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1. INTRODUCTION

AR

This Final Report R930007-F summarizes activities sponsored by the
U.S. Army Research Office under Contract No. DAAG29~81-C-0033. The technical
period extended from 15 August 1981 to 30 September 1982,

Three distinct levels of study were involved and used in ARO-sponsored
programs, The most fundamental level addressed quantum transport effects in

nanometer scale devices, through solutions to the Wigner-Boltzmann transport
equation. The second level addressed non-equilibrium transport on a submicron
scale through solutions to the Boltzmann~Block transport equation.
phenomena as velocity overshoot enter. The third level examined transport on

a near micron scale through solutions to the semiconductor drift and diffusion

Here such

equations. This last level of study has been the mainstay of semiconductor

devices for the last thirty to forty years.
During the course of the ARO program, several papers appeared in print in
The motivation for the study

which quantum transport effects were studied.
was high USER (ultra submicron electronics research) interest in determining

the range of validity of the Boltzmann transport equation for submicron devices.
Difficulties are suggested by the fact that within the effective mass approxi-
mation the thermal deBroglie wavelength is of the order of ultrasubmicron
dimensions (e.g., 250°A for GaAs). With this as motivation, a quantum trans-
port equation suitable for numerical device computation was developed.

the equation of motion for the Wigner distribution function was generalized

Here

Balance equations for density, momentum
The study has

to include scattering contributions.
and energy and their quantum contributions have been derived.
demonstrated that quantum corrections are non-negligible when the carrier
transit lengths are of the order of the thermal deBroglie wavelength. Copies
of two publications on this subject have already been submitted to ARO.
During the study a numerical technique was developed to analyze the
small signal transient characteristics of semiconductor micron length and
submicron length devices. In this study the device (either two or three-

terminal) was brought to steady state and then subjected to a small voltage

The resulting time-dependent response was subsequently determined
self-consistantly, and then analyzed in terms of frequency dependent Fourier
For submicron length devices, the transient analysis was

components.
coupled to solutions to the Boltzmann transport equation and the small

S oy




signal upper frequency limit of gallium arsenide two-terminal devices, operating
under transient overshoot conditions was determined. The results were incorporated
into a major reviev article and were published.

The small signal analysis was also applied to the semiconductor drift and
diffusion equation to obtain the small signal microwave parameters of gallium
arsenide field effect transistors. The frequency and bias dependence of these
parameters are thought to directly reflect the distribution of electrons within
i the device. 1In this stﬁdy the device was brought to a steady state voltage
level and then subjected to a small voltage pulse on the drain contact. The :
resulting time-dependent device response was obtained through two-dimensional
solutions of the relevant semiconductor equations. The time-dependent response ’
was analyzed into frequency dependent (Fourier) components and expressed in
suitable microwave ("Y") parameter form. The calculations were repeated for a {
pulse on the gate contact. The microwave paraweter calculation which showed :
general agreement with experiments was extremely sensitive to the electron L
distribution within the device. One calculation demonstrated that microwave

parametric measurements could reveal the presence of local dipole layers of

charge within the device. The results of this study are new and are summarized
. in this report. The study is being prepared for publication.
Another area of study involving the &rift and diffusion equation concerns

Ef ‘ calculating the noise in semiconductor devices, Particularly in the case of
i gallium arsenide devices, there is a large body of experimental evidence showing
i- an increase in noise prior to the énset of Gunn oscillations. Indeed, this

result led some early investigators to speculate that high field cathode-to-
. anode transit time oscillations were triggered by shot noise. 1In contrast
! to this, theoretical studies show a decrease in FET channel noise when the field
; is in the region of negative differential mobility. These ostensibly conflicting
f ! results need reconciliation. One phase of the ARO study involves an analytic
: study of the effects of contact originated or operational originated (e.g., an
FET at high voltage levles) nonuniform field profiles on the noise properties
of negative differential mobility devices. In particular with the "fixed
cathode boundary" field model developed to explain cathode originated Gumn
instabilities, the mean square noise voltage per unit band width has been
obtained analytically using the "impedence field technique". The computed
results demonstrate that as the threshold for current instabilities is

approached, the noise component increases. This is the first theoretical
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demonstration of enhanced noise as the instability threshold - rather than the

electron transfer threshold is approached. The results were summarized in a
keynote paper presented at the Surface and Interface Conference in Trieste,
August 1982, and are discussed in this report.

One of the significant conclusions of the two-terminal noise study is
that in an active media noise disturbances propagate and simultanecusly are
amplified. Generally, amplification within the active regfon of an FET has been
accounted for by introducing an effective electron temperature. To some extent
this approach is incomplete insofar as it ignores the physics of growth through
transit of the carriers. To overcome this difficulty, we have generalized the
standard noise theory of FETs within the framework of the analytical gradual
channel approximation. For analytical purposes, the essential features of
growth are retained within this approximation. 1In addition to the analytical
noise theory, the small signal study demonstrates that the dc space charge
profiles will significantly affect the noise characteristics of the device.

We have qualitatively coupled the two-dimensional "Y" parameter calculation
with the analytical noise study. This is also summarized below. It too is
being prepared for publication.

Most device simulations involving the compound semiconductors assume a
uniform ambient temperature. Typically, however, the actual device is subject
to significant temperature variations which can sometimes permanently alter
device properties and often degrade device operation. In order to introduce
design changes tominimize these deleterious temperature effects, the detailed
temperature profiles must be determined. Under the present ARO contract the
semiconductor device numerical code has been generalized to include the heat
flow in gallium arsenide devices. Additionally, current flow now includes
transport by holes as well as electrons. The results of this study are
summarized below.

A new study was initiated to determine the electrical characteristics of
a space charge limited injection field effect transistor. The motivation
for this study was the superior performance of submicron scale injection
FETs. The study discussed below utilized the drift and diffusion equations
and is regarded as a benchmark calculation to which submicron calculations

may be compared. The results are briefly summarized below.
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The technical discussion is contained in the next four sections. Section 2 :
consists of a one-dimensional analytical study of the effects of cathode t
originated nonuniformities on the noise properties of transferred electron
devices. Section 3 contains the discussion of the numerical "Y" parameter
determination and the analytical formulation of the FET noise problem. Section 4

includes the temperature dependent study, while Section 5 contains the discussion
of the injection FET.
A 1list of recenz ARO sponsored papers is also included.




2. Noise Properties of Transferred Electron Devices

2.1 Introduction

When a signal is applied to a transferred electron semiconductor
such as gallium arsenide or indium phosphide, space charge waves grow
as they propagate downstream from the disturbance. This growth mechanisa
is indiscriminate, and both desired as well as undesired disturbances
(noise) are amplified. In the study summarized in this report, two types
of noise calculations were considered, The first type was one dimensional,
for which analytical calculations were performed. In this calculation
the goal was to determine whether noise calculations could provide insight
into the nature of the cathode contract conditions, and how they would be:
modified by nonuniform field profiles. The calculations represent the
first detailed analytical study of noise under nonuniform space charge
conditions appropriate to the onset of transferred electron oscillations.
The second type of noise calculation is associated with noise in FET's.
This calculation is a combination of both analytical and numerical studies.
Both calculations are designed to demonstrate the effects of nonuniform

profiles on the noise properties of devices.

2.2 One-Dimensional Calculations

The calculational approach to one-dimensional noise problems is
discussed with reference to Figure 2-1., Figure 2-1 displays a one-dimensional
device of length L and carrier density No. A small imposed signal at the
source of the device manifests itself as a change in voltage across the
device, §9(t). Similarly, a small fluctuation in current, of magnitude
A(Xl) at the point X = Xl, will propagate toward the anode and manifest
itself as a change in voltage 6¢x1(t). Shockley, et al (1966) considered
two such disturbances: one where the fluctuation resulted in an increase
in local charge density, the second in thch the fluctuation resulted in
an equal decrease in local charge density. Each disturbance results in an
impedance change Z(X;) and 2(X,). Of relevance for X, = X; + 08X, is the
differential impedance and "the impedance field defined as




2(x,) - 20%))
vz = ax 2.2-1

in which terms the mean square noise voltage per unit band width is defined

[Shockley, et al (1966)]

) )

(G, S 2, 2. .3

A_ﬁ]'f: - IVZI 42 NDd X 2.2_2
Vol.

In the above N is the carrier deﬁsity, D the diffusivity, and e the
magnitude of the electron charge. In the analytical calculations D is

taken as constant.
Since the noise calculation describe departures from steady state, .-

the relevant equations are: (1) The equation for total current

3= (W - D) + 5T 2.2-3

and (2) Poisson's equation, -

2 -e

The electric field in these equations is

and the potential drop Y, is
L
- 2.2-6
Y% .,’ Fax .
o

In the amalytical noise calculations the underlined terms are ignored.
In the calculations that follow, two types of structures are considered:

(1) space charge limited diodes, and (2) diodes with thermally generated

carriers. 1In both cases the effects of boundaries on the noise properties

are emphasized. In these calculations it is convenient to work with a set

of dimensionless variables identified in Table 1.

A A e g g . gt - Tren



In dimensionless terms, the relevant equations are (in one dimension)

of

J = nv+gr. 2.2-7
L7 S 9f 2.2-8
x n-1 or % n
]
| T fdx
o f
[+ ]
and
) L
1,2 i’ o |32 2 dx 2.2-10 -
_2g/2w ] 3x .
o

In equation 2.2-8, the second differential equation is relevant to space
charge limited (SCL) diodes. (Note: the left hand part of equatiomn 2.2-10

is in ordinary units).
In examining noise, small signal perturbations from the steady state

are considered, thus

j=3, +8§ 2.2-11
£ =>f (x) + 6f 2.2-12
= = 6f -
v vy + dv vo +¥ 2.2-13
where
- v 2.2-14
df

for simplicity v is taken to be represented by three linear pieces, as in

Figure 2.2.

The relevant small signal current equation is A #

¥ 3
Y 36f 2.2-15
53 ( vt :lu>6f +v, S
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for either doped or SCL diodes. In the above, the time dependence is

taken as emt. The solution to equation 2.2-15 for both uniform and

nonuniform fields is part of an extensive literature [see, e.g., Shaw, et al

1979)]. By way of introduction we carry this solution for uniform fields
to the point where the impedance field is obtained [see also Thim (1971)].
It is then generalized fo;' nonuniform fields.

For uniform fields, a disturbance originating at the point X1, vith

amplitude A(xl) results in a perturbed field

ACx)) (1-;" Gy vo) 2.2-16

6f(x>x1,x) =

where
A=yu <+ iw 2.2-17-
The potential drop arising from this disturbance is
z .
cw(xl,w) -f 6f(x>xl,x)dx
1 2.2-18
. A(x]) [z-xl . v, ( —A(!.-xl)/vo I)J
A 3 \e -
And the impedance field
r
. [ -x(k-xl)/\E]
E(xl) L 11-e 2.2-19

9x A

which is equation (6) of Thim (1971).
For nonuniform fields the solutions are more complex. For both

doped and SCL diodes the solution to equatfion 2.2-15 is
14

x x
S£(x,w) = e‘fs(C)dc a(w) + &3 (u)/:—%c)' et fs(c')d" 2.2-20
wvhere
ujo 1
g(x) = o) + 1w ) 2.2-21




Differences in the results of SCL and doped diodes arise after integration.

For doped diodes

x2
j IV(xl)-l :
- e _ 2 2.2~
ﬁ(‘) g = dutlxyaxp) + 1o {jolv(xz)-]} 2-22
*
X
2
j -v(x,)
d‘ 1 [ 2 2.2_23
x) = = - S log\r ) _
tepd T @y T '{jo-«xl)}
!
and
. % x
: ~Je(z)dr ag [ )-1) twe(x k) 2.2-24
8f(x,w) = a(uw)e [ + 6] (u)‘/;-z?) ,(1/"( )-l)e 1
1 x, 4 .
For SCL diodes
X
2
v{x,)
Jacorac = otxy,x;) + 108 ;G% 2.2-25
X
1
v (xz)—v (xl) 2. 2-26
) T g
x x
6f(x,w) = a(m)e-_/;“)"c + 83 (w) ‘:C) ¥(g) o det(x;0)  2.2-27
x . xv T) v(x)
1




Integrating, we obtaia, for doped diodes

5£(x,0) = a(w) e f g(g)dc
* .

_iut(xl,x) -at(x .x)\ 2.2-28
1

83 (w) 1-j\[1-e +i l-e |
v(x)y| iv v(x) by / r

;| and for SCL diodes

B

| l x

§’ | &£ (x,w) = a(w) e'/ g(gldag +

“« 1

“ Gj(m) _.!._ 1 - V(xl) e—iut(xl,x) + 2.2-29

i p{ ] V(X)

¢

H

i' ‘ : 1w (1 - e iwt (xl,x))
1 2 1
w
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For fixed cathode fields, as in the case of gallium arsenide devices,

a(w) = o. For fixed cathode conduction currents as in the case of some
indium phosphide devices a(w) = 6j(x = o)/iw. These latter results will be
included at a later time. .

We now examine the field response when a disturbance originates
somewhere within the device. In particular: for a disturbance
originating at a point X)5 and within either the ohmic, NDM or saturated
drift velocity region, the potential drop due to this disturbance is
required. For the doped diode

§¢(x1,A,m) - j;f(xle,xm)dx 2.2-30
e
with 8£(x > xl,x,u) given by equation 2.2-28 with a(w)=0 and &j(w) replaggd
by A(xl). Integrating the above, and including a disturbance originating at
the point x, > X leads to an impedance field

az(x,) ] l_e—lt($1.A) 2.2-31
ox A

which has the same form as that of equation (2.2-19). For SCL diodes

2(x).  goluelyd © 2.2-32
Ix iw

[see also Thornber (1973)].
"With the above result, we are in a position to evaluate the noise

within either a doped or space charge limited diode. We first illustrate
the result for uniform fields and doped diodes.
For uniform fields, with D=1, and n = 1

2
| 2
(ev¥)  uxTR 1 Me-x)) /v, 2.2-33
LU L2 ax' | ==
a0/ 2n ]
: o
-ut/3, -3,
4kTR -3 -2ut/3 23 ule cos 8-1]- we sin 2.2-34
o [ ° o
= 7 2|l \® ) A T T
TR v (v )2
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(See also Thim (1971). In the above, 8 is the transit angle

-x
- 1 2.2-35

-] P o
o

We note that for ohmic conduction p = 1, and for £ sufficiently large

2
<6,n> . 4km° 2.2-36

292w 1+ o2

For conduction within the NDM region u < 0 and the mean square noise

+2ut/j

voltage per unit bandwidth increases as e o. For nonuniform fields

originating within and remaining within the NDM region
(u:) 4XTR. , § -2ut(0, A) )
o -1 +

- o .4.7 ___(a
s/ 2x® 22 18 €(08)- 3;
o

2.2-37 -

-ut(0,A -pt (0A
| Z_Z-i U(e ucgsﬁltlo,A)"l) ~we ‘g nwg(OA)
! ¥yt
which bears a clear similarity to equation 2.2-34. There are important
| differences between the two. In the uniform field case the noise depends

critically on length, in which the longer the device the greater the noise.

i b a1 s b L
o -

=

For the case represented by equation 2.2-37, the noise is dependent on the
relative values of the mean carrier velocity j° and the velocity of the

entering carriers. This occurs through the relation

jo-v(A)
3j O—V(O)

P8 2.2-38

o ot

——— e

Thus, as jo + v(0) the noise increases. The context in which this occurs

is contained in Figure 2-3 which shows a nonuniform field profile for a

ten micron long gallium arsenide element. Here, as the bias is increased

that portion of the element within the NDM region increases, and this

. feature leads to enhanced noise. Thus, from this point of view, the content

of equation 2.2-37 is similar to the length dependence of equation 2.2-34.
For the diode whose structure is represented by figure 2.3, which is

common to that of a diode just prior to that of a Gunn type oscillation

the mean squared noise voltage per unit frequency range is

12
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("’:l a+lul) . G 4 R,y (1-5) 2.2-39

80/2x T4l 80/2% 14e? [

Rather than deal with this equation, we follow Thim (1971) and examine
the noise figure F of a high gain amplifier

Fx1+M 2.2-40
vhere
(ev2
M2l 2.2-41
89/2x kTR [Re z(0) ]| -4

and Re 2(w) is the real part of the device impedance. 2Z(w) is displayed
in figure 2-4 (see Grubin ‘et al 1975) for a range of bias values. We
note that z(w) exhibits zeroes, and that the separation of zeroes is an
estimate of the extent to which the nonlinear element sustains electric
field values within the NDM region. This in turn introduces structure
into F [see also Sitch et al (1976)] which is shown in figure 2-5.

The noise figure thus provides two pieces of information. ’
First the noise figure increases with increasing bias, reflecting enhanced
contributions from the NDM region. This increased noifse prior to the onset
of Gunn oscillations is an important feature of Gunn devices (Gunn 1964).
Secondly, the noise figure provides a means of tracing the extent of the
NDM region, as shown in figure 2-5. As the bias increases the edges of
maximum F, which are associated with ReZ + 0, move closer, reflecting an
increase in A. This narrowing frequency range is a measure of transit
across the NDM region where gain is occurring. The significance of the above
unit is that noise measurements may be utilized to provide information about
the structure of the space charge layer within the device. Further applica-
tion for both accumulation layers and constant cathode conduction current

boundary' conditions and SCL diodes is planned for the future.

13




Table 1
Normalization
Current Density Carrier Density
J = (NogVP)j » N= Non
Velocity Poetnti{l
V= va Y= (vprolvo)v
Time Field
' T= Tot F = Vp/uof
Distance Inpedance
X= (Vp’ro)x Z= Ro (VPTOIL)z
Diffusion Angulif Frequency
! D = (pkT/e) Q= To @
i

Typical Valves
N ~10%%/ca®
o
Vp = 2 x 107cm/sec

'ro - e/Noevo =1lps

L 8600 cmzl V-sec
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Figure 2.1. Schematic of small signal calculations. A small current disturbance
at source results in potential change 6¢(T) at anode. For noise calculations a
disturbance at x) results in a change in anode potential G\pxl.

VELOCITY (v)

1

|
ELECTRIC FIELD (f)

(o]

Figure 2.2, Three linear-piece representation of a nonlinear velocity-field
curve. In normalized varisbles (see Table 1), the velocity as well as the
threshold field for negative differential mobility are unity. The quantities u,
are differential mobilities, expressed in normalized units.
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DISTANCE (microns)

Figure 2.3. Electric field versus distance profiles
for a dimension long NDM with a fixed cathode field
F.= 3.5Fp, and a normalized negative differential
mobility of -0.2. Normalized cathode velocity is 0.5.
The normalized current density for the two calculations
are 0.485 and 0.488 respectively. Note that the NDM
region, represented by A is wider at the higher current
density. [From Grubin et al (1975)]).
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Figure 2.4. Swall signal impedance (in multiples of Ro)for a
negative differential mobility element with the parameters of
figure 2.3. The abscissa displays both angular frequency and
transit angle. For part (a) j,=0.485, for (b) jo=0.488.
[From Grubin et al (1975)). ’
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3. Noise in Field Effect Transistors

3.1 Introduction

One of the significant conclusions of the two-terminal noise study
is that in an active media noise disturbances propagate and simultaneously
are amplified. Generally, amplification within the active region has been
accounted for by introducing an effective electron temperature [Pucel, et al
(1975), Baechtold (1972)]. To some extent this approach is incomplete insofar as
it ignores the physics of growth through transit of the carriers. To overcome

this difficulty, we have generalized the standard noise theory within the |
framework of the gradual channel approximation. For analytical purposes, :
the essential features of growth are retained within this approximation.
This is discussed below.

E In addition to the analytical noise theory, it is clear from the
previous section that the dc space charge profiles will significantly

affect the noise characteristics of the device. Thus, we need a full
set of bias dependent small signal parameters. These parameters have

been calculated numerically and are discussed in Section 3.2, Section 3.3

s s
I

formulates the noise problem, and 3.4 contains the analytical contributioms
to the FET noise study.

3.2 Calculation of the Small Signal "Y" Parameters

-~

This calculation is a numerical one. The equations solved are the

two-dimensional continuity equation
' ~-e gﬂ(i’T) +div-J =0 3.2-1
. T
the drift and diffusion equation

J--e { NE,T) V() - (P vn(i.r)} 3.2-2
Poisson's equation

v &,1) - +§ (n &, - uo(‘:t)) 3.2-3
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and the relevant circuit equations. In the above X denotes the two-

dimengional position vector. The FET configuration is shown in figure

3-1.

The small signal calculations are obtained as small time dependent

, perturbations of time independent steady state solutions. Since we are
treating galliua arsenide, the possibility of large signal domain tranait 4
time oscillations must be considered. Since this would only serve to
complicate matters and render the concept of small signal parameters
specious, attention was concentrated on thin "ND" product FETs that do
not sustain instabilities [Grubin, et al (1980)].

The steady state, or dc characteristics of the device, were self-
consistently computed and are displayed in figure 3-2. Typical carrier
density profiles are represented in figures 3-3 and 3-4. Figure 3-3
displays results for a bias sufficiently high to generate a high field
' domain under the gate contact. Figure 3-4 shows a result for broad

depletion layer under the gate contact.
; Figures 3-3 and 3-4 and their respective current and voltage values
( represent the starting point of the calculation. Subsequently, a small signal
P square wave voltage (see, e.g., figure 3-5) was superimposed on the drain contact
potential, with the gate contact potential fixed at its steady state value.
The resulting change in source, gate and drain currents are.then computed

e -

subject to the constraint

b 5 o et i A 1 1Y
! gl e oy

GIS(T) = GId(T) + GIS(T) 3.2-4

- The gate and drain current, and the drain potential are then Fourier
analyzed, The ratios for a fixed gate potential are identified as the

admittance parameters:

Y,,(0) = ‘Ic‘“)/‘*n(“) 3.2-5

Yyp(2) = 8T,(a) /84, (R) 3.2-6

A similar exercise is performed for a perturbation on the gate contact, with
the identification of two additional admittance parameters




Yll(n) = 5IG(9)/5WG(9) 3.2-7

3.2-8
Y21(“) - GID(Q)/5*G(9)
The "Y" or admittance parameters are dependent on the space charge
and potential profiles and are thus bias dependent. In additiom it is
generally assumed that, about a given bias point, the small signal

currents add in a linear way; 1i.e.,

GIG(Q) = Yll(ﬁ) Gwc(ﬂ) + le(ﬂ) 6¢D(Q) 3.2-9

. 3.2-10
SI,(8) = Y, (R) S0 (R) + Y,,(2) vy ()

Calculations of the "Y" parameters represent the core of the small
signal calculation. The calculation takes on added significance when
placed in the context of an equivalent circuit model. A purely formal

manipulation of equations 3.2-9 and 3.2-10 provides the necessary direction

61G = (Yll + le) 6&6 - le (6¢G - GwD) 3.2-11

§Ip = (¥y, = Yp5) 8¥g + Y), (8¥g = S¥p) + (Yyy + Yp,) &%y 3.2-12

with the equivalent circuit as shown in figure 3-6.

The terms Y., + Y,, are generally identified as source-gate admit-

tance parameters}ihilelEle is referred to as the gate-drain admittance.

In the discussion that follows we have attempted to construct the
simplest type of equivalent circuit consistent with the numerical calculations.
The essential features of the calculations are represented by the equivalent
circuit of figure 3-7 where Ra represents channel resistance in the
drain loop away from the gate contact. The equivalent circuit of figure 3-7
will require modifications which will be discussed in the conclusions, but
it represents the essential features of the calculation. Identifying
zeroth order "Y'" parameters by the subscript "o'", the "Y" parameters are

obtained from the equations

v




ST, = Y10 (8% - Ry 81.) + Y 0 (84 - Ry 61))

61d = Y210 (GWG - RS 618) + Y220 (CWD - R GId)

Defining
det Yz =

and
D=1+ Rg Y

the "Y" parameters are

Y

110 d "220

d

Y110 Y320 ~ Y120 Y2120

2
+R. Y + Rg Rd det Y

2
110 + Rd det Y

Yll -

Y

Y

Y

I §

D

= Y120

12 D

- Y210

21 b

2
220 + Rg det ¥

.22

D

3.2-13

3.2-14

3.2-15

3.3-16

3.2-17

3.2-18

3.2-19

3.2-20

For our immediate discussion it is sufficient to consider the case when

Rg = 0; thus
Y., =Y, - Y120 Y210 R4
I o S Y
220 Ry
Y, = Y120
1+7Y,,, Ry

Yy =210

21

22

1+ Y220 Rd

Y, = Y320

220 Rg

1+Y

3.2-21

3.2-22

3.2-23

3.2-24
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With reference to figure 3-7, the zeroth order "Y" parameters are

Y120 + Y220 = GDS 3.2-25
where GDs is the drain conductance;
Y210 ~ Y120 = Ca 3.2-26

where Gm is the transconductance, and

Y + Y50 " -jncgs/(l + jQc ) 3.2-27

110 gs Rgs

Thus, the central circuit parameter to identify is the gate-drain
admittance Y120‘ This parameter contains the essential physics of
domain formation. At low drain bias levels, or rather a bias level

in which high field domains are not present, Y120 is adequately repre-

sented by the capacitance C, as shown in figure 3-7. At high bias

dg

levels C_. is replaced by the element shown in figure 3-8, where the

conducta:ge at high bias levels will exhibit a small region of negative
differential conductivity. In the qualitative discussion that follows,

we will ignore the real part of Y120 insofar as it modifies the equivalent
circuit representation, although its contribution is incorporated :in the
numerical contributions. The bias dependence of ng will, howzser, enter

prominently in the following discussion. In terms of figure 3-7

YllO = —jncgs - jQng 3.2-28
Yi00 ™ jﬂcgd 3.2-29
Y510 = 6p jncgd 3.2-30

= - 3 . 2-31
Y320 = Gg5 = 19Cyq
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Thus

2
-E;g“d (1+R;G) _ in Ces * Esd (L+R;6) (1+Ry G N3 0.3
D D
where
- 3.2-
G, = Gy + Gy 2-33
and
2 2.2 .2
D= (1+G, R)"+a Ry csd) 3.2-34
Also,
- %2R, . jac., AQ+R,G,)
Y, = _sg__‘”___&d = d _ds 3.2-35
G (1+R, G )-nzc2 R, + jAC_, (1 + R, G,)
Y..= o d ds ‘gd "d gd d 1 3.2-36
2 D D
and
2
G, (1+R,G +0°C ., R, -30C
Y,, = Sas a Cag) * ¥ Coa Ra = 3% Cg 3.2-37

D

D

Selective "Y" parameter versus frequency are displayed in figures 3-9

through 3-12 for a range of drain bias values and a moderate value of gate

bias. Figures 3-13 and 3-14 show the effects of increasing the gate bias.

In these figures, the admittance parameters are expressed units of Go’ where

%

"o euyo HW
L

the frequency is in multiples of fo

f
°

0.542 GHZ
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and the bias levels are in multiples of FTL, where FT is the threshold

field for negative differen;ial mobility in gallium arsenide. Some
broad general features are clear from equations 3.2-32 through 3.2-37.

Consider first, Re Yll' It is approximately zero at low frequency
values and shows an increase in value with increasing frequency. The
imaginary part is always negative. Y,, displays interesting structure
as domains form. (We note that the space charge distribution accompanies
each figure.) Next comnsider le. In the absence of domain formation Re le
is small under dc conditions and then everywhere negative. Under domain
formagion there is a significant change in Re le, requiring the additiom of a
small negative conductance, as in figure 3-8. For this case

Re le reads

2 .2
Rey,, = 88 (L+ Ry Gy) - 0" Coy Ry
D

12 3.2-40

vhere gm is the parallel conductance. Thus, under weak domain formation
Re le
becomes positive at high frequencies, Re le may become positive. The

< 0. Of course, there is a frequency dependance to gm and if gm

possibility also exists that Gd will become negative when domains are

present and again change the si:n of Re le. The quantities Yzi and Yzz
shows the general trends of equations 3.2-36 and 3.2-34, but also appear
to show some unusual structure when high field domains are present.

The details of this structure are discussed below. As the discussion
progresses, necessary changes to the equivalent circuit will become
apparent.

We begin with the detailed discussion of the "Y" parameter with an

examination of the drain components Y12 and Y22' An examination of

these Y-parameters for a fixed gate bias of -0.1 normalized units !
(figures 3-9 through 3-13) indicates that at low values of drain bias,

[Im Y22| < |Im Y12|. This situation remains until a high field domain
forms within the channel and |Im Y22| > | Im lel. The situation in which
the drain bias is fixed and the gate bias is increased, result in movement
of the depletion layer toward the bottom of the channel. It is seen that
| Im YZZI > |Im Y12|. Thus, the drain element Y, appears to require the

25




inclusion of a capacitor. 1In any case, at high bias levels,
| Im Y22|==|Im lel as suggested by equations 3.2-35 and 3.2-36. Further,

12 and Y22
suggest a rich space charge dependency. Consider the broad frequency depen-

the frequency dependence and bias dependent nature of both Y

| dence of Y,,. The first point we note is that Re Y,, at low bias levels is

12
negative. This is accounted for by the presence of the parasitic resistance
R

d
under the gate.

associated with those portions of the semiconductor element not directly

Apart from the frequency dependence of the real part of le, the
most dramatic changes are those associated with the imaginary path.
As seen in figure 3-15, the capacitance of the system undergoes a
percipitous drop, a feature also seen experimentally [Englemann, et al (1977)]
figure 3-16. The broad features of this result were discussed by
Englemann, et al (1977), and is represented in figure 3-8. Essentially,

| the presence of the high field domain is cutting off the gate-drain

coupling.
l We recall that Csd represents the gate-to-channel capacitance on
i | the drain side of the channel as indicated in figure 3-17, and is a

measure of the change in channel depletion charge as a result of changes

R

in drain bias. Now, while ~ capacitance change is expected as the edge
of the depletion layer moves toward the bottom of the channel, the
enhanced drop in capacitance suggests that most of the modulation
is across the dipole layer. This is illustrated in figure 3-15.

There are basically two sets of data in figure 3-15. The bold

-

line is primarily for a moderate value of gate bias. The most signifi-
cant drop in capacitance occurs when a domain forms. The situation when
v the increase in gate to drain voltage is a result of an increased gate
bias, does not result in the dramatic decrease in capacitance. For the
latter case, dipole domain do not form. We note that the qualitative
features of this calculation are in agreement with the experimental results
; of Englemann; et al (1977).
For the parameter Y22' we simply note that at low bias levels
G

. ds
frequency dependent region of small signal negative conductance.

> 0, whereas at high values of bias the results strongly suggest a

I
I
i
!
{
i
i




We next consider Y, and note again that to account for the high
frequency high bias behavior of Y11 it is necessary that Gd. exhibit a
frequency dependence which allows for a range of small signal negative
conductance. With regard to Im Yll’ which we write as

In Yll = = C11 Q) 3.2-41

we note from figures 3-18 and 3-15 that at low bias levels C11 is
somewhat greater than twice cgd. At high bias levels when domains form
cll(n) is at least an order of magnitude greater than csd' Under low

or moderate gate bias levels Cll(n) does not exhibit a precipitous drop
in value., Rather, at first the capacitance decreases corresponding to a
movement of the depletion layer toward the bottom of the channel. This
was also the initial behavior of the gate to drain capacitance. Further
increases in drain bias result in domain formation and space charge
injection into the depleted zone. The effective capacitance shows a cor-
responding increase. This is displayed in figure 3-18. For the situation
where the net voltage increase is due to an increase in gate bias, where
no domains form there is the expected drop in capacitance, as reflected
in the gate to drain capacitance without domains. This is also shown

in figure 3-18. The experimental sitﬁation shows broad agreement with
the numerical results and is displayed in figure 3-19.

The two remaining items of interest here are theoretical/experimental
comparison of the transconductance, and current-gain cutoff frequency.
Figure 3-20 displays the transconductance, Re Y21’ versus vDS - VGS’ for
two values of gate bias. We see the presence of near saturation in both
sets of data. This is also seen experimentally, Our data does not extend

to high enough drain bias levels to determine whether a corresponding

_decrease in transconductance occurs. The experimental results are shown

in figure 3-21.
The current~gain cutoff frequency is obtained from the expreasion

1 Re Y
fr = 21 3.2-42

2 |Im (¥}, +Y,,)]
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and is shown in figure 3-22. It is seen that saturation in fT occurs
under the presence of domain formation. The decrease in fT at the
higher drain bias levels appears to be associated with an increase in
the source-gate capacitance. Experimental observations are displayed
in figure 3-23, and again show qualitative agreement with theory.

The results of the above study show a clear indication of the role
of the high field domain on the small signal characteristics of the FET.
These will be used in the qualitative discussion of noise‘contributions
to the FET in the next section. One of the more interesting results is
the presense of negative values of Re Y22. This requires further

examination.

3.3 Circuit Representation of Noise Sources

As discussed in section 3.2, the small signal properties of the
FET can be expressed in terms of a set of "Y" parameters, where when
noise is included the circuit is as shown in figure 3-24. For a
network of this type it has been established that the noise character-
istics of the network can be completely specified in terms of two noise
generators [see e.g., Talpey (1959)]) as in figure 3-25 or equivalently
figure 3-26. In figure 3-26

61 = clg - Yy, GId/Yn 3.3-1

1

= 3.3-2
17 SId/Y21

As discussed earlier, a quantitative measure by which the FET noise
characteristics are generally judged is the noise figure. The noise figure
is defined as the ratio of the output noise power of the actual device to
the output noise power that would be obtained from a hypothetical device,
identical in all respects except that it contains no noise sources. The
output noise in the ideal case is then amplified thermal noise from the

signal source connected to the input terminals. Thus

o N, t X, 3.3-3
Fe — = —_—
“‘ NS
28




where ﬁo is the output noise of the device, ﬁs is the output noise owing
its origin to thermal noise in the signal source, and Na is the noise
contribution produced by noise sources within the device. With reference

to figure 3-27, where Y. represents the admittance of the signal source,
2
l 18 + YsGW’.l

1
l

F =

3.3-4
s|

and while 18 is not correlated with either §I or &y, the latter have
components that are correlated. Thus

Fs=sl4+4 'j’_—lz 3.3-5

Using the definitions of SI and &y

2
$1g- 1, + ¥)y 8Ly 3.3-6
Y
Fel4+ 2
(1,71
2 ) ,
ler ) + |y, + v, ) e1]]- Z]GIdGIJ v, + 3,1
Y Y
-1+ 21 21 3.3-7
|1,%]
8
with |1:| = 4KTY_Af = 4kmsAfY§, assuming Y_ is real
1 2 Y11Rs+1|2 2, 2 1+ 7),R|R
- - —————— 303"8
F=1+ lokTRsAf{ 7y, | +lotgl &g 2"“&“3 R

(see also Cobbold eq. 9.85). Thus, the noise figure depends in a
critical way on the noise sources and the circuit parsweters introduced

earlier.
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3.4 Calculation of Noise Sources

*3.4.1 Introduction

The quantities of interest in evaluating the noise figure are
the noise current sources and the circuit "Y" parameters. The "Y"
parameters are computed self-consistently. The noise parameters are
not. Instead, we have sought to develop conceptual ideas associated
with the propagation of noise sources, which we have seen tend to
dominate two-terminal device behavior. Thus, while the frequency and
bias dependence of the noise current generators are dependent on the
circuit elements and should be obtained self-consistently, we will rely
heavily on a small signal formulation that is comnsistent with the gradual
channel approximation. It may be argued that the gradual channel
approximation will not properly describe the electrical behavior of gal-
1ium arsenide field effect transistors, and this author would agree.
Nevertheless, from the view point of highlighting important physical
concepts it remains extremely valuable. It is from this latter point

of view that it is used below.

3.4.2 Critique of Noise Calculations, Nonlocal Equations

With reference to figure 3-28, the total channel current between
source and drain, ignoring diffusion contribution is

Id - (eNV +¢ %:—) W(H-h(x)) 3.4-1

In the absence of any gate current Id is independent of x, although in
general Id is position dependent.

The approach of this author to performing noise calculations
was expressed in the one-dimensional section. It was assumed that a
local fluctuation somewhere within the device caused a change in current,
and that the resulting time-dependent behavior was described by a small
signal perturbation equation. For the FET study we assume, therefore,
Ehat prior to the fluctuation there is no gate current, while after the
fluctuation, gate current can flow, Within the spirit of the small

signal analysis we take
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Id => Ido + 6Id

h(x,T) => ha(x) + éh
N(x,T) => lo(x) + ON 3.4=2
V = Vs + uéF

F(x,T) => Fo(x) + &F

where

dav

] —0- 3-4-
dF 3
[+]

Incorporating Poisson's equation and rearranging equation 3.4-1 we obtain
the small signal equation:

I, + 61 -1d N (x)en
do d o - e(..a_. +v 3 -"——-)GF 3.4-4
oT o €

w(n-ho (x)-Sh(x)) W(H-h_(x) X
where
__,EQQ____ = N ev ( 3,4=5
W(H-ho(x)) %0 x) *

To place equation 3,4-4 in a form useful for analytical work, we
introduce the depletion layer approximation for h(x). If ¥ represents
the potential along the channel, and wg is the potential on the

gate contact

h(x,T) =
Vv - w28 3.4-6
o
k)
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We note that while ws can be time dependent, it 1is not spatially dependent.

Defining "B tﬁrough the equation

B=, 2 3.4-7
H eN
o
and
vix) = "RO(x) ’ 3.4-8

then in terms of dimensionless potentials

h(x) = B\ﬁ - ¢g 3.4-9

I do which is spatially independent is found by direct integration:

L L
1 -l - 3.4-10
Ido "1 ﬁ do dx L _I; ‘(,x)evo(x)wm ‘ho(x)dx
o o
L L
HNoe e
- == Vo(x) (1 - Ho(x))dx +1 (No(x) - No) vo(x)(a - ho(x))d,
L L 2
< e g2 fla_(de
- -Gowll Q-ve - ¢s)d0 + Gowﬂ‘ 27 lax \ax (1 "m dx
o (4}
3.4-12
where
Go = Noepmi/L 3.4-13
Writing
3.4-14
IDo - IDo(l) + LDO(Z)
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Ino(l) is directly integrable:
: 2 3/2 2 iSIZ 3.4-15
I = = 6% [l =5 4y -89 +3 (4, ‘

ID°(2) requires numerical integration. The significance of this separa-

L tion is that ID°(2) is 2ero when N, is spatially independent; an assumption
made in virtually all analytical FET calculations [see e.g. Pucel, et al i

(1975)], Finally, 8h(x) is given by

(8¢ - ¢g)
6h(x) = %\/T—Ti 3.4-16
g

Writing the small signal equations in terms of the reduced potential ¢,

we obtain

1
1 §id + 5 1d 6(¢ ~ ¢_)
1 -\/3':‘3;- ' " - ¢ 3.4-17

- 3 b
L{a: +V Tt n(x)} Py &¢

In the above

- 3.4-18
Lio C¥uigo

Similarily for §id. We have also used the Table 1 normalization for t
and n(x).

Equation 3.4-17 1is the nonlocal equation governing small signal

transport within an FET. It is more general than hitherto proposed,
[see e.q. Pucel, et al (1975), Van der Zeil (1963) ] insofar as it contains
the seeds of a propagating disturbance. For example, if the underlined

term on the left hand side of equation 3.4-17 {s ignored, the equation is
essentially that of Section 2 in which the one-dimensional transport
equation was studied. Here it is seen that a disturbance within the FET
will grow if the4f1e1d were within the NDM region, while decay would occur
for transport within the ohmic or lossy region. The standard calculation,
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however, ignores the underlined terms on the right hand side, assumes

transport is local within the ohmic region and that n(x) = 1. Under

these more common assvmptions the governing equation, with
e 1L l1-=5)3
ido L (1 /¢ ;8) ax ’ 3.4-19
is

d
81, = -L3gz jseQd -V - ‘;’! 3.4-20

See e.q. Van der Ziel and Ero (1964), equation 14,

In the absence of numerical calculations, the question that must
be asked in assessing the standard approximations to equation 3.4-17 is
how significant are the propagating solutions and how well does equation
3.4-20 represent the essential physics. These questions are indépendent
of whether the dc gradual channel approximation is extended into the region
of negative differential mobility.

In the one-dimensional noise study it was seen that disturbances
within the ohmic region decay very rapidly away from their origin. For
this case, equation 3.4-20 is likely to be an excellent approximation
for a zeroth order charge density that is approximately uniform. For
disturbances within the NDM regime the full perturbation, equation 3.4-17,

is needed.

3.4.3 Drain Noise Current; Qualitative Effects of Nonlocality

We now consider an application of these equations to the problem of
determining the equivalent noise source in the FET. Consider equation
3.4-20, within the framework of the impedance field. With reference to
figure 2-1, we assume a small fluctuation in current is inserted at X
and removed at X,. The effect of the current pulse at x, is to cause a

voltage change at the drain of magnitude 6¢d1' such that

Sag (L= %) = 8651 =fog - 0 3.4-21




where Gé(xl) = 0. A similar change at x, where Gidz--éidl results in

-81dl(L - xz) = 6¢d2(1 —1,¢d - ’g’

with a net voltage change
$44(x - %)
1 -"¢d - ’8

When expressed in dimensioned units

&¢ =

1 1y
% = & T-wm/E (x, - %))

and the impedance field is

1

vz = G_L(I - h(L)/A

3.4-22

3.4-23

3.4-24

3.4-25

From equation 2.2-2 for the mean square noise voltage per unit band width,

the mean square noise current per unit band width is

é%)_ <"“§>. 1

A/ 2w AR/ 2n R 2
d

where

1 d G (1 - h(L) /R)

— AR —— R

Thus

2
G ﬁm3x
2
L volume

Within the spirit of the approximation in which the mobile charge

density is assumed to be uniform, equation 3.4-28 integrates to

A%/ 2n

) L
51
é__d> - 4ely MKT-W f(n - h(x)dx.
o e I‘2
[o]

3.4-26

3.4-27

3.4-28

3.4-29




To integrate equation 3.4-29, note is taken of the fact that

ax - Noeu W(E - h(x))

dx _ 3.4-30
dy Id_
leading to
2
G > K . P 9. 3.4-31
Q7lm o ° D G
where
x -3 {(,_,)3/2 - <-y)3/2J [(x -»? - (-,)2] gy
P(x,y) = J % [(x_y) - - y)3/2] - fl(x.Y)
3.4-32

Here gl(x,y) and fl(x,y) represent the numerator and denominator,

respectively of equation 3.4-32. [See e.g. Van der Ziel (1963), equatiom 17)]

where P is of the order of magnitude of unity. The above results are the low

frequency results, and ignore nonlocality. The interest here is, however,

in the propagating terms. The discussion below is concerned with this
point and the approach is qualitative.

We begin in a manner that is
analogous to the one-dimensional noise problem.

For the one-dimensional noise problem, and with uniform fields,
the impedance field, in dimensioned units is

w/u ]
o L-X
2z R |1 - exp - [iﬂ + =

0 v 3.4-33
X Lt u/uo
iq +
where
T == RC, 3.4-34
oo

For low, or zero frequency

P Y I LA 3.4-35
B3 Lu/u xp T v

e ———
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For disturbances within the ohmic region, the exponential contribution is
negligible and with u = ¥,

3.4-36

With the exception of a variable cross-sectional area this, of course,

is similar to the results of equation 3.4-25. The situation with the

drain current noise, as dictated by equation 3.4~17 is that the impedance
field should have a form qualitatively similar to that of equation 3.4-33
and that for the FET, equation 3.4-25 should be generalized to read

u/u -
1—exp( iQ + o LL——E)
qual R Toff v 3.4-37
vz = Lteff u/u
iqQ + *
eff

where Toff is a generalized "RC" time constant ‘to account for the fact
that the cross-sectional area is variable

If equation 3.4-37 is intuitively accepted as a reasonable repre-
sentation of the nonlocal contributions then modifications to equatiomn
3.4-31 are in order. To introduce these modifications, we turn for
guidance again to the one~dimensional case concentrating on equation 2.2-33.
This equation, under dc conditions, yields for the mean square current per
unit bandwidth, ‘

GO [ g ih [A - 4a - 1)]] 3.4-38 \

; AQ/ 2% u2
where
* dv/d4F 3.4-39
Yo
and
A = exp |u/L|V 3.4-40
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The above expression is for a disturbance within the negative differential
mobility region. The above equation indicates that a fluctuation within
the NDM region will be amplified, as expected. Now within an FET only a
fraction of the device may be expected to be within the NDM region. Thus,
qualitatively, 1f < A > represent an average length of the NDM region,

we expect that equation 3.4-31 will be modified to read

<ud2> g 4kTG

Ve
2
aarte R R ':'i' [1+m">’1;r [ - "““’l]

3.4-41
In the above, the length dependance of A is determined by replacing L

in equation 3.4-40 by < 4 >. The meaning of equation 3.4-41 is that in
the absence of amplification within the NDM region noise is given by the -
well established classical expression. In the presence of NDM gain over
a distance < A >, the excess noise overAand above that associated with

classical noise over a distance < A >, P is given by

< A >?

4TS,
1+ 2<A> " l‘ - "("l)l 3.4-42

In an FET and within a region of negative differential mobility the
electron velocity can change by, in many cases a factor of two in going
from one region to another. Thus, it is not clear from this expression
how a current increase will enhance the noise, as seen experimentally,

if all interpretation is through velocity increases. On the other hand,

numerical calculations reveal that the length < A > of the NDM region
increases with increasing drain bias. This will increase A and the

noise.

3.4.4 Current Noise; Quantitative Formulation Including Nonlocaiity

In many ways the formulation of 3.4.3 is more general than
the approach which assumes a variable electron temperature within the
channel [Pucel, et al (1975)]. Certainly carriers in the central valley
of gallium arsenide experience an increase in electron temperature prior
to and during transfer. But once in the satellite valley, the mean
carrier temperature decreases. This feature is reflected in the dif-

fusion coefficient, whose field dependence is representative of only
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moderate mean temperature variations. The crucial component of the
electron transfer mechanism is gain through negative differential mobility.
This result is expressed qualitatively in equation 3.4-41. It 1is worth-
while noting that if the mechanism of negative differential mobility is
ignored and all enhanced noise is due to variations in electron temperature,
then, fundamentally, silicon should be qualitatively similar to gallium
arsenide. In silicon, high fields also result in increased values of
electron temperature, but there is no gain due to negative differential
mobility.

Equation 3.4-37 indicates the presence of transit time effects
associated with the region of negative differential mobility. In view
of the fact that this region is often shorter than such critical dimensions
as the gate to drain spacing [Grubin, et al (1980) ] such transit time
effects are likely to be important only at very high frequencies. Further,
the fairly complex spatial distribution associated with an actual dipole
layer, as determined from simulations, suggests that a distinct transit-
time frequency is likely to be absent. Instead a spread in values occurs.

To summarize; the contributjion of the drain noise component to the

noige figure (see equation 3.3-8):

G

will show amplification within the NDM region through <<GI::> .
vhile the significant frequency dependence is through the term

2
Y)Y *1 3.4-43
Y21

2
+
Y11Ys 1

9

3.4-44

The frequency dependence is discussed at the end of the section.

A quantitative evaluation of nonlocal noise contributions is now con-

sidered. For this case intuitive generalizations associated with the impedance

field method are not as ' . This

method is first illustrated with an alternative caléulation of the
nonlocal contribution to §¢ following a fluctuation. We begin with

equation 3.4-17 ignoring the time derivative, a nonessential approximation
that will be relaxed at a later time [see, e.g., Richer (1973)]. Thus




I 2
+(1 - Vo(x) - .8) vo-, d_% « 3.4-45

51
4 a
iy {«(1 - Ve - ¢8) -

vhere we have again assumed that the dc mobile carrier density is uniform.
Under open circuit conditions 8id = 0 and a solution to the resulting

homogeneous equation is sought. An expansion of equation 3.4-45 ylelds

) .
98, 480 . 4(x) +50.a(x) = 0 3.4-46
2 dx
dx
where
s = L -V | . b -2 3.4-47
g
and
A=Vt 3.4-48

Typically A is fo the order of 10-5 cm and the contribution of the

second derivative term may be safely ignored when disturbances are in

the ohmic region. Nevertheless, the approach we are taking is a new one
and the discussion will, therefore, concentrate on disturbances within
this regime. The effects of propagation and nonlocality within the NDM
region will be treated qualitatively, at this time. We consider solutions
of the type (see e.g., Cole (1968), section 2.2 on the singular problem).

§¢ = exp S(x) 3.4-49

with
SGx) = 5. (0) + 15, () + 275, (x) 3.4-50

Rigorously the expansion in terms of A may be justified only if convergence

is rapid. We are also confining ourselves to perturbations near one boundary. !
The quantities So(x), Sl(x)l. « . . are obtained by equating terms with equal

values of A, as below:

(64) = S 5¢ 3.4-51

2
(86) = 5,060 + (50766
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2 -
A ls““ +(s) c¢] + S50+ a(x)8 =0 3.4-53

and

4 So(x) + a(x) =0

dx 3.4-54

2 ds, (x) _
[s°xx"' (Spx) ] R 0 3.4-55

. .
. . . ..
. . . .

The problem is solved subject to the condition
8 (X)) = 8¢ (X)) = exp S(X)) 3.4-56

vhere Ad (Xo) is presumed to be known. It is then asserted that this

must hold for any value of A. Thus

- g i ko

L (X)) =S <L L -0 3.4-27

i e T 5 1

Solution to equation 3.4-54, then yields

S,(x) = tn | 20(X) 1 -ye(x) - "] 3.4-58
1 —‘/O(X) - 498

-‘.-'.'

’ and

84, (x) = exp 8 (x) 3.4-59 |

or

3.4-60

8¢, (X) = 49 (X)) [ O(X)-Ozl
1 -

\/o(x) -9
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Equation 3.4-60 is the same as equation (10) of Van der Ziel (1962) and
when used to calculate the mean squared drain noise, yields equation 3.4-32.
The first correction sl(x) is obtained by direct integration and is equal to

3”4% [-05/2] (o - e(xo)) x

2
5,00 = |0y - 3 Gy - 4

2L . 3.4-61
1 + 1 R S
x  |8(X) e(X)) I-8(x 1-6X)
+ 2 n ox) - 1-8&x)
o(x) - o(xX ) 1 - 8(X) (X))
where
0(X) = h(X)/H 3.4-62

(see equation 3.4-9). Although 6(X) > e(xb) for X > X, #nd the
logarithm term is slightly negative, Sl (X) is negative and

A|s, 0] = ora (1) 3.4-63

Thus
56(X) = 60 (Dexp - ord (1) 3.4-64

and
86(X) = 8¢_(X) (1 - ord %) e

Thus, for perturbations within the ohmic region, nonlocal contribution

to the drain noise current are negligible. The situation when a portion of
the FET 1is within the NDM proceeds in a manner similar to that of equation

3.4-50, except that b(X) is no longer equal to unity, and a(X) will have a

form other than that of equation 3.4-47, as may be extracted from Bachtold

(1972). PFurther, A < 0 and so a disturbance is enhanced. More generally,

from equation 3.4~56 with 5¢° given by equation 3.4-60 and sl(x) given by

equation 3.4-61, we have the first nonlocal quantitative correction to 56.
To calculate the short circuit gate noise it is no longer assumed

that §id = 0. Inatead, it is necessary to solve the equation

»a%60 + d8¢ - B(X) + 84 - a(X) = 614 C(X)  3.4-66
dxz dx *L
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where a(X) and b(X) are given by equation 3.4-47, and

c(x) = (1 -0 - )-1 3.4-67

Equation 3.4-66 is solved in a manner similar to that of equation 3,4-45,
except that the presence of the driving term reduces the usefulness of

the exponential expansion. Instead, we let

86 = 89,0 + 260, () + 2% 80, (D) + . . . 3.4-68
where
18X 4 am) 69 (0 = 814 ¢ 34269
dx L ‘ :
and
2
L 9D 4 am 6, (x) = 4789
i 2
T dx
i
i, The differential equation 3.4-69 i3 the same as that of equation 3.4-20.

i If a disturbance in the form of a noise EMF is generated between Xo and xb + AX,
N then a solution to equation 3.4-69 in the regions to the left and right of the

i disturbance, subject to the short circuit conditions
i
!
§4(0) = &4(L) = O 3.4-71
3 yields
61 .X

d o
T- GOO(X) ( - Q(X) -¢s) o<x<x° 3.4-72
“’d (X-L) i} GQO(X) (1 —‘/Q(X) - .g)) X, +8X<X<L 3.4-73

L




and within each region*

84, (X) = __ - f a(gp)dg / at'e ot 7,0 <X <X 3.4-T4a
o

z,(x) 3.4-74b

= &1

L d

and
x L 2
: JB(:)d; 254 (ot
64,,(X) = _ - fa(c)dc f dg'e f__"o(‘ ) X+ AX <X<L 3.4-75a
2 »
x qaz’
Z__(x)

i & 4 3.4-75b

= 81,

Across region III the potential is assumed to change by an amount A¢ (Xo)
Thus
- = - 6 X + Ax hat
86X, + 8X) - 89(X)) = 80 (X, + BX) - 84(Xe) + X [se (X 4 a0 -

s, x| - - -

= =61 61, A
d + dy7 2, 3.4-77
1 -\/Mxo) - 98
where
ZA =2y - 2y 3.4-78

is independent of current. Thus

61, = -A¢(x°) (1 - \/0(110) - ¢ l_ 3.4-79
1-2 2 (1- o0y - v)

In the A = 0 1limit, Vander Ziel's (1963) equation (11) is obtained.

*The integration of these equations ig direct.
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The next step in calculating the gate current noise involves comput-

ing the fluctuation in gate charge associated with a fluctuation in
potential A¢ at Xo. We have seen that such a fluctuation will produce

an alteration in the channel potential. If the charge within the
depletion layer is changed by an amount

Q= eNo Wwéh(X)dx 3.4-80

Then an equal and opposite amount of charge will be altered on the

gate contact. The net charge alteration is
L

AQ = f 5Q

o
Xo

L

= -eN W f h(X)dx - eN W f h(X)dx - eN W 8h(X)AX
-]
o Xo + AX

= + AQI + AQIII + AQA

ﬁere, in Region 1

sho= _He$

2‘/¢ - ¢

where, from equations 3.4-72 and 3.4-~74

8¢ = 81, X +12(X

' L
L (1-./¢-¢9
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~ F e

For comparison, note equation 3.4-65. Thus

xo
AQy = -6i; N e WH / dx' x*
2L
(] [ o [ = 3.4-86

2L
o \/0 - ¢

Similarly

L

' dx' (x' - L)
b4y = - Gid{ﬂoe g_g_ /
X

4+ AKX [ée-48 (1~ /¢ - ¢8) 3.4~R7
. Joee @ - o=
+ Ne WA f iIL_LXLdz_}
2L =
X + BX ARRL

Thus
L L
N e WH 1 Xdx 21 LdX
8Q = - 81, _o° 7 f 80 (1 - 6(X) 2 f 8(x) (1 -8(X)
L o x +AX
[+]
xo L . xo + AX -
A Z_(X)dx f 2 (X)ax _ 1 f
+5 1 + 2 0 ) 1 - 6(X
2 / o 2 8(X) : W
P X +aX X,

3.4-88
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where O(Xo) is given by equation 3.4-62. Integration of the first two
terms is direct. Using equation 3.4-19 along with

3/ 3/
L 2 - 2 - (- 2 _
X=- -{; (O(X) -3 ; ¢ (X) 03) ( 08) ) 3.4-89

we obtain ,
AQ w5 -84, N_eL WH 8 -0(X) . Z (X)) 3.4-90
° i 2L
o
where i
! xo L
: |
i - 1 f Z)(X)dx + / Zpp (X)X 3.4-91 ;
i Z(Xo) =1 o 8(X) ;
I o X +4 !
| ° ;
i !
f* and L
L
't; CI 8 (X)dx
: L 3.4-92
} o
!

The first part of equation 3.4-90 we recognize as the same as equation (16)
of Van der Ziel (1963).
i We are now in a position to compute the mean square noise currents.
Recognizing that AQ(XO) is caused by thermal noise, its mean squared
value is:

P

1 u(xo)z- 4KT Af AX

a1
d(X ) L
ay ©°

3.4-93
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or in normalized units, as

se(x = 4kT Af - BX

2 3.4-94
G, ¥y Ld (do/d¢

Hence, for the drain current noise (from equation 3.4-79):

2

2 - e o

31, = -4KTAE + AX . ( 1- J4E) - e ) 3.4-95
2. (X)

LG ¥y di, "o /d¢ 1+ %26(1 -‘/O(xo) - ¢8)

L

and

2N . _1_2dx 3.4-96
| G d

. Noting that °

; a1, (X )
—:¢—°— = 1o \fex) -9, 3.4-97

i equation 3.4-95 integrates to
S L 3
! 2\ ~ ' . {1 - - zZ,(X) dx
P (51d> AkTAg {P@Dnc)_% f (1 JoX) n) 2 X f 3.4-98
7, Gown' o
k Or in ordinary units
E | L 3

2-> A i

AQ/21

i o
where P (4,4 ) 1s given by equation 3.4-32. We note the similarity of
equation 3.4-99 to the more intuitive argument of equation 3.4-41.
For the mean squared fluctuating gate charge
. = 2 (5 zx)) 2 2 -
3 = (N_eLwH) {e - 8(X) . Az(X, } 1, 3.4-100

ido 2L
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2 (=
= (N_eLuH) {e - 8(X )

xZ(xo)} 2 | LxTaf AX
i

2di, (X))
2L LGo*B do'"o

do 3¢

{1 -‘/O(xo) -9 } 2
X —

- Xo) -
1 +%zA(1 ,/#( o) - ¢8

The mean squared charge fluctuation along the entire gate is

@ - f

N _eLWH

Defining

%

2
hl(od’Og) = f (1 -‘/NX) - 98 ) dé
o
hz(¢d”g) = / " $(X) - ¢g (1 °"¢(X) - ¢8 ) d¢
2
- - -f - d
h, (¢d.¢8) / (4(X) - ¢8) (1 $(X) - ¢8 ) ¢

[see Vander Ziel (1963)] with (see equation 3.4-32)

1* ido

the uncorrected portion of 3.4-102 integrates to

' 2
<5c§ = 4kTAf-C_ 33(0d,¢!)
K £ (8404

where

=2 -
g5(0g005) = 8 hy(85:0p) - 26h,(04,0.) + h3(84,0,)
49
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3.4-104

3.4-105

3.4-106
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.4-108a

3.4-108b




The total, including corrected contributions, is
L

a0/2x

2

<6Q_2> akr csg - ) 83%artg) 4 a f ap(1-0)%(8-0)z(x )
--é——
[+]
[+]

2

‘ do

i

- 22,0-9)° G-0)?
3
do

i

The mean square gate current is

GRRERON

For the correlation coefficient

8Q81, = N_eLwH {e % 42 Z(xo)} 515

or

and

Thus,

ido 2L

Q8T = 8Q81y G vy

N eLWHGDWH * "4KTAf

[] AX

8QSI, = 3

|

i
Go“’a L do/d¢

B-0(x ) + AZ(xo)} {1 - VI 4

g
ido 2L

1+22,(1 - oE ) - 9%
L
L

<AQ6:[
Anlz;:) = _/ 8Q8T,4 dx

o
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3.4-109

3.4-110

3.4-111

3.4-112

3.4-113

3.4-114




—_—

g w‘v&d

- o

Na

= - LkTCgs, sz(odmg)

L 3.4-115
2 1 f 2(X) (1 - iKY = 98) 7 d¢
o L
< S sz 1- =) @-6(0)as
do- 0
\
where
82(04:95) = Bhy (84.9.) - hy (45,4)) 3.4-116

Note the first part of equation 3.4-115 is found in Vander Ziel
(1969). 1If

= -jf
618 39 80 3.4-117

(51g ud> - i <AQGId>

3.4.5 Conclusions

Equations 3.4-99, 3.4-109 and 3.4-115 represent the first
significant analytical generalization of FET noise theory to account
for nonlocal effects of space charge within the conduction channel of
the FET. The application was only to ohmic conduction, but an apparent
generalization to transport within the NDM region is clear. The impor-
tance of this calculation liles in the fact that the current sources
depend significantly on the space charge distribution within the FET,
and that disturbances within the NDM regime will be amplified.

The effect of coupling this to the external circuit is unclear.
Consider for example equation 3.4-44 which represents the effect of drain
circuit and noise source on the noise figure of the FET. At low values
of drain bias, figure 3-9 indicates that at all but dc conditions, the
imaginary part of Yo is the dominant contribution. Similarly, for
the imaginary part of Yll' But, in this case there is no enhanced




N e Lo

noise due to gain from within the NDM region. Nevertheless, under dc

conditions, the situation appears as

<u:> ;%2- 3.4-118

Equation 3.4-118 prevails at high bias levels when domains are present
and introduces two competing contributions. On the one hand, increased
noise is expected from <61d2 >, but this is partially compensated by an

increase in the transconductance. Thus, the net effect may be an apparent

decrease in noise due to the drain current contribution.

The frequency dependence at bias levels sufficiently high to generate
domain is more direct. Here, Yll is dominated by capacitive contributions
while Y21 is still primarily real. Thus, the drain component of noise is

S approximately ‘
i
, 2,2 .2
XN 1+w Y C
$1g) PR 3.4-119 |
o - |
Yy and shows an increase with increasing frequency, as discussed experimentally

{Liechti (1976) ]. As far as the frequency dependence of the gate noise

'g; current, there is no contribution from the circuit as long as Ys is real.
t All frequency dependence is contained in < 61: >. With regard to the
14

correlation coefficient, its frequency dependence is on the square root

of the drain component.
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Figure 3-1. Two dimensional device circuit configuration for the small signal calcula-
tions. _The semi-conductor studied was gallium arsenide with a nominal doping -
10151CH3. The low doping was chosen to reduce computational time. Relevant dimensions

are Lg = 1.2ym, Lgp = 10um and H = 1.95um.

171,

CURRENT,

¥, =-0.1y

POTENTIAL, ¥/,

Figure 3-2. Steady state drain current versus drain potential for two values of
gste bias. Here Iy = NoeV A and y, = Fpl, where V, is the peak gallium arsenide
carrier velocity, and Fb is the threshold field for negative differential mobility.
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Figure 3-5. Representation of the small signal distrubance. A square wave pulse
is applied to the drain contact, altering the drain contact boundary condition:
¥p =>¥p + SYp. There 1is a subsequent change in the drain and gate currents,

GID and 61,

Figure 3-6 - General form of the FET intrinsic circuit model with refereuce to
equations 3.2-11 and 3.2-12: Y,4 = Y22 + Y12, Y
Y24 = -Y12 and Yp4 = Y21 - Y12. See also Cobbold (1970} figure 5.3.
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Figure 3~7 - First order equivalent circuit for the small
signal FET calculations.
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Figure 3-8 - Schematic representation of the gate-drain admittance in the presence
of a high field domain. Ggq represents a small signal conductance
which exhibits a frequency dependent region of negative differential
conductivity when a high field domain is present.
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Figure 3-15 - Gate to drain capacitance versus (¥pg - ¥ o)/‘l’ . Circular and
triangular results are for a fixed gate bias. Square and
inverted triangular data are for a fixed drain bias. For this

calculation C, = 3.25 x 102 eHW/L.
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Figure 3-16 - Experimental measurement of ng versus bias. From Englemann, et al (1977).

Figure 3-17 - Schematic of the gate-to-drain capacitance as a measure of the change
in channel depletion charge resulting from changes in drain bias.
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(see equation 3.2-41) versus (¥pg - ¥go) /Yo -

Figure 3-18 - Capacitance C1
For this calcuiation Co = eHW/L. Note Cpy = Cgs + Cga-
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Figure 3-19 - Experimental measurements of the gate-drain capacitance.
From Englemann, et al (1977).
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(in multiples of G,) versus (¥pg - ¥go) /Yo

Figure 3-20 - Re Y21
saturation at high bias levels. The slight decrease in
transconductance at high bias levels for Y,5 = -0.1Y, may be

a numerical artifact. It is being studied.
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Figure 3-21 - Experimental measurement of transconductance versus drain bias.
From Englemann, et al (1977).
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Figure 3-22 - Cutoff frequency versus (¥, - ¥oo) /Yo for ¥go = ~0.1¥,.
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Figure 3-23 - Experimental measurements of the cutoff frequency versus
(Ypo = Yco)/¥,+ From Englemann, et al (1977).
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Figure 3-24 - Circuit representation of an FET with noise.

O— NOISELESS
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Figure 3-25 - Circuit representation of a noisy FET as a noiseless network with
two noise sources. [See, e.g., Talpey (1959)].
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Figure 3-26 - Circuit representation of a noisy FET as a noiseless network
with a voltage and current source. [See Talpey (1959)].
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NETWORK

Figure 3-27 -~ As in figure 3-26, but with signal noise source. [From Talpey (1959)].
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Figure 3-28 - Structure of FET and definitions of variables used in gradual
channel approximation steady.




4. Thermal Variations in Semiconductor Devices

4.1 Introduction

When a material such as gallium arsenide or indium phosphide is operating

as a Gunn diode, where the operation is'dependent upon transit of a high

field domain, the resulting frequency is dependent in a significant way on the
saturated drift velocity of the semiconductor. The saturated drift velocity of
the carriers is significantly dependent upon the high field electron-phonon
scattering rates and in a marginal way upon scattering by ionized impurities.
At high fields the saturated drift velocity decreases with increasing temperature,
as seen in figure 4~1. 1In addition to changes in the high field temperature,
dependent properties of the velocity-field curve there is also a decrease in the
low field mobility with increasing temperature. Thus, it may be expected that
increagses in the operating temperature will degrade device performance.

If we move away from the Gunn device and toward a compound semiconductor
IMPATT it becomes necessary to include hole as well as electron transport.
Furthermore, temperature variations in a direction normal to the principle

direction of current flow are known to cause measurable changes in the

.performance of IMPATTS [Haitz (1968)]. Thus, two-dimensional simulations are

necessary. The two-dimensional nature of the problem becomes even more

dramatic when it is realized that gallium arsenide FETs and three-terminal

transferred electron logic devices are extremely sensitive to temperature varia-

tions [Grubin, et al (1980, 1982)]. Under the present ARO contract, two-dimensional
transient variations for both hole and electron transport were formulated. However,
numerical calculations we performed for only one space dimension, and it is
within this context that our results are presented.

The temperature dependent results discussed below must be regarded as
inicial effects on this problem. Additional calculations are still necessary

before preparation for publication.

4.2 TFormulation and Analytical Results

Thermal effects are examined by generalizing equation 2,23 to include

temperature effects:

J(T) = NeV(E, L) - e [D(E,Z") 3’%%'3)- + D(E,Z")N(X,T) %{ 4.2-1
JE
+e =

oT




e o " e simade

The third term on the right side of Eq. 4.2-1 represents temperature gradient
contributions to the current density. It is included for formal reasons only,
and by analogy to the situation in which classical statistics apply and the
scattering parameter is independent of position. Its contribution will,
however, be ignored. The quantities considered below are the field-dependent
velocity and diffusion coefficients which now include a temperature dependence.
The temperature dependence of the velocity-electric field curve has been
calculated by Ruch, et al (1970) and shown to be in good agreement with the
experimental measurements of Ruch, et al (1968). A fit to the velocity-field
curve of Ruch, et al (1970) was given by Freeman, et al (1972)

| 9 0.265(E/E_) E
] Ve, gy = 225 X 10°E { 1+ o 1+ (E;) ; 4.2-2
] & (1-53x107"2"

! ' ,

and is said to be valid for any temperature between 300 and 600°K. The fit for
300 and 500°K is shown in Fig. 4-1. 1In Eq. 4.2-2, E, is 4 k V/cm, yielding
a threshold electric field of approximately 3.5 k V/ecm. Freeman, et al (1972)

bt < et aan o

o also argued that the temperature dependence of the diffusion curve between 300
A and 600°K could be represented by multiplying the room temperature values by the
factor 300°K/ Zb. Analytical representations of the velocity field curve, as
,T; given by equation 4.2-2 are the type used in the simulation.
To simulate the temperature dependence of the device, equation 4.2-1 was

solved simultaneously with the equation for heat conduction

oT X

; Cpp L. 2 (x( ) -g-f') + J(DEKX,T), 4.2-3

et

where p is the mass density of the material and C its specific heat [see Carslaw
and Jaeger (1959)]. In studying this problem, two time constants emerge. The
thermal time constant [see e.g., Shaw, et al [1979] equation 7-30)

2, 2 2 2
- ) -
T 4Cp2n /%c = (1.5 x a Jem)s, 4.2-4

-6
th ™ 1.6 x 10 ~ sec.

In the one-dimensional gallium arsenide calculations, the doping profile were

and a characteristic electric time constant. For ln = 10um t

chosen to yield a localized high field domain which was potentially capable of
sustaining a time-dependent oscillation. At sufficiently high bias an oscillation

did result., The time constant; associated with this oscillation were of the

85




order of ln/V, and for the device studied zn = S5ym leading to

5

Teh 4.2-5

Ty St /Ve5x 1071 gec = 3 x 10°

The results are expected to lead to a slow iﬂcrease in temperature from the

source to the drain. However, in view of the digparate values of the thermal

and electrical time constants, we chose not to resolve the long thermal time

to equilibrium. Instead, we concentrated on the steady state time-independent

solutions. Before discussing these solutions, it is useful to make reference

to an earlier analytical calculation, first discussed by Knight (1967) and
summarized by Shaw, et al (1979).
We consider the device structure shown in figure 4-2 and seek time-

independent solutions to equation 4.2-3 for the situation when the quantity

i of heat generated at the.d+n interface and within the n++ region is negligible,
are [Shaw, et al (1979)]

i JE ,, 2 _ 42
% O = O exp Joae (17 - X0y 0<x <, 4.2-5

where Z:/n++ is the temperature at the n/n++ interface and zn is the thickness

of the n region.

" x) = t"m exp [(ann/uo) (2 + 2+ - X)] ,

. 4.2-6
L <X< L+ +2
n n n

where 2n++ is the thickness of the d++ layer and zf;s is the temperature at

the metal/semiconductor interface. From equation 4.2-5 and 4.2-6

z;/n++ - ;:m exp(JE!n£n++/120),

and the temperature distribution within the n layer is

rw - T [eprEln (%‘?*%)] [exp (— %%%Z-)J ,

0<X« Ln

4,2-8

We are interested in the temperature difference r(O) - f’(z) - Ar




Thus

: 2
AT ~ t’m expJEL LR i) l-exp - e, ) 4.2-9
120 300 300

1f !.n-H- < < ln
2
JEL
n
A" = rm [exp (—3-0—0—) - 1] 4.2-10

For the parameters of Table 2, and a power density associated wi%? the maximum
field and current prior to an instability, JEL = 5.75 x 103 Wem®,

and

T, 01 4.2<11

LI

300°, aZ" = 3°K for a field of 90KV/cm

s

2‘; [0.11] 4.2-12

and again for Z:s = 300°, A Z" = 34°K

Thus, for very short devices large temperature gradients are not expected until
high fields are reached. These same general conclusions emerge from the
numerical calculation. The results, including the doping profile are shown in
figures 4-3 through 4~6. With the exception of one calculation, all were
performed for a thermal conductivity of X = 0.5 W/cm®K. The temperature
dependent boundary conditions were: @x=20, C-'- 300°K, @ X =1, 3 Zb/BX = 0.

4.3 Numerical Calculations and Conclusions

Figure 4-3 shows the carrier density, electric field profile, and temperature
variation for a Sum long gallium arsenide element with a centrally placed notch
of magnitude An = .6N°. The potential drop across this element is 1 volt.
Note the other negligible temperature variation across the device., The current
level for these calculations yielded an average velocity <v> = J/Noe =
1.46 x 107cm/sec. Further increases in voltage generated transit time
oscillations.

Figure 4-4 displays a similar calculation. This time, however, with a
doping notch of 4n = 0.1N . For this case, the field variation is more




L&

o L s o b

Loa

extreme than in figure 4-3, but the current level is below that of the former;

a result consistent with the cathode boundary field model [See, e.g., Shaw, et al
(1979)]. Note that for both figure 4-3 and 4-4 the temperature variation 1is
negligible, as expected from equation 4.2-11. With regard to figure 4-4, we
point out that the structure in N(X), downstream from the notch is a consequence
of the region of negative differential mobility.

Large temperature variations, for a sample of fixed length, are a
consequence of either a low thermal conductivity and/or high fields. We
illustrate both cases. To illustrate the low thermal conductivity case, we use
gallium arsenide parameters with a thermal conductivity equal to 0.05 W/em °K.
The result is shown in figure 4-5. While the current density is virtually
unchanged, the temperature variation has increased by an order of magnitude. .

The situation in which an average field is increased to 90 kv/cm, and the
thermal conductivity taken as 0.5 W/cm °K, is displayed in figure 4-6. While
structure in carrier density and field is seen everywhere throughout the device,
the field profile is relatively uniform. For this calculation, the origin of
all field nonuniformities is the notch, and we see that the temperature dif-
ference between cathode and anode is approximately 30°K. This was predicted
analytically in equation 4.2-12.

While additional calculations are necessary, particuiarly with regard to
ellucidating the role of field nonuniformities on the temperature profile, the
results of both the analytical and numerical study indicate that for short
micron scale devices large thermal gradients are not likely to be prominent

until high fields are present across the device structure.
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TABLE 2

GaAs Parameters

v = 2.25% 10’ cm/sec R = 3.030
-13

E = 3.2 kV/cm cC = 2.94x10 ¢
P o
z-leo.l'cm J = NeV

P o P
N, = 1015/cm3 = 3.6 x 103 A/cﬂz

-4 2
area = 1.5x 10 cm EPR. = 1.6 volts
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ORIFT VELOCITY ICM-SEC-1)x107

ELECTRIC FIELD {kv/CM—1)

Figure 4-1 - Analytical fit (---) of the drift velocity electric field
relation for electrons in GaAs. (From Freeman et al (1972).
For the data (—), see Ruch et al 1968.
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|
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Figure 4~2 - Device structure for doing temperature-dependent calculations.
(From Knight (1967).
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Figure 4-3(a) -~ Normalized carrier density, N’1013/an3, and
normalized background doping No(x)llol /cm3
for a five micron long gallium arsenide element
subjected o an average field of 2kv/cm. The
thermal conductivity is x = 0.5W/cm°K.
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Figure 4-3(b) - Electric field versus distance.
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5. Drift and Diffusion Description of Injection Pield
Effect Transistors

5.1 Introduction

A recent study by Fauquemberque, et al (1983) on a submicron gate
injection-type field effect transistor suggests some rather interesting
electrical characteristics. In particular, for a gate length of 0.15um, a gain-
bandwidth product of 400 GHZ was predicted. The predicted behavior of the device
was based on a Monte Carlo solution, and short channel velocity overshoot
effects were included. The immediate question is: To what extent are submicron
dimensions important for this pehnomena. A study to answer this question
was recently initiated, The initial study was for a micron scale device.

' The calculations were performed for a device whose basic structure is
shown in figure 3-1. However, the semiconductor material used for this
calculation was InP with a nominal doping level of 1016/cm3, H = 0.64 micron

and L = 3.0 microns.

5.2 Numerical Results

Two types of calculations were performed. In one calculation No was uniform
and at sufficiently high bias the device sustained current oscillations in the
form of propagating high field domains. In the second calculation, the back-
ground was reduced to lol‘lcn3 over a distance of 1.5um. No instabilities were
observed in the latter case and, of course, the current levels were significantly
reduced. The space charge distribution for the uniformly doped material was
qualitatively similar to that obtained for the gallium arsenide structure
discussed in section 3. The distribution for the injection FET is qualitatively
different, and is displayed in figure 5-1, where we see strong injection.

The first collection of calculations for the injection FET provide a
series of current voltage characteristics, two branches of which are shown in
figure 5-2. The initial results find a dramatic improvement in the trans-
conductance for the injection FET. For example; For the uniformly doped FET
and a drain potential of approximately 0.5 volts the transconductance near

'G = -0.1 was
5.2~-1

gm = .5 Go

s
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where

Go = s 5.2-2
L
Fb; the injection FET Go is reduced by almost two orders of magnitude:
Goinj = G_/50 5.2-3
while the transconductance is reduced by significantly less
g, = 0.14 G, 5.2-4

The results of these studies are currently being evaluated, but several points
are noted:

For a routinely configured FET, the change in drain current due to changes
in gate bias is largely a consequence of a modulation in the cross-sectional
area of the conducting channel. When domains form as discussed in section 3,
modulation is accowpanied by space charge injection into the depletion region.
For the injection FET the space charge density at moderate value of gate bias
levels exceeds the background. Modulation is then accompanied by both a
variation in channel height as well as an alternation in the net mobilé carrier
density. The behavior of the injection FET appears operationally different from
the classical FET, and its device potential should be explored.
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Figure 5.1a - Spatial distribution of carrier density N(X) at the
bottom of the channel of the injection FET. Also shown is the back-

ground density uo(x) for the device.
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Figure 5.1b ~ Potential distribution along the bottom of the channel.

Most of the potential drop is across the injection region, as shown by
the solid line whose axis is toward the right hand side of the figure.
There is structure in the potential near the source. This is shown by

the dashed curve. For this calculation ,o = 3 volts.
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