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ABSTRACT

The field effect transistor is considered as an active,
distributed non-uniform transmission line and a differential
equation for the smallesignal a.c. case 1s derived. The
short=circulit admittance parameters of the device are deter-
mined from the solution of the differential eéuation. A high
frequency equivalent circuit fox tho intrinsic device 1s then
" obtalned from fhe first=-order app&oximation of fhe analysis
and the expressions for the elements of this ocircult are
derived for both the saturated and the non-saturated conditions.
The normalized values of these elements are computed as funoc=
tions of the gate and.drain bias voltages and the results of
these computations are prresented graphically.
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LIST OF PRINCIPAL SYMBOLS

the distance between the two gates

the channel helght

x-ocomponent of electric field in the channel

the transconductance of the F.E.T.

d.0s or low frequency value of gﬁ

output conductance of the F.E.T.

total valne of channel current .

d.6. value of channel current

8.Ce value of channel current

length of the channel

electronic charge

ds0e potential of the gate referred to the source

deos potential of the drain referred to the source

8.6. value of the channel bias

a.c.‘potontial 6f the gate referred to the source

a.ce Potential of the drain referred to the source

the deCe value of the channel bias

the total channel bias

the value of channel blas at pinch-orf

the ratio (b/a) _

the value of y at the Qource end of the chamnel

the value of y at the drain end of the channel

the admittancesof the equivalent eirocuit
the transadmittance of the F.E,T.
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Z = the width of the F.E.T.

€ = permittivity of the material of the F.E.T.
| M= mobility of the curroht carriers

o = charge density of the spacewcharge regions
Pz = charge density of the gate regiona |

O, = conductivity of the channel |

}P.? equilibrium barrier pofentiélfor the p-n junction

The subsoripts 8, g,and d re;er to the sourde, gate and drain

rospectively.
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| 1. INTRODUCTION
lel General _ .
Recent advances in thé construction techniques of field-
offect translstors have enabled devices of greatly improved
high frequency performance to be produced. Application‘or
‘-suoh devices 1In an optimal fashion to the design of high
rrequency circuits 1s facilitated by the use of an equivalent
olrcult. This thesis is concerned with the theoretical deri-
| vation of a high rrequency equivalent circuit for the rield-
efrect transistor from a consideration of the basic phyaioal
, prinoiples involved in the operation of the device.

l.2 Review of the Literature

~ The field-effect transistor (F.E.T.) is a semiconductor
device in which the conductance of the current path 18 modu~
lated by the application of a transverse electric field. It
was first described by Shockleyl who presented the basic
theory of the device. This theory assumed an dbrupt p-n junc-
tion and a uniformly graded channel along which the potential
varied in a gradual wa&. A brief account of his analysis is
givén baldw. ' |

‘Consider an F.E.T. with an n-type channel and two p-type
gates as shown 1n Fig..l.lo Sﬁppose that the two gates are
shorted to the source and a positive potential'vd is epplied
to the drain. A current Ig will flow between the source and
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current oharacteristic of the F.E.T.
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the drain causing a voltage drop along the ochannel. Since
the drain is more positive than the source which 1s diractiy'-
connected to the gates, the p-n junctions are reverse biased.
\ Thia reverse blas increases in the positive x direction along
the channel and, hence, the space-~charge reglons will be
wider nbaf the drain. As the drain to source voltage is
increased the channel becomes narrower until, at a value of
channel bias equal to Wp, the two space~charge regions‘rrom
the opposite gatés meet at the drain end. This i1a called the
tpinch-off' condition and Wy is oalled the !'pinch-off
potential', The drain eurfent remains essentlally saturated
for blas voltages higher than Wp as most of the increased
voltage appears across the sﬁaoe—charée regions near the
aratn. |

rIr a negative potential Vé is apprlied between the gate
and the source, the magnitude of the drain toltage V4 required
to cut off the channel will be reduced by the amount of gate
bias. The drain current will therefore saturafe at lower
values of drain voltage and current. Thus the common source
characteristic (Ig versus Vq) with gate voltage as a parameter
18 of the form shown in Fig. 1.2, | |

If W is the potential of the gate with respeqt to the
channol. then according to Shockley,l

We=wpll - 2% (1.1)



where Wy, = pinch off potential
'2b = channel thickness (Fig. 1)
2a = distance between the two gates

The value of W at the source is given by
W=Wg =Vg+ yr
~ and at the drain
W=Wg = (Vg=Vq) + V.
Vg and Vq are the gate and drain voltages rererred to the S
aource, resp_ectively. In the above equation, 1_& is the equili- :
brium barrier potential and 1s a negative quantity ror an -

: F.E.‘I'. with an n~type channel. S
The x-component of the electric ri.eld. E;, at a distance

x from the source along the channel is
Rence, the channel current 1s given by
Ig = ~2Z20b*Ey
= -2Zcra(b)%g' " (1--31)

where O = conductivity of the channel
'Z = width of the channel, .' |
Shookley has shown that the channel ourrent is given
by ' o | |
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g whero L is the length of the device. The transconductance,
Bmoa or the dev:l.co is therefore g:!.ven by B

The output oonducta.noa. R"" of the dev:lco beoomos ' ’ |
e 2..23.;&.[: - "'d)ﬂ (1.6)‘
V‘ﬂoonat | o

o Tho equivalent es.rcuit of the F.E.T- .for the J.ow rz-o-

]
o = AV

vd=const

Ly ‘___‘ ata
- KT,

BE f.quency case takea the rom ahown in m.g. 1.3.

E I 81 3Re ;

: : F:lg. 1.3 Smn-aisml :I.ow rroquonoy oquivalont
o _;oircnz.t or tho rm.m. o _
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Shockley's theory has been extendgda'é-to‘1ncludo3th§
offeots of changes in the mobl1ity of the carriers with the
electric field and non=uniform channel dopinge } 3

A number of high frequency equivalent circuits have been

'Proposed7’_3:9:1°:11:12 for the F.E.T. 1In general, these baké B
the form shown in Fig. l.4« Note that the equivalent ¢1r3u1£

‘of Pig, 1.3 1s of this form (¥1,72 = O» ¥ = &mo &nd Yo =|fF)e
An iImprovement over the equivalent clreult of Fige. 1.3 ha
been made by van der Ziel? and others® by considering charge
storage in the space-charge regions of the pen junetion o
the'device. Analyées of thls type lead to ﬁhe conolusion |that
y1 consists of a capacitance Cy and yp consists of a capaci=
tance C» and expressions for Cj and Cp as :unétions of the
bias voltages have been presented. Olsen? has suggeated that
Yo consists of %;.1n parallel with a capacltance Coe

The solld-state devices group at Texas Instrumentaglro.lo

has suggested the equivalent oircult shown in Fig. l.5. This
circult is basad on a qualitative analysis of the field-e fect‘
transistor operation. The resistors R3 and Rh are the. d. .

~ leakage resistances of the reverse biased p-n junctions while

35 and Rg are paraaitic reslstances assooiated with the. souroce
and drain contacts. . _ 77
| Silverthorn!slls12 equivalent ciroult (Fig. 1.6) 1s @ o
laimplificatidn of the Texas Instruments Ino;hequivalénﬁiéir-
oult valid'ror the frequency range in which.Rj apd'Ru-can'be
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‘Figes 1e5 An equivalent circuit for the

FJ.E.T. (suggested by Texas Instruments Inc.)
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neglecteds He has shoun that Rg and Rg can be absorbed into

R; and Rp over a wide frequency range and has preseuted a
method for obtaining the equivalent circuit elements from

modsuremonta of the short-circult admittance parameters.

|8

Ero and van der Ziell3 have presented an improved smalle

signal high-frequency analysis of the F.E.T. In this theohy,

the device 1s considered to be an active, distributed, non=

uniform transmission line and the wave equation for this
structure has been solved by an approximate method. The

expressions for the short-circult admittance parametershaEe
88

 been derived for the saturation (pinch-off) case. Expre

ons

for Cq and Ry have been obtalned and it has been domonstraFed

that the value of C] so computed is in agreement with that

obtained from a charge storage analysis. These computations

show that y2 = 0 for the pinch-off case In agreement with the

previous computations showing that Co2 = 0 at pinch-off.

1.3 An Outline of the Scope of This Work

The purpose of this work is to derive an intpinsioc'high

frequency equivalent circult of the F.E.T. 4 difrerentiai
equation for the a.c. case is derived from a knowledge of !
Physics of the device andra series solution to this eqﬁatiq
is dbtainad. Thg expressions fbr short-circuif admitt#nce
parameters of the defice are derived from the solution. A
hybridﬂiénetwork of a general form is assumed to represent
the eqﬁivglént oircuit and the expressions for the cir?uit

the

bn
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elements are determined by comparing the admittance param%tera

" of the hybrid-w -circuit with the derived expressions.

According to van der Ziel's terminology, the d,c. thgory

of the device, given in Section l.2, 1s called the 'zero- rder

approximgtion', which means that this theory is for the ¢ se'

of { o) approaching zero. The resulting equivaleut olroullt,

shown in Fige. 1.3, has therefore no reactive elements.
1first-order approximation!, then, 1s taken to mean that
the d.c. and (jw) terms are retained in the theory and th

2

higher order terms in (jw) are neglected, The equivalent [oire

cult for this case will have one reactive element in each
branch. In this thesis, the equivalent circuit is derived
from the 'first-order approximationt! of the theory of the
‘device. | o

The analysis presented in this work is of a more gene
nature than van der Ziel's analysis because the expressio
for the short-circult admittance pafameters and the circui
olements derived here are applicable to both the saturated
the non-saturated conditionss '

ral




2. THE DIFFERENTIAL EQUATION AND ITS SOLUTION
2.1 Introduction

The F.E.T. 1s conslidered as an active, distributed an
non=uniform transmission line and a differential egquation pf
thls structure is derived for the small-signal case, It 1
assumed that the channel is uniformly dopqd and that tha Py

n
junctions are of the abfupt typo. A solution of the diffep-
ential equation is obtalned in the form of a power series
whioh givaa the channel current in terms of the channel
thickness.

2.2 The Differential ﬁquation

In the small'signal case, the d.c. values of channel bias
and current have superimposed upon them small sinusoidal a¢ce
voltage and ourrent variations; hence the expressions for {he

total channel bias and current can be written as follows:
WomW o ovelet (2.1)
Iq = Ig+ 1edwt (z.ﬁ!)

where v and 1 are the a.c. components of channel blas and
current, respeetivelau '

The statement of Ohm's law as given by equation (1.3)
mist be augmented by the charge continuity equation 1n'ord4r
to derive the differential equation. | '




a} 2b e f—T+2ax

Fig. 2.1 Current flow in e section
. X of the device,

Consider a volume élement of width .Ax at a distance
from the source of an F.E.T. with an n-type channel. Unde
operating conditions, the chatmel current will flow as sho
in Fige 2el. The volume of this eloment is 2aZAX and the
net charge AQ oontained in it is given by

!
AGQ = 2(1-2-)eZ poAx

where 2b is the instantaneous value of the channel helght| and
Po 1s the charge dénsity of the space charge regions. From
equation (l.l) one obtains

1-1°-=1-y==(w% ' (203)

where v= t—’ Similarly, for the a.c. case,

1'-P-=1-y ==('[;r')‘E (24

a

where y' 1s the instantaneous value of y. Therefore the

expression for A Q becomes




AQ = 2aZ po(%;)%Ax - (2.5)

»

Congiderations of charge continuity for this element
require that’ |

Fa

I3 - (1g + 3E-ax) = - R(AQ)

or o | : ? Id EZaZ o (W_)%‘]

where t is the time.
old - = 0, use of equations (2.1) and (2.2) yields

ox
.33:- e_jw‘l: = gazﬁo.%E%ﬁ) (1 + % ejw‘t;)%‘]

u Since ——=

For the small signal case (j) is a small quantity and hencf

the second and higher order terms in () cen be neglected,

Thus the above equation reduoes to

0¥t = 257 Po l:(W % « q jwejw{'

With the aid of (2.3), this can be written as

‘Equation (1.3) can be written for the s.c. case as fol
| . - |
I3 = -ay G : (2.7

where A = 22& o'oo

&)

L lows:




Use of equations (2.1), (2.2), and (2.}4) in (2.7) yields

Ig + 1edwt = —pl1 - (%5)%](% * %x‘-’- eJ"’t)

' —

~ = -AZ - (W-)%u + % eJ“t)%:I( d" o¥%)

On neglecting the second and higher order torms in (W)’ thi.s
reduces, with the aid of (2.3), to

Id + iej‘“’t = "A.y.ai' + z(l“y)w E ejmt Aoyo ej""t (2.8)
The time-independent part of (2.8) along with (2.3) gives
a% = d..yoy (2.‘;)

‘where Iy = 4Z O Wye
Equations (2.3), (2.9), and the time-dependent part of {2.8)
can be maniptilated to yield

dv i(1-y)a v | _
&= - ToalT - ¥ (2.30)
Dividing (2.6) by (2.9), one obtains

1l 822 po - R
a? = E'T.TPEQ . ‘(%% , (20].1)
NI

The pinch-orf potential Wp is given by6

Wp = - %’i‘f’o@" 'f;ﬂ . | (g.a.a)

a2
= = 3¢ fosD




where € is the permittiviiy of the channel meterial and p
is the charge density of the gate regions. Use of (2.12)
(2.11) gives

Equations (2,10) and (2,13) can be combined to yield

324
-y}l =0 - 2e
*;z 2k2y(1 v) _ | (
" where ' e

¥ X2 = - jw ——er-—z- ’ : (24

20‘(:"‘) :
d .
o O = O-OQD = O‘c(l - %) . (20

Equation (2.1}) is the required differential equation whioch
~ expresses the channel current 1 in terms of the variable para-

meter y for the 8eCo CAZO.

2.3 Solution of the Differential Equation

The differential equation (2.1l) is assumed to have a

series solution of the following tyre.

i(y) =

o
™
o]
/]
q\U

1.

ai 2Z€ S
FE- 1337%f§§5 | (2.03)

(2416)

g
kn

)

15a)

15b)




Hence

1" (y) = Z'D@-l)(by -2
)=2
202 + 6C3y + Zaw -1)gyy?-2
| V=4
and

2:2y(1=y) »_ C,5° = 2k20gy - 2k2C,y2 + 2k201y2
=0 - 212Cy3 + 2k2Coy3 .. ... .

(o)

= 2k%Coy + ZZkz(Cg-l-Go-z)f’.
‘ - 7=2
so that the equation (2.ll;) becomes

2cz + 603y + Z YD=1)G¥-2 + 2u2Coy
Pt

+ Z 2k2(0y-1=Cy-2)y° = 0
P=2
This can be written as

<)
202 + 603y + 2k2Coy + » P-1¢,y -2
. o0 zd )

+>  28(053-0p)P 2 =0 (2.1
St Dz 4 . '
It is clear that the coeffiecient of each term should be sey

rately equal to zero.
26,=0 or OCp=0

The last two terms of the equation (2.17) give the recursign

formula .

7)

T




2%°(Cpali=Cy=3)

cﬂ = 3 ('3'1) for 'l) > h' . (2.08)

Henoe

05=51f-§(01-02) =¥'§'01 and so0 on.
It is therefore obvious that C) can be expressed as rollowp

Cy = ‘-’(,,Co + (31'c1, 0L DELod (2.19)

where Co and C1 are arbitrary quantities which can be deter=
mined by means of boﬁndary conditions. | |
| | Tb.e most general solution of the equation (2.ll}) is there~
fore given by

1y) =06 > P + 0 > By (2.20)
V=0 =0 -

where < and [3) can be determined by the use of the relations

" Equations (2.18) and (2.19) yield the following values
for the coefficlents o('s and [3's. : |

.OCO'--]' _ ﬁo-’-’o

<=0 Br=1

dazo ) p2=0
2 |

3 = - 5 - Ba=o0

2
L Bu=-2




' 2
g = Ry = k5
0(6- @6‘*-'-0
0(7= PTéilLlal'B.
g = By = &r
9 = R = Sz

* ® o s @

It will be useful to recall the definition of X° as given by
the relation (2,15)

@ = sl

It was mentioned in section 1.3 that only thé first~-oprder
approximation of the theory was going to be used in deriving
the equivalent circuit. After ‘can'yingf out the calculat:!.onLa »
1% was found that the second order terms in {j») had to be|
. retained in the numerator of the expression for the channel
current as they ‘give rise to an additional (jw) term. This
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fact will become clear in chapter L. Therefore, those values
of the coefficlents s and {3 which give rise to (j0)2 ternmg
will also be retained in the expression for the channel current.
Higher order terms in (jw) will be neglected.

When the above values of the coefficlents are substituted,

equation (2.,20) becomes

1(y) = Co*T(y) + C1*R(y) (2.21)‘

where

2y = 1 - h2yd + By + pudigh - Bl + il
- 1By + HEpostO - Mgty + iy i2

(2.p2)
R(y) = 3 - g7 + F2yS + hpdy? - ppidiyd + ghpdtyd
| | S (2ep3)

Equation (2.21) 1is the-éecond-order approximation of the
general sclution (2.20).




3. EXPRESSIONS FOR ADMITTANCE PARAMETERS
‘3.1 Introduction
The short-~circuit admittance parameters of the F.E.T.
are determined in this chapter from the expression for the
channel current which was obtained in the previous section,
The coefficients Cy and C; contained in that expression are
~evaluated by means of the boundary conditions in both the
' 'ghort-circuited output and the short-circuited input casesi

3.2 Evaluation of C, and C, for the Short-Oirculted Output
Case. | |

- The channel current is given by equation (2.21)
1(y) = Gy My) + 03 R(y)

- Henoe

% = 0o T (y) + Gy R (y)

This expression is substituted in equation (2.13) to give

VE e~ %‘%%E’o ?—'}Il + G4 E'é.u] (3.1)

In order to determine the input admittéqcé of the device,
the output has to be short-circulted, Therefore, the dralin is

8+ ¢s short-circul ted td.the sourée'anﬂ this boundary coundition
gives




20.

7 y= ya ’ : ) ]
! at the source (3.22)
| ve vy
: g
and Y=75 '
d } at the drein ~ (3.pb)
ve=v | -

where vg = a.c.'potent1a1 of the gate with respect to the

S0Urce.
' When the values (3.2a) are substituted, equation (341) becpmes

(at the source)

g °o[T e ’] * °.1[5-%’-’-] (3:p)

Ia/Io

where B = TJoJ27e,
1 (ys) 2 2 1
2 = 2|y, - F72 - TPyl f?y,5 - iy,

« BT« e, + phytn? - |

= —kz.rsl
and ) B o
.R" ( ) - .
e " 5y - 5Pt v By + gdin® - pgidlyS T

= ig2
Equation (3+3) can therefore be written as

 _"' ;& E - -c°k20Y31 + 01.132‘ (30,4-)




" Equations (3.4) and (3.5) yleld

Similarly, use of relations (3.2b) in equation (3.1)
gives (at the drain)

- ;B 8 - cokz'!dl + C1.X32 ) (305)
‘ f'(yd)
where Y3 =
'7 1 k2*yq
, R (y4)
and Ygo = y:d

v
- BRTgp = = Cok2.¥a1.¥gp + 014¥52.¥g2 (3+pa)
- B&‘YBE = - coka-rd].'Ysa + cl‘YdZ‘YSZ (346b)

Co is given by subtracting equation (3.6b) from (3.6a).

V.
. = B (Yo = Ygp)
°  1(Yq1.¥s2 - Ys1.Ya2)

As explained in section 2.3, (jw)2 terms are retained in the
nwuerator of the expression for current, whereas in the denomi-
nator they will be neglected as they are notAnocesaary for|the
first=order approximation of the theorye After simplification,
C, reduces to

=FA (3.1)




where » | o
Y= ,F:-iz(u-l) - K2y, %‘(l-ua) - %y,(l-u:i)}

* ghysh{§5<1-u5 ) = 13Eys(1-ub) + %ﬁyﬁu—u_’q}
A= %%-(1—113) - %E(l-uz)' - %-szszu'{l -u - Eys(l-ua)

+ i7,2u(1-0) = § ox(1-%) + dy,ip(1-0®)

: &nd l-'l.=';'g' ‘ 7 (309)
. The coefficient Cy is determined in the same way. Equa-
 tions (3.41) and (3.5} can be written as
v . .
- EE'YQI = -Cok2.Y31.Yd1 + cl'Ysz"Y_‘_n B
v ' -
- BYg) = -Cok®¥g14¥e) + C1.¥azeYsy

These two relations are solved for Cqe

v
B&(Ysl - Ydl)
01 =
" Ya2e¥a1 - Yg2¢¥s1

The terms containing ‘kl" and k6 are agaln neglected in the
denominator., The expression for C; is then simplified and
rearranged to give ' o '

o

s X
A

01 = (3010) .




where
!‘2 =]l -ue B-ys(l-ua) - -gkzy 3(1-ult) + %kz-y 4(1-u2)

- 3pPys5(1-06) + ghpdtys®li-uT) - Sfedyal (1-u
+ r&kl"yga(l-ug) - rlé'ﬂ;mykl"ygg(l-ulo)_

‘A and u are given by the equations (3.8) and (3.9), respeg-
tively. | '

343 Expression For Channel Current
According to equation (2.15),

=L
I3 = 12
28‘(:;)
or —J&Lg h,Ztr(r) = =x2 , hZO‘(r)
' 20-(1-

Thﬂrefom’ :

' we2ZE I3

J-Td-— = -kz.ll.Zo'I;

h oy
I - ’ ‘ .
or %= -kz.hZcr..I-i- - | (3.01)

Bquations (3.7)s (3.10) and (3.11) are ﬁaed in (2.25) to gpt

‘the general expression for the channel current.




1(y) = Co-T(y) + Cp-R(y)

v, v
BE‘Yl : BE-Ya R(y)

plb-ayablt 2 e

= -k2(1.|.Z {-Q.T(y) + Yg.R(Y)}

- Third and higher order terms in (jw) are again neglected. -

It can be shown that when simplified and rearranged, the .

expression for current reduces to B '
I3 '

| T, V6 | |
1‘?) = E%L-E—;-(l u) + kays{%(l-uz) - '%73(1-113)

=

- % +3 (1-u) + 4 —#- (1+0) = Tu(i=u) + S2y(leu
3 Ts ¥a , 3 Ta<Ta Ts 3 '_
+ k“‘isl‘{- %g( 1"'“5) + I% ys(].-u6) - I:'L-G- yaa(]_-n'?)
2 2y .1y 1 2
- z;";:j-(l-u ) + gg?-(l-@) ) %(1—1: )
Yh—(l'ua) + E3 -xg—(l-n) - E l;—(l—u)

+ I%B‘ ‘y‘ﬁﬁ( 1-;:)4-%5' %(l-uh)-%y(l-us )-!%ﬁrsy( 1-ub)

| + % %E(l-u)'% %‘1—1&2)&5 gﬁ(h‘)‘% %(1-“2)]] l

(3.12)




25,

This 18 the expression for current at any polnt alol

the

channel for the case when the drain is a.c. shortecircuited to

the source.

3.4 The D.C. Case

It is of interest to see what the expression (3.12) flor

the channel current ylelds in the d.c. ease; Before consider=

ing this case, 1t is nécessary to determine %-‘-l- in terms of Y.
0
Equation (2.8) gives '
L1442 = y(1-p)a
a T, Jii=yidy
which becomes, on integration
, . I . ‘
[—i— T ax = fytl-y)dy
%
 Igp. ¥a®  ¥a® Ve | ¥e3
or, e =2 -3 -t
= = 3342 - 342 + 333 - 38°)
2 .
y .
= -5 l-uz-g'ys(l-uB]
Hence . ' o
’ d . B B b}
1-0— T - %r.yaz{l - l.l2 ,- %‘ ys(l-u3)} ' . (3013‘)

‘A8 w—0 (d.6. case) equation (3.12) reduces to




4z 3:“"3"-—:'-“'---(1 )
ig  iyg) _ F% Too3e3a 0

I
-uz«f‘-§ (1-0) (-3)
{1 - l.l 2 Ys (1-&3)} (-—-.)

On substituting the value of (%%) from equation (3.13), this

axpression becomes

ia

8
=g%q‘§‘(¥s'¥a)= o

i
or s RO & = ZZo-a{u“yd) - (1‘3'3)}

Vg
{W % W %F
=2Zo'a(g) - { )

which agrees with the equation (1.5)

3.5 Expression for A

It will be useful to reduce the expression for A to 8

convenient fornm. Equation (3.8) can be written as

A = §10) - =002 - § Py, 2ulxy)

where

1 6 1 |
+ - yg(l-u®) « 1—11-:1? y,a(l-u'?)

T 217.03) o Lol
Sa(lu) }-é-(lu)

-- E - h,Zc“-(l-u)(- 5r &33) |

Y3=1l-u-~ & ya(l-uz) + %yszutl-u) - ;%5(1-@)

(3.

26,

13b)




I
'axiduzys-

3 i 2
§f - 1 {1-u")
]{ 3'-2 (1 u3) -~ 3
2)K1 - =
L 1l-n1 )
2-(1-u3) - e
Hence A =[u

24¥y
-3Y
: 2 L)[l-u‘ s
_ Id F?s 7
1 (l-uz‘;,% o 20(y ) the aid|of
3) - Ya | Qmm )‘
E_(l-u duces, 1
- ion re |
‘ press | ' }
at this e.x. uzﬂ{l - 11-
shown th. " %-E(l-. r
be : 3y
t can | =|: ( ‘ :)
:3 - : ; : . (3.14b
1.
1.2 , ?;&%5 ; .
here‘r.‘1=1°_a l-ua-;s
whe =
¥

Bu
bt - u

d Y

. an s .

L_..7
3+?u ul)
' 2(1-7g

¥ %E T

‘ elds
: .12) yi
on for y .
esslo e,
— = yqs ©
3.6 ” .
When




-l

ig  i(yg)
Vg Vs
L‘ZZ{ (1-u) + k’-’vs{i(l-“?" - %Fa(l-u3’ - §a2(1-0)

+ Zygud(1-u) = u(z-u) + ygu(i-u g ﬂ-kﬁvsh{} (2o
o+ Tg;'ya(l-ué) - %D-ysa(_l-u'?). - §u3(1¢-u2) + %j-au3(1-u3)‘
| C+ %ysuh(l-ua) - %Eysauh(l-ug)‘+ %guS(l-u)
- faveubii-u) + .i_%awau?(‘i-u) + Eru(1-ul) - Fysu(i-u’)
+ $yvs2u(1-a6) + Fult(1-u) - Fysul(i-u?) - Txyaud (1-u)
. %y,,am-ua)}] ‘ ' *

. wWhich becomes, on simplification,

uzu%gfl ) ' |
ig =1 2 - 11
e~ Ay e l:l * '3"‘2%2?{1 R DS -ACES (B o

}-%a-'a"vfn{"%“-}““”'%““ _
5 %;w G - - 12 4 3 4 ot - §3u5 - ggué)'

e - Bt 193-»%& £ Bt

Using equatlons (2.15’&, (3.133), (3.1l|.a) and (3.3.3}5) it can ®
shown that this expression takes the form

14 gmo

= = R - enren)  Gu




| o e 1 1 .
where | T, = ﬁ;;z c§oegzeu Yo
1
Y52

ma ,Y5=1-%u-%u2-&rsu-%u-§ua-§uéf
Y6=1-£‘“ Ba? + gh? - g - 5 N
-%ys(i %gu I%u2+u3+ull- pi - §-6u6)
+w,2(1-19' E%;h&,h g.r,s gi.us ,,I.;f)

3.7 Expression for yi1
When y = yg equation (3.12) becomes

Vg Z& L_ ¥a

+ Jataew) - Qe + G amsel] + bl L (1-45]

i

(leu) + kzya '3-(1-:.12) - %‘y (1-u3) - 3—(1-t)
+ s (1-u8) - frys2(1-aT) = E(2eu2) + Fyg(1-ud)
g;y (l-ua) - Eysa(l-@) + 53 —(1-11) - E J-‘*ys(lnm

+ Tfg Sys2(1-u) + Tg(l-uu) - gya(l-us) + -Iyaa(l-u )

+ E(l‘zu) - gvg(l"'ua) - m‘.’y’;(l-u)’ + I;ysa(l"u )}]

 This is simplified and rearranged to give




3¢

| I,
1(ys) - ll'zolr’l(l-u)
Ve T AlTg¥a

+ %35:74{&5-(% #1 -5 +202+ Ta3 - 2
N

[-%?Azysard{%+1-2u-%ys(%-+1+u

+R}By82(%+1*u.-§;u2+,}9u3 +%2uh+%2u5-§la6)ﬂ

Use of equations (2.154), (3.13a), (3.144) and (3.13b) as in the

previous case ylelds

I(yg) g | :
_-.':;S-s—' = T]ﬁqy 1 "'..‘qu_,,(l"'.‘}@'ﬂj'zl | .(3.1:6)
where o 2512 ‘ 1 _‘5_{1_
“n " 3ca2 * Ts " ¥,2
oL L B
S 15c=a * Vs 2'057
. and '

Y—[=1+.u-2u2-%ys(1+u+u2-3u3)

meisu-Fhee bbb 55 fieu- e
163 . 1 192 _ 16,6 41 . |
;-u3+52u’-l-+g2u§ g—u}+£¢y‘saé+u

Cewegapheps.pe.pa}

Yo =1 - u? - Zy,(1-ud)

Since the 'net charge in the depletion regions is | zero

- 3u2?}




| which canbe written as

" Pig. ‘3.1 Currents flowing in the device,

i

" Mhe directions of these currents are shown in Fige 3els -

; . Henoo

;(-llsince' i(n) =) o

) Tlfﬁj;‘_lr 14 3""‘1‘@"‘3@15)- -1 -|- W2‘1+J@f3j A

- ey [ + o] ]

Eﬂ.. ,'.11 = -(-E%tl—,- jw't‘é(]_q-m)




c 222 1L 1 Do
7 15082 * Ts * Y2 * g

and

Yo =1+ 3u=~3u2 - ud-3y,(l+Ln-Lud-~ul)
1‘1081+%u-10u2+10ul|--%u5-u6-
- %Ewb(l + Elu -T2 - 7ud 4 7+ 7 - ééué - 97)
+ Bys2(1 + Bu - Ph? - 23 + UpS + b - 287 - |5)

The input admittance y11 of the device is therefore a
coriplex quantity.

3.8 Evaluation of Co and C1 for the Short-Circulted Input |[Case -
The remaining part of this chapter deals with the derfva-

tion of expressions for the short-circuit output admittanec

(ygé) and the reverse transfer admittance (yjo) of the device.
In order to determine the ountput admittance, the input £s dece
short-ciroui ted and, for this case, the boundary conditions. are

Yy =7s 7 |
at the source (3.18a)
"V"Vgso ‘

at the drain | (3.16b}

and y = yg
v = -vg

These relations are substituted in equation (3.1) to give




0= -Coka.Ygl + Ci¥g2 (at the source) (3!

and |
. |
gt = <Cok2,¥g1 + Cl.¥a2  (at the drain) (30

B; Yg1s Ygo, Y31 and Ygo have besn defined in section (3.2

}9)

P0)

B

'The coefflicients C, and Cy are evaluated for this ocase by

using the equations (3.19) and (3.20).
Equations (3.19) and (3.20) yield

0= =Cok2 . Yg1 o Ygo + C1¥g2 o Yg2  (3.21)

;Q o Ygp = «Cok? . Y31 o Yg2 + C1¥32 + Yg2 (3.22)

Co 1s determined by subtracting (3.22) from (3.21).

_;Q o Ig2
ka[YdloYsa - Ysl-Ydaj

Co

This can be rearranged and simplified to give

vd
-5+

k. A

C°=

where Yll = ;11' - %’kaya "' ‘%kzysa'l- %B‘kll‘rsh- - 1%;1(""735 + %b'bbyaG ,

~and A 1is given by equation (3.1lla).
In order to determine C3, equations (3.19) and (3.20)
are written in the following form., '

 (3.23)




0= wCok? , Yg1 o« Yg1 + 01 o Yg2 o ¥q1 (3.£L)

v
EQ'YSI = -cokz o ¥d1 « Y¥g1 ¢ Cy . Yda o ¥g1 (30425)
Equations (Soah)_and (3.25) are solved for Cj.

- '%i o Y53
Ygoe¥ql = Yaze¥s1

Cy

It can be shown that this expression reduces to
va
“B"’ . Yla

~ (3.26)

C1 =

 where Yjo = 1 = %yg - k?(%5733 - %wah + %Ivss)

+ W ogors® - oive’ + rhovs® - HTeY)

Substitution of equations (3.23) and (3.26) in (2.21) gives
the expression for chamnel current in this case.

i(y) = Co T(y) + Cy R(y)

Y
E = B% %-T(y) + leoR(yﬂ

Use of equations (3.11), (2.22) and (2.23) yields, after
neglecting third and higher order terms in (jw),




6
3

+ %U'iiai - %;-gg;{]} .(3.

This is the expression for the channel current when t
input is a.c. short-circuited.

3.9 Expression-ror Yoo
When y = y3, equation (3.27) becomes

i _ 1(y4)
Va4 vg

+ %3&#?gh[§ - %g?% * gﬁwﬁa + hud - 3ygu’ + ‘ aéuh |
+ §u6 - 37b“7 +.%8y32u6-- %gu + 3"“,
-'gysau - 3ub + 253“5 - gwsaugl}

Bquations (2.15) and (3.13) are substituted in this
expression to give

Do

27)

he




+%’YS(1'%I“ 5+§Iu3)}

- which can be written in the form

13 gmo__ |
" v T T[T {2 ¢ emalinens] (32

where 2 Yy
T8 = Jear TarTt
tg =21 1 ?_J.-L
79 T Goad'¥s Yol Y13
' and Yls=1-%u+%113'&75(1'%u+%uh)
Ym~=1~l§gu+hu3-3ul++§u6
- %gwb(l - é%u + %%uB - %%u5-+ gEQT)
* Zows2(1 = 3fa + 32k - 35 + gpd)

310 Expression for y;,
‘When ¥y = yg, equation (3.27) becomes

L4

28)




37.

(
ivgs - h-zo' {'3‘32 %‘237;(1 - Eys + 3 - {Ts - %1- ys?
*'%gkh?bh(l - %%wa + %5W82 *_h - 3yg * %géz + 2
e e - B om0 30 G - )

which reduces, with the aid of (2.15a), (3.13a), (3.13b) anh

(3.11[.3-)’ to i(ya)

n——r Ti=ay (3.29)
Since the net charge in the depletion regions is zemb,
1& + is + 18 =0

Henoe '
. igg"is"id

= 3(ys) ~ 4g

The expression for Y1z 1s found by using the relations (3.2%)
and (3.295)o :

312 = if' |
o 2yg) _la
A va
or.jlz = - ngﬁgﬁij-ri§57 y»tg(lfjmt§) (3430)

The short-circulit admittance parameters of the F.E.T.
can therefore be surmarized as follows:




- TrjonT a1+ fovey)

V3=

Vg

=8 . |
Yal vg = . (1+JQT1)E - jWTa(l"‘jw"Bﬂ

vd

14

J22 = ¥4
-dv=o

‘Under saturated (pinch-off) conditions, y4 = O and so

ua =0, Hence

Also, from equation (3.15), T, = 0. Therefore, yp; becomes

= -(1+M

= u
T ey Iy Jotgll+iwty)

€no -

Y12 =0

and ¥ap = 0

T2 = T

T s arsers)]

8.




4 THE EQUIVALENT CIRCUIT

4ol Introduction
In this chapter, an equivalent oircult of the fleld-

offect transistor 1s formulated by using the expressions fLor
the short-circult admittance parameters derived in the pre+

vious chapter. The elements of the circuit are determined

and

graphs are drawn to show how their values vary with the drain

gate
and souree voltages.

There are two possible approaches to obtalning equivés

lanf circuits for active devices. The fteircult or black-box

approach' 1s usuelly employed when only the terminal chara
teristics of the device are mown. In such cases it 1s no
necessary to lmow the internal physics of the device. Thé
second method, called the 'device approach', is adopted wh

the‘phyaica of the device is sufficiently ﬁell underastood,
' Starting from & knowledge of the physical principles involved,
the expressions which adequately describe the operation of |

the device are derived. Then, an equivalent c¢ircuit which

satisfies these expressions is found, The'advantage of this

approach is that it enables each component of the equivalen
circult to be expressed in terms of the fundamental device

parameters. The device approach is used here to obtain the

equivalent ciroult,.

1]




4.2 Assumed Circuit Model

To start with, a hybrid-w network of a general btype 18
assumed to represent the equivalent circuit of the device |
and the admittence parameters of this circuit model are
determined, By comparing these paramaters with those derived .

1n tb,e previous chapter, expressions for the different ele-
ments oi‘ the circuit are derived. ' '

G = r yz' ‘BtD

°
o
-]

Fige .1 Assumed form of the F.E.T.
equivalent c¢ircuit. .

Fig. L.l shows the assumed circuit model of .an F.E.T.
which i3 treated as a four terminal de.vice.' In this o:!.rcu.tf, '
Y1, Y2 and Yo are the admittance branches and ymvsr i3 the |
~current generator; i; and iz are the .‘mput and output currents,
respectively. If Vg and vg are the input and output voltaaea .

for this common-source connection, Kirohoff's current relations

-




for the two nodes G and D can be written as roilows:
1y = (y1+y2)vg = Y2v4
12 = = (y2-Tu)vg + (F2t¥o)vy

Hence .
- i1 * N1t ¥
yla = -yz

Vo1 2 T2 ¥ W

yaz = ya + yg

‘These relations are solved for T1» Y29 To and ¥pe
Vi=Wi1*t Va2
Vo = V22 % V12

¥ = V21 = N2

(lo
(i
(4o
(4o

1)
2)
3)
)

The values of y1ls Y12, Y21 and ¥22, derived in ohaptfor

3» are now used to determj.ne Jl» 25 Jo A3 yme

4.3 Expressions for ¥i, C1 and Ry |
By using equations (4.1), (3.17) and (3,30), yy 1s
determined.




:‘whero. 8 '.'-1%1'1' - | | | ;  (heS)

.~ the above expression reduces to

. where

" and o TgTg = 6TRTy

L _n Lt Nz | |
-7 - Smo [Jm%(l*.‘lﬂ'b?) - G.M(]ﬁ-m]

g 8mo Jco'ré Se Joty
1+ Jury ) L_(l-:m-,) (1-:m9)

- 8mo. ' r'jw(té-m:a) - Jw)2(1'619_51817 )
Qrjory) [ (1=jom ) (1-jug)

" As 1n the previous cases the second order tom in (3 |
e \:aro neglootod in the denominator. It can then be ahmm tha

Emd . jﬁ)( T6"6E'B)

D 612-&1&-5 . RS
1+ jw{‘t]. + Tgebtg  ~ '57 - 1:9} o

'which can ‘bo ur.ttten in the raxvm

nETe 330;131 Tl 1~-‘__“"7*': o

L mLY TR -%p-Tg
Bp=e -

':'av 'mo nlidityor this upprox:lmtion w:!.:l.:l. bo diaouuod !.n N
chapterS ; A e e

— ay

Cy = sm(‘té':-&'ta) - o "_'(ll-s_] o o



Equation (4.7) indicates that yy oan be conveniently

expreéaed as the admlittance of a resistance R in series uLl.th
& capacitance 0. As the expressions for g, and T's are
known, the values of Ry and Cy can be determined.

The capacitance C1 is given by equation (4.8).

01 = gmo(‘ré -6'!8)

The values of Ty and g are given by (3.17) and (3.28),
respectively, and & is given by (4.5)

(Tgm6T3) = g_;ré%ﬁ TTE‘-JE.-Buai-au3-h,(1-hu3+3uhzl

Finally, use of equations (3.13b) and (3.14b) yields

10)

0y = LZEL {1 - 3u2 + 2ud - %Vs(i-hu3+3u‘¥)} (e’

3a E. -ul - % ys(l-n3zla

where u = zg-
Is

Cy1 1s the gate-to-source capacitance and it can be slwwh -
that (4.10) agrees with van der Ziel's® expression for C1
In the saturation (pinch-off) case, yq = 0 or u = 0, %o
that (4.10) becomes

—
o = g = 55 Ti_%?"’{l ()




Uiy

The resistance Ry 1s given by equation (4.9). When
the values of T's are substituted in (4.9), it becomes too
long and cumbersome to write. Therefore, an oxprbsaion foy
Ry in the saturation case is derived. |

In the saturation case ya = 0 and & = 0, so that equa~-
tion (4.9) becomes

'1’:1-‘37
B = RS * gmo - 16

This can be simplified to give

1 l- %} Ts g% ¥s2 g'g' 17'33 _(-h-oll-2)

T 1- %Ys"’ﬁh "'57'3

m—z

Since, for the saturation ocase,

- 2Zca
guo = =L s

Ryg can also be written as

1-% 5+ B2 - 35 53  ” 1.,
i ’gg’ R - (he33)

Ris =

L. Expressions for y3, cg and Rp
Equations (4.2) and (3.30) yield

2 * =2




g
V2 = Tirgony (ha o%(1teg)

Emo u 3"‘“"8
(1+j<atl) (1-u) (1=jotg)

When the second order terms in (jw) are neglected, this

becomes

o (175) J778
2 7 3% Jw( T1=T9 )

which can be written in 'liho form .

JwC2 -
V2 ¥ T+ g05R; - e

where . @
02 = &m0 Tog 8 (e

S1°%9 (Lo

Ry =
e Smo(ﬁ'g)"e

Equation (l.ll) indicates that yp can be considered ap

Se

L))

15)

L6)

the admittance of a resistance_‘ R2 and a capacity C2 in series.

. Substitution of equations (3.13b) and (3.28) in (418
yields

s am{“@ zuvge-f ’8‘1‘%23“1‘]}(1;.

EI. -l 3-': (1-u3:l

)

A7)




Co is the gate~to-drain capacitance. It can be shown
that (L.17) agrees with van der 2101788 qxpresaioﬁ Tor Coe

In the saturation case u = 0 so that
C2 = G = 0

After substituting for T's and g ., (4.16) becomes

Rg=m%:;z.%rg[g;%gﬁj Ezh-g-%,rllzl ‘(u.:w)

Yo and Y) are defined in section 3.8,and Y13 and ¥j) are
defined in section 3.8.
Under saturated conditions, y3 = O and so (4.18) gives

Rp = Rpg = 00
4.5 Expresaions for Yos By and L,

Use of equations (4e3), (3.28) and (3.30) yields the
expression for ¥Yo-

Yo = Y22 ¥ V12 |
e
= ey T 3+ semeas)]
- o SHO, ' Joorg 1+ §utg)
Tir oY Ty dova(l+ ety

NCETS - ()




where 6 = vou . | |
Equation (4.19) can be expressed in the form

8o
Yo ™ TF joggly (u.‘zq)
whex . :
° 8o = 8mpo + 6 (4o21)
and T !
Iy = - (l1e22)

Equation (44.20) shows that the admittance y, consists

of

a conductance Zo in serlies with an inductance Io whose valnes

are given by the relations (4o21) and (l;.22)," respectively.
Substituting for gp, and &6 , equation (421) gives

8o = sz-'i e Y5(1=u} o '(TE'ﬁT

Since u = -g-g- 8o becomes

= 220a . ¥4 | (1;;.2!3)'

g, is the output conductance of the device. Recalling thaf

Wy = Wp( 1—75)2

equation (l|..23) can be written as

8o = - ZZo-e. )%]




---lti.ons (h.za) and (3-11|.al.

. Elves - -

) l].B‘._ :

wh.toh agrees with the axpmeui.on (1.5) for output conduotapoo
. g!.vm by the d. oe. thoonr. _ : [ o |
An exm'esaion for L, can be derived by the use ot equr~

L1 Ler? | 1"'3
R I'° ; 2Zoa * ¥yg ° 15qn ";:."Y%
- % —m - ,d,.. %g T a (hoplt)
‘!1,' =1 -5+ 5u3 - J--‘E i.(l - 3u2 '+ 30k« w6)
%; 7.2(1 - 7u3 + 7\:‘!- - u7)
| and. '_: . B A '.'-s‘/l - na 3' 7,(1 - u3)
Undor saturated condj.ti.ons (n - 0) oqnatj.on (1.1.023)
80 - 89’ =0
or,. tho', output lrosisunoo. Bo :'l_.q-
l‘ o and ‘I:ho 1ndnctanoo I.o boconu |

I‘o I'os"°°
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[

o6 Expression for transadmittance y,

The transadmittance 'yn' of the device is determined by
using equations (lel), (3;15) and (3.30).

Yo = V21 - 12

o

gmo S Smo o
= T1¥jwey] {1 - Jca‘tg(l-}joo'c:;)} + o, .§.. Jootg {1+ Jeoxg

I3

g '
= ﬁ'-"_?;_'rff {l - Julto-sg) + (Jco)a(-'ca‘c'3+6'ce'l:9)} (4e28)

At saturation &= 0 and v, = 0, so that

L* Al
L

I

- -
o - (1 JoTyg) (42

where T1g 1s the value of vy at saturation. (see Appendix AD

_ _Ler2 ;__{1'&?5*&’82 |

15 © Tsge? * T | (1;,%%)3

4.7 The Equivalent ¢ircu1t

Having determined all the elements of the assumed cir-
cult model, the equivalent circuit for the F.E.T. can be
written as shown in Fig. h.2.

-

[




R |
G o Wa ‘ch - D
R, Ro

YmVy l
Ci == .
e

Pige Je2 The derived oquivalent circult for
the devioe.

S, D and G are the source, drain and gate terminsals, ras-

pectively of the device and y;vg 1s the current generator;

| being the a.c. gate voltage referred to the sourde.

expressions for Ry, Rz, C1, C2 and L, indicate that the val

of these elements vary in a nonlinear manner with the drain

and gate voltages,

'Normalized values of Ry and Cq as 31795 by equétions _
h.§ and }4.10 have been computed theoretically and are plottied
against Wg/Wp for different values of Wa/Vp in Figs. .3 and
lelfe It 1s apparent that whoh‘ws = Wp, R1 goes to infinity

The

Vg

Qes




for all values of Wy and C; goes to zero for all values of
except when Wg = Wy (saturation)s

It has been shown in the previous section that under
saturated conditions Rp goes to infinity and C» reduces to
gzoro. In Figs. 4.5 and .6, normalized values of R and
under non-saturated conditions are plotted against Wg/Wp,
As Wg/Wy decreases, the value of Ry reduces and that of Cp
;ncﬁeases. o
| According %o (h.23)-and (4.2l), both Rg and Ly 1ncfeaa
with the drain-to-source voltage and at saturation both go

infinity., It is shown in Chapter 5 that the value of I 1I
ery

. very small and that it can usually be neglected except at
high frequencies. |

nJ

-
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: “dy (g° 0) = ox (q) sy (aL*0) = EM (®). °aegousasd oyy
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| 5. CONCLUSIONS
| Considering the field effect transistor as an active,
distributed end non-uniform transmission line, a differentlal -
equation rqr the a.c. oaﬁe was derived from the physical
principles‘ihvdlved in the operation of the device. A4s these
considerations were based on Shockley's basic theory of the
device, the analysis presented here is applicable only to |
‘those devices for which the assumptions in that theory are
valid. In other words, the theory presented in this work s
valid for F.E.T.'s with abrupt p-n junctlons snd uniformly
doped ohannola.. Furthermore, since Shocltley's theory also
azsumes & gradual variation of potential along the chammel |of |
the devige, this analysis 1s valid as long as the condition
Yo > Vi (Leen Wy > Wg) is satisfied. |
The differential equation was solved and the solution
was used to derive the expressions for the short-circult admite
tence parameters of the device. An equivalent circuit in the
form of a hybrid-mt network was then obtained from the firgt
ordey approximation of the theory. The mathematical approji-
mation made in secfions le3 and L.ly, while deriving the
exp:essions for the elements of the equivalent cirocuit, is
valld as long as the condition -

WTLL L

1s satisfied. The quentity —e;a‘é' which determines the order




of magnitude of a&ll T's, depends upon the material, dbpi

and the physiecal diﬁansions of the device. For example, 4

" hes been shownllt that for the F.E.T. 2N2498 (manufactured by

Texas Instruments Inc.) the value of -—I‘-§- l,..o x 1079,

Hence, the approximat;on is valid up to a frequency of several

megacycles. , ' 7
~ The Q of the yp branch can be determined by using thiT

value of €I/dr: It is given by

=90
Ro
Use of (4.23) and (4.24) yields
e:L2 Y]
Let yg = 0.5 (i.0., % = 0.25). Then
1];‘2‘ = 2.4 x 10-9
Therefore the Q of the y, branch at a frequency of 5 me is
~ approximately equal to 0,075 which 1s & very small quantity}
The inductance L, can therefore be neglected except at very
high frequencies. When it 1s omltteqd, the'eq.uivalent'circu:i.t
. of Pig. 4.2 will have the same configuration as Silverthornls
eircuit.

Equation (4.26) shows that the transadmittance ¥y doorjues
)

with frequency. Since the order of magnitude of T, 1s 10™4
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seconds, the variation of ¥ With frequency should be very
small untll a value of about ten megacycles 1s-roached.
Measurements made by Silverthornll show this to be correct

The analysls presented here takes iInto consideration
only the intrinsic device and hence the equivalent circult
obtained 1s not complete. In an actual F.E.T. structure,
there will be some parasitlc resisbtance in series with the
source and drain leads, and it has been shownlls12 that thése
parasitic resistances can be absorbed.into the equivalent
eircult of Fig. 4.2 to yiéld a c¢ircult having the same con=
figuration. Furthermore, the actual capacltances in a prag-
tical device will differ somswhat from the values computed in
this idealized model because of the non-ideal conditions a#
the source and drain ends of the ochannel due to depletion
region "end effects".
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 APPENDIX A

The values of T 's under saturated oondition (yq = O)|

are given below.
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