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COMPUTER PROGRAM FOR MICROWAVE
GaAs MESFET MODELING

INTRODUCTION

There has long been a need for a simple, inexpensive, fairly accurate, easy-to-run computer pro-
gram for calculating the equivalent circuit elements of MESFETs (metalsemiconductor field effect
transistors). Microwave circuit designers use an equivalent circuit representation for the transistor,
similar to that shown in Fig. 1, which will be discussed in detail later. They also sometimes use S-
parameters 1o represent the active device, but they can be calculated directly from the equivalent cir-
cuit. A problem with all the analytical MESFET models proposed to date is that they do not give
answers which agree well with measured data over all bias conditions. Provisions have been made, in
the computer program FETREN, presented in this report, to improve on agreement with measured
results over the full range of bias conditions (or over the full range of large signal "swing" conditions).
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Fig 1| — Equivaleat circuit representation of a GaAs MESFET. The most significant

bias-dependent device elements are Crg. Cia. €. Ryp. and R

Certain new terms are added to the model employed in this program to permit adjustment of com-
puted results to measured values—mostly in a self-consistent and plausible way, rather than by the use
of arbitrary "fitting" constants. In areas where the analytical theory is not exact enough, or where the
knowledge of the field behavior is not well enough known, computational methods of interpolation are
employed 1o obtain estimates of the circuit element values between known values. For example. this
approach is required to gel reasonable answers when the drain voltage is somewhere between low values
for which no Gunn domain can exist, and high values for which the domain is "fully" formed.

Other such departures from earlier, less practical, models will be described subsequently. The
philosophy applied in the development of the model used for the computer program FETREN is: (1)
apply whatever analytical theory gives the best agreement with measured results, (2) do not be disap-
pointed with tess than perfect agreement, and (3) keep the program simple and inexpensive 1o use.
The program listing is included as Appendix A, and the flow diagram is included as Appendix B.

Manusenpt sl'hmnlcd November 9, 1981




NEIDERT AND SCOTT

Table 1 describes the symbolic notations used in the text in the order in which they appear. A

notation list for the computer program is included with the program listing in Appendix A.

T e @

Table 1 — Text Notation
Conducting channel thickness in Region Ii
Potential
Volume charge density
Relative dielectric constant
Permittivity of free space
Product of €y and ¢,
Longitudinal voltage drop across Region |
Longitudinal voltage drop across Region Il
Longitudinal voltage drop along the conducting channel
from the drain end of the gate 10 the source end of the gate
Vertical distance measured {from bottom of active layer
Vertical thickness of conducting channel
Total active layer thickness
Pinch-off voltage
Electronic charge
Volume donor impurity concentration
Low field mobility
Gate width
Horizontal distance measured from source edge of gate
Drain-to-source current
Gate length
Length of Region I under gate
Length of Region 11 under gate
A specific analytical function
Gate-to-source voltage

Metal-to-semiconductor gate schottky barrier built in
voltage, taken as a positive voltage

Conducting channel thickness at first point right of
source where the field has increased to £

Longitudinal field strength which just causes carrier
velocity saturation

Square root of the ratio of: (1) the voltage at the junction point
between Regions | and 11, relative to the gate electrode,
to (2) the pinch-off voltage




DR1

sal

RTH

&m
fe

ro
Esud

T sub
Ry
CIN

O
Q.
Qiom
Ceso

Co

K (k)

NRL REPORT 8561

Table 1 — Text Notation (Continued)

Squarc root of the ratio of: (1) the voliage at the source end of
the gate, relative to the gate electrode, to (2) the pinch-off vohage

Longitudinal electric field

Sum of bulk semiconductor resistance and contact resistance
from source edge of gate to the source metal

Sum of bulk semiconductor resistance and contact resistance
from drain edge of gate to the drain metal

Voltage drop from gate metal to the conducting channel
al the source end of the gate

Voltage drop from gate metal to source metal
Voltage drop from drain metal to source metal

Substrate current multiplying constant

A current said to be passing through the substrate material,
under the active layer, in parallel with the active current generator

Drain shunt resistance

The assumed electron saturated velocity
Device overall thermal resistance

T ransconductance

A specific analytical function

Square root of the ratio of: (1) the voltage at the drain
end of the gate, relative to the gate electrode, when there
is no Region 11, 10 (2) the pinch-off voltage

Intrinsic transistor output resistance

An output conductance term related to substrate current
The reciprocal of g,

The charging resistance for Cjy

The gate-to-source capacitance

Total charge

Charge in depleted area under gate

Charge of extended depletion area toward drain

Charge of domain

Gate-to-source capacitance for drain voltage near zero

Gate-to-source capacitance for {arge drain voltage

The “characteristic” doping density, which depends on
the shape of the velocity vs electric field curve, see Ref. 12

Complete elliptic integral of the first kind in terms of
the modulus, k
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Table 1 — Text Notation (Continued)

DL Drain meial length

DGL Distance between drain and gate metal

WG Gale length, same as L

SL Source metal length

SGL Distance between source and gate metal

SDL Distance between source and drain metal (SDL = SGL + WG + DGL)

z Radius of sidewall capacitance area

Osw Total charge depleted from source-end, sidewall, quarter circle depletion area
Csw Sidewall capacitance

Cex Same as Cgy

RDOM Domain resistance
CDOM Domain capacitance

n Volume electron density

J Current density

t Time

v Drift velocity

D Diffusion coefficient

Wi Threshold depletion layer thickness

E, Threshold field for bulk negative differential mobility
7 Transit time

CONCEPTUAL REVIEW

Much has been written about the general evolution of microwave MESFETSs and their modeling.
For an excellent review see Liechti [1]. A repeat of that is not undertaken here. Rather, a review of
the specific concepts used in the development of the computer program FETREN and its associated
model is given. The origins of all the related concepts are referenced and discussed if they were
derived from earlier literature, and are explained if they are new ideas developed by the authors of this
report. It is assumed that the reader is familiar with the subject or will read the referenced material as
required.

The majority of the calculations are based on the theory of Grebene and Ghandi [2). They
expanded on the work of Shockley [3], as Shockley himself suggested it might be done, to allow two
distinct regions under the gate. Region I, nearer the source, is taken to have constant carrier mobility;
and Region 11, nearer the drain, has saturated carrier velocity. Figure 2 shows the configuration, with
the point which separates Region 1 from Region Il being free to move longitudinally, so that it can
position itself at the first instance of longitudinal electric field large enough to produce velocity satura-
tion. The longitudinal electric field in Region | is always least at the source end and is larger at posi-
tions closer to the drain end. The vertical conducting channel thickness in Region 11, 8 is assumed
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Fig. 2 — Assumed MESFET configuration
for theoretical analysis

constant over the whole of that region. The method of solving the applicable equations for Regions |
and I1, separately, and applying suitable continuity criteria between the two regions is given in Grebene
and Ghandi [2] and is extremely well detaifed in Pucel et al. [4].

From a conceptual standpoint, the theory or model which is deduced from Refs. 2, 3, and 4 has
some problems, even though it may never be greatly improved upon for smalil signal calculations at
moderate drain voltages if no Gunn domain forms. Some obvious problems are: (1) no computational
provision for the presence of a Gunn domain, (2) no provision for adjustment of parameters due to
heating from the bias power, (3) no provision for the effects of extension of the depletion region longi-
tudinally beyond the gate, (4) no specific provision for a gate to source shunting resistance arising from
either simple "leakage" or from carrier fringing around the extremely high field region when a Gunn
domain is present, (5) no provision for the effect of the incorrect approximation that the channel thick-
ness in Region Il is nearly zero at all times (this approximation is suggested in Refs. 3 and 4}, (6) no
way of knowing the effects on the Region Il calculations for a drain terminal whose physical shape is
not like the one Shockley assumed in his original formulation (a semicircle whose shape is approxi-

mately that of the assumed drain equipotential shape).

It is fairly safe to say that there are too many variables 10 expect to ever get near-perfect agree-
ment between any model and measured data. If the agreement needed must be extremely good, it is

probable that some fitting to measured daia is required.

All of the problems mentioned above were addressed in the development of the program
FETREN. The way they were handled and the effects of considering them and making some provisions
for them can be seen in the following section as the circuit element calculation methods are described.
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CIRCUIT ELEMENT CALCULATIONS
The Qperating Point

The operating point is set by the longitudinal position of the dividing line between Region | and
Region I, such that the sum of the calculated voltage drops across the two regions equals the total
applied voltage. In Fig. 3. b0 + dpy, = b . From the outset, FETREN has been set up 1o work
from the external values of the two bias voltages—that is, those values which would be measurable in
the laboratory. Therefore, in the initial calculations 10 determine the operating point, the "parasitic”
resistances must be included. They are calculated between lines 1359 and 1368 in the program, the list-
ing for which is given in Appendix A, with the drain and source contact resistances included in R and
R,. The calculation method is taken from Fukui {5].

Vps
—%ll,L ext
Vos
oxt
SOURCE DRAIN
Rp
/ . /
L] Vos,
lea—— REGION I REGION II
[— L, ————te-L g

Vos;nt

L

Fig. 3 — MESFET configuration showing internal
and external voltages

An applicable relationship in the depletion region of Region I, for a volume charge density p, is
Poisson's equation:

Vip = - L )
€o€,
“./h.ere @ is potential, ¢, is the relative dielectric constant of the intrinsic material, and €4 is the permit-
tivity .of free space. Then, by the gradual channel approximation [3), the potential variation in the v-
dnrecuop is much‘grcalcr than that longitudinally. the double integral of Eq. (1) in the y-dimension
only, with appropriale boundary conditions, yields potentials for Region I:
2
= LY P by +
€ 2 €
where 7 is the total active layer thickness and b is the channel thickness as a function of horizontal

posi.tion .Thg potential along the boundary between the depletion region and the conducting channel in
Region | is given from Eq. (2) for y = 4,

2
La’ _ P ol (2)
€ 2 €
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where ¢ = ¢N),. with ¢ = clectronic charge = 1.602 x 10 19.C. Ny = volume doping densi‘ly; € = €y€,,
with €, = 8.854 x 10 ¥ F/cm and €, = 12.9 according to Ref. 6; and Vp, = (gN,,a’)/(2€) is defined as
the pinch-off volage.

The current in the conducting channel of Region I is given by Ohm’s law. such that
P
Ips, = quoNp bW ox (4)
where 9d/dx is the fongitudinal electric field, W is the total gate width of the device, and u is the car-
rier low field mobility. After an integration over the length L,

Ips, = fﬁillﬂi‘l ). (5)
where
fi=p?—sT= % (p* — s (6)
with
p’= Vg = Vs + Vps ) (Vpo) 7
and
st = (Vg = Vi) (Vpo), (8)

in terms of intrinsic voltages, with }, = metal-to-semiconductor gate Schottky barrier built-in voltage,
taken as a positive voltage. Also, Vp, is taken as a positive voltage.

In Region I, just at the boundary with Region I, the current may be calculated as

/ns“ = quoNpb, WEg, 9)

where £ is the longitudinal field which just causes carrier velocity saturation, and b, is the channel
thickness at that point. Since, as shown in Ref. 4,

b =all - p), (10)

I,)_g” = guoNpa (1 — p) WE;. an

If we equate Egs. (11) and (5), to require current continuity at the junctions between Region | and 11,

then
Vo UY)

L= sy (12)

Then, to get voltage drops involved, the integral of the longitudinal electric field over the length
of Region | is used to get V) :

v=] x=L do
f‘ "By dv = Vg = [ —m—' dx. (13)

=0 v=0
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Also, in Region 11, the potential distribution can be tound with the solution of Laplace’s equation .
in two dimensions: |

Vi, = 0. (14)

However, an exact solution of this for the general case is difficult, and in Refs. 2. 3, and 4 the sume
approximate sotution is used, originally proposed by Shockley {31, The adequacy of the approximate
solution requires that the physical shape of the drain conductor be “somewhat like" the shape of the
equipotential lines far away from the drain. This is not the case in planar MESFETs, so in FETREN
some liberty is taken with a constant related to this portion of the overall solution. The constant CDR2
in the program FETREN, at line 1415, may be varied to affect the amount of voltage drop assigned to
Region I (but the form of the analytical expression s maintained). Specifically,

N

vl (I(l)”
S ddy g .
Vo = S | (1s)
for which an approximate solution, at v = 0, is:
(il - L))
by, = 2a F sinh — (16}
2 T 2a

Also, from Eqg. (13) in Region I, as shown in Puce! et al. [4],
Vs, = Voo (p? = s9). aamn
So, the total Ginternal) voltage drop across the intrinsic transistor, afler substituting Eg. (12) into Eq.

} (16), is:
e = bpolp? = s + 2a E, sinh L - ——lL Nt (18)
T 2ua (1 -plE;

Figure 4, a simplified transistor schematic, shows that the accessible (measurable) drain-to-source
voltage is the sum of the intrinsic part, )y . and the drops across Ry and R;. Note also that the
accessible gate-to-source voltage is sum of the intrinsic part. by . and the drop across Ry. Therefore
the accessible drain-to-source voltage is

l41)\’”,: Vs --;+ Inc{Rs + Rp). (19

Also, the accessible gate-to-source voltage is

Vo, l'mw*' I (R (20

ar

In the program FETREN, if there is a Region . the determination of the overall operating point is
determined by forcing, through itcration, the applied }y, 10 equal the terms of Eq. (19) at line
number 3200, while forcing simultaneously the applied l',,\._v to equal the terms of Egq. (200 at line
6010 The values of s, p. and [, are the final values which the iterative process assigns them. The
value of s is calculated at line 3100, p by iterative assignment 11 4700, and /. indirectly, at 3200 and
repeated explicitly at 6200 Also, within this iterative loop which extends approximately from line
2200, where the external gate-to-source voltage is set, to line 6040 where the siteration loop ends, the
value of L, is determined at line 4900, Because the solution method is iterative, L, may sometmes
overshoot and be temporarily assigned a value larger than the total gate fength L. even though the tfinal
value mayv be less than 1. Therefore the program, at line 4900, allows [ 10 be greater than L After
final convergence, however, if the final value for L is larger than [ as tested at line 6100, the indica-
tion is that the bias levels were such that there is no Region 1 For this case it is then necessary to
completely re-sofve the problem by using the equations that are apphicable for Region T onlv The

R o et

A e a
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™o BULK MATERIAL RESISTANCE

INTRINSIC

(UNDER| GATE)

T

Vs
>
$Rs

Fig 4 — Simphtied transistor schematie

authors derived these cquations independently and found them to agree with those developed in Refs.
and 8: those references. Ref. 4. and the FETREN listing may be consulted for devetopment tormula-
non. This portion of FETREN starts at line 6620, and the operating point i~ determined by ierating
the current and finding a simultancous combination of s, . and /. tor which the applicd current
cquals the analyvtical value:

H 5 N

T LA S VARl QD

s {12

Ipy = aqun Ny,

where dis now related to the voltage at the drain edge of the gate. [n terms of intrinsic bias voltages.
dh= (b = by + 0 0 ), 21

analogous to Eq. (7). In summary, then, the operating point is prescribed as o function of the two bias
voltages, as outlined above, after which the equivalent circuit parameters and the actual current can be
computed.

The I-V Curves

The current calculated in the preceding section is an initial estimate of the actual current. Other
factors must be considered in arriving at a better estimate of a value to agree with measured data. 1f
there is a stationary Gunn domain present, a substrate current resulting from electron injection into the
adjacent, otherwise assumed semi-insulating, substrate may result (910 The arguments in Ref. 9 are not
very strong Tor gualitative accuracy. Therefore. in FETREN, a constant 1A, entered at line 1620 and
used at lines 6206 or 6845, s included to make the substrate current effect variable~but the form of
the analvtical expression is maintained:

Iowe (ND T )0 1 (23)

This shows that the substrate current, in the presence of a stationary Gunn demain, is proportional to
the gate width, 10 the square root of the drain-to-source voltage, and to the fourth root of the doping
level. For further detail, see Eastman and Shur [9]. (Substrate injection current can be eliminated by
setiing A to zero at line 1620)
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One additional term is added to the currents already cafculated to account for two physical
phenomena not otherwise considered. One of those phenomena is simple resistive leakage across the
top surface of the transistor or through = suvstrate whose overall conductivity is higher than desirable.
The second is the resistive shunting effect of the doping "tail” which is typically disregarded. The dop-
ing tail, in Fig. 5, is the crosshatched area. It arises because of the use o1z (1) the uniform doping
assumption (adequate tor almost all purposes), creating the horizontal dashed line at the doping level w
be used in the analytical expressions; and (2) the specific active layer thickness assumption, creating the
vertical dashed line at the thickness to be used in the calculations. The carriers "left over” constitute a
shunting resistor in paratlel with whatever other resistive shunting terms are present. In FETREN, pro-
vision is made for a fixed resistance to shunt the intrinsic device, in addition to the possible substrate
current around a Gunn domain. The value of this resistance, assumed proportional to gate width, is
assigned to DRI at lines 1420 and 1430, and its contribution to the drain current is calculated at lines
6216 (when there is a velocity saturated Region 11) and 6862 (when there is no Region I1).

10‘7r~— e e
|
f
i
|
- |
o ]
4
1061~ !
|
|
|
. |
}
|
}
| i | N N T
05 1 2 .3 4 567
DEPTH (um)

Fig 5 = Fxample doping profile showing doping "tail”

In Refs. 2 and 4 it is hinted that typically the finite thickness of the conducting channel in Region
It may be disregarded in the solution of Eq. (15}, However, the authaors carried out the derivation giv-
ing the channel the actual thickness it aceds o carry the current which is flowing:
i
AT

B Q4

il

where v, is the assumed electron saturated velocity and 8 is the channel thickness. In the program
this appears at line 6225 Then at line 6235, the program term (DR s calculated: it represents the
fraction of the active layer thickness, «. which is to be used in the next iteration. Notice that CDR1
was preset o unity at ine 1410, outside the loop which determines the operating point and the drain
current.

10
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One Tast adistment s made after the hest me theouet voc Spes cane peoant dran current loap
Based on the externally apphed dram voltage ard the prebmine o Cac oo dinn carent the power
dissipation s calcubated as stmplhy the product of those owee ermis Lo s e o e progrgm at hine
6230 and 6868 Then the Tow field mobthiny vadue s adastodd e o Dopctalat T tosalting from

the bias power dissipation. as aindicated in Appendiy € s imes o040 ad o870 Naie trat w hypaeal
value tor the thermal resistance, REHLD of o MESEE T v mdtuded onomne program an hine 148500 a8 sug-
vosted 10 Appendin O, and  that anverse proportonainy 1o wate widih s assumed CThermal
moditication of mobility may be eliminated by setung thermal resistance o zeto at 14300 A single
“first order” correcuion as all that s needed tor the Rewion [ channel thickness and 1o the tow-field
mobility.  The mobility correction for bias power dissipation s primarily responsible for the downturn
of the 1V curves in Fig. C2 of Appendix €, while without 1t the substrate mmjection current, around the
Gunn domain, would cause the curves 1o rise with increasing drain voltage

Transconductance
When there is velocity saturation, or when there is a Region Il under the gate, the transconduc-

tance g, is calculated according 1o Statz et al. [10] as:
LY PN agu Ny B E,

S = = 5777 =

0 bos by eonst Voo

(25)

PR [ - s).cosh (wL*2a)] - (1 = p) _ (26)

cosh (m Ly/2a)} — 2p(1 — p)

2pll — p) + y
PO
This calculation is seen at line 6370 in FETREN. It reduces to
L= aqu  NpyW (d — s)/L 27)
at line 6888 for the gradual channel case. Equations (25) and (27) have included in them the tempera-

ture correction of mobility: also Eq. (25) has in it. by way of Eq. (26). the correction for nonzero chan-
nel thickness in Region 11 (picked up at line 6325 where the hyperbolic cosine argument is adjusted).

Resistance
Ouipur Resistarice

In addition to the intrinsic output resistance of the MESFET, the resistance associated with the
leakage current and the substrate injection current must be considered. It is probably these additional
terms, if they are disregarded analyticaily, which make the measured output resistance much lower than
the caleulated value. In the computer program FETREN they have been included.

The intrinsic transistor output resistance is developed analytically as
L
n - .
9 py
In Statz ¢t al. [10) the development of the expression for ry is concisely shown, for the assumption of
sero-thickness-channei in Region 11 The authors did the full derivation, using the actual channel
thickness. Some additional terms appear in the expression for r, because the depletion thickness in
Region 1His a function of /5. The expression from Ref. 10 is:

(28)

Z’II; TT[.\ I 7T[.~
. S0 eosh <) b cosh -.-~. 29
ul aguaNp bW 2a agua Ny L - ) 2u

o,

11
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The full expression, using (¢ - &) for the depletion region thickness in Region 11, where & is the value
given by Eq. (24), consisis of two parts. The first part is

o, = Ty s 30
This part is merely Eq. (29) with (¢ - 8) substituted for . The second part is
2 ml, ml, ) wl,
_ ¢ 0 it SN | an
o, TNy W | 20a — §) cosh 2(a ~ 8) sinh 2(a ~ 8)

The total output resistance is the sum of ry and ro,- It is not obvious by inspection, but after
numerous computer runs 1o evaluate the significance of the additional part, r0,: it was found that

almost all of the drain resistance correction comes from the substitution of (¢ — 8) for ¢ in Eq. (29).
Therefore, in FETREN, Eq. (30) is used for the intrinsic output resistance when the bias allows a
Region II: it appears at line 6390 in the program. When there is no Region II, then L, is zero, d
replaces p, and L is L, so that the intrinsic output resistance is given by the modified second term of
Eq. (29):
L
= —_— (32)
0 dmo Ny W ~ d)
which is the same as that developed in Van de Ziel [7] and Shockley [3] for the "gradual channel” case.
The calculation of Eq. (32) appears in the program at line 6890.

Shunting the intrinsic oulput resistance are two other resistors. The first is to account for simple
surface leakage, and substrate leakage due to overall low resistivity and to the doping tail, as was
described in the section entitled The 1-V Curves. This term is added in parallel with the intrinsic out-
put resistances at lines 6394 and 6896.

The second shunting resistor is related to the substrate injection current around the Gunn
domain. Assuming that most of the drain voltage is dropped across the Gunn domain as described by
Eastman and Shur [9]. then
s 9 (Eq23) _ 05

— = ' = —= I 4. (33)
athp, a bos MH

Lap =
The reciprocal of this is the resistance:

b
b = 2 ——Ii (34)

lsn
The value of r,, is calculated in FETREN at lines 6396 and 6892; it is paralleled with the intrinsic out-
put resistance at lines 6398 and 6894,

Parasitic Resistance

The parasitic resistors are those external to the region under the gate. as shown in Fig. 4. The
series drain resistor and source resistor, Ry, and Ry in Fig. 4, and the method of calculating them were
described in the first paragraph of the section entitled The Operating Point: they consist of bulk sem-
iconductor resistance and ohmic metal contact resistance.

The gate resistor (1o be involved in noise calculations in a later section) is a bulk resistance of the
gate metal. Fukui (5] gives a suitable method of calculating its value. 1t is calculated in FETREN at
line 1370 and used at line 9290 and 9300 in the noise calculations.

12
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Obvioushy . of the values of these parasitic resistors are known from laboratory measurements, the
measured values may be substituted by the program user at hines 1367, 1369, and 1371,

I'he Gunn domain resistance will be discussed later, in the section entitted Gunn Domain.

Inpur Resntance

There s still uncertainty in the modeling community about how to calculate R,y of Fig. 1. The
qualitative form of R,, versus drain voltage for a particular transistor is shown in Ref. 11 and repeated
here among the measured data curves 1o be discussed later. The qualitative form of (;y versus drain
voltage for the same transistor is also given in Ref. 1 and is repeated here among the measure data
curves. It is assumed that for drain voltages between about 1 and 4 V the high field at the drain end of
the gate is in the transition range between presence and absence of charge accumulation or between
presence and absence of a dipole layer or a Gunn domain. This range is difficult to model. For drain
voltages higher than about 3 V., however, an inverse proportionality beiween these two elements is
apparent. Their product is in the vicinity of the transit time. So in FETREN the input resistance. R, .
is taken as:

T

CONST«C)y

where 7 is the transit time to be discussed in the section entitled Transit Time. The resistance is calcu-
fated and called RINPHS at lines 6495 (if there is a Region 1) and 7110 (if there is no Region 1) for
the case when the capacitance calculation disregards the Gunn domain; it is calculated and called
RINSH at line 8662 if a Gunn domain is considered. In the interest of having an input resistance cal-
culation which resembles measured data for low drain voltage, the transit time for a drain voltage of
Vpo/ 2 is used when the drain voltage is any value less than Vp,/2.

Ry = (35)

Capacitance
Input Capacitance or Gare-ro-Source Capacitance

The input capacitance, C,y, has two different names (and derivations) in FETREN; it is (SG at
line 6491 and 7100 (no Gunn domain) and CGS at line 8631 (with Gunn domain). In both cases the
capacitance is developed as:

Cp =392 (36)

- Vs e =const
G it I)-\”" € '

However. the assumptions made to determine the total charge, Q, are different.

The calculation for CSG, assuming no Gunn domain, is from Pucel et al. [4] and considers only
the charge in Region | and Il directly under the Gate, plus a fringing term which is independent of bias.

The calculation for CGS is from Shur [12] and considers the charge in: (a) the depleted area
under the gate, Q. (b) the extended depletion area beyond the gate toward the drain, Q.. when the
high-field domain is present; and (¢) the depletion area in the high-field domain itself, Q,,,,. when it is
present. Figure 6 shows these areas conceptually. The theory of Shur [12] also provides a valid deriva-
tion of the input capacitance when the drain-to-source voltage approaches zero: so, for small drain vol-
lage:

. L
C,
Ko 2\/5

. 12
€)e, g N
ned ’-’l _ (37)

l’H' - ‘(,

——— e B
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SOURCE GATE DRAIN

l 1 1 !
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| | '
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i [}

J 1Q40m}~gom:
! e N

Fig. 6 — Conceptual charge arrangement for capacitance
calculations when Gunn domain is present

and, for large drain voltage:

o - o] coca o |
© 2V, ~ V5;)

+ 1.46(PCDGeye W

ND /4
H

Ve — Ve |2 Ve — Vg
B ”] ll——————B'V el (38)
ds

Vd\’

or

The constant PCDG (set at line 8000 in FETREN) has been selected for best agreement with available
measured data. In the computer program, an interpolation routine has been provided to calculate a
value for C,, when the drain voltage falls between zero and half the pinch-off voltage. Experimental
data indicate that in this range neither Eq. (37) nor (38) predicts the capacitance value accurately. The
same experimental data have been used to establish the interpolation procedure, performed in FETREN
between line numbers 8710 and 8780.

Feedback Capacitance or Gare-to-Drain Capacitance

The theory of Pucel et al. {4] makes no provision for a bias dependent feedback capacitance, Crg
in Fig. 1. It is there treated as a fixed parasitic capacitance, which will be described in the next subsec-
tion. Since measured data show Cgz to be bias dependent, in general, the theory of Shur [12] is used
to calculate values and provide them as CDG in FETREN. For the same reasons as were outlined in
the preceding subsection, two ranges of validity of the derivation exist. The value of capacitance which
is valid for drain voltage approaching zero is equal to the corresponding gate-to-source capacitance
because of symmetry at zero drain voltage.

Cp. = C (39)

0 &5y’
given by Eq. (37). The value for large drain voltage is:

V- Ve |2
Va

s

Np 12

Her

(40)

C, = 1.46 (PCDG) €y, u1

Again, available experimental data have been used to interpolate between Egs. (39) and (40) for drain
voltages between zero and half the pinch-off voltage.

Parasitic Capacitances

As suggested in Pucel et al. (4], a method of calculating the fixed "interelectrode” capacitances is
available in Smythe [13), with some interpretation. Figure 7 gives the dimensions which are used in
the FETREN calculations. The capacitance between any two electrodes is given by:

K1 - k)

K& (@1

C= W(E, + 1)6()
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Fig. 7 — Dimensions for interelectrode capacitance calculations

where K (k) is the complete elliptic integral of the first kind in terms of the modulus &. The moduli &,
derived from Smythe (13} for the relevant geometries, are as follows:

1/2
o |wL+b6L + we) 6L
Prain-Gate. hue = 0 DGLI(DGL + WG)] (42
12
L+ seL + weyiser)
Source-Gate. Ay, = [(SL ¥ SGL)(SGL + wc)] “43)
and
12
s+ pL o+ spuyspr) )
Source-Drain. K =\ (v SDLYDL + SDL)] W

In FETREN a numerical approximation for the complete clliptic integral of the first kind., K (k). is
included as a subfunction CEIFK, calculated at lines 9100 to 9136. This was done in keeping with the
objective of using closed form solutions throughout. The numerical approximation used was:

K= [45+ 4,00 = k) + 4,00 - kDY

+In | ]kZ] By + 8,1 - &%) + B,(1 - k272, (43)
where

A= 1.3862944
A7 = 01119723
A4, = 0.0725296
By =05

B, =0.1213478
B, = 0.0288729,

15
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giving an crror of less than 3 x 10 ® in the value of K (k), which is orders of magnitude better accu-
racy than needed. The values for these fixed capacitances are calculated between lines 1315 and 1351.
The printout for them is at line 1393, Perhaps the most significant of these terms is CFSI), the output
capacitance (Cy in Fig. 1).

Sidewall Capacitance

Neither theory discussed so far for capacitance calculations (Shur [12] or Pucel et al. [4]) provides
for the extension of the depletion region from under the gate in the direction of the source. In Cooke
{14]. for depletion depth less than the full active layer thickness, the charge depleted from the quarter-
circle adjacent to the gate is:

i
Osw = ¢ Npm :4“ W, (46)
and for an abrupt junction from Poisson’s equation, the voltage is:
224N,
y=220 (47)
e,
so that the capacitance is
d0sw =
CSW V< Ve dv = _2_ €€, W, (48)

where z is the radius of the sidewall depletion area (see Fig. 3). Also, from Cooke [14], when the
gate-to-source voltage is larger than the pinch-off vollage, an approximate value for the sidewall capaci-

tance is given by:
- / Vro
V3 Vo = €g€, W sin ! 7 (49)

This capacitance term is calculated in the computer program FETREN between lines 6500 and 6520. It
15 printed out as the third term in line 6545. This capacitance appears as Cgy in Fig. 1. Note also,
however, that the interelectrode capacitance between gate and source metal may be significant in Cgy.

Cow

Pad Capacitance

It is also possible to have significant bond pad-to-source or bond pad-to-ground capacitance.
Cooke [15] discusses of the pad-to-source capacitance. It consists of capacitance to the substrate offset
by the Schottky barrier capacitance formed on top of the buffer or substrate material. The pad-to-
ground capacitance is predominantly a "parallel plate" capacitance which may be significant when very
thin substrate are used. Those terms are process dependent and may not be significant; they are not
included in FETREN, but the user should take notice of their possible existence, estimate their magni-
tude, and include them separately if they are significant.

Gunn Domain

As described earlier, the presence of a stationary dipole domain, or a Gunn domain, near the
drain end of the gate has a profound effect on the input capacitance Cy, the input resistance R,y and
the feedback capacitance Cpg. If a Gunn domain can exisi, there is no indication in the FETREN
printout—this is probably the most common case. The element values to use are those calculated
assuming the presence of the Gunn domain—namely, CGS, RINSH, and CDG. Two additional terms
are calculated and printed out for the "Gunn domain" case:. CDOM, the domain capacitance; and
RDOM, the negative resistance associated with the domain, both discussed in Shur [12]. They are cal-
culated at lines 8460 and 8490 in the computer program, and printed out at line 8640. These terms are
shown in Fig. 1 as CDOM and RDOM: they are not by themselves dominant terms in the equivalent
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circuit—the domain effects on the other three terms, mentioned above, appear to be much more
significant.

If a Gunn domain cannot exist, the printout "NGD" (No Gunn Domain) appears. In this case,
the element values to use are those calculated assuming no Gunn domain—namely, CSG for Cy.
RINPHS for R,y, and CFDG for Cpyg.

The calculation for C;y and Crg, from Shur [12], for drain voltage approaching zero (CGSO and
CDGO, respectively) is done at lines 8120 to 8140 and printed out at line 8180.

The criteria discussed in Yamaguchi et al. [16] are used in FETREN to determine whether a
Gunn domain can or cannot exist. The analysis was done for planar geometry, like that used for MES-
FETs. Poisson's equation (Eq. (50)), the current continuity equation (Eq. (51)), and the current den-
sity expression (Eq. (52)) were solved numerically by using a finite difference scheme:

v2¢=—€l (Np = n), (50)
%=v g, (51
J=nv+DVn (52)

where n is volume electron density, ¢ is time, J is current density, v is drift velocity, and D is diffusion
coefficient. The result relative to domain formation was pleasantly simple. For a given gate-to-source
voltage, the depletion layer width W,,, at which the maximum field strength just equals the threshold
field E,,, for bulk negative differential mobility, is given by:

5 12
- [V~ Vs + (£, D} (53)
D int

Wlh =

Therefore, if the total active layer thickness a is less than the threshold width W,,, a Gunn domain can-
not form.

The calculation of W,, is at line number 8100 in FETREN, and the test of W), relative to the
active layer thickness is at line 8105. If a Gunn domain can exist, the program proceeds to calculate
the relevant parameter; if a Gunn domain cannot exist, the printout "NGD" appears but the program
proceeds, anyway, into the calculations related mostly to the domain case. This is done to make avail-
able to the program user the value for CGSO and CDGO, calculated at line 8137 and printed out at line
8180; and the value of transconductance from Shur [12] for small drain voltage, for general informa-
tion. This value of transconductance is calculated in the computer program as BGM at line 8220, and
printed out at line 8330.

Incidentally, if the active layer thickness is more than twice W,,, the Gunn domain can even pro-
pagate. In summary the following classification can be made:

a< W, No Gunn domain,
W, <a<2W, Stationary Gunn domain,
a>2w, Propagating Gunn domain.

Active layer thickness sufficient for domain propagation is normally not seen in microwave MESFETs:
there is no provision in FETREN for such cases.

b
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Transit Time

In the velocity saturated region (Region 1) of @ GaAs MESFET, the transit time s

Ty= —. (54)
v\(ll
In Region I,
L
T = | (55)
Vav('ru,m'
where an average velocity can be determined as
- g (56)
Vaverage = M Oan’mxv =Ko Ll

and where Vj,, = Vpy (p? = 5°) from Eq. (17), and L, is obtained from the iterative process described
earlier and has the value indicated by Eq. (12).

If there is no region Il, then 4 is substituted for p in the expression for 7, and there is no 7,.
The substitution of d for p is here analogous to the similar substitution in the drain current expressions
(5) and (21).

In the computer program FETREN, the calculations for transit time appear at line 6493 if there is
a Pegion 11, and at line 7105 if there is no Region 1L

NOISE CALCULATIONS

The method of calculation of the noise parameters is taken directly from Pucel et al. [4). In
FETREN, printout has been arranged (at line 9340) for: (a) noise figure in decibels if the driving
impedance is ZS, given at line number 9156 (BFZSD); (b) noise figure in decibels for optimum noise
driving impedance (BFMIND), (c) the optimum noise driving resistance (BRSO); and (d) the optimum
noise driving reactance (BXSO).

The noise calculations appear as a separate subroutine (ANF) between lines 9150 and 9343. The
gate metal thickness, HGM, is assigned at line 944, outside the subroutine.

COMPARISON WITH MEASUREMENTS

Figures 8 through 13 show measured and calculated values of the predominantly bias dependent
elements of a particular GaAs MESFET. The measurements were done at NRL, and the experimental
results were reported and discussed by Willing et al. [11]. The calculated values are from FETREN,
using only the material and dimensional parameters given in Table 2.

The overall agreement between measured and calculated results is not perfect, but it is reasonably
self-consistent and is better than any other method known over the full range of both of the bias vol-
tages. No noise figure measurements were made on this device, but the calculated values of the noise
parameters are included in the sample printout in Appendix A.

The values for the fixed resistances and capacitances are given in the sample printout in Appendix
A. They also are in reasonable agreement with measured values.

Calculations and measurements of various parameters have been compared by using several other
transistors for more limited. special cases. Similar fair agreement between the two is typical.
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Table 2 — Experimental GaAs MESFET — Physical Parameters

Gate Width, W 600 um
Gate Length, L 1.7um
Active Layer Thickness, a 0315um

Donor Impurity Concentration, N,
Low Field Mobility, i

7.5 x 10'%/¢m?
4240 cm?/(V - )

Assumed Saturation Field, E, 3.2 kV/cm
High Field Saturation Velocity in Gunn Domain 0.8 x 107 cm/s
Gate Metal Thickness, HGM 0.2um

GaAs Relative Dielectric Constant, er 129

Source Metal Length, SL 75 um

Drain Metal Length, DL 25 um
Drain-to-Gate Spacing, DGL 215um
Source-to-Gate Spacing, SGL 215 um

Drain Shunt Resistance, DR 1 650 ohms
Thermal Resistance, RTH 117°C/W

Characteristic Doping Density, n,,

3 x 10'%/cm?

Schottky Gate Built-in Voltage, Vp, 08V
Diffusion Coefficient, D 45 cm?/s

CRYOGENIC CONSIDERATIONS

With the material parameters included in the computer program FETREN, it would seem a rela-
} tively simple matter to calculate the full equivalent circuit and the noise performance of a MESFET at
any temperature. It should only be necessary to know how the material parameters vary with tempera-
ture. This may indeed be true—and it may not. The variation of the noise sources themselves with
1 temperature is not well established; also the difficulty and inaccuracy associated with cryogenic measure-
ments on MESFETs complicates correlation with calculations, especially if tuning must be done. with
~ the tuners themselves at cryogenic temperatures. Weinreb [17] reporied that the correlation between
both room temperature and cryogenic (20 K) values of measured minimum noise figure were in good
agreement with calculated values by Pucel et al. (4], the method used in FETREN: but at the same
time there were extremely large discrepancies in various other noise coefficients, raisings questions
about the validity of the noise figure calculation as well. This area needs further research.

DISCUSSION

The user of FETREN should be familiar with FORTRAN programming and editing. Several of
the input parameters must be written in by the user before running the program. The inputting pro-
cedures can be reprogrammed by the user 1o suit his own purposes.

The cost of the sample run in Appendix A was a bit less than $8. It provided 154 caiculated
points, al a cost of about a nickel a point.

At NRL the output information from FETREN has been used as input information for the well-
known time domain analysis program, SPICE. Large-signal, time domain analysis of a 2 GHz MESFET
amplifier was carried out. The fundamental output signal and its first three harmonics showed good
agreement with measured data. This was so in spite of the fact that the FET model in SPICE is the
Schichman-Hodges model of a junction FET, simulated with calculated MESFET values from FETREN.

It is possible, therefore, to go from semiconductor material parameters and dimensions 1o large
signal (as well as small signal, low noise) performance with no experimental intermediate steps. This is
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true for GaAs MESFETs at or near room temperature. It would appear to be a fairly simple matter 1o
modity the program FETREN 1o be suitable for other semiconductor materials; it is probably also possi-
ble to modify it for cryogenic calculations, but neither of these has yet been done.
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100
150
200
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400
Ss00
600
7To0
200
00
atn
915
=3 1
917
918
919
922
924
a2é
928
930
940
942
944
946
950
60
a70
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PROGRAM FEFRENCINPLT.DUTPUTY
50 1O 917
200 PRINT 200
200 FORMAT reENTER R«CNDsCND1» WG WsHGMe
RERAD @+ A«CNDWCNDNT s lise s HGM
500 PRINT &n0n
ANN FORMRAT CofFNTER 1G.VG0.DVGe)
RERD o. 16 VYG0sDVG
200 PRINT 90n
90N FORMAT (eENTER ID.VIDOs DVDe)
910 PRINT 915
915 FORMAT (eENTER ACNDsFDe>
RERD &.R«CNDN.FD
Q1?7 R=.315
CND=7.5SE16
FO=.4c4
CND1=CND-10. 0016
CNDE2=CND1
TNDM=2300N.
FO=FOe® ( cTNOM- 2010, Y@@ —_ 7))
We=1.7
W=600.
Wi=bie, 001
HGM=.¢2
WE1=WGRe1E~-4
16=3
v60=0.
DVG=-2.
1D=3

1010 vDO=1.

~10en
1100

DvD=2.
QEL=1.602€E-19

1200 EPSD=8.854E-12

1280
1285
1290

EPS=12.9
SEIF=0)
CF=1.56

1300 SL=75.

1303 DL=2S.

1306 DGL=2.15

1309 sS6L=2.15

1312 SDL=SGL+W6+DGL

1315 CAPCO=EPSOe (1.+EPS) eWel . E6

1321

RKDG=SPRT ¢ ¢ (DL +DGL +WG) ¢DGL)D -« (DL+DGL Y @ (IIGL +WED Y

1324 AKPDG=SORT (1.-AKDGeRKDG)

1327 CFDG=CRAPCOSCEIFK (RKPDG) ~CEIFK (A¥ DD

1332 AKSE=SORT (¢ (SL+SOL+WGE) 0SGLY » (SL+SGL Y @ rSGL +WHY 0
1336 AKPSG=SORT (1. -RKSGeAKIG

1339 CFSG=CAPCODOCEIFK (AKPSG) ~CEIFK (PKSEH)

134% AKSD=SORT (((SLATNL +STLY eSDLY A ¢ SL+STIL y o (DL +SDLY DY
1343 AKPSD=SORT (1.-AKSDeAKSDY

1351

CFSD=CRPCOSCEIFK (AEKPSD) ~CEIFK (RKSD)

1359 RDEN=W1eReCNDN]ee. 22
1360 RCO=2.1/ (Wiefees, SerNDZee, 661

1362
1364
1366

RCHI=1.1e3GL-RDEN
RECHD=1. 1eDGL ~RDEN
RE=RCO+RCHS

1368 RD=RCO+RCHD

1370 RG=(17.0(W1.-4,1062, 1. (WGOHEMOW])
1372 PRINT 1380 +RGsRSsRD

1380 1380 FORMAT (& (RG=e+F4,1y06 i RZ=0.F4,. 1.0 FD=e,F4,150)®
1393 PRINT 139A.CFNG«CFSGCFSD
1396 1396 FORMAT (e ¢ CFDG=@sF7.4:0PF  (FIG=0+F7.4:oPF

CFSD=e,F7.4.ePF

e




1397
1398
1400
1410
14195
1420
14320
1450
1500
1550
1560
1570
1580
1605
1610
1615
1620
1650
2000
2100
2200
2300
24900
2600
2700
2800
2900
3000
3100
3150
3200
3300
3400
3500
3600
3804
3900
3901
3902
3918
3920
3930
39395
3940
3950
4000
4100
4200
4300
4600
4700
4800
4900
5000
S030
5040
S060
FNR0
SO0
5100
s120
Send
5300
54010
S5O0
Se00
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PRINT 1398

1398 FORMRT e &

VPD=0EL sRefieCND® 1 . E-6. (2. ¢EPSDOEPS
ChR1=1.

CDR2=3.

RSHUNT=650.
DR1=RSHUNT e (6011, W)
RTH=?70000. -V

ES=3.9

PRINT 1560

1560 FORMAT (e VG vD CsW
PRINT 1580

1580 FORMAT (e o

F=FO

AVELSAT=. 8ES

CNCR=3.E15

AK=4.

1650 PI=3.1415927

X1=, 10ES NG VPD

VB1=.8

DD 1100 I=1,16

VE=vYGD+ (1-1> ¢DVE

T=1.

WSN= (VBI-V¥6)> /¥PO

IF (WSN.GE. 0.>60 TD 1300
PRINT 1200

1200 FORMAT (ovG GT VBI LINE 2600e>
RETURN

1300 S=SERT WS

2P=S

IF(S.LE.1.)60 TO 1500

PRINT 1400

1400 FORMAT oS GT 1.0 LINE 31008
RETURN

1500 BET=2.eR PI

BO 1100 J=1,1D

VD=vDD+ (J-1> ¢DVD

3901 §$=2P

DET=1.5

1318 PL=3

PH=, 99999

VELSAT=ESeFe1.ES
GO=ReGEL oF (NI
AIS=60eWeESe. 1

1600 STEP=(PH-PL> /1D,

IF (RTEP.GT,1.E-22G0 TO 1800
PRINT 1700

1700 FORMAT (oSTEP LE 1E-Be>
RETURN

1800 DO 1900 kK=1.11

P=PL+ (K-1)eSTEP
Fl=PeP-Sel-(PeeR-Teer 02, -3,
AL 1 =G0eWeVPOeF 1/AIS. (1, P
DEL 1=VPOe (PeF-SeS)
XYy2Z=(W6-RL 1) ~RET
Xy2=XyY2/CDR1}
XYA=EXP (XY2) ~EXP (=XY¥2)
XYB=XYR/2.

XYB=XYBeCDR1
DEL2=YPO®BETe (X1 /WGs #XYB
DEL2=DEL2eCDRE
DEL=YD-DEL1~-DELZ-RISe 1. -Pre (RI+RD?
IFABS (DEL: .LT.1.E-4260 TO 2200
IF(DEL.GT. 0,060 TO 2100
1900 CONTINUE

PRINT 2000
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) F=F0e ¢ i TNOM+ERTHOPD) - TNOM) ®0 . —, T a0

N GO TO 3918

0 AN= (1. -3 eYI— 1. ~P)

_1‘
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cO0l FOPMAT ceND CHVERGENCE IN 11 ITERATIONSe)
N RETURN
2100 PL=P-STEP
PH=F
T 50 TO 1600
2200 S2=S0RT C(VBI-VG+RAISe (1, —P) RS ~VPDD
IFfARS (S2-SH.LT.1.E-4>50 7O 6100
=g
GO TO 3918
6100 IF(AL1.GT . W6>G0 10 6620
AL2=W6-RAL 1
BL21=AL2-AL1
N CUR=RI[Se !, -
2 CVD=VD-CURe® (RS+R D>
CSUBR=RK e« /CND-1 , E17) 00 2530 YDee Siek- 1, ER
CSUR=CSURBAS (AVEL SAT Y REST @ C(INCR- 2 E1%5 0@, 25
CUR=CUR+CZUR
A CUR=CLUR+\TD.-DR1
IF(DET.GT.2. 60 TO &3220
5 DELT=CUR®1.E6- iDELOUNDOMOVEL AT
N PD=VDer LR

CDR1=(R-,25eDELT> ~A

DET=DET+1.
320 X=F1e WG-FL 11 -2, R
=X ATDR

= CEXP O +EXP (=X ) 2.

AD=(2. P (1, =PY+X AL 1 WG oY
DENR=AD-2.ePe 1, P>

BM=R [ SeRAN- DENR VPO
DR=VPOeDENR RIS~ (1 .-P>
nR=(NR1eDR> / (DR1+DR>

RSU=2, CYD-CSUR

PR= (DR&RSL) 7 (DR+RSLD

Fi1=PeP~SeS—- (PeeI-Seezre2, 3,

FE=RAN-DENR
F2=((Poe3I-See3s102. 3.0~ (Fosq-Seedr 2,
FCIR=(2.oPePe | PO (1. -P)+F2) 1. P>
FCiB=Se(1. -5
FC1=2,.oRL 1 ¢ (FGOoFCIR-FCIB) “F1 /R
FC2R=2, ¢ (WG-RAL 1> oF6-RA

FC2B=1.-2. ¢PeF G

Z=CEXP (XD —EXP (=¥)>) 7 (EXP (XY +EXP (=3
FC2C= (2. ohGoP A/ X1 Y242
FC2=FC2R+FC2ReFC2C

CSG=EPSeEPSOele (FCI1+FC2+CF) o1 E6
IF(CSG.LT. (CFS6/2.)*CS6=CFS6-2.

TAU= (AL 1 #AL 1~ (FoVPO® (PoP-SeSX )1 +1 0. ¢ (WG-AL 1) /YELSAT
BFC=FC1+FCo+(CF

PINPHS=TAU/CSG

IF(VD.EQ. D.ORINPHS=TRL-CFSG

6498 IF(SEIF.EG.10060 TO 6560
IF(SEIF.ER.200 R0 TO 6560

6500 CVGP=VRI-VG+CURSRS

IF <CVYGP.6T.VPOYE0 TO 6520

CiW=Pl oEPSeEPSOeWbel .EB 2.

60 TO 6545

6520 CSW1=SORT VPO CVEP>
CSWE=RSINCSEWYD

CEW=EPSoEPSDoNGe] . EB

CSW=CSuWeCSWe

654% PRINY ASSN«sVEVDICSWsCURsGM« IR« SR
655N FORMAT (F6. 3+2XsFT.3+2XsF6. 393X FS. 4 X s FR. 4o INFR, 102X EL1D, 3
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6560 6560 GO TOD €o00n

6570 6570 RBCD=3,

5580 PRINT 7130 TAURINPHS

6585 CRALL ANF (P SoF 1 DENABLE 1y FOs XTI v R AL PI v F e QEL WG Y2 CGT P o Ry GM
ESRESTNOMBFCo RINTHY

6590 SEIF=C

66060 1100 CONTINUE

6610 RETURN

6620 6620 CURL=G,

6621 ALz=1.

6622 BL21=0,

662% CURH=RIS

5 2 STEP= (CURH-CURLY ~11).

IF CRBS « ZTEP» .GT.1.E-226G0 TD =

50 TO &San

PPINT 7

7 FDRMAT (o<TEP LE 1E-%,ND.2®

0 RETURN

300 4 L=1.11

CUR=CURL+ (L -1>¢STEP

SSG= VBI-VE+CURSRS s ~ PO

DS@= (VRI-VG+VDI-CUFeRDY VPO

FoD=NSR-SQ-2. ¢ (NTNeel S 10@) 1 -7,

El1=CLR-GDeWeVPDeF 2D Wi

IFABRS E1D LY. 1.E~-430D TO S

IFEL.GE.0.7G0 TD &

1 4 CONTINUE

* 50 TO £SN0

FCURL=CLIR-STEP

0 CURH=CLUP

GO TD 2

S =
Ii=
F1D=DeD-Sei-12, - T, rerDeei-"0e2,

S CLUR=R0ekeVPRIOF 1T Win

3 CVD=VD-CURe (RS+RD

CEURA=AE e «CND-1 E(T 00 St e \Niee Sorek-) EF
CSUR=CTURAS (RVELSAT - 2ES @ iLNCR -2, F 1% 08, &%
CUR=CUR+L SUR

CUR=C R +vD.-DR)

IF«DET, AT, 2.0Q0 TO wegs

PD=VTIeIIR

F=FOe® s cTNOM+F THOFDI - TNOM ®® = T3¢

. DET=DET+1.

0 TO 391%

BRRE GM=Gelie N1~ 3

T =l b 0+ 1. -

Pzl=g. o VD CTUE

IF= DIFeF Il - IF+R L

. TIP= ' DF1eDF . IF1+TIF:

[N B A P (PR
Fe=irDeei-"6e 102, =, 1~ i[ieed-Teed . >
TN FUCiR= > eNelier |, —Jivecl ~Lit+FSr 721, -

TNED ROl FoeFCIR-"e 1 -1 182 oW5-F1L-R
Thie it BFC=FC{+CF

SN S IR=EPCeEFTDele Fr14+CF et EX
SIine TR CSGR LT, «NFIR 2 IRENFIR.
T1LOS TR oL FovFle  [iell-"e7 11
THIHn PINFH =TRIL. TR

THS O IFYDLEQ. DL cRINPHI TR CFIG
T1EO TLEN FORMAT e ThRiizesFL, Seof “EL RIMFR e Fa, S ve0HM e
Tann k0 TO £4aE

SN 20a0 PO e, 32

2NN MET=  RVEL CRY Foet F-*¢

s
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HNSN T uicerHE Te ]
2NN AGO=UEL eI N[IeF efRel Lin
207N CURPFOH=RG0eVT
I DIF=4%,
S AYGREVG- LI eR T
4% ETH= Q225 -367 ref e . £-4
N WTH="TORY o2, oFF DeEP @ 1 VE YIS+ FTHeOWIS + DFL &N @1 00,
IF R-WMTH! 2110811021 a0
2110 FRINT =115
2115 FORMAT e MNiGDe:
BIZ0 HO=T0RFY (2, eEPCOGEFP e/ VRI-AYG - ELSCHNT 1ol i,
2122 ROF=ADeZORT « «YRI~VEY - (WRI-HVG
8125 Q=0FL eRDelebiner ND
8130 RACUR=RG0e 1, ~A0 - A>»eVE
8135 COSO=EP-DeEFSewelGe] E6. i, onlls
2127 C6S0=CGE0eR0- ROF
140 CDGO=CGE0O
8150 AGM=Z0RT (QEL SCNNSEPSeEPSD. 2. ¢ VR ~FYWG 1) 1 oFeE elde] [ ES
2160 PM=1000, “AGM
8170 PM2=RMee,
175 IF(T.G6T.2.260 TO 2195
8180 PRINT 2190+.CGS0
8190 23190 FORMRT (e CRI0=CDG0=e.F7. 2 oFOR VD=0, e
819% &19% T=3,
8200 AVN=VD-CURe (RS +RD)
8210 IF (AYI-YI08220,8220+8370
geen 8220 RGM=SORT (DELeCNDeEFSDeEPS . T, ¢ iVEI-AVG) 2 ) oF oAVD N/ (WE el E-r ¢
2230 Dpam=a.
g4 BCUR=AGOe (1. -RO-Rr oAV
8245 IFSEIF.NE. 0G0 TO 8637
8320 PRINT 8330+ RBGM
8330 2330 FORMAT (e BGM=e+FS, IsoMMHO (FOR VYDINT LT YSre:
8360 GO TD 8637
8370 8370 YDOM=AVD-VS
8330 C=RGHe (1, -RO/RAY eV
8440 CDOM=364, ¢ (R-AD> oWeSORT (EPSeEPSDSCELOSORT (CNCReCHNT -w TN
R4TN FM=, 007826 SORT (CELeORT (CNDOCNCRY o/ T1OM.- (EFZ0EFP ) ¢
8450 DDOM=206 0. ¢SORT (VIDMOEPSOEF SO vQELOSUR T CCNIOLHCF ) »
8490 RDOM=1.4946E7*SORT (EPSeEPSDeVIIDMee:: -~ (NIFeMe iR—RD ¢ 1 QELSGEL S MG HIF 1 00, TS
8500 RVY=(YBI-AVGY ~VDOM
3600 RN=SORT (SORT (CND-CNCRY
8610 CDG=PCIGe ! . 46eEPSOEPSONOSORT /PV) oRNel EF
8620 CeS2=CDG-CDG RV
8625 (6GS2=1.66C652
8630 COIS=RBS (~CGIN+CHID
8631 C6I=1.3eCRT
A37 8637 B0 TO 8700
8639 IF «SEIF.EQ.10> GO TD 2690
264N RA4N PRINT 250 (RS LIGCDOM«RDOM
B8RS0 2650 FORMAT <o COSCORCDOM FDIOM=0 e F&, ZeFE. 2eF 7, SefFE, 1
2652 IF ¢ WD.GE.YPOT>GD TD 2ke0)
2854 PINSH=TALIF -GS
wnSe b TO0 Seec
SEAN 2660 RINTH=TALL-CHS
FREE BELZ RPINTH=RININ-1, 9
8565 IF VWD EG, N, W RINTH=THL - CF25
867N PRINT 2680.RINTH
2680 262N FORMAT e FIN_H=eF7 2
2690 3630 GO0 TO £57n
8700 8700 IF« 1.NE. 1y G0 TO 27&D
arne IF«"FIF.FQ.&N 0 TN =70
R72% IF HCEIF.EC. 100 B30 TO S740
2710 TEIF=1n
2v1s YTEMP=VD
2720 VvPOT=VPO ¢
2727 YDFt=wPO -7,

34




NRL REPORT 8561

TIES WD =\POT

o0 TO 29

2740 SLOFRI= CI-C D0 - v

2741 TLOPZ=/IRI0D- -3, v - YDF

8742 TLOPI=rRI- v IRT0-2 0 o WPOeC.S T

2742 YINT=0RI0-2. - SLOF ZeVIIF L

B74% TFlfF=2N

VS0 VYI=wTEMP

STSZ TALP=THAL

27S% 50 7O 330y

]YEN 2760 IFVOL.GE.VYPOT W30 TO Se4d0

VA5 CDG=IL0F1evID+ IS0

8768 IF/VI.GE.VDFI»0 TQ =772

Y70 CoT=SLOPcevII+C G0

2771 o0 TO 2640

8772 2772 COS=SLOPReVI+YINT

&vean 60 TD 2640

000 END

IND FUNCTION CFIFK (AKC)

9103 AN=1,3862944

9106 ALl=.1119723

9109 R2=, 0725296

9112 BN=.5

9115 Bi=,1213478

9118 B2=. 0288729

9121 AKC1=1.-AKCerk C

9124 AKC2=RKC1eRKC1

9127 RAKC3=RAN+R1GAKCI+RZeAKCZ

9130 AKC4=CBO+BIeRECI+BoeRKCEIORLOG L. -AKC LS

32 CEIFK=AKCI+RAKC4

2123 RETURN

2139 END

G150 SUBROUTINE ANF (PsSeF1sDENAsBLEL s FGR Ty AALE e FleFeDEL s MG e Y+ LG PEyFhs
S1514+6M TNOMs BFCy RINSHD

9152 COMPLEX ZSeBZCsBYIINEVIIDsBY11EV2l e BN« RENZ« E2CAR«RICFEZCC
9154 CGIS=CGSe1 . E-12

QISE ZS=iS0, 0,0

9158 BF=10.E9

9159 BW=2.eFleRF

9160 BPO=(PoP-Se5~( (PeeI-20031 04, 2,1+ iFeed—Tee41 -2 11 -F1
9165 RDEL=1.¢

9170 BPD=(2,®BDEL -F1)@( (], -P o033 @i S—P+ALOG  r 1, ~T% v 1, =P
9172 BFR=DENF-c1,-F"

9175 BGAM=<(1,~Pre (1.-P)>eBFR-F1-Y

B0 BK=(((POO4-500471 .6, 1 —( (PPe3I-T08%1 3 1+ (P-T16i 70021 —iTeeZ 103, 3.1 F1
9181 BK=BK+BGRMeP

9185 BKP=Rk+ <} -P>eBLC1

919N RROA=RKPORKP® (PeP-S05) —RKP® cRKF+BGHAM) ¢ (Feei-Toe31 04, - 3,
Q191 RROB=0.5e¢ (RKPeRKF+4. ¢BKPeRGAM+BGAMORGAM> ¢ i Pood-"004)
9192 BROC=+BGAMOBGFM® (Poet—S0e6) 3,7 —11. 3¢ (RKF ¢BGHM+ EGHAMOERFM ¢ \FooS - ee%
3192 BRO= (EFOR+BROB+BROC) - (FleFleF 1>

9195 BRDA= (2. oRKPOBGAM-RGAMORGAM: ¢ FoF—<e<)

9196 RRDB=EGCRAMeRGAMe (Pee3-Seer e, . 3,

197 BRDC=g.e  (BkP-EGAM) 002 (P-S+RLOG: ¢1 ., -PY <t 1,-S) 2

9133 BRD=RDEL®«(1,-Free31 0 BRIA-RRDE-RFRDI) - iFleFl1eF 1)

00 BTOR=1 (PoP-SeS1— (Pee3-5e03704,. 2,4+ Feod—"004)..2, ) eBKP
3EN1 BEOR=+¢ (Peed-5e0647~ ((FPooI-S001 62, -3, 1-iPoeS-"0e65) 62, %5, Y eRGAM
9z0c BTO=RSOR+BSOR) - (FleF1) |

NS ROSA=«BEP-RGAM. ¢ S—P4+ALOG: i1, -5 1 1. -P>) ) +BGAMe (PeP—SeS) -2,
9206 BLD=Z,eRDELec (1. -P)ee2 eBD A ‘FleF1n

310 BPi=l.~Pr e (BPO+EPD) ~ (F 1 oRGAMORGAMOF 3

3215 BP2R=FleRLZ A

9216 BP2R=/EXP (BP2RY - (4, EXP ' BPEA-&. V) +3, +BF 2R

I217 BP2C=i1.-PYePl -2,

9218 BP2D=«TIN(BP2C) ~BP2C) o082

9219 BDIF=35,
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RIIFO=1.374E~23eTHOMeF ¢1 0000, ~OEL

BF3=16. ¢BD1F eBP2NeRPZB. ( (P1ee3) ¢BDIF(D
BP2=(1,-F) oWGOEF 3. 1 X 16BFReBFRoFGeA

EKPR=Fk P--BGRAMeP
BPe=tinffROXIOfl.—P*ﬁ-00?30--E.OFIOBkPP/BFPfBFE-OOE'OFEOEF?
BRIz Fl-11.-PYieeh e 1@, e W3 A 'l BGAM EFI)eec: oFGe EFO+EFI

1 PLTHG=RL .- Wis

S BPP=BP1+BRP?Z

0 BRR=BR1+EBR2

= ECCA=SGRT (BP1eRR1.RPP-BRR)

¢ BCCR=<QRT (RP2eERZ. BFP.-BRR)

7 BOCC= REOETI ~2ORT ¢ (RRO+ERD ¢ «RPO+EFT

£ RCC=RCCT ORCOA+RICE

0 RYPIN=CMPLY 0. « BUlel Gl

2 EY11D=CMFLM /1. +BUeIGIeRINIH

4 BY11=RY1IN-BY¥11D

0 Evel=oM-BRY11D

< RGNz EWeRWe GT e 370 - GMeBFR

N BSIN=GMeERPP

n BGHI=EY11-PYE1elGRT  BCDM
BGNS=CMPLY i, o (BLL @S0URT CRGGM
BGN=-ERB$-F6N1—BGNEW'002+-1.—E(E0BEE\0FGGN
BPN=PG+PS+¢BEDN,f‘EHE€~FY81s100810-1.—BEE0E(E-OFGGN Bl
EPN=RRN—'RG+RS 1 + RE+R T o« TNOM. 2010,
BFCR=BGDHO(DH!GfFY1l*"'fERBi A R 2
BEZCR=RCCeSPRT i ReGNeBGDINT PVl
R2CC='0.s1, &BZCE
BT =PG+RC+ ' BICH+EICC « BN
ENF1= CRARI «ZT+RIC 1 @0
BMF = BRN+RGMHORMF 1Y - RERL 7 0
BFZ°D=10, eALDIR1 00 1. +RHFZ
EFZO01=FEAL ‘B ,
BRTD="0ORT RRPSO1eec+ BFN BGHN:

B I0=-RIMAG BICY

Pk G=BEFR+EPP-2. ¢RCC®ZORT ( EFPOEFF

Ek(= RPP-R(CeSORT (EPRPORFPY ™ . BR 1>

FrP=ERRORFPe (1 —K [ eRCL " Eki3

BFMIN=1.+Z. eRioMe «EF-01+BRS0:

EFMIND=10, eALOGL O BFMIN

PPINT 2« EF7SD« BFMIND. BRS0. BX S0

G FOPMAT (e MZ=®«FS.1.eDE3} NM=®.FS.1eDE: POF=#.F7 . 1+e0HM:

I+Me

0 PPINT 2260

G260 FORMAT ve o
FETLIRN

END
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PR= 1.9 8 PS= 4,08 RD= 4,0
v CFDiR= L NETPPF 8 LFIG= DRIZPF ¢ CFTD= | 0R%41FF
Wi R U LIl [R5 =M e Y
ﬂ.Dﬂﬂ 1. 0000 30 RT3 L nEes E-] L24RE~01
Z0=CDiR0= 4.LFGP VD=1,
22. 1MMHD -FDS WDINT LT NS
g TPGI DG DOMJRIOM= 283 L322 L 01ERE 3SA. ]
FINZH= 17,61 ,
TAL= 22 B5FIEC § RINPHI= 4, T40HMS
MZ=  S.30RE NM= 2. 0BY ROP= 3. 00RM: XDF= $59.60HM
3, Qa0 To00n0n L 03N . 1458 NS3 2 101.6 LTRASESDN
CRSCOGCDOMRDIOM= €21 070 . 01444 SA7.R
R RINSH= 7.7
TAL= 3. 12PSEC 3 RINFPHS= 11, 8600HMS
f N2= 93.3DB: NM= 7.6DR: ROP= 18.50DHM: XOP= 31, 50HM
. 00N S. 0000 030 . 1452 . 0521 205.¢2 LOTRE+OD
FGS«CDG.CPOM.RIOM= ,7%4 045 . NN8431 051.7
RINSH= S.86
TAU= S.40PZEL ¢ RINPHE= 10, 230HMS
NZ= 4S.6DLR3 NM=  7.7DR: ROP= 16.,.80HME: xDP= 29. 10HM
~2. 000 1. 0000 L0320 . 1626 n349 19,0 . ZAEE-01Y
CH30=CDR0= .OS2FOR vD=a,
CAS«CDG.CDOM.PDDM= .141 . 45,5
RINSH= 31.21
TAL= 13, 32FZEC S RINPHI= NOHM<
} NZ= S.4DRS NM= 1. 1DR: ROP= P ospP= 137, 2DKM
L ~-2,nnn L nnan SN o7 2R RN 185, 5 SESEA O
CEE -tholDUﬂ PDUH- ZeY L ags L ans7e go1o.1
RINSH= 16.30
TRL= 2. 28PSEC § RINPHI= 14, £40HMS
R MP= 4.6DBS NmM= 2, 0ODR: RDP= 42.20HMe =0F = TV, 00Hm
~2, non L nnnn NN nTre TS FEE.nN CSETE+DN
Ce= -IDGvIDDH PDUN— e L DEZ L ongnd S51e.7
RINSH= 10,4
TRU= ?.SSP?EE 3 FINPHE=
2= S,2DR: NpM= .&DER: FPOP= w1, 50HM
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Program FETREN Notation List

Input Parameters

A Active layer thickness, um

CND Doping level under gate/em?

CNDI Doping level between gate and drain and between gate and source
in units of 10'¢/cm?

WG Gate length, um

W Gate width, um

HGM Thickness of gate metal, um

1G Number of gate voltages to be run, integer

VGO [nitial gate voltage, V

DVG Gate voltage increment, V

ID Number of drain voltages to be run, integer

VDO Initial drain voltage, V

DVD Drain voltage increment, V

FO Low-field mobility, m¥/(V - s)

CND2 Not used in program

TNOM Nominal, ambient operating temperature, K

QEL Electronic charge, C

EPSO Free space permittivity, €, F/m

EPS Dielectric constant, relative, €,, of GaAs. dimensionless

SL Source metal length, um*

DL Drain metal length, um*

DGL Gate metadl to drain metal spacing, um*

SGL Gate metal 1o source metal spacing, um*

SDL Source metal to drain metal spacing, um*

VPO Pinch-off voltage (calculated)

RTH Assumed thermal resistance, °C/W

ES Saturation field, kV/cm

AVELSAT  Saturation velocity for extremely high fields, m/s
(for Gunn domain caiculations)

CNCR The characteristic doping level (for Gunn domain calculations)/cm?®

VBI The gate metal-to-semiconductor Schottky barrier built-in voitage, V

FA) Complex driving impedance, ohms, for calculation of
noise figure, NZ

BF Frequency for noise calculations, Hz

BDIF High field diffusion coefficient, cm?/s

Output Parameters

RG Gate metal resistance, chms

RS Gate-to-source bulk semiconductor and source contact
resistance combined, ohms

RD Drain-to-gate bulk semiconductor and drain contact
resistance combined, ohms

CEDG

CFSG Metal pad-to-metal pad fixed capacitances, pF

CFSD

VG Applied gate voltage, V

*See byl 7.
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VD
CSwW
CUR
GM
DR
CSG
CGSO
CDGO
BGM
CcGS
CDG
CDOM
RDOM
RINSH
TAU
RINPHS

NZ
NM
ROP
XopP
NGD

NRE REPORT 8561

Applied drain voltage. V
Sidewall capacitance, pk
Drain-to-source current, mA
Transconductance, mmhos
Drain-to-source resistance, ohms
Source-to-gate capacitance. pF, see text
Gate-to-source capacitance, pF, when VD = 0
Drain-to-gate capacitance. pF, when VD = 0
A transconductance calculation by [12]
Gate-lo-source capacitance, pF, see text
Drain-to-gate capacitance, pF
Domain capacitance, pF
Domain negative resistance, ohms
Input resistance, ohms, see text
Transit time, ps
Input resistance, ohms, by [4]. using calculated
transit time, TAU
Noise figure, dB, when driving impedance is ZS
Minimum noise figure, dB, for optimum driving impedance
Optimum driving resistance, ohms, for minimum noise figure
Optimum driving resistance, ohms, for minimum noise figure
“No Gunn Domain" by the criteria of [16]
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Appendix B
Program FETREN Flow Diagram
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Appendix C
CALCULATION OF TEMPERATURE EFFECTS ON GALLIUM ARSENIDE MESFETS

R. E. Neidert
Naval Research Laboratory, Washington, D.C. 20375

ABSTRACT

A simple way of accounting for temperature effects in analytical, equivalent circuit models for
microwave gallium arsenide MESFETs is shown. The approach is based on the knowledge of the ther-
mal resistance of the device in actual operation, and the variation of the device’s low-field mobility with
temperature. This paper develops working numerical estimates for both of these characteristics, gives a
method of incorporating them into the model calculations, and compares measured data with
temperature-corrected, calculated results.

1. INTRODUCTION

Comparisons between measured data and calculated results for MESFETs (metal-semiconductor
field effect transistors) might agree better if temperature effects were included in the calculations. The
method of accounting for these effects is simple, once the actual thermal resistance of the device in its
operational configuration is known and a relationship between the device temperature and its low-field
mobility is known. )

Section Il provides a theoretical basis for the determination of the above two unknowns and for
their utilization. In Section IlI, some measured and calculated results are compared.

1. THEORETICAL CONSIDERATIONS

The variation of low-field mobiliy with temperature is a strong thermal effect in microwave GaAs
MESFET operation [C1]. The rate of this variation is itself temperature dependent because different
carrier scattering mechanisms predominate in different temperature ranges [C2]: also, the degree of
temperature sensitivity appears to be doping-level-dependent, as is shown later. For purposes of this
paper, and for most applications, 300 K will be used as the reference environmental temperature. The
method used to develop the mobility-versus-temperature relationship centered at 300 K is of course
applicable to any other reference ambient temperature. (See Ref. C2 for guidance.)

The published, measured Hall-mobility data given in Table C1 has been reviewed in an effort to
find a suitable mobility-versus-temperature relationship. The distinction between Hall and Drift mobil-
ity may be neglected to a good approximation as explained in Ref. C3; moreover, only the slope is
involved here. Table Cl gives the exponent, A4, relating mobility and absolute temperature, in the
vicinity of 300 K. for several impurity levels of n-type GaAs, according to the relationship

moe T

In the proportionality, u, is low-ficld mobility and T is absolute temperature in degrees Kelvin. The
sources of the data, Refs. C2 through C6, are also given in Table C1. A linear least-squares fit 10 the
first five data points, merged with the asymptote given by the sixth data value (for intrinsic material),




NEIDERT AND SCOT!

Table C1 — Measured Temperature Seasitivity of
Mobility versus impurity Level Gat 300 K)

Reference | Impurity Level/em” [ A ]
C3.C4
C3.C5 3.7 x 10" -0.97
C2 1.3 x 10"* ~1.46
C2 2.7 x 10 —-1.01
C2 7.1 x 1018 ~1.06
Co6 intrinsic ~1.80

vields the curve of Fig. Cl. These data and the resultant curve are certainly not conclusive. but the
indication is that in the vicinity of the 10"/cm® doping level of microwave GaAs MESFETs an
exponent, 4, of —0.6 can be used. In the convincing comparison with experimental results given in
Section 1lI, for which the transistor doping level is 7.5 x 10'*/cm?, a value of —0.7 is used for the
exponent (as suggested by Fig. Cl). Also, in subsequent calculations, the saturated velocity was
allowed to vary directly as the mobility, as was suggested in Ref. Cl1.
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Fig. C1 — Estimated plot of mobility temperature sensitivity
versus impurity level at 300 K

The other parameter which must be known in order to calculate the thermal effects is the device
thermal resistance in actual operation. This value can be measured for a specific case:. however, it can
also be estimated with reasonable accuracy.  All device manufacturers are aware that good heat sinking,
especially tor power FETs, is important; so they all tend toward the state of the art. A survey of
several manufacturers was conducted {in a few cases proprictary information was provided), and pub-
hished information was reviewed, to determine typical thermal resistances. The values were found to be
in the vicinity of

R,y = 70000/ W) °C/W.
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where Ry, is thermal resistance in °C per watt and W is the gate width in microns. This equation is an
oversimplification, but it provides a useful first order approximation. [t is possible, of course, to devi-
ate greatly from this value but, based on the findings of the above survey, such wide deviations are sel-
dom found in practice, either for power or low-noise devices.

The above information forms the basis for caiculating the device characteristics which are affected
by operating temperature. By taking advantage of the fact that the 1emperature sensitivity of the low-
field mobility is such a predominant factor in overall MESFET temperature sensitivity, the
temperature-corrected values for the dc and sma'l-signal characteristics can be oblained wilh a simple
correction in the mobility value. The correction procedure consists of the following steps, noling that
external voltages must be used so that all the parasitic resistances are included in the power dissipation
calculation: (a) calculate the drain current at th: relevant bias point; (b) calculate the total dissipated
dc power, equal to drain current times drain voliage; (¢) calculate the operating temperature of the dev-
ice by using the total dissipated dc power and the thermal resistance; (d) calculate the corrected operat-
ing low-field mobility; (e) repeat steps (a) through (d) and use the new mobility value each time—until
the mobility converges to its final value; and (f) recalculate all characteristics by using the final,
corrected mobility value.

In the following section, the mobility correction is performed at each bias point, for the experi-
mental device doping level of 7.5 x 10'%/cm?, according to:

}Lo(al T) = Mo (at 300 K)[(300 + RTH ‘ Pp)/300]ﬁ07,

where P, is the total power being dissipated by the device.

II. COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS

The pertinent information on one of the transistors used for experimental comparison is given in
Table C2. The calculation method was that of IC7). excep! that alternate equations were derived and
utilized when the method of [C7] vielded a computed. constant-mobility region length under the gate
which was longer than the gate itseif. (See Refs. C7, C8. and C9 for some discussion of this case.) For
temperature correction, the mobility was adjusted according to the method discussed in Section 11
Typically, only one iteration was required.

Table C2 — Parameters of Experimental Tran«istor

Active layer thickness ﬁ,j—fﬁ_u m
Doping level 75 x 10"/cm?
Gate length 1.7um
Gate width 600 um
Source parasitic resistance 2.8 ohms
Drain parasitic resistance 3.7 ohms
Intrinsic GaAs relative diel. const. 12.9
Thermal resistance H7°C/v
Low field mobility at 300 K 4240 cm?/V-s
Schottky gate built in voltage 0.7V
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The calculated and measured 1-V curves of the device are given in Fig. C2. Two sets of calculated
curves are shown—one with temperature correction and one without. The similarity between the meas-
ured curves and the computed curves with temperature correction is convincing evidence of the
existence of strong temperature effects and the suitability of the method of accounting for them. As
would be expected, temperature effects diminish as the gate voltage approaches pinch off.

240 1 1 1 T | I
: o—9 MEASURED

220 |~ O— ———=0 CALCULATED WITHOUT —
TEMPERAT:.RE CORRECTION

O—————0 CALCULATED WITH
200 }— TEMPERATURE CORRECTION

GATE-
SOURCE
VOLTAGE

Vgs = 0.6

0.0 —

DRAIN-SOURCE CURRENT, MA.

0 1 2 3 4 5 6
DRAIN-SOURCE VOLTAGE, Vps

Fig. C2 — Experimental transistor I-V curves

Without showing additional curves, the following discussion outlines some other abservations on
temperature effects which were made. The caleulations (both with and without temperature correction)
were done according to Ref. C7. Note that, for constant applied gate voltage. anncrease in the apphed
drain voltuge results in an increase in operating temperature. The 1emperature-corrected, caleulated
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transconductance decreased with increasing drain voltage for gate voltages in the vicinity of 0 V, con-
sistent with measured results. On the other hand, the equivalent transconductance values calculated
without temperature correction increased with increasing drain voltage, contradictory to the measured
data. The calculated values of input capacitance were nearly unaffected (less than 2%) by the tempera-
ture corrections. Finally, the temperature-corrected, calculated drain or output resistance was always
higher than the value calculated without temperature correction. Therefore, with temperature correc-
tion, the increase in drain resistance with increasing drain voltage was somewhat larger than that calcu-
lated without temperature correction.

Fair quantitative agreement was obtained between the measured and the calculated values of tran-
sconductance and input capacitance, but the drain resistance calculated by Ref. C7 was in all cases much
higher than the measured values (approximately four to ten times higher). Therefore, the actual sensi-
tivity of the output resistance to temperature is not necessarily predicted by this method of calculation.
Work is continuing to include additional terms which contribute to the output resistance, and to investi-
gate their temperature dependence. The additional terms being studied are the Gunn domain negative
resistance when present [C10-C12], the resistance representing hot electron injection into the otherwise
semi-insulating substrate when the Gunn domain is present [C13], and simple substrate or surface leak-
age when it is present.

1V. CONCLUDING REMARKS

The effects of temperature on RF performance have not been explicitly presented in this paper. It
is possible and straightforward to calculate these RF effects, in any special case, by computing them
from the modified equivalent circuit element values.

A second and somewhat different transistor, having 300 u m gate width and 1.0 4 m gate length,
with an active layer thickness of 0.24 um, has also shown good agreement between measured 1-V
curves and calculated curves when temperature correction was used in the calculations. The negative
slope in the I-V curves at large values of bias power appeared again, both in the measured data and in
the temperature-corrected calculations.

The static negative resistance in the I-V curves of GaAs MESFETs is not necessarily caused by
temperature effects alone. There can be other effects involved;, Norton and Hayes [{C14] indicate this

with some reservations. It is interesting to see, however, at least in the cases considered here, the
much improved agreement in the calculated I-V curves by accounting only for temperature effects.
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