4 GHz, one sees that all four lines easily

meet the criteria for “slow-wave” mode propagation and

for validity of the above quasi-TEM analysis technique.
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Fig. 6 shows a calculated family of contours of constant

Q in the conductivity-frequency plane for the geometry of

transmission line 2. The boundaries of the quasi-TEM

“slow-wave” mode region that occur at ~ = ~1 and ~ = ~2

are shown in this figure. The dashed line on the left

identifies the semiconductor conductivity of transmission

line 2 and corresponds to actual experimental conditions.

One sees that the experiment falls well within the realm of

quasi-TEM “slow-wave” mode propagation throughout the

entire experimental frequency range. In addition, one notes

from Fig. 6 that the conductivity of transmission line 2 is

somewhat larger than the conductivity that would be de-

sired to obtain maximum Q.

V. DISCUSSION

The quasi-TEM analysis technique described above was

used to calculate the theoretical curves plotted in Figs.

2–4. Excellent agreement between theory and experiment

is noted for all four lines over the full frequency range

from 1.0 to 12.4 GHz. Such close agreement is typical of

results we have obtained on other lines fabricated on

similar substrates but having center conductor widths

ranging from S = 4.2 pm to S =15 pm and gap widths

ranging from W = 6 pm to W= 21 pm. This apparent

validity of the simple quasi-TEM theory is believed to be

due in large part to the very small cross-sectional dimen-

sions, which ensure that transverse fields are essentially

quasi-static. The excellent agreement corroborates the as-

sumptions that the “slow-wave” mode propagating on

these microstructure MIS transmission lines is, in fact, a

quasi-TEM mode and is therefore amenable to analysis by

elementary techniques.

The relative importance of each of the three loss mecha-

nisms can be theoretically investigated by using the quasi-

TEM theory to separately calculate the attenuation with

only one of the three resistive elements included in the

equivalent circuit. When this is done for each of the three

resistive elements, it is found that the sum of the three

partial attenuations equals the total attenuation, with all

three elements included, to within a l-percent error. Thus,

the ratio of each partial attenuation to the total attenua-

tion accurately reflects the relative contribution of each

individual loss mechanism to the total attenuation of the

line.

Fig. 7 shows a plot of the relative contribution of each

individual loss mechanism to the total attenuation of

transmission line 2. One sees that the metal loss contribu-

tion decreases with increasing frequency but is dominant

at frequencies below about 25 GHz. Even at frequencies as

high as 100 GHz, metal losses still account for nearly 20

percent of the total attenuation. Clearly, gross inaccuracies

would result from neglecting the metal losses. The trans-

verse and longitudinal semiconductor losses are both seen

to increase with frequency. However, the transverse-loss

component is very small. For example, one sees from Fig.

7 that R, is responsible for less than 10 percent of the total

attenuation at frequencies below 100 GHz.

Fig. 7.
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VI. CONCLUSIONS

The simple quasi-TEM analysis technique presented

above is seen to provide excellent agreement with measure-.

ments of micron-size coplanar MIS transmission lines on

heavily doped silicon propagating the “slow-wave” mode

Such close agreement is attributed to the very small cross-

sectional dimensions of the transmission lines, which en-

sure that transverse fields are essentially quasi-static. Be-

sides its apparent validity in the” slow-wave” mode region,

the quasi-TEM approach is quite easy to use and provides

useful insight into “slow-wave” propagation and the roles

played by the different loss mechanisms.

In contrast with previously published” full-wave” analy-

sis treatments [3] –[8], the present quasi-TEM analysis takes

metal losses into consideration. This is important since

metal losses are found to actually dominate the attenua-

tion at frequencies below 25 GHz and to still be significant

at frequencies up to at least 100 GHz. Accordingly, the

earlier full-wave analysis treatments are deemed inade-

quate for accurate analysis of these microstructure trans-

mission lines.

Micron-size coplanar MIS transmission lines on heavily

doped semiconductors possess a number of properties that

are desirable for MMIC’S. They are easy to analyze, easy

to fabricate, have very confined fields, exhibit relatively

low loss, have reasonably large slowing factors, have con-

venient values of characteristic impedance, and demon-

strate very little dispersion over a broad range of micro-

wave frequencies. In addition, they can be fabricated on

thick, robust, substrates and do not require “ vias” for

connections to the ground plane. These properties suggest

that such lines may be useful as transmission media for
fabricating distributed components in MMIC’S. By opti-

mizing dimensions and materials, it should be possible to

further reduce attenuation, significantly increase Q, and

extend the useful range of operation well into the millime-

ter-wave spectrum.
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