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response of the InP FET is not as fast as expected from its

o/E curve, because the operating drain voltage is rela- ‘2]

tively small in the normally off FET and the maximum

electric field in the channel is less than the 10-kV/cm [31

value required for the InP drift velocity to reach its peak.

To improve the response time of the InP FET, a p-n [4]

junction FET or a short-gate FET with ~= 0.5 pm is a

possibility since it would result in a larger channel field.
[5]
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Determination of the Electrode Capacitance
Matrix for GaAs FET’s
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Mwtmct-Io tbia paper, a method is pre9ented which provides the

electrde capacitance malrix for G* FET’s. ‘llIs method hcoqomk a

Green’s functio~ vefid for condoetom printed on or embedded in a

~ ~- titi k moment method tedmkue. Although cabda-
tioos for various geometries of printed conductors are consider@ empha-

sk fs placed on the computation of self- and mutual-capacitances for the

~ g% * +v~ent *t of a W FE’T. AS an emuwk *

_ pwer duu’$w@fiLs of a depletion-mode GaAe FET inverter circuit

are examk?4 as a function of device wid@ pad and gate length.

I. INTRODUCTION

I
N THIS PAPER, an accurate model is developed for

the determination of the capacitance matrix of multi-

ple conductors with finite dimensions, printed on or em-

bedded in a grounded dielectric substrate. This model has

applications in the optimization of high speed integrated
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circuits (IC’S) for which a precise knowledge of the capa-

citance matrix for the electrodes is of paramount impor-

tance for the device and IC design. In order to maximize

the speed and minimize the power of the IC, the electrode

capacitance matrix must be computed as a function of

device width, contact and gate length. By incorporating

this capacitance model in the computer-aided design pro-

gram SPICE2, the speed–power tradeoff of a GaAs FET

inverter circuit has been analyzed, as a function of device

dimensions, in order to demonstrate the model’s useful-

ness.
The method given here allows for the computation of

the capacitance matrix of a system of N, zero thickness,

metallic conductors with finite dimensions (see Fig, 1).

The approach utilizes the moment methods technique [1]

in conjunction with a Green’s function appropriate to the

geometry of the problem. In this manner, by employing

even–odd mode excitations, the unknown charge on each

conductor can be determined, which immediately yields
the capacitance matrix. The potential ~. of the ith con-

ductor being known, i= 1,2,3,. “., N the problem is to

solve the following system of integral equations

0018-9480/80/0500-0459$00.75 @1980 IEEE
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Fig. 1. Three conductor system and equivalent circuit.

Where (Xj,Yi), (xJ,yj) denote coordinate points of the ith

andjth conductors, respectively, ~ is the unknown surface

charge density on the jth conductor, G { x,,y,; +yj; z } is

the Green’s function, and ~. is the area of thejth conduc-

tor. A solution to this system of equations will yield the

unknowns ~(+,yj) and therefore the total charge of the

jth conductor, i.e.,

with i=l,2,3,. . . , N. The capacitance matrix can now be

determined by inversion of the system of equations

QI
Q2.1.

C,l C12. “ . C,N

C2, C22” “ “ C2N

m“ “Jl”]!iN Ci C;2” “ “ C:N ;
N

i.e., the partial capacitances are obtained as

c,,_ g

!I— J/,
(4)

J v,=~._, =Fj+l=. ..=vN=o

Moment methods have been adopted in the past to

solve the outlined system of equations for infinite printed

conductors [2]–[5]. Other techniques, based on the quasi-

static approach, have been used very successfully for the

two dimensional rnicrostrip problem [6]–[ 10]. In addition,

some results have also been published with respect to the

three dimensional problem for related geometries

[11]-[20]. However, there has been very little reported

work for systems of conductors with finite dimensions

embedded in or printed on a grounded dielectric sub-

strate, although the capacitance of a single printed con-

ductor has been previously reported [14].

II. CAPACITANCE OF A SINGLE EMEEDDED OR

PRINTED CONDUCTOR

A single perfectly conducting patch of zero thickness is

considered, at first, embedded in the dielectric substrate at

a height h above the ground plane. The case of the

electrode printed on the substrate results as a limiting

situation (i.e., h+lf). The conductor is divided into sub-

areas ASj, j= 1,2,3,. “” , N, where A~. = AxJAyj. The poten-

tial of the ith subarea is ~, i= 1,2,3, --- ,N and it is given

by [14], [15]

N
Vi= ~ gGti (5)

j= 1

with

{
~= ;

on conductor surface

7 on ground plane

and where Gg is the Green’s function pertinent to the

problem (see Appendix) while ~ is the unknown surface

charge density of the jth subarea. By rewriting (5) into

matrix form and then by inversion, the unknown u, can be

determined from [C

u,

ts2

03 .

/= ~G]- 1[V], ie.,

Gll G12. .- GIN’

G2, G2N

–1

It is a simple matter to compute now the

the conductor, i.e.,

N

1

1
1

1

J

(6)

total charge on

(7)
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Fig. 2. Capacitance (C,) of a square printed patch (H= 200x
10-6 m~= 12.5)

and, therefore, the capacitance

where Dy is the (i~”)th element of the inverted Green’s

function matrix. In the employment of the moment

methods above, the expansion functions were chosen to

be pulse functions constant over each subarea, while im-

pulse functions were selected as weighting functions. Fig.

2 shows the capacitance of a square conductor printed on

a GaAs substrate (~= 12.5) with H= 200 pm. For large

W/H= L/H the capacitance approaches that of two

large parallel plates filled with GaAs, while for small

W/H= L/H it approaches the value of the spreading

capacitance C’,. Additional results are presented in Figs. 3

and 4 for a single conductor embedded in and printed on

a grounded GaAs substrate, respectively.

III. SEVERAL CONDUCTOR GEOMETRY

In most practical applications it is necessary to compute

the capacitance matrix of a multiple-electrode system.

Specifically for GaAs FET modeling, a three conductor

system is needed to represent the gate, source, and drain

on the surface of the GaAs substrate. The capacitance

between pairs of conductors (Clz, C13, C23) and between

each conductor and ground (C1 ~,Czz, C33) can be calcu-

lated so that an equivalent circuit model for the FET can

be obtained.

In Fig. 1, a three conductor geometry is shown with the

corresponding equivalent circuit. The conductor dimen-

sions as well as the spacings are quite arbitrary. In order

to compute the capacitances of the equivalent circuit

shown in Fig. 1(c), an even–odd mode excitation analysis

is used. For the even mode excitation it is assumed that

each conductor is at + 1 V potential with respect to

ground whereas for the odd mode one conductor is at + 1

V while the other two are at – 1 V potential. That is,

10 L 1 I I 1 I Ill

$1.0 :

h/H = 0.2
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[cl w = 0.2

1.0 10 Iwl

CH/Cr <0 LW

Fig. 3. Singte conductor capacitance data for h/H=O.2.
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Fig. 4. Single eonduetor eapaeitanee data for h/H= 1.0.

when finding the odd mode charge on the second conduc-

tor, for instance, the potentials on the first and third

conductors are assumed to be of the opposite sign from

the second conductor potential. The capacitance matrix

can be computed in this case by computing the even–odd

mode capacitances which can be established by consider-

ing the symmetries about the magnetic and electric walls

for the even and odd modes, respectively. It can be shown

that the even–odd mode capacitances are related to the

capacitance matrix elements by [15]

c,, = Cp c== C,je) C33= cp (9)

and

– cp – Cp + Cf) + Cp -t Cp – Cy
c,~ =

4
(lo)

_ q9+ Cp- Cp+ Cp - @’)+ ~~ (11)

c,~ =
4

where the superscripts (e), (o) refer to even, odd modes

correspondingly. The first conductor is divided into NA

subsections, while the second and third conductors are

divided into N~ and Nc subsections, respectively. The
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total number of subsections is then N= N~ + NB + IVc. NA + NB NA

The matrix equation for the charge densities is of the form Dd= ~ ~ D;
i= NA+l J==l

[o]=[G]-’[v] NA+NB NA+NB

(17)D5= ~ ~ D,
i= NA+lj=NA+l

where now

u,

u~

(JNA

‘N. + 1

‘NA + NB

‘NA+NB+l

(JN

NA + NB N

D6= ~ 2 Dti
i= NA+lj=NA+NB+l

N NA

i= NA+NBj=l -
+1

N NA + NB
[*]= (13)

D8 = 2 ~ D,
i= NA+NBj=NA+l

+1

(18)

Dg = 5 $ Dv.
i= NA-b NBj=NA+NB

+1 +1J

and

[:

G,, ,

.

. . . G,,NA GI,N.+ 1 “ “ “ G],NA+NB GI,NA+NB+1 . . . GI,N

.

“ “ “ GNA,N. GNA,NA+lGN. + i

GN. + I, 1

[G]= :

GN. +NB, I

‘N. +N. +1,1

.
GN,,

- “ “ GNA,N.+NB ‘NA,NA+NB+I . . . GNA,N

G““” NA+l,NA GNA+l,N4+I - ““ ‘N. +I,NA+N, GN.+ l,NA+NB+l G““” NA+l,N

(14).

“ “ “ GNA+N,,NA GN.+NB,N.-t-I “ “ “ GNA+N.,NA+N, GN.+NB,NA+NB+I “ “ “ GNA+N,,N
“ “ “ ‘NA+ND+l,NA GNA+NB+l,NA+l

..- GNA+N=+l,NA+NB GNA+N, +I,NA+NB+l
“ “ “ GNA+NB+I,N

.

. . . GN,NA ‘N,N. + I “ “ “ ‘N,NA+N, GN,NA+NB+l . . . GN,N I
The voltage excitation for the even mode of each conductor is a unit column matrix while the respective odd mode
excitations yield the following column matrices:

–1

–i
–1

. .

–1

–i

1

1

–i

–i

–1

–i

[ J%+,,= [ V10M2= [ ‘]odd,= (15)

1

–1

–i

–1
1

i
J

By defining again Dv to be the ijth

Green’s function matrix and by summing separately each

of the previously defined nine submatrices there results

D,= ; ; D@
islj.=1

lement of the inverted The even and odd mode capacitances can now be de-

(19)

termined from the following equation:

where j = 1,2,3 for the first, second, and third conductors,

respectively. The even–odd mode capacitances are given,

on the other hand, by

D3= : -$ Dti
i=lj-NA+NB+l

C[e) = (Dl + D2 + D3)AS,
(20)

cp = (Dd+D5 + D6)AS2



ALEXOFOULOSet d.: ELECTRODECAFACTIANCEMATRIXFORChAsFRT’S

Is
‘“1 ‘2 C: = 12,5, H=’h ‘200/tin I

5

- ml

w, = W2 = W3 = Ioflm
L L = 50WII

0.0

t’ w, W* W3

$
F44~. 0.7 k

$
j?

C22
%

‘. 3 0.5
“z

, ~,,,
0 m 40 60 so 103

NuMsER OF SUBSECTIONS

Fig. 5. Three conductor convergent curves.

10

1.0

0.01

E’
C,2=C23

m
Iixw

1CW3

1.0

0.001 0.01 0.1 1.0

S*lM = SX21H

Fig. 6. Three conductor capacitances as a function of spacing.

10r“2’C27‘m
c1 , = C$3

*

““”:Cs!
“2

: ml

f, = 12.5

W, = W3 = 23.75pm

L w~2 = 05urn

= loopm

H = 2oQPm

WI W2 W3 s
= ‘X2

= 1 Oflm
‘1

,,o~l,o

h/H

Fig. 7. Three canductor capacitances as a function of conductor level.

C~) = (D7 + D8 + DcJAS3
(21)

cf”)= (Dl – D2– D3)AS1

CJO~= (– Db+ D5– DJAS2

Cf’)= (– D,– D8+ D9)AS3
(22)

from which the capacitance matrix elements are de-

termined by considering (9)-(12).
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Obviously, this method can be extended to a system of

M conductors, as the same Green’s function holds. How-

ever, the matrix continues to grow as conductors are

added and computer time increases for good accuracy.
Computer memory storage is therefore a limitation of this

approach as the number of conductors increases. With

respect to the three conductor system, there are two

geometries of interest in this paper; namely a configura-

tion which represents the source and drain electrodes of a

GaAs FET with a gate between them and a second

geometry which represents the source and drain electrodes

with a gate bonding pad offset from them. Figs. 5–9 show
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some representative results for the

cases. For each particular situation,

aforementioned two

specific convergence

curves were computed first as shown, e.g., in Fig. 5. The

presented results are in general within 2 percent for Cl 1,

Czz, C33 and within 5 percent for C12,C23,C13.

IV. AN WPLICATION TO SPEED-POWER TRADEOFF

OF A GaAs FET lNVERTER CIRCUIT

The three conductor system discussed in the previous

paragraph is employed now to model the electrode capaci-

tances of a GaAs FET inverter circuit. Device geometry

plays an important role in the determination of the speed

and power consumption of GaAs IC’S. Here, the impor-

tance of the FET width and source/drain contact and

gate length on the speed and power dissipation is demon-

strated by a comparison of the transient performance of

the inverter circuit. To this end, an accurate model for the

parasitic capacitance of the FET has been used in con-

junction with the circuit analysis program SPICE2 to

perform a speed power tradeoff analysis of the GaAs FET

device. This implies that an optimization of the device

dimensions can be affected properly in order that a

tradeoff between the current handling capability of the

device and the parasitic capacitances can be carried out to

maximize the speed and minimize the power of the device

[16]. Since the speed of an integrated circuit is determined

by the time required to charge and discharge both the

device and the circuit parasitic capacitances, the larger the

current flowing into and out of the capacitors, the faster

the charging and discharging time. The current handling

capability and the parasitic capacitances of an FET are

dtiectly proportional to the device width, whereas the

fringing capacitance at the ends of the device is indepen-

dent of the device width. Thus as the device width is

decreased, the fringing capacitances become a larger por-

tion of the total capacitance of the device. Since the

current capability of the FET decreases with decreasing

width, the charging time of the parasitic capacitances

increases.
In order to optimize GAs FET IC’S, an equivalent

circuit model for the FET has been developed which

predicts the device dc and transient performance [16]. The

parameters of the equivalent circuit model which is incor-

porated in SPICE2, have been determined from the dc

1– V characteristics of the FET. This model scales with

device width so that circuits with different size FET’s can

be analyzed with respect to speed, power consumption,

and fan--out capabilities.

An important attribute of this model is that it incorpo-

rates accurately the resistance of the FET and the capaci-

tance matrix (i.e., self- and mutual-capacitances). The

parasitic resistance has been measured for various FET’s

with different widths and contact lengths. The capacitance

matrix is computed on the basis of the geometry shown on

Fig. 10. Since the electronic capacitance of the gate Cg, is

normally much larger than the interelectrode capacitance

C12, Cg~is used in the FET model rather than C12.

By incorporating the capacitance model with the circuit

60 I I

~ 40

;’30 -
J
. 7
020 — — 1.0 ~

F.O. = 1,0

Lg=0.5 #m ~
10 – – 0.5 g

,o~t
NORMALIZED DEVICE WIDTH

Fig. 10. Delay time and power-delay product as a function of device
width (Lg = 0.5 pm).

model of the FET, the speed and power consumption of

an inverter have been analyzed for different values of fan

out as a function of the device geometry. The effect of the

device aspect ratio (source/drain width to source/drain

length) and the gate length have been investigated in

order to optimize their design with respect to speed and

power. Van Tuyl and Liechti [17] have shown experimen-

tally that the delay time of an inverter increases for

devices whose width is less than 20 to 30 pm. A computer

simulation of the transient response of the inverter was

performed with the circuit analysis program SPICE2.
Variations in device width from 100 pm to 5 pm with

aspect ratios from 5– 1 to 20– 1 were analyzed, including

gate lengths of 1 and 0.5 ~m. The results of this analysis

for an FET with 0.5-#m gate length is shown in Fig. 10.

The delay time and the power-delay product are plotted

as a function of device width in Fig. 10 for the case of a

fan-out of 1. As the device width is decreased below 25

pm for FET’s with 10-pm source-and-drain lengths, the

delay time increases significantly due to fringing capaci-

tance. By decreasing the source and drain lengths to 2 pm

the fringing capacitance decreases and the minimum

width of the FET is approximately 10 pm before the delay

time increases. The importance of the device geometry as

well as the gate length on the circuit speed has been

demonstrated by this analysis. Based on these results, the

tradeoff between circuit speed and power consumption for

high-speed GaAs FET IC’S can be made and a circuit can

be optimized for either goal.

V. CONCLUSIONS

The moments method has been employed in conjunc-

tion with the appropriate Green’s function to compute the

capacitance matrix of a system of three conductors. The
conductors have zero thickness, finite width and length,

and they may be embedded in or printed on a grounded

substrate. This accurate model for device and circuit

parasitic capacitances has been adopted to develop an

equivalent circuit of a GaAs FIZT in order to investigate

the speed power tradeoff of an inverter circuit.

APPENDIX

The Green’s function is obtained by considering the

potential at a point (Xi,yi,Zi) due to a very small uniformly

charged subsection centered at (Xj,yj, Zj). This potential for

the rectangular subsection is given in free space by [14]
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‘(xj?.Y/3zj )
{[

=& (~- xi)ln ~’j~~:~~ ~~~ 1 (-(2h –2nH) tan-’ ~2h _~~H)A,,

[

; A%ln (d+ B’)((i+ c’)
2 (C+ D’)(C+A’) 1

[

(a+ A’)(b+B’)
+ (~j ‘Yi)h (~+ ~{)(a+ C’)

1

[

+gh (b+ B’)(b+D’)
2 (a+ C7)(a+A’) 1

-~[tan-l(fi)+tin-l(#)]
. ,F. -,(#) +tan-l(S)]

t n tan
[

where

h=zj–zi

a=~– Axj/2–xi

c ‘yj – Ayj/2 –yi

A’=a2+C2+hz

c’=a2+dz+hz

~d AXjAyJ is the area of
patch 1s embedded inside

b=xj+A~/2–xi

d=yj +Ayj/2 ‘yi

B’=b2+dz+hz

D’=b2+cz+hz

the jth subsection. When

‘tan-‘(2h –::H)B” )

(
+ (2h – 2nH) tan-1

(2h – ;:H)c”

‘tan-l (2fi –::H)D” )

(
+ (2nH) tan- ‘ 2n;E ,,

bd
+tan-l —

2nHF” )

bc
– (2nH)(tan- 1zn~~,, +~n–l _

2nHI” )]

[
+(– l)%”-’ (Xj–xi)

-In (c+tl’’)(d+ K“)(d+P’’)(c+ Q“)

(d+ L“)(C+ A4’’)(c+N’’)(d+ O“)

~k (d+ K“)(d+ L“)(C + ~“)(C+ Q“),

‘2 (c+ M’’)(c+.l’’)(d+ O“)(d+ P“)

(a+.1’’)(b+ K“)(b+ Q“)(a+ P“)
+ (Yj–yi)h (b + ~/J)(~ + ~“)(a + N“)(b+ ~“)

this
the substrate, image theory is Ayj (b+ K“)(b+ &f ’’)(a+ P“)(a + N“)

employed which yields for the Green’s function, ap- + ~ln (a+ L“)(a+.1’’)(b + O“)(b + Q“)
propriate to the microstrip substrate,

Gy(Xi,*)=&~l{(-l)n-lKn[(~-xi)

[

.~ ( c+ A’’)(d+ B“)(d+ G“)(c + l“)

(d+ C“)(C+D’’)(C+ E“)(d+F”) 1
[

; A+ln (d+l?’’)(d+ C“)(c+E’’)(c+l”)

2 (C+ ~“)(C+/i “)(d+ G’))(d+ F“) 1
[

(a+ A’’)(b +B’’)(b+l’’)(a+ G“)
+ (Yj–yi)h (b+ DzJ)(~ + C“)(a+ E“)(b + F“) 1

[

: ‘Y..ln (b+ B“)(b+ D “)(a+ E“)(a+ G“)

2 (a+ C“)(a +A’’)(b + I“)(b + F“) 1
where

2+C2+ (2h –2nIf)2

C“ = a2+ d2+ (2h –2nH)2

E“=~a~

G“={a~

J,,
2+ C2+ (2h + (2n –2)H)2

2+d2+(2h+(2n–2)H)2

2+ C2+ ((2n –2)H)2

2+d2+((2n–2)H)2

,. ,..

(– (2h +(2n –2)H) tan-1 ~2h +(2na~2)H)J,,
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‘tan-* (2h +(2n~2)H)K” )

(
+(2h+(2n–2)H) tan-l

(2h +(2na~2)H)L”

‘tin-l (2h +(27z:2)H)A4° )

(
+(2n–2)H tan-l

(2n –~HN” ‘tan-’ ~Y~ )

(
–(2n–2)H tan-’ ~2n _~~HP,, +tan-’ ~2n_~HQ,,

)1)

dB”= b2+ d2+ (2h –2nH)2

2+C2+ (2h –2nH)2

~F“ = b2+ d2+ (2nH)

-~
Iff – b2+C2+ (2nH)

K“=~b2+d2+(2h+( 2n-2)H)2

2+ C2+ (2h +(zn –2)H)2

2+d2+ ((2n –2)H)2

Q“=~b2+ c2+((2n–2)H)2 ,
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k addition
[8]

fc=~.e+c~ [9]
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BRYABJT fVf. WELCH, MEMBER, IEEE, AND RICHARD C. EDEN

Abstract-A new pbnar hfgh-dewsity (10-3 mm2/gate) GSAS IC teA-

nology has been used for fsbricnting MSI digitaf circuits containing up to

75 ga&-s/chip. These ctiitat cimdts have potential appfieation for gigatit

microwave data transmission and preceaao r systems. The circuits consist of

Schottky dinde FET logic NOR gs~ which have provided propagation

delays in the 75-200-Ps range with dymunic switching energies as low as

27 fJ/gate on ring oscillator structures. Power dissipation Ievets are

compatible with future LSI/VLSI extensiona. Operation of D fffp-ffo~
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(DFF) as bii ripple dividers (+ 2- +8) was achieved at 1.9-(XIZ clack

rate+ and an 8:1 full-data multiplexer and 1:8 data demuftiplexer were

demonstrated at 1.1-GHz clock rstea. This cnrreapmub to qdvalent

propagation detsys in the 1OO-175-PS range for these MSI circuits. Pi-

nalty, a 3X 3 praftel multiplier containing 75 gates functioned with a

propagation delay of 172 ps/gate and with average gate power dir@ations

of as low as 0.42 mW/gate.

I. INTRODUCTION

T

HE SUCCMSFUL utilization of GaAs for digital

integrated circuits has brought about higher speed

and lower power logic circuits than were possible with

silicon IC approaches. For example, GaAs frequency di-
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