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Abstract This paper investigates the one- the substrate conductivitg, is greater than a
dimensional metal-insulator-semiconductor  specific conductivityc,;,, the MIS line will be
transmission line. It develops closed-form dominated by series loss, and that, wbhers less
expressions for equivalent-circuit parameters, thano, the MIS line will be dominated by shunt
compares them to exact calculations, and explores loss. They used this conductivity to define two
their limitations. It also investigates the usual distinct regions of operation. They treated these two
assumption of single-mode propagation and shows regions of operation independently and developed
that, in certain fairly common circumstances, the  different equivalent-circuit descriptions for each of
fundamental mode of propagation becomes so them.

lossy that it can no longer be considered to be the Hasegawa, et al. carried these concepts further
dominant propagating mode. in [2]. This work discussed three MIS regions of
operation, each separated from the others by a
INTRODUCTION transition region and described by its own distinct

equivalent-circuit model.

This paper investigates the transverse-magnetic  In [3] Jager focused on what he called the “slow
(TM) modes of the one-dimensional metal-insulator-Wave” region of propagation of the MIS line. Jager
semiconductor (MIS) transmission line of Fig. 1. The deviated significantly from the treatments of [1] and
transmission line consists of a metal film bounded on[2] by proposing an equivalent-circuit model in
its upper surface by a perfect magnetic wall and
separated by an insulator or a depletion region from

a semiconducting substrate backed with a perfect magnetic wall
) . . . . . y= h, = ts+t\+tm

cc.)nd.uctlhg Wa.II. While FhIS trans.m|SS|.on Ilng ha}s no 7 Jocd /’ 5
fringing fields, it approximates wide microstrip lines €m = € [0,/
fabricated on silicon substrates. Its solutions, when 'inS;atc; y=h, =ttt
reflected through the magnetic wall, also correspond € =€'¢c,
to those of the even modes of symmetric infinitely OO\ y=h =t
wide metal-semiconductor-insulator-metal-insulator- semiconducto,

. . €= €€, - jJoJw
semiconductor-metal striplines. \\\\

Guckel, et al. [1], Hasegawa, et al. [2], and AN 4 y=0
Jager [3] first investigated the one-dimensional MIS electric wall

transmission line. Guckel, et al. observed that, when
Fig. 1. The one-dimensional MIS transmission line.
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which the resistance of the substrate is connected in R, Ln Mt R L
parallel with those of the metal and insulator, rather YW T
than in series with them. g}
These three investigations of the one-dimensional Cs
MIS lines have played a crucial role in shaping our i
understanding of the broader class of MIS L R
transmission lines; almost all subsequent
investigations of more complex MIS lines with
fringing fields have focused on extensions of the
basic circuit models they described. ¢ *
This paper will report on a single, unified R+joL = (RyHR) +jo (LytHoti+L)
equivalent-circuit description for the dominant M G+joC= [(oC)"+ G+ jo C)*' T
mode of the one-dimensional MIS line. This paper Fig. 2. An equivalent-circuit model for the TM mode of
will also investigate the common assumption that th he MIS transmission line of Fig. 1. The formulas at the

™ de of the MIS line is al dominant and ottom of the figure can be used to transform between
o Mode or the IN€ IS always dominant ant yne megel parameters and the line’s standard circuit

examine its properties when it becomes so lossy thagarameter®, L, G, andC plotted in Figs. 3-8. The
it can no longer be considered dominant. inductance attributed to the insulating region in the
model is lt.

EXACT MODAL SOLUTIONS

. ipb=¢ Hd =H .

It is customary to refer to thath transverse- 0 7{ X|y=hz ()
magnetlc(:j mooflehof a tr(?nsmls?on I:;Ine’ W;ers\flerzlrs h Here the modal voltagg corresponds to the integral
to the order of the mode, as the M mode. ent f the tangential electric field across the transmission

trfansrlrls.smn line is Iosslessrefgrsftc:;he ngr?]t_)er: line cross section from the electric wallys0 and
© Inu S ﬁ:n transversdet msggetlc 'ef[_ ’I an i ' the magnetic wall ay=h;. The modal curreni,
values o correspond fo higher spatial variation in corresponds to the current in the metal film,

the transverse fields. When the transmission line iSyetermined here by integrating the magnetic field

Ios§y,. the.modes are ordered.so thgt the transv?r%eround a path enclosing the metal. The modal power
variation in the transverse fields increases with

_ _ po per unit width, equal to the integral of the
increasingn.

. . Poynting vector ovey, is
Reference [4] outlines a method of solving

exactly for the propagation constant and fields of any hs
TM, mode of the one-dimensional transmission line Py = - f E, H,"dy. (3)
of Fig. 1. y=0

The usual definitions for the modal voltagge

and the modal currefy per unit width are In accordance with [5] and [6], the power-

voltage definition of the characteristic impedance is
hy Zy=|v,|%p,” and the power-current definition of
Vo = —f E, dy (1) characteristic impedance iz ,=p/|i,|? . We
y=0 determined the inductancé, capacitanceC,
resistancgR, and conductana@ per unit length and
width of the line from R+jwL=vyZ, and
GtjwC=y/Z,.

and
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Fig. 3. Exact and modeled valuesRyfL, G, andC for Fig. 4. Exact and modeled valuesRyfL, G, andC for
the TM, mode of an MIS transmission line with= t, = the TMy mode of an MIS transmission line with= t =

1um,o,= 3x10 S/mg;’ = 3.9,¢,’ = 11.7,p,= 100 1 um,o,= 3x10 S/me’ = 3.9,¢, = 11.7,p,= 0.1
Q-cm, andt,= 5 um. The model agrees so well with the Q-cm, andt,= 5 pm. The model agrees so well with the
exact results that the differences shown in the figure areexact results that the differences shown in the figure are
indistinguishable. The exact values are calculated fromindistinguishable. The exact values are calculated from
the power-current definition of characteristic impedance. the power-current definition of characteristic impedance.

MODEL figures. The figures show that this model describes
the TM, mode so well on highly resistive silicon

We will investigate a simple equivalent-circuit Substrates that the exact and model results are nearly
model for the TN mode of the MIS line based on indistinguishable, although Flg 8 shows that the
classic surface-impedance and parallel-plate-model overestimatesG = significantly at high
capacitor approximations. While this model cannotfrequencies on thick highly conductive substrates.
be found in the literature, it is really a compilation of ~ The classic surface-impedance formulation
models found in [1], [2], and [3]. approximate®R, andL,, by the surface impedance

Figure 2 shows the model elements and theirof a plane wave impinging on the finite metal film
relationships to the standard paramekers, G, and ~ backed by a magnetic wall afd andL, by the
C. Define the complex dielectric constantof the  surface impedance of a plane wave impinging on the
metal to beyjo./w, Wheree, is the permittivity of  finite thickness semiconducting substrate backed by
free spacey,, is the conductivity of the metal, and @ perfectly conducting ground plane. The resulting
is the angular frequency, the dielectric constant ~ expression foR, andL,, in the model of Fig. 2 is

the insulator to be;’e,, wheree,’ is the relative jk 1
dielectric constant of the insulator, and the complex R +tjwlL = mt : : (4)
dielectric constant, of the semiconductor to be wey, tank,t;)

e/eqjodw, where e/ is its relative dielectric
constant ands, is its conductivity. The obvious
analogy of the MIS line with a parallel plate . jks1

capacitor suggests settij+jwC, andGHwC, in Ritjwlg = o tank,ty, (5)
the model of Fig. 2 tasje;/t, and jpedt, Figures 3-8 S

compare the exa'c.t.values ©GfandG for various “where thek = w\/llo=€ [1].

substrate conductivities to those calculated from this N g

o i ) ] Figures 3-8 compare the exact valueRandL
model, which is marked with short dashed lines in the(solid lines) to those calculated from this surface

and forR, andL, is
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Fig. 5. Exact and modeled valuesiyfl, G, andCfor  Fig. 6. Exact and modeled valuesRofL, G, andC for
the TM, mode of an MIS transmission line WifhF t= " the TM, mode of an MIS transmission line with t =

1 pym,o,,= 3x10 S/mg; = 3.9,¢/ = 11.7,p,= 0.001 1 um,o,,= 3x10 S/mg’ = 3.9,/ = 11.7,p,= 100
Q-cm, andi;= 5 um. The model agrees so well with the ¢.cm, andt,= 100 um. The exact values are calculated
exact results that the differences shown in the figure argrom the power-current definition of characteristic
nearly indistinguishable. The exact values are calculategmpedance.

from the power-current definition of characteristic

impedance.
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Fig. 7. Exact and modeled valuesRyfL, G, andC for Fig. 8. Exact and modeled valuesRfL, G, andC for

the TM, mode of an MIS transmission line wigh=t=  the TM, mode of an MIS transmission line witF t =

1 um,o,,= 3x10 S/mg;’ = 3.9,¢,/ = 11.7,p,= 0.1 1 pym,o,,= 3x10 S/mg;’ = 3.9,¢,/ = 11.7,p,= 0.001
Q-cm, andt,= 100 um. The exact values are calculated Q-cm, andt;= 100 pm. The exact values are calculated
from the power-current definition of characteristic from the power-current definition of characteristic
impedance. impedance.

impedance approximation, which are also marked resistive substrates. Thus, while the model always
with short dashed lines. Figures 3-5 show that this gives good results for thin substrates, at high
model so accurately predicR and L on thin frequencies and on thick substrates it overestimates
semiconductor substrates that the exact and modele@ andC when the substrate conductivity is high and
results are indistinguishable. However, Figs. 6-8 overestimd®esand L when the substrate

show that the model overestimatés and L conductivity is low.

significantly at high frequencies on thick highly
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constantp/p, of the TM, and TM modes at,= 0.1
Q-cm for an MIS transmission line with=t,= 1 um,
0,=3%x10 S/mg’ =3.9,¢/ = 11.7, and,= 100 pm.

Fig. 10. The ratio of attenuation constants of the, TM
and TM, modesy, andg,; atp,= 0.1Q-cm for an MIS
transmission line witly,= t;= 1 pm,o,,= 3x10 S/mg’

Th_e guantities: andp are defined frony = « + j and_ =39,/ =117, and.= 100 pum.
B, is the phase constant of a plane wave propagating in
free space.

However, the attenuation constant of the,TM
HIGH LOSSREGION OFOPERATION modes grows rapidly at high frequencies, making it
poorly suited for propagating high frequency signals.
Figure 10 shows that this high loss region is limited
Although the exact method can be used to findto high frequencies.
the propagation constant and fields of any , TM  Figure 9 shows that in its high loss region of
mode, up to this point we have examined only thePropagation, the attenuation constant of the, TM
TM, mode. When the substrate is thin the loss of themode becomes comparable to that of the TM mode.
TM,mode is always small compared to those of theHere we can no longer say that the TM mode is
higher order modes of propagation and it can bedominant and an accurate description of the line will
considered to be “dominant.” That is to say, its lossrequire ~consideration of multiple modes of
is so low that all higher order modes created at gropagation, a considerable design complication.
discontinuity in the line die away quickly enough to There are other design complications in this high loss
be ignored at small distances from the discontinuity.region as well.
When the TN) mode is dominant it is the only mode ~ Figure 10 plotgy;=|po,p1dPod 14, @ Measure of
that carries power between well separated sourceghe significance of the modal cross powers [7], where
discontinuities, and receivers in the line. Figure 9 h,
plots the attenuatlon. constantsof the TM, and P = - f E,, H, *dy (6)
TM, modes as a function of frequency wiper 0.1 y=0
Q-cm for a substrate thicknesstgf100 um. The
figure shows that, at low frequencies, the attenuatiorandE,, andH,, are the fields of the TM mode. It
of the TM, mode remains small compared to that ofshows that;,, becomes large when the propagation
the TM, mode. At these frequencies the ;TM is constants of the two modes become comparable.
dominant, has fairly low attenuation, and is thus wellWhen{,, is large the total power in the transmission
suited for propagating electrical signals. line can no longer be calculated as a sum of the
powers carried individually by the TM and TM



modes [8]. This emphasizes the complexity This paper has also shown that the MIS line has
multimodal character of the transmission line in its a high loss region of operation in which its electrical
high loss region of operation. behavior becomes complicated and multimodal in
Figure 10 also plotsn = |v,i,"-p,|/|p,l @ nature. It explored the properties of the TM mode in
measure of the fidelity with which the power carried this high loss region of operation, showing that the
by the TM, mode is determined by the produdt, conventional relationships between its modal voltage,
of its modal voltage and the conjugate of its modal current, and power do not hold there, and that the
current. The figure shows that the usual relationship total power in the line is no longer a simple sum of
between the conventionally defined modal voltage the powers carried by each mode of propagation
and current and the actual power carried in the line individually. From this last observation, we can
fails in the high loss region. conclude that accurate treatments of MIS lines in
MIS lines with high loss regions of operation this high loss region will require consideration not
may be used to propagate low-frequency signals over only of multiple modes of operation, but also of the
moderate distances and high frequency signals over modal cross powers, as is done in [8].

very short distances. However, the preceding This paper has not addressed the applicability of
discussion paints a complex picture of the the model to microstrip lines, nor has it attempted to
electromagnetic behavior of the MIS line there. develop a model that accounts for field variations in

Accurate high-frequency circuit design in this high the line. Reference [9] will address these issues in
loss region will require accounting for the detail.

multimodal character of the transmission line, the

high modal cross powers, and the unconventional ACKNOWLEDGMENTS
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