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Noise Characteristics of Gallium Awrsenide Field-Effect Transistors

HERMANN STATZ, HERMANN A. HAUS, FELLOW, IEEE, AND ROBERT A. PUCEL, sENTOR MEMBER, IEEE

Abstract—Small signal and noise characteristics for GaAs field-
effect transistors are derived with the saturated drift velocity of the
carriers underneath the gate taken into account. The noise con-
tributed by the saturated carriers is nonnegligible and in most cases,
exceeds the noise generated by the unsaturated region. Parasitic
elements contribute importantly by preventing the full cancellation
of the correlated noise of the intrinsic transistor and by adding their
own Johnson noise. The theory predicts the experimentally observed
trend of noise figure dependence on drain current and on source-to-
drain voltage. The present theory does not take into account the
effects of a possible short negative resistance region underneath
the gate.

I. INTRODUCTION

HIGH-FREQUENCY gallium arsenide field-effect
transistors have shown astonishingly low noise
figures of approximately 3-4 dB at 10 GHz [1], [2]. Even
though considerable work in understanding this noise
performance has been done, most explanations omit im-
portant features of the microwave FET. Van der Ziel,
in pioneering work, first analyzed noise in field-effect
transistors [3], [4]. Van der Ziel, however, restricted
himself to source—drain voltage differences below the
pinch-off value. All microwave transistors operate above
the so-called pinch-off point.

Van der Ziel omitted, in addition, the nonohmic eon-
ductivity of gallium arsenide. The nonohmic behavior is
of importance in virtually all GaAs microwave transistors.
For example, a voltage drop of 1 V across a typical gate
length of 10~ pm corresponds to an average field strength
of 10* V/em. The velocity of carriers as a function of field
in GaAs reaches a maximum at 3 X 10?2 V/em followed
by a negative resistance region and then a nearly constant
saturated drift velocity. Baechtold [5], [6] corrected for
the nonconstant mobility by assuming a constant mobility
up to a critical field, and then for fields larger than the
critical field, he assumed a constant velocity. This ap-
proach neglects the effects of the negative resistance
region. Since the negative resistance region occupies in
general only a small space under the gate, the approxima-
tion may be justified.

Baechtold also allows for a field dependent electron
temperature. For gallium arsenide, he assumes
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where T, is the effective noise temperature, T, is the
reference temperature, i.e., 300 K, 5 is an empirical con-
stant, E is the electric field, and F.. is the saturation
field. Baechtold confirmed (1) by experiments. However,
Baechtold neglects the saturated velocity region of the
transistor and its contribution to the noise behavior. As
stated before, the average field in the transistor under the
gate is generally much larger than the saturation field
E, ... The region within which the carriers drift at saturated
velocity can occupy a major fraction of the total channel
length. Therefore, the characteristics of the transistor
in the current saturation regime should strongly depend
on this satuated velocity region. ‘

This paper includes the effect upon the signal and noise
parameters of the saturated drift region. We derive the
small signal parameters of the transistor such as trans-
conductance, drain resistance, ete., including the effects
of the drift region. The noise analysis in the drift region in
some ways follows a suggestion by Shockley et al. (7]
according to which the high-field diffusion constant de-
seribes the formation of dipole layers which drift through
the high-field region to the drain contact. Ruch and Kino
[8] have measured the diffusion constant in GaAs at high
fields, and Fawcett and Rees [9] have calculated it.
These measurements and calculations show a peak in the
parallel diffusion constant near the saturation field fol-
lowed by a rapid drop to rather low values. The measure-
ment of the diffusion constant is complicated by trapping
effects. We obtain rather good agreement with experi-
mental noise figure measurements if we use in our expres-
sions values which are consistent with the calculations
of Fawcett and Rees [9]. We neglect variations of the
diffusion constant with electric field.

It turns out that the noise in the saturated velocity
region is rather important and may be larger than the one
contributed by the unsaturated region. On the other
hand, the correlation between drain noise and gate noise
current is rather large, so that the overall noise figure is
still attractively low. Parasitic resistances consisting of
contact resistance at the source and the series resistance
between the source and the region under the gate as well
as gate metallization resistance are very important. They
prevent the full cancellation of the correlated noise of the
intrinsic field-effect transistor and contribute their own
Johnson noise. It appears that a reduction of these para-
sitic resistances would substantially lower the noise figure.

II. THE DC CONDITIONS

In this paper, we consider both the symmetric FET as
well as the FET constructed on an insulating substrate.
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The latter has a field configuration which approximately
corresponds to the field configuration of the symmetric
FET on one side of the symmetry plane; the nonconduct-
ing substrate surface plays the role of the symmetry plane.
Fig. 1 illustrates the situation. Instead of placing the
source and drain contacts on the side of the gate, as would
normally be done, the contacts are placed below the gate
in the positions corresponding to the idealized symmetric
FET.

We follow van der Ziel’s [3], [4] convention of consider-
ing positive charge carriers in order to avoid unnecessary
confusion between his and our paper. Nevertheless, all
GaAs transistors are made of n-type material, and we,
therefore, use in our numerical examples saturated vel-
ocities, noise temperatures, mobilities, etc., which are
characteristic of electrons. In contrast to van der Ziel’s
transistor biased below pinchoff, we consider a transistor
biased beyond pinchoff. The onset of pinchoff is here
defined to occur when the maximum longitudinal electric
feld first reaches the saturation value E,..- The velocity-E
field characteristic of the medium (GaAs) is assumed to
follow the idealized plot of Fig. 2, which has already been
used by Baechtold [5], [6]. The analysis of the TET is
carried out separately in two regions: Region I of ohmie
conductivity and Region II of saturated velocity.

We use in our paper some results which have previously
been derived by Shockley [10] and van der Ziel [3], [(4].
For clarity and continuity of the analysis, however, we
repeat these results where needed. It is convenient to
introduce the gate potential with respect to the source
V, and the channel potential V, at the end of Region I,
also measured with respect to the source. The effective
potential difference W between the gate and the channel
is then W = W, = V, + V¢ at the source side and
W=W,=V,+ Var— V, at the pinch-off point.
Vait is the built-in diffusion potential due to the doping
differer.ce between channel and gate. Most of the expres-
sions to be used in the paper become simplified if we
introduce the reduced potentials

W\
T <W>

Wp 172
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where W,, is the value of the gate-to-channel potential
required to deplete the channel of carriers, as seen by

(2)

(3)

L
2e

Woo = al (4)

In (4), pis the space-charge density in the channel region
due to the built-in acceptor centers, ¢ is the dielectric
constant of the material, and 2a is the undepleted channel
thickness of the symmetrical transistor. As mentioned, we
divide the region under the gate of length L into Region I
of length L; which is ohmic, and a region of length L, which
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Fig. 1. Idealized geometry of a field-effect transistor.
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Fig. 2. Simplified velocity versus electric field relationship used
in text.

is saturated. In Region I, we have [3]

_ lgoWoo

I = I fp* — s — (2/3)(p* — )}

(5)
In (5), I is the source-to-drain current, { is the width of
the transistor; g, is defined for the symmetric transistor by

(6)

where ¢ is the conduectivity of the channel material. For
the asymmetric FET, g, = oa.

The undepleted channel width 2b, at the pinch-off
point and beyond is given by

go = 200

%, = 2a(1 — p). )

For applied voltages exceeding the pinch-off value, the
longitudinal channel field exceeds the saturation field
E,... By definition, the end of Region I has a longitudinal
channel field E.... The total current that can be carried at
this point is equal to

Id = lgoEsnt(l - p)' (8)

By equating (5) and (8), we can determine the position
of L, as a function of gate and pinch-off potentials, as
seen by

Wop? — & — (2/3) @ = &)

L ==
' Esst 1 - P

(9

Up to the pinch-off point, ohmic conduction occurs. Be-
vond the pinch-off point, the carriers drift at constant
velocity, occupying the width 2b,, as seen in (7). The
longitudinal electric field is equal to the saturation field
E.,. at the pinch-off point. The electric field continues to
increase beyond the pinch-off point reaching its maximum
value at the drain contact, thus assuring saturated drift
throughout Region II. '
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III. EVALUATION OF EQUIVALENT CIRCUIT
PARAMETERS

We are concerned mainly with the low-frequency limit
of the signal analysis. The noise analysis takes inter-
mediate frequencies into account by considering the
induced gate noise. Fig. 3 shows the equivalent circuit
elements of the field-effect transistor. Van der Ziel evalu-
ated the transconductance g. and the drain conductance
for the transistor below pinchoff and found

_ gl
gu =~y =L @9 (10)
ald gul
= -2 _-=1-d 11
ga v, 7 ) (11)

where d = (Wa/Wo)'2, and W, is the channel potential
at the drain with respect to the gate. Vg is the drain
voltage. Here we want to go through an analysis that
includes the effect of the saturated velocity pinch-off
region. The drain resistance 74 s defined by

oV

a1, (12)

Ta =
In (12), V.ais the total voltage difference between source
and drain including the voltage contribution V, for
Region I, plus the voltage between L; and L. From the
definition of p and s, we have

Vo= —Wel(p* — &). (13)

In Region II, we assume the stream of carriers to con-
tinue with constant density and uniform cross-section
2b,. We have to solve Poisson’s equation assuming a
uniform acceptor density and including the space charge
of the flowing carriers. We have to satisfy the boundary
conditions at both ends of Region 1I. A particular solution
of Poisson’s equation is obviously that of a constant poten-
tial — Wo(p? — s?) everywhere in the carrier stream, and
outside of the stream, a potential increasing parabolically
toward the gate electrode. To satisfy the boundary condi-
tion at the drain end of Section IT, we have to add a
homogeneous solution of Poisson’s equatign. Obviously,
a series expansion of the form

n=o0

S Apcos (2n 4+ 1) 7I-—yexp 2n+ 1) =z x,
2a 2a

n=—0c0

V:

n integer (14)

is the most general solution [11]. This form satisfies the
boundary conditions along the gate. We shall approximate
(14) by the lowest space harmonies, with n = 0, —1. For
reasons of continuity of potential and field (E. = Bgus
at L) in the middle of the structure (y = 0), the homo-
geneous solution in Region IT is of the form

Y

2a . x
V= — —Esatsmhr—cos—
T 2a

2% (15)

where the origin of z is at the pinch-off point. For a drain
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Pig. 3. Equivalent eircuit for minimum noise figure calculation.

contact placed at the end of the channel at y = 0, the
source-to-drain voltage therefore becomes

2
Vi = —Woolp? — ) — = Fagesinh o= Lo (16)
T 2a

Differentiation of V,s with respect to current I; gives the
drain resistance. We have to keep in mind that p and L.
depend upon I, therefore,

AV dp ( - ) dLs
_ = 2 Woa T Esa h .. L T
a1, ~ PWe g, T Be\ 0% 5 12 ),

Tqg =

(17)

The quantity dp/dls is evaluated by differentiating (8),
seen by
dp 1

dId T goEsn.tl ) (18)

The quantity dL./dI; is also easily obtained, as seen by
the equation
dL, —dL,

d—Id_ dl,

—dL; dp 1 {2pW,,,, Ll}

dp -CE - goEsatl Eat 1—-0p

(19)
where dL,/dp follows from differentiation of (9). Insert-
ing (18) and (19) into (17) finally gives

2pW00 ( ™ ) IJl e
h— L, —1 ——————— cosh — Ls.
; cos oa 12 + =) coS 20

(20)

Tor L, = 0, (20) reduces to the well-known formula for
the drain resistance [3] of a nonsaturated FET, with
p — d, I, — L, and is seen as

L 1

rg=— T

Tl —d

Ta =
Jolisat

(21)

We next evaluate the transconductance under velocity
saturation conditions. The transconductance g is defined
as the change in drain current dla divided by the change
in gate voltage dV, holding the potential difference
between source and drain Vs constant. Using (8) for the
drain current in the pinch-off region and remembering the
definition of s in (2), we obtain

_dl,
dv,

d oFsatl d
= goEsatl—p_ = ——P_'_p

= . (22)
dv, 2sWe ds

Im =
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In our composite transistor consisting of Regions I and
I, the value of the potential at the pinch-off point, and
thus p, must change in order to accommodate a varying
current in the region of saturated velocity. The saturated
stream of carriers has to change in width, and aecording
to (8), this leads to a variation of p. Likewise, I, and L
also change. To evaluate dp/ds, we first use the fact that
dV.a is zero. From (16), with dL; = —dLs,

AV = 0 = Woo(2pdp — 25ds) — EsadLs cosh 21'& L.

(23)

To eliminate dL, from (23), we need another relationship
between dLi, dp, and ds. We obtain this additional rela-
tionship by differentiating (9), seen by

E s a.t.Ll 1

Esat
= — — d
dl, = dp {Zp + 1 p} s

Weo

2s(1 — 8)
1—p

(24)

From (23) and (24), one may eliminate dL;, and an
expression for dp/ds is obtained. Inserting this expression
for dp/ds into (22), we obtain the desired expression for
the transconductance

_ lgoEss.t

(1 — s) cosh (x/2a)Ly, — (1 — p)

———
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flows to the gate because of Johnson-type noise voltage
fluctuations in the channel region. As Baechtold has shown,
this noise is enhanced by hot electrons in the channel. In
addition, we introduce the diffusion noise of the pinch-off
region and its contributions to the gate current noise. In
the output circuit, we use a drain noise voltage generator
v2. This noise voltage results from hot carrier enhanced
Johnson noise in Region I, and, as we shall show, from
spontaneously generated dipole layers drifting to the
drain contact in Region II.

To calculate the noise figure of the circuit in Fig. 3 as a
function of the noise generators, we must include an input
and output circuit. By dashed lines we show an input
admittance circuit Y, = G, + jB,. Since the noise figure
F will be independent of the particular output circuit,
we simply use a short circuit. The quantity F — 1 is de-
fined as the mean-square noise current in the output due
to the two noise generators, divided by the mean-square
noise current in the output circuit produced by the John-
son noise of the input admittance G,. This is seen as

F—-1= | iﬂgm/(ys + ijgs) + Vald P

= . 2
4ETGA fgn2 | 1/ (Y + JwCs) |2 0

In general, there will be some correlation between 1, and

gm =

In the limit of large Ls, (25) reduces to

_ lgaEsat ]- — 8
G W {2p(1 —p) + Eouiln/ W}

. (26)

The latter expression is identical, for p = d, to the one
used in [6]. In the limit of L, = 0, and thus L, = L and
p = d, we arrive at

Igo
=-Igj(d—s).

Jm
This is the expression derived by Shockley [10] and van
der Ziel [3]. It has already been presented in (10).

IV. THE NOISE EQUIVALENT CIRCUIT AND
THE MINIMUM NOISE FIGURE

In this section, we consider the noise of the ideal transis-
tor. Later, we shall include the noise contributions due to
parasitic resistances. The equivalent circuit is shown by
the solid lines in Fig. 3. The basic transistor equivalent
circuit is identieal to the one commonly used. In the input
circuit, we have the gate—source capacity, Cs. In the
output circuit, we have a current generator gme, where
e, is the signal voltage across the gate—source capacitor.
Parallel with the output generator is the output conduct-
ance gq of the transistor. As noise sources we use two
generators. In the input we use a noise current generator
7,2 This type of noise generator has first been introduced
and analyzed by van der Ziel [4]. Basically, noise current

Wo {2p(1 — p) + Eaaln/Wa} cosh (x/2a) L — 2p(1 — p) :

(25)

v4. This is the case because the Johnson noise in the channel
contributes both to the drain voltage and to the gate cur-
rent. We define a correlation coefficient C' through the
equation

vty = GO (v i)V (28)
Thus F — 1 may be written as
1 - — .
Pt = g g 0 0 Ye 3o
+ FC (@) V(142 V2gagm (Y s + jeoCls)
— GO (02) 12 (1) Vgagm (Y * — jwCoo) }- (29)

Since we are interested in the minimum possible noise
figsure, we first find the optimum input susceptance B,.
Taking the derivative of F — 1 with respect to B,, and
setting the resulting expression equal to zero, we get

@2
0

B, opt = —wcgs + g_'" C T (30)
Ga v

and F — 1 becomes
_ 1
T AkTGLA fgu?

Next, we minimize with respect to G, and obtain the opti-
mum source conductance

4m(32)
ga(v) 2

F—1 (T2gn2 + g802G2 — Cogutig?}. (31)

(1 — (2 (32)
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and minimum excess noise figure

(F = D = @A) (2) (1 — ). (33)

1
2kTgnA f
In (33), we introduced the drain noise current #; through
i = 9o (34)

In the following sections of the paper, we evaluate the
quantities 7,2 74, and C as a function of the device param-
eters.

V. OPEN-CIRCUIT VOLTAGE FLUCTUATION
DUE TO ENHANCED JOHNSON NOISE

In this section, we calculate voltage fluctuations at the
drain due to enhanced Johnson noise in the nonsaturated
Region 1. In order to save space, we make use of earlier
work by van der Ziel [3], [4]. Essentially, we have to
add two features to van der Ziel's work. F irst, the noise
temperature in the present treatment is field dependent
as shown in (1). The implications of a field dependent
noise temperature in Region I have been considered
briefly by Klaassen [12] and van der Ziel [137, [14], and
in more detail by Baechtold [6]. Second, the noise voltage
as caleulated at the end of Region I propagates and be-
comes enhanced in Region II.

In Appendix I, we give the derivation of the noise
voltage at the end of Region I, Avy, due to the Johnson
noise of an infinitesimal section of channel Az located at a
position z where the channel potential with respect to the
gate is Wo(x). The result is

—_ 4kTAf[1 —w(@T
Av = f[ w(x)] AW (z)Aw.  (35)
Id 1 — Yy
We introduced in (35) the reduced potential

_(W.(2) 12

and the voltage drop due to the current 1, flowing from
source to gate in the channel section Ax is equal to
AW, (2) = 2Wew(x) Aw.

We now modify (35) by introducing the field dependent
noise temperature. The longitudinal electric field E in the
channel due to the current I, may be written as

I; 1
E=——. 37
lg, 1 —w (37)

If we use (5) for I, and if we introduce
I e tak Taty) (38)

then we may reexpress (1) in the form

e [1 e (EEt)S]

Wo \° 1 .
T, [1 + 8fi® (EML) iz w)3] . (39)

T.

I

Inserting (39) into (35) and using once more (5) for 1,
then gives
— 4kTAS. 1

Mo = ey R = 2T

(W} 1
fr+ (i) &= ] 2w (0

The total voltage fluctuations at the end of Region 1
follow from a straightforward integration over w between
the limits of w = s and w = p. The final result may be
written

—y _4KTAS Pyt Ps
V= /Ly (L= p) (41

The quantities P, and P; are defined as
P.= ()7 [0 — &) — $(p* — &) + 3(p* — )] (42)

and

WDO 3
Py =2 (Esatlu) (f* [(s —p) i

1—3s
1 p] . (43)
Equation (41) with P; = 0 is identical to van der Ziel’s
equation (13) in [3]. P;s contains the new noise contribu-
tions. Note that our expressions for P, and P; are different
from the expressions P; and P, defined by Baechtold [6].
Next, we evaluate the open-circuit voltage fluctuations
at z = L.. Because the current is fixed, the width of
the pinch-off channel or p remains constant also (8).
Since p is fixed at the pinch-off point, so is the voltage
(as seen in 3). In other words, noise fluctuations occurring
at a fixed point in Region I have as a consequence that
L, and L, fluctuate. Near the pinch-off point, the electrical
field is equal to Ega, thus a noise voltage of amplitude
Av; will cause a change of L; by AL, where

ALlEsat = Avy. (4:4)

A variation of (16) gives, with channel width constant
and hence, p = constant,

AV = — EouAL; cosh —)’ia L. (45)
Inserting (44) into (45) with AL, = —AL, gives
AV. = Av cosh— L. (46)
2a

The noise voltage at x = L; given by (41) thus becomes
transformed into

v_-z 4kToAf P o + P 8
da = T 5 ~ T

Ugo/Ls) (1 — p)*
when referred to the true drain ¢ = Ls. Our notation va
refers to noise at the true drain caused by fluctuations in

Region I. Equation (47) also holds for the asymmetric
transistor, provided the value of ¢o appropriate for a one-

cosh? % Lo (47)




sided device is used. Numerically, (47) gives twice as
large a value for the asymmetric transistor.

VI. INDUCED GATE NOISE CURRENTS WITH
SHORT-CIRCUITED DRAIN

We have shown in the previous section that there are
noise voltage fluctuations along the channel. Since the
gate is capacitatively coupled to the channel, there will
be induced noise charges on the gate, and likewise, since
these charges are time dependent, there will be noise
currents flowing into the gate. In the present section, we
calculate induced gate currents due to elementary noise
fluctuations in Region I only.

Van der Ziel has evaluated these noise currents for a
nonsaturated transistor. Because of the additional satu-
rated transistor Region II, the boundary conditions at
the end of Region I are different in the present case. Since
the drain is assumed short circuited, the noise voltage is
zero at the end of Region II, while in van der Ziel’s single
region transistor, the noise voltage was assumed to be
zero at the end of Region I. When we evaluate the induced
gate current, we have to add effects due to the “breathing”
of the channel in Region II. Finally, we have to allow for
a field dependent noise temperature.

Van der Ziel has given a relationship (as derived in
Appendix I, (1.6) between the voltage jump AW, at the
end of Region I and the noise voltage fluctuation —AW.
at position z in Region I, as seen by the equation

1 — w(x)

AW, = —AW,
1—0p

(48)

In (48), w(x) is the reduced channel potential defined
in (36). Similarly, p represents the value of w at the end
of Region I, i.e., at £ = Li. Equation (48) is valid under
open circuit conditions. We may obtain the noise voltage
at the end of Region II by multiplying AW, in (48) by
cosh (m/2a) L, in exact analogy to (46). Thus

1 — w(x)

Al)d = —AWI
1—9p

cosh — L. (49)
2a
Under short-circuit conditions, the voltage change of
(49) transforms itself into a drain current fluctuation
Aig, where
Avg 11— w(x)

Aty = — — = AW, —
- D

cosh - L,. (50)
Tq rq 2a

Equation (50) replaces (11) of [4]. We may obtain (50)

from (11) of [4] by multiplying the latter by the factor

B, where

B I, cosh (wLs/2a)
lgo(1 — P)1a

(51)

For the calculation of the induced charge, we need the
detailed behavior of the potential disturbance AW as a
function of z along the channel for an elementary noise
fluctuation — AW, at position z,. Due to the new bound-
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ary conditions, we find now in Region I (see Appendix II)

Atq

(1 —w)AW = B

zfor0 < x < a2

o

(52)

Ai
e —yLy) forz, <z < L (53)

(1 — w)AW =
lgo

where z = 0 now corresponds to the beginning of Region I.
Equation (52) is identical to the corresponding equation
in [4], while (53) has now a factor of v in front of L,,
since AW no longer needs to be equal to zero at the end
of Region I. There is a discontinuity in AW at z = ..
After inserting Az, from (50) into (52) and (53), we can
determine v from the fact that the discontinuity in AW
is equal to, — AW.. We find with (20)

v=1+42p(1 —p) } (54)

00 1
E L, { cosh (wL./2a)
For L, = 0, v becomes unity, and the original van der
Ziel expressions are obtained.

From the potential perturbation AW given by (52)
and (53), van der Ziel calculated the induced charge AQ
in Region I. By tracing the additional factor of v, we
obtain the new expression

< Lll )
20 = FEEEE Lk ()] (55)
where
k= (730 = ) + 30— &)
+ (2 =3 (p —s)]+ vp. (56)

We next have to add the induced charge in Region II
which results from a change Az of the current flowing
through the conduecting channel. Since the velocity of the
carriers in Region I1 is saturated, the additional current
Aidy requires additional carriers with a charge per unit
length of (A7) /u, where u is the saturated velocity. The
induced charge on the gate has the opposite sign and is
therefore given by — (AigLs)/u. This additional charge
can be added to (55) to give a revised expression AQrev,
as seen by

2apl A7
AQrer = LI— [—F + yw(z)] (57)
ad
where
L
k’:k+f(1—p> (58)
]

Equations (57) and (58) become evident when one re-
members that I, = 2a(1 — p)lpu.

Finally, we can proceed to the revised expression for the
square of the induced charge. However, we have to re-
member that the noise temperature is field dependent, as
given in (39). Van der Ziel’s expression, (21) in [4], can
thus be rewritten and extended by multiplying it by B?
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because of our modification of (51), by replacing his

factor [—p + (Wo(z0) /W) Y®] by (—k" + yw), and by

modifying his temperature 7' by (39), as seen by the

equation

A0 = 64kT,A f L12e
90/ Ly

'[1 + ()% (EWI> a = w)s]

- (K — yw)2(1 — w)R2wAw.

B ()7

(59)

The total mean square of the charge fluctuation may be
obtained by integrating (59) over w between the limits
of s and p. The total mean square of the gate current
simply follows by multiplying the resulting expression by
w?, seen as

11" =

64kT,A f L12e2
go/ In
The notation 4, is chosen to designate the total gate noise

current due to all sources in Region I. The expressions
R, and R; follow from integration of (59) and are given by

——— IB*(R, + Rs). (60)

R, = (f)?{(K)2(p* — &) — #k' (K + v) (P* — &)

+ 30k + 4Ky + v2 ] (p* — %)

— 8Ky + ) (p° — &) + (1/3¢%) (p° — %)} (61)
mes () [20e = (p o 4w

+ 2Ky — ¥ (P — %) — (P — 83)] . (62)

For an asymmetric transistor, 7, in (60) first has to be
divided by a factor of 2 since there is only one gate.
Furthermore, if we introduce g,(asym), where g, (symm) =
2¢,(asym), then the numerical factor of 64 in (60) has to
be changed to 16.

VII. DIFFUSION NOISE IN VELOCITY
SATURATED PINCH-OFF REGION

In this section, we shall investigate the noise mechanism
in the saturated drift region of the transistor. The noise
mechanism can be described in several different ways.
For example, the impedance field method of Shockley
et al. [7] is suitable to describe the noise in the pinch-off
region. We shall look here at the problem in a somewhat
different way.

We are dealing here with a nonequilibrium situation,
and the normal Johnson noise formulas are not valid. As
has been shown by Shockley [7] and van der Ziel ef al.
[147, [15], the basic noise current density source may be
written as

4¢*DnA f

Ju ()X (z) = 1

8z — o). (63)
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In (63), J.(x) is the noise current density at z, D 1s the
diffusion constant of the carriers at the high dc electric
field existing in the sample, n is the carrier density, 4 is
the cross-sectional area, and é(z — ') is the Dirac delta
function. By using the Einstein relation D = (kT/q)g,
with ¢ = mobility, (63) goes into the conventional John-
son noise formula. The Einstein formula, however, is
only valid at low fields.

The noise current J, may be interpreted as a distribu-
tion of spatial and time impulses that are mutually un-
correlated. Indeed, (63) can be rewritten as

4¢2DnAA f

(Ada(2))? = =1~

(64)

for the autocorrelation of the current density at the point
z, where we have used the fact that 5(z — 2') = 1/Ax
for x = 2. We now compare (64) with the shot noise
expression

2 = 2qLLA f. (65)

The shot noise spectrum is the result of current impulses of
content g oceurring at a rate r = L./q.

Similarly, (64) may be interpreted as a sequence of
current impulses occurring at the rate

_ 2DnA
Az

(66)

where each current impulse extends over the distance
Az. Each of the current impulses thus results in a dis-
placement of a charge ¢ over a distance Az, or, in other
words, each current impulse leads to the formation of a
dipole layer of strength (gAz)/A. Since these current
impulses occur in the saturated velocity regime, where we
neglect mobility and diffusion effects, the resulting dipole
layers are unable to relax, and they drift unchanged to
the drain contact. We shall use this interpretation for the
analysis of the diffusion noise in the field-effect transistor.
The interpretation of high-field noise in FET’s as dif-
fusion noise also has been suggested by van der Ziel [14].

VIII. THE DIFFUSION-NOISE INDUCED
OPEN-CIRCUIT DRAIN VOLTAGE

We have identified the diffusion noise as spontaneous
generanon of dipole lavers (gAz)/A, generated at the
rate r = (2DnA)/Azx, which drift from their generation
point x, > 0 to the drain contact at z = L,. In this sec-
tion, we take the origin of z at the pinch-off point. Under
ac open-circuit drain conditions, fluctuating fields and
potentials at the pinch-off point, generated by the drifting
dipole layers, must be nullified by drain voltage fluctua-
tions so that a constant de current is maintained.

We first calculate the potential and field of a dipole
layer in the channel. For this purpose, it is advantageous
to consider first the potential due to a charge layer of
density ¢ at z = r, extending from y = —b to y = +0.
As may be verified, the corresponding potential & is given
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by
ag

® 2a\? . nr nr nw
= — — ) sin—bcos—yexp + — (r — &).
€a ,,=1z:'3,5 (mr) 2a 2a yexp 2a ( )

(67)

At the metal gate electrodes, the potential is zero as
required by the boundary conditions. The plus sign
applies to the region z < z, and the minus sign to the
region x > x,. The potential ¥ due to a dipole layer con-
sisting of a charge density +o at z, and —o at 2, + Ax,
is obtained from the preceding by differentiation, as seen
by

ad cAr, 2 2a , nr nir
¥ = —A7, = 4 > —sin—becos—y
3z, €@, g5 2a 2a

cexp =+ or (x — z,). (68)
2a

In (68), the plus sign applies for z < z, and the minus
sign for > x,. The = component of the electric field due
to the dipole layer becomes

gAZ,

. nw nr nw
E, = — > sm*—bcos—yexp:tj)—(x—zo).
2a

€0 135 2a 2a
(69)

Next, we match boundary conditions at the pinch-off
point. In keeping with the approximations already made
in evaluating the small-signal parameters of the transistor,
we retain only the fundamental components of potential
and field. The potential at the center of the pinch-off point
in Region Iis — W,,(p? — s?). This potential is consistent
with the solution of Poisson’s equation in the transverse
direction taking into account the space charge of the
ionized acceptors. In Region IT at z = 0, we also have the
potential — Wo(p® — s?) due to the particular solution
of Poisson’s equation taking into account the ionized
acceptor and mobile hole space charges. In addition, we
have the potential due to charges or voltages on the drain
contact. As before, they are of the form a cos (ry/2a)
exp (rz/2a) and B cos (my/2a) exp — (vz/2a). Finally,
we have the potentials and fields of the dipole layer at
2 = z,. Thus matching of the potential at the pinch-off
point y &~ 0, x = 0 gives
Wt = ) = Wt — ) + 52 i T

T 2a

™t a+ B (70)
2a

-exp

Similarly, matching the electric field gives

—glAz, . mb T, T T
E = — — —_— — B. 71
¢ €Q s 2a exp ( 2a> 2a a+ 2a A (7

As stated, we are calculating open-circuit noise voltages.
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The quantities @ and 8 adjust themselves to cancel out
the effect of the dipole layer. Calling the 8 and s« the
perturbations of « and 8 due to the dipole layer, we obtain
from (70) and (71)

da = —

58 = 0. (72)

The potential perturbation at the drain contact z = L,
due to the dipole layer is, therefore,

Ai)dz = - (73)
In (73), we have omitted the contribution of the potential
from (68) for # > x,. Due to an image dipole layer at
z = Ly 4 (Ly — 2,) beyond the drain contact, this por-
tion of the potential approximately gets cancelled out.
The notation va again signifies that the drain voltage is
due to a source in Region II.

Now, the dipole layer drifts with a constant speed u
from z,, starting at its instant of generation #,. Therefore,
(73) gives a time-dependent induced voltage

cAx 2 . wb T
Avgs (Lol — 1) = — — —sin % exp %
€ iy

e [Le — 2o —u(t —t,)] (74)
where
OSt—tOS (L2 —_ Zo)/u.

Next, we want to calculate the spectrum due to the
drifting dipole layers. A random process of uncorrelated
events, occurring at the rate r, each having a response
h(t), produces a spectral density

1
¢ = 5 1| H@) I (75)
™
where H (w) is the Fourier transform of 4(¢), as seen by
+o0
H(w) = / exp (—iw) h(t) dt. (76)

—0

Since we are not interested in frequencies where the transit
time through the pinch-off channel becomes comparable
to 1/w, we can evaluate (76) in the limit of w — 0.

We obtain with (74), using ¢ = ¢/4 = ¢q/(2bl),

1gAz, . [=b
H(w)oso = — - 125 m("—>

8
T ebl 2a

2a

— [exp 2—1;(142 — T,) — 1] . (77)

Finally, we may obtain the drain voltage fluctuations due
to dipole layers starting between 2z, and z, + Az, by

[P SN
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inserting (77) and (66) into (75) as seen by the equation

32a* ¢*DnAf ., wb
Tz  €bl 2a

Avg?(2,) =

-[exp%} (Ly — 20) — 1] Azo. (78)

Equation (78) contains an additional factor of 2, since
we do not distinguish between positive and negative fre-
quencies as in (76) but consider the total fluctuations in
a bandwidth A f = Aw/27. The total drain voltage fluc-
tuations due to dipole layers in Region II follows from an
integration over x, from 0 to L,. If we introduce the de
current I, seen by

I = qun2bl (79

then, we can finally write

—_ 16 . _ [/«b\ qDA fa? ™ ™
va? = Ia4 ;r? sin? (5;) m [exp ; L,— 4 exp 51 L,

7I'L-2

+34 ] (80)

a
For the asymmetric transistor with I; referring to the
current flowing in the one-sided transistor, the numerical
factor of 16 in (80) has to be replaced by 64.

IX. DIFFUSION NOISE INDUCED DRAIN AND
GATE CURRENTS

As outlined in the previous two sections, the diffusion-
noise contribution can be attributed to dipole layers
drifting through Region II. Since the dipole layers carry
no net charge, there is no directly induced charge on the
gate. There is, however, an indirect contribution. To be
consistent, we have to evaluate the induced gate currents
under short-circuit drain conditions. The noise voltage
caleulated in Section VIII produces under these short-
circuit conditions an induced drain current. This drain
current causes a breathing of Channels I and II and,
therefore, an induced charge on the gate.

Let us call the induced drain current 7z, where
=y : (81)

]

lag =

We have already calculated, in essence, the induced
charge in the gate due to a current change Aig. We can
adapt (52)-(57) by simply omitting the potential jump
at z, not needed in the present context. As may be seen
from (52) and (53), there is no potential jump or dis-
continuity at r = z,, if we set the parameter y equal to
zero. We can, therefore, take over (57) with the proviso
that v is set equal to zero also within the parameter &/,
defined in (56) and (58). We thus obtain from (57), for
the induced charge @,
2apL1l’id2

Q= — 1, E(y=0). (82)
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__We obtain, finally, the mean-square gate noise current
122, due to fluctuations in Region II, by taking the mean
square of (82), multiplying it by «?, and inserting (80)
and (81), as'seen by

P

116 ., (wb) gIluDA faLiw? (K (v = 0))2
— — SInr -

T ew 0 \2e) etBw (1 p)?
™ T . wlo
‘lexp~ I, —4exp—L; + 3 + . (83)
a 2a a

For the asymmetric transistor, the numerical value of
ig? is half as Jarge as given by (83). If we simultaneously
introduce into (83) the drain resistance and the drain
current of the asymmetric transistor, then the numerical
factor 16/ (#=*) has to be changed to 64/ (#°).

X. EVALUATION OF CORRELATION
COEFFICIENT

The gate noise currents and the drain noise currents are
correlated to some extent, since any elementary noise
voltage produced in the channel gives a contribution to
both the drain and the gate currents. As before, let us
call 7, and ¢x the gate and drain currents produced by a
fluctuation in the ohmic Region I, and, similarly, let us
call 7,; and 4. the currents produced by a fluctuation in
Region II. Obviously, there is no cross correlation between
i and %, or ig and i,. The derivation in Section IX
shows that there is a very strong correlation between 7,
and 7. Obviously, a drain voltage fluctuation produced
by Region II gives rise to a drain current which can be
evaluated using Ohm’s law and the value of the drain
resistance. Similarly, the gate current follows from the
breathing of the channel due to drain current. There is a
capacitative 90° phase shift between gate and drain cur-
rents with full correlation. In other words,

ip*ia = jlat e V2 (84)

Similarly, we can evaluate the correlation between ¢,
and 74 following closely the treatment by van der Ziel [4].
Because of our boundary conditions at the end of Region I,
we have to multiply van der Ziel’s equation (20) in [4]
by B?; furthermore, we have to replace his expression
p — u? by our k' — 4w in exact analogy to (57). Finally,
we have to insert the field dependent noise temperature
of (39) in full analogy with our treatment in Section V.
After integration over the reduced channel potential, we
obtain the expression

m s So + S&
ottt 2 7 (R 4 0)2(P, + P2

(83)

where
S, = (SO 2HKL(p* — &) — §(p* — &) + 3(p* — s")]
+A[—3(p* — &) + (p* — ) — (P> — &)1} (86)
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and

Woo 8 1—8
= 9 I ¢ —_
S ﬁ<Emh)ﬁ[w ”(6 p+4n1_p>

+%W—ﬂ](%

The overall correlation coefficient defined in (28) can
then finally be written as

So + SB
(Ro + Rs)'2(Po + P3)'2

o1
j I:/I:g27:d2]1/2
EE @@ -
1g 1d 19 i
In (88), we understand by %, and #; the total gate and

drain noise currents produced by fluctuations in Regions
I and II.

XI. NOISE FIGURE, EXPERIMENTAL DATA,
AND DISCUSSION

A test of our noise theory may be made by applying it
to a practical device for which experimental data are

available. A proper test of the theory, however, must in- -

clude the thermal noise contributions of the parasitic
elements associated with a practical device. Unfortunately,
the experimental noise data on GaAs FET’s are often not
accompanied with sufficient information about the para-
sitics, so that we are limited at this time to applying our
theory to one specific device design for which the pub-
lished information is adequate.

The equivalent circuit model for the I'ET which in-
cludes the noisy parasitic elements is shown in Fig. 4. The
intrinsic device parameters are included in the shaded
box. The capacitances C,, and (g, are, respectively, the
gate—source and gate—drain capacitances. The latter is of
the order of a few percent of the former and will be neg-
lected in our noise analysis. The parameter R; is an in-
trinsic resistance in the undepleted region of the channel
under the source side of the gate and represents the ohmic
path for the displacement current between the gate and
source. Tts ohmic losses are included in the gate noise
source i, [16]. The parameter r; is the drain resistance
evaluated in Section III. Shunting it is the drain noise
source. The transadmittance ¥, of the current generator
of the intrinsic transistor shown in I'ig. 4 can be approxi-
mated by the form . = gm exp (—jwr), where wr is a
small phase shift [2], [17]. We shall neglect this phase
shift in our analysis.

The extrinsic thermal noise sources of importance are
those associated with the gate metallization resistance
R.. and the source-gate resistance K, which includes the
source contact resistance and the bulk resistance of the
epitaxial layer between the gate and source contacts. Both
R.. and B, show full thermal noise as indicated in Fig. 4.

—*—
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The gate and drain intrinsic noise sources will be repre-
sented in terms of equivalent noise conductances g, and
gan, Tespectively, where

Jgn = VY, (89)
- (90
Jin = AkTAf )

The noise figure can be evaluated by short circuiting
the output (drain—ground) terminals and evaluating the
noise current contributions of each noise generator, in-
cluding that of the source ¢,. Using the expression for the
noise generators in Fig. 4, we obtain the expression for
the noise.figure, as seen by

1
F=1+7€—[rn+gn|Zs+ZCI2] (91)

where Z, = R, + jX, is the source impedance and 7, ¢a,
and Z. are noise parameters whose expressions will be
given later. As a function of the source impedance, F
exhibits a minimum when Z, has its optimum value
Z,, opt given in terms of its components, by

T 1/2
R, opt = ((Re Z)? + g_) (92)
X opt = —Im Z.. (93)
The minimum value of F can be expressed as
Fmin =1 + 2gn(Re Zc + Rs, opt)- (94)

This expression will serve as the basis of our discussion
which follows. The noise quantities g,, K., and Z. are
expressible in terms of the equivalent circuit parameters as

2

Yu

= Y — JC(gen)?| + (1 — C*)gyn (95)
= Bu ot Rt - a _952)“"’" (96)
L=m+m+%meP?mw%wm,wﬂ
Here

= 2 Y I (98)

Tt jeCyR: ~ 1 4 juCoRs

where y1; and 3. are, respectively, the short-circuit input
and transfer admittance of the intrinsic device. (We have
neglected the small effort of the drain-gate capacitance
Cay on yu and yu.) Note that for vanishing values of R,
R., and E;, the expression for Fui, and Z;, opt reduce to
those given in Section IV when onesets Y opt = Zs,ope! — 1.

The parasitic resistances R., and R, appear as a series
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Rs el =4kTyRg Af
+ + €& =4k ToRmAf
e —
' Os ©t e =4k ToR¢ Af
i § =akToggn Af
12 =4kTyggn OF
ig*ia= iC/ighia
Fig. 4. Equivalent circuit for minimum noise figure calculation with parasitic elements included.
8 g p

combination in both the equivalent noise resistance r,
and the correlation impedance Z., but not in the equivalent
noise conductance g,. One may show that the noise con-
tributions of the parasitics enter in r,, whereas the ohmic
properties of R, and E; are relevant in Z.. Since both Z,
and r, appear in the expression for R, opt, the optimum
source resistance is a strong function of the parasitic
resistances. The ohmic property of the intrinsic resistance
R; also plays a role in R, op via the real part of Z..

We have applied these expressions to a practical n-type
GaAs FET with a 2-um gate length whose published design
values stated by Brehm and Vendelin are [187, [19]:
a=2X10"%em, ! = 285X 102 em, L = 2 X 10~ cm,
go = o,a = 1.4 X 10~% mhos (corresponding to a doping
level Ny = 107 em™), and Wo = 2.9 V. The values of
the parasitic resistances used are R; = 15 ohms and
R, = 0.8 ohms [197]. This design closely parallels geome-
tries studied at other laboratories including our own. At
this doping level, the saturation field is approximately
3 kV/cm. Using a value slightly lower, 2.9 kV/em, and a
low field mobility of 4500 em?/V-s, the piecewise-linear
approximation to the velocity field characteristic in I'ig. 2
requires a saturation velocity u = 1.3 X 107 em/s, only
slightly higher than the actual value [8].

Evaluation of the noise conductances ggn*and ga., (89)
and (90), appearing in the noise figure expression requires
a knowledge of the dummy variables (s,p). To obtain
solutions for this pair as a function of the external drain-
source and gate-source potentials, it was necessary for us
to take into account all of the parasitic de voltage drops
in the source—drain region, as well as the self-biasing of
the gate due to the voltage drop across R, produced by
the de drain current. Using our de and small-signal analysis
outlined in Section II and III, and including the parasitic
resistances in the source—drain circuit, we have written a
computer program which yields values of the variables
(s,p) as a function of gate and drain potentials. As a
byproduct, I-V characteristics and small-signal param-
eters were also obtained. For example, at a drain—source
bias of 3 V, and a gate-source bias of 0 V, we obtain for the

saturation drain current I.., a value of 28.3 mA and for
the transconductance a value of 19 mmhos, which are in
very good agreement with Brehm’s data [197]. We have
also obtained excellent agreement with measurements
taken on a variety of device geometries fabricated at our
laboratory.

It might be of interest to point out that our computer
results show for this device design that for drain—source
bias values corresponding to current saturation, ie.,
above the “knee’”’ of the I.—V, curves, the extent of the
saturated velocity region L. is of the order of 30 percent
of the gate (channel) length I. For shorter gate lengths
(of the order of 1 um), this fraction can reach as high as
90 percent. The extent of this region increases with the
source—drain potential but is nearly independent of the
source—gate bias. Furthermore, the channel opening under
current saturated conditions is almost uniform along the
entire length of the gate, that is s & p, the difference being
of the order of 10 percent or less. This means that the
longitudinal drop along the channel in Region I is neg-
ligible compared to the corresponding drop in Region II.
The values (s,p) are strong functions of the gate-source
potential, but nearly independent of the source—drain bias.
For the device under consideration, typical values of s and
p range from 0.65-0.75 at zero gate bias, increasing towards
unity at low drain currents.

Knowledge of the (s,p) pairs, obtained from the numeri-
cal solutions, also allows us not only to calculate the small-
signal parameter g, which appears in the noise figure
expression, but also the small-signal parameter, C,,, which
was obtained by a small-signal analysis of the charge in-
duced on the gate by the field of the depleted impurity
charges in the channel and by the Laplace field given by
(14). Using the approximation s = p, we obtain the
simplified expression for Ly & L

el
C,p =~ — + 1.56¢l.

ap
The first term is simply that of a “parallel plate’” capacitor
of thickness ap. The second term is a fringing field correc-

(99)
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tion [207] for either edge of the gate. The fringing accounts
for about 10 percent of the total capacitance for the device
being considered but can be as high as 25 percent of the
total capacitance for a shorter gate.

We have postulated for the gate charging resistance R;
a bias dependence inverse to that of C,,, so that the product
R.C,, is approximately constant. There are good theoreti-
cal grounds for this assumption since it can be shown that
this time constant is proportional to (though smaller
than) the channel transit time r = L/u. We have set this
time constant equal to 4.0 ps corresponding to the pub-
lished data [197].

As a preliminary to our noise figure presentation, we
illustrate in Fig. 5 the calculated dependence of the noise

" eonductances g¢,., and ¢4, on the gate bias, or more pre-
cisely on the normalized drain current [,/I4, for a par-
ticular value of the high field diffusion constant, D. For
other values of D our computations show that these con-
ductances are proportional to D except at the low end of
the drain current scale. Also shown in Fig. 5 is the mag-
nitude of the correlation coefficient, C. Note that C is
nearly constant in value. (For a 1-pm gate, C' approaches
unity in value over most of the current range.) This fact
(which is the result of the strong correlation between 7,
and 7z in the expression for C, as seen in (88) and the
linear dependence of the noise conductances on D show
that the dominant source of noise in the device, at least
in the saturated current regime, is the diffusion noise of
the saturated veloeity region. We have used for the hot
electron temperature parameter 3, a value of 1.2 based on
Baechtold’s experiments, and our choice of ..

Fig. 6 illustrates the dependence of Fy,;, on the normal-
ized drain current for a particular value of source—drain
potential and several values of the high-field diffusion
constant. Also shown are the experimental results for the
two devices reported by Brehm and Vendelin [197.
Notice that our theoretical results exhibit all of the features
of the experimental data, in particular, the rapid rise of
F i at high drain currents, a feature not shared by other
noise theories. This rapid rise in Frni, at high drain cur-
rents and the strong dependence on the diffusion constant
is a reflection of the influence of diffusion noise on the
noise conductances, as illustrated in Fig. 5. The fast
increase in Fiin to the left of the minimum is a consequence
of the drop-off in transconductance at low drain currents.

We also show in Fig. 6 the value of F,is in the absence of
parasitics (R, = R; = 0) for one of the D values. The
low level derives from the strong cancellation of noise due
to correlation as predicted by (33). The effectiveness of
this noise cancellation is diminished drastically when
parasitic elements are introduced, hence the large in-
crease in Fain. It is obvious then that parasitic resistances
should be kept at a minimum, not only because they
introduce noise of their own, but also because they indi-
rectly cause an increase in the contributions of the noise
sources associated with the intrinsic device.

The minimum noise figure is only a mild function of the
source-drain potential in the current saturation region as
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Fig. 5. Equivalent drain noise conductance gg. and equivalent
gate noise conductance g,. and correlation coefficient as a funetion
of normalized drain current.

illustrated by the experimental results in Fig. 7 [187, [197].
Our theory also shows this same dependence in good
agreement with the data.

The important feature to observe in Figs. 6 and 7 is
that to obtain noise figures corresponding to experimental
values, one must use a diffusion coefficient in the vicinity
of D = 3040 cm?/s, substantially lower than the low-field
value of D = 110 em?/s. This observation conforms to
the fact that theoretically, D shows a sharp drop off at
high electric fields to levels in general agreement with the
range indicated above [9]. More experimental data are
necessary, of course, to permit us to make a more specific
choice of D. Note that for D = 35 em?/s our theory pro-
vides excellent agreement with experiment.

We have also applied our theory to devices with shorter
gate lengths (1 pum) operating at X band. Although our
agreement with the experimental results is not quite as
good (we feel because of unaccounted circuit losses and
some still inaccurate device parameter values), neverthe-
less diffusion coeflicients in the range above are indicated.

Summarizing, the present paper shows that the satu-
rated velocity region in field-effect transistors cannot be
neglected. To date, only limited experimental data exist
on the noise behavior of GaAs FET’s, but it apears that
these data are in good agreement with our calculations.
While we have not shown plots of R, opt and X, opt, never-
theless, their calculated values are also in the range of the
observations. It will be necessary to compare more exten-
sive experimental measurements with our theory to
establish its validity and limitations. Extensive definitive
experiments are now in progress at our laboratory to
obtain the necessary data.
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Fig. 6. Minimum noise figure as a function of normalized drain current for various diffusion constants.
One obtains to first order in the variation
Frequency - 4.0 GHz dW d W
Noise parameter 8=1.2 o A
oyl ] Ab 2 4 b, ~ 0. (1.4)
dx dx
] D=40cm ¥sec e e . . .
: oesoemtene " Substituting (I.2) into (I.4) and introducing the normal-
w = m - . -
2 . ) ized de voltage seen in (36), one obtains
o
% 20} . dAWw dw
e Experiment (ref.19) = . (15)
§ = Theory AW I —w
£
s . . .. .
Orain. current =10 mo. Integration between the limits and L, gives
10- b 1 — w(x)
L AW, = — — AW, (1.6)
1 . . . . 1-»p
0 1.0 20 30 40 5.0 i ) .
broin-source_potential (volts) where p is the value of w at the end of the ohmic region,
Fig. 7. Minimum noise figure as a function of source—drain poten- ~ AW, is the fluctuation in the section Az, and AW, is

tial for a particular diffusion constant.

APPENDIX 1

In this Appendix, we derive the noise voltage at Li due
to Johnson noise within an infinitesimal section of channel.
We shall follow van der Ziel’s analysis. The width of the
ohmic channel, 2b, is given by

2b = 2a[1 — (W/Wo)'2]. (L)
Taking a perturbation, one obtains
2
AW = — a (Wo,W)2Ab. (1.2)

Noting that the current is kept constant and the longi-
tudinal field is dW/dz, one has

aw dw, dAW
= 200 —— = 20,(bo
I1a Ubdx a.(b +Ab)(dz+ dx)
dw,
= 20,0, — . (1.3)
dz

the resulting fluctuation at the pinch-off point L. (1.6)
is equation (10) of [3]. AW, is caused by thermal noise
and its mean-square value is (as seen by (11), (3]

A 4kTA
r ———fA

W2 = 4kT - w, L7
A AT 1. (L.7)
where
W,
1, = 20l 0= dgal(l — w)Wewdw  (L8)
x

and dW,/dz is the de electric field at . Introducing (1.7)
into the square of (1.6), one obtains (35) of the text.

APPENDIX II

The induced charge on the gate is obtained in the same
way as the one employed by van der Ziel, part of whose
derivation is reproduced in the following equations. We
supplement van der Ziel's equations to account for the
presence of Region IL.

The distributed negative charge stored in the depleted
region above and below the ohmic channel segment of
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length dz is
b
Q dz = —2(a — b)p. dz = —2ap, (1 - E)dx. (IL.1)

This charge is compensated by an equal and opposite
charge Q dz = —@Q' dz, on the gate contact. Therefore,
the fluctuation Ab in b between x and z + Az produces a
fluctuating charge

dAQ = —2ap, (%) dz. (11.2)

The problem is now to compute the perturbation of
ohmic channel width Ab/a as a function of position. This
perturbation exists ahead of (z > x,) of the perturbing
potential AW, at z, as well as behind it. Ahead of x, there
is the effect of the change in current Adg; behind z, there
is the combined influence of Az; and AW.. Because the
current is given by (1.3), we obtain

I, 4 Adg = 200l(bo + AD) Ed;; (W, + aW). (IL3)

Substituting (1.1), (L.2), and (36) leads to (compare
equation (8) of [41)

Atg = 2m,al-d— (1 —w)AW. (11.4)
dr '
Integrating this equation over z, we obtain (52) of the
text after determining the integration constant such that
AW = 0 for z = 0. In (53), the integration constant is
chosen for convenience in the form — AigyLy/ (lgo). v 18
then determined in the text. The induced charge can now
be calculated in Region I by inserting Ab from (1.2) into
(I1.2). The detailed dependence of AW on z is given in
(52) and (53). ¥or further details, the reader should
consult [4], equations (12)—(17).
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