
7AD-Alli 299 NAVAL RESEARCH LAS WASHINGTON DC F/6 9/3
COMPUTER PROGRAM FOR MICROWAVE GAAS MESFET MODELING. (U)
FEB 82 A E NEIDERT, C J SCOTT

UNCLASSIFIED NR-8GNL

MENEEONEEhh

Lflflfflffl[



NRL Report 8561

Computer Program for Microwave
GaAs MESFET Modeling

R. E. NEIDERT AND C. J. SCOTT

Microwave Technology Branch
Electronics Technology Division

DTIC
ELECTE
FEB23 W

February 12, 1982

tNAVAL RESEARCH LABORATORY

Washington, D.C.

Approved for public rels, distibutbn unliited.

0282 o23 010



SECURITY CLASSIFICATION OF Tt15 PAGE (W-f Dot. El...d)

READ INSTRUCTIONSREPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

I REPORT NUMBER .2 GOVT ACCESSION NO. 1. RECIPIENT'S CATALOG NUMBER

NRL Report 8561 "IjI // .7

4. TITLE (Md Subilll.) S. TYPE OF REPORT & PERIOD COVERED

COMPUTER PROGRAM FOR MICROWAVE GaAs MESFET Interim report on one phase of an

MODELING NRL problem.
,, PERFORMING ORG. REPORT NUMOER

7. AUTHOR(.) 0. CONTRACT OR GRANT NUMUER(o)

R. E. Neidert and C, J. Scott

0. PERFORMING ORGANIZArfON NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASKAREA B WORC UNT NUMERS
Naval Research Laboratory

Washington, DC 20375 1493-C-2
RR021-03-46

II. CONTROLLING OFFICE NAME AND ADDRESS I2. REPORT DATE

Department of the Navy February 12, 1982
Office of Naval Research 13. NUMBER OF PAGES

Arlington, VA 22217 50
14. MONITORING AGENCY NAME & ADORESS(li dlilt.ert from Cartimilinl Office) IS. SECURITY CLASS. (l this report)

UNCLASSIFIED
IS&. OCCLASSIFICATIO/DOWNGRAOING

SCHEDULE

IS. DISTRIBUTION STATEMENT (of this ROport)

Approved for public release; distribution unlimited.

17. DISTRI UTION STATEMENT (of th.. br.cf t ,r.t-ad,, Block 20. It di Hor., groni Roport)

1B. SUPPLEMENTARY NOTES

IS. KEY WORDS (Conrwinu* on reverse alde It necessry md identify by block number)

Microwave Computer program Solid state devices
Field effect transistor FORTRAN

MESFET Gallium arsenide
Modeling Indium phosphide

20. All RACT (Continue a, t -~@.a old. It neceory and Ident~ly by block number)

%.-A computer program is described which is used to calculate the equivalent circuit element

values for microwave MESFETs.(metal-semiconductor field effect transistors). The input
information required by the program consists of the semiconductor material parameters and the
physical dimensions of the semiconductor material and metallization.

The program's name is FETREN; it is fully analytical and is inexpensive to use; it is written
in FORTRAN language and configured for use with the Control Data Corporation timeshare
system. A listing is provided.

DD IAN 1473 EDITION OF I NO 45 5 OBSOLETE

S/N 0102-014"6601
SECURITY CLASSIFICATION OF THIS PAGE (Who.A Dot Ent tod)

/I
I



CONTENTS

INTRODUCTION .......................................................................................................................... I

CONCEPTUAL REVIEW ......................................................................................................... 4

CIRCUIT ELEM ENT CALCULATIONS ..................................................................................... 6

The Operating Point .................................................................................................... 6
The I-V Curves ..................................................................................... ................... 9
Transconductance ......................................................................................................... 1
Resistance ............................................................................................. ............... 11
C ap acitan ce ............................................................................................ ................... 13
G unn Domain .............................................................................................................. 16
T ra n sit T im e .......... .................................................................................. . .............. 18

NOISE CALCULATIONS ............................................................................................................. 18

COM PARISON W ITH M EASUREM ENTS ............................................................................... 18

CRYOG ENIC CONSIDERATIONS ............................................................................................. 25

DISCUSSION ........................................ .................................................................... ............ 25

R E F E R E N C E S ............................................................................................................................. 26

APPENDIX A-Program FETREN Listing, Sample Printout, and Notation List ................... 29

APPENDIX B-Program FETREN Flow Diagram ................................... 41

APPENDIX C-Calculation of Temperature Effects on Gallium Arsenide MESFETs ................. 43

OAic, ece s3 to nl For

INSPECTED..

.it
it L 

A . L 
d o

D .% ,:pe' L



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 (metal-semiconductor 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 to 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).

Rr Ro
R OMCF I
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I " 00

RIN RDOM
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Fig I - Equivalent circuit representation of a GaAs MESFET. The most significant
bias-dependent device elements are C-H (', I, g, Rl,. and Ro

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 to obtain estimates of the circuit element values between known values. For example, this
approach is required to get 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 FETRIN is: (I)
apply whatever analytical theory gives the best agreement with measured results, (2) do not be disap-
pointed with less than perfect agreenient, and (3) keep the program simple and inexpensive to use.
The program listing is included as Appendix A, and the flow diagram is included as Appendix B.

Manus cript i., nim l cd No enihcr ). 1981



NFII)ERT AND SCOTT

Table I 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.

Table I - Text Notation

8 Conducting channel thickness in Region 11

D Potential

p Volume charge density

OE' Relative dielectric constant

0O Permittivity of free space

E Product of E 0 and 4E,

Vos j  Longitudinal voltage drop across Region I

Vox 2  Longitudinal voltage drop across Region 1I

VDs,., Longitudinal voltage drop along the conducting channel

from the drain end of the gate to the source end of the gate

y Vertical distance measured from bottom of active layer

b Vertical thickness of conducting channel

a Total active layer thickness

V, 0  Pinch-off voltage

q Electronic charge

NI) Volume donor impurity concentration

A 0 Low field mobility

If Gate width

x Horizontal distance measured from source edge of gate

1).% Drain-to-source current

L Gate length

LI Length of Region I under gate

L 2  Length of Region 11 under gate

.1"l A specific analytical function

1-, 6 S Gate-to-source voltage

['V8  Metal-to-semiconductor gate schottky barrier built in
voltage, taken as a positive voltage

b, Conducting channel thickness at first point right of
source where the field has increased to E,

E, Longitudinal field strength which just causes carrier
velocity saturation

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

2
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Table I - Text Notation (Continued)

s Square root of the ratio of: (I) the voltage at the source end of
the gate, relative to the gate electrode, to (2) the pin,:h-off voltage

Eh,,, Longitudinal electric field

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

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

V(,.s, Voltage drop from gate metal to the conducting channel

at the source end of the gate

VG~s.... Voltage drop from gate metal to source metal

I/ DSe, Voltage drop from drain metal to source metal

AK Substrate current multiplying constant

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

DR I Drain shunt resistance

Vsa, The assumed electron saturated velocity

RTH Device overall thermal resistance

gM 1 ransconductance

fg A spe.ific analytical function

d 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, to (2) the pinch-off voltage

r0 Intrinsic transistor output resistance

,?sub An output conductance term related to substrate current

rsub The reciprocal of g9,b

RN The charging resistance for CN

C/'% The gate-to-source capacitance

Q Total charge

Charge in depleted area under gate

Q,. Charge of extended depletion area toward drain

Qdo, Charge of domain

C RSo Gate-to-source capacitance for drain voltage near zero

Gate-to-source capacitance for large drain voltage

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

K (k) Complete elliptic integral of the first kind in terms of
the modulus, k

3
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Table I - Text Notation (Continued)

DL Drain metal length

DGL Distance between drain and gate metal

KHG Gate 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)

Radius of sidewall capacitance area

Qsw Total charge depleted from source-end, sidewall, quarter circle depletion area

Csw Sidewall capacitance

CEX Same as Csw

RDOM Domain resistance

CDOM Domain capacitance

n Volume electron density

J Current density

t Time

v Drift velocity

D Diffusion coefficient

Wth Threshold depletion layer thickness

Eh, Threshold field for bulk negative differential mobility

r [ransit time

CONCEPTUAL REVIEW

Much has been written about the general evolution of microwave MESFETs 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 121. 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 II, nearer the drain, has saturated carrier velocity, Figure 2 shows the configuration, with
the point which separates Region I from Region If 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 I 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 II, , is assumed

4
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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 I

and It, separately, and applying suitable continuity criteria between the two regions is given in Grebene

and Ghandi 121 and is extremely well detailed in Pucel et al. [41.

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 small 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 Ii 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 11 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 to 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 data 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.

5
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CIRCUIT ELEMENT CALCULATIONS

The Operating Point

The operating point is set by the longitudinal position of the dividing line between Region I and
Region II, such that the sum of the calculated voltage drops across the two regions equals the total
applied voltage. In Fig. 3, 1 A +,,+ , = IV,. From the outset, FETREN hits been set up to 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 to 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
R1). The calculation method is taken from Fukui [51.

VV$.1 t

REGION I REGION HI

SL

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:

V 2 .p PEOq): - r- (1)

where 4) is potential, F, is the relative dielectric constant of the intrinsic material, and Eo is the permit-
tivity of free space. Then, by the gradual channel approximation [31, the potential variation in the y-
direction is much greater than that longitudinally- the double integral of Eq. (1) in the y-dimension
only, with appropriate boundary conditions, yields potentials for Region i:

- + 4 b v + L - - abl, (2)
2 2 E

where ,I is the total active layer thickness and h is the channel thickness as a function of horizontal
position The potential along the boundary between the depletion region and the conducting channel in
Region I is given from Eq. (2) for.v =,

6
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(3)~ N) 11 i J2 i( -
I,/ , I- ,I -- r  ° I 

3

where p 1N1), with q = electronic charge 1.602 x 10 1 C, N D  volume doping density, f = Eo,
with c. = 8.854 x 10 14 F/cm and E, = 12.9 according to Ref. 6; and Vp, = (qNta 2)/(2E) is defined as
the pinch-off voltage.

The current in the conducting channel of Region I Is given by Ohm's law, such that

ID.NI = (1AI)Ni)bW 64_) (4)

ax

where 3/oax is the longitudinal electric field, W is the total gate width of the device, and 10 is the car-
rier low field mobility. After an integration over the length Ll,

qpoND Wa

IDS, L (fl) (5)

where

.2 2  _ 2 (p3 -s), (6)

with

p2  (V,_ V- S + VDS)/(VPo) (7)

and

s2 = ( B, - VG)l(VPo), (8)

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

In Region 11, just at the boundary with Region I, the current may be calculated as

IDS11 = qtIoNIbl WEs ,  (9)

where Es 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, = a(l - p), (10)

IDSi = q/oN1a (I - p) WE5 . (11)

If we equate Eqs. (II) and (5), to require current continuity at the junctions between Region I and 11,
then

L I Es(_) (12)

Then, to get voltage drops involved, the integral of the longitudinal electric field over the length
of Region I is used to get Vs :

, ,,_L 1 _ = I - A. (13)

7
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Also, in Region 11, the potential distribution cin be found with tile solution of Laplace's CqUation

in two dimensions:

V 2 (1 0. (14)

Ilowever, an exact solution of this for the general case is difficult, and in Refs. 2, 3, and 4 the same
approximate solution is used, originally proposed by Shocklev 131. The adequacy of the approximate
solution requires that the physical shape of the drain conductor be "somew4 at like" the shape of the

equipoten tial lines far away I'ron the drain. This is not the case in planar MFESFFTs, so in FFTR [N
some liberty is taken with a constant related to this portion of the overall solution. The constant CDR2

in the program FtTRFN, at line 1415, may be varied to affect the amount of voltage drop assigned to
Region II (but the forni of' hlie analytical expression is maintirned). Specificalllv,

Vps'= f ----" dI'  (15)

for which an approximate solution, at 0 , is:

I I 2a F, sinh I 1 (16)

Also, from Eq. (13) in Region 1, as shown in Pucel et al. [41.

I' Ps( = ',,o(p
2  

- s2). (17)

So, the total (internal) voltage drop across the intrinsic transistor, after substituting Eq. (12) into Eq.
(16), is:

'P PO (p 1)2 S2) + .2eiE, s in h j7- I L Q1j-'.~ '1*f8
Figure 4, a simplified transistor schematic, shows that the accessible (measurable) drain-to-source

voltage is the sum of the intrinsic part, ['s ,, and the drops across R'. and RI). Note also that the

accessible gate-to-source voltage is sum of the intrinsic part. I'O. , and the drop across R%. Therefore

the accessible drain-to-source voltage is

Im, ,  I .,.+ /1) (R + Rl,). (19)

Also, the accessible gate-to-source voltage is

I N, = I', + I,,,(R . (20)

In the program FTREN, it there is a Region II, the determination of the overall operating point is

determined by forcing, through iteration, the applied I to equal the terms of' Eq. (19) at line

number 5200, while forcing simultaneously tile applied V,._ to equal the terms of Eq. (20) at line

6010. The values of s, j', and I,, are tile final values which the iterative process assigns theti. The

value of s is calculated at line 3100, p by iterative assignment -it 4700, and /1v,, indirectly, at 5200 and

repeated explicitly at 6200. Also, within this iterative loop which extends approxinlately From line

2200, \,here the external gate-to-source voltage is set, to line 6040 where tile s-iteration loop ends, the

value of I., is determined atit line 4900l. Because the solution met hod is iterative, 1. may soentitles

o\ershoot and he temporarily assigned ia value larger than the tolal gale length L. even though the final

value m i he less ihatn /. Therefore lie program, at line 49O0, allo\4s / I to be greater than . After

final coivergence, however, if the final value for I+, is larger than I., as tested at line 010)0, lie indica-
tion is that the bias levels \%ere such that there is no Region II. Ior this case it is then necessary to

completely re-sot'.,e the pro lem by using the equations that .ire applicable for Region I only The
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ACCESSIBLE

:R0  IRS AND RD INCLUDE BOTH

qVI CONTACT RESISTANCE AND
D BULK MATERIAL RESISTANCE

INTRINSIC

VG

V, -(UNDER GATE)

VS

Fig 4 - Sinrplihedt r.In\Isrur d,chIiic

aut-1hors den ed these equations independently and f'ound them to agree wNith those dleseloped in Ref s,
aind 8 ' those ref'erences. Ref'. 4, and thle [LIRFN listing may he consulted for development torni Wa-
ion This portioin of' FIl RVN starts at line 06210, and thle operating point 11 detminel11d h\i~rrt

tile current and finding at simultaneous combinaition of' s. (1, and I' or \hich theC !jpplI1d ( Liertt
equals thle analitvt cal Value:

\A, her,- dIis noA related to the v oltage at the draini edge of' the gate. In termis of' intrinsic bia., ol( ages.

analogous to Eq. 17). In sumiimary, then, thle operatinrg pin lt is prescribed as at funon1 of, thle tWo bias
votie.as outlined above, after w4hicl tilie equivalent circuit paramneters and thle actunal current can be

coimputed.

Fhe 1-V ('urves

The currenit calculated in the preceding Sect ion is anl initial1 eSt1 mate ofilie act ual current. Ot her
f'actors must he considered in arriving at a better estimate of' a ,adue to agree kkith nIt esu red datli. If'
here is at stat iotiar (i uni doniai n present, at substrate cu rrenit result in tig roml elect ron i niect ion in to thle

adiacentl, othlirss ise assumned senii-insulating, substrate may result 101 Fie argumlett in Ref'. 9 are noit
cr% strong liir quliU tat 1is accuracy. Tlierefiire. in FIR EN. at conistant 1k. entered at li ne 16201 and

used ait lines Q016 or 6845, is included to make the substrate Currenit effect variable -but the form of
the analytical expression is maintained:

a IN 0  ( I,~ )II.(23)

1l his ;Iio\As t hat tie substrate current, iii tile presence of' a statioiiary (F i nn domain, is proporional to
lieC gate \1 idthIi to tlie Square root iif' thle drain -to-source voltage, and to tlie fourthl root of' the doping

level. For further detail, see Eastman ain( Shiur [91. (Substrate injection current can be eliminated by
setting IAs to /ero at line 162(0.)
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One additional term is added to the currents already calculated to account for two physical
phenomena not otherwise considered. One of i,.se phenomena is simple resistive leakage across the
top surface of the transistor or through ,..ostraie 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 m: (1) the uniform doping
assumption (adequate for almost all purposes), creating the horizontal dashed line at the doping level to
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 parallel 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 I1) and 6862 (when there is no Region Ii).

1016-

05 1 .2 .3 .4 .5 .6 7

DEPTH (;,m)

I iv t \.imile duing protile stio~ ing dloving "tar

In Ret's. 2 and 4 it is hinted that typically thle finite thickness of' thle conducting chantnel in Region
It may be disregarded in thle solution of 14q (li). I however, thle authors carried out thle derivation gi\'-
Ing thle chan nel the act ual thiick ness it nceds to carry thle current which is flowing;

- (24)
qN,,I 1

Aherhc is thle assumed elect ron saturated velocity aiid S is t he elha nnel thicknress. In titlie prograni
his appears at line 622i. Illell at iline 6235. thle programn termi ( DR I is calculated. it represents tile

t'raction of' the active laver thick ness, a, %hicli is to be used in thle next iteration. Notice that CO1R 1
%~as preset to u nit), at li ne 1410), outside the loop which doiermintes thle operating poinlt and the draitn
current.

10
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()Ile LaSI .1 ui~ll iint is , nid~e .1tcl tile first 11)111L 111!-t 'iL!I, H 'U i

d I palloll4 h IS ic ii I ' .4f IjII4l i.) T I 4C )111 . .4! I -1,. ! I L, , I . ' ' 111 At 1' 11C

tlC hi.d' 1)0 Cr 4.iLNLJ)1i144ii. JS~ II).I1L.1Ickl III \111)k:1110, ( .11 !1, I i ,1 IA ' . r 4 ~p i

\.IIlUC tI'r tile thiiial iC~i~til~h e. RI 1I, Oh I \11 'II I I rjI h~ he1LI1I 111n '11n It C r1 4 1'14'11 AN SUL
42ested. In Appenldix C, and Iha lial 1\ rsC if pr ~IhIM.1I I I i !,te 1AJJ 11, is.SSU(i Icrimil
flt01,1liitiOl Of' IIIOlhiliI1' mla% he eiinatI.Ied h\ eNCirII!tiherimal rcSlstaiii' tio' Io i 14Si I\Single

"firsi order' coirrectin is all thlat is neeedl for1 hei Reglin 11 .hamlel thii~kness and 41 thfe I44\ -lii
nmobility. Ihe miobilitv corr~ction for bias power dis~sipaition is, priniairil% responsihile for hle d4~w nturnl
ol t[le IV curves inl Fig. (C2 ot' Appendi\ C. while % ithiiut it the substrate ijection current. around 111L
(i n domain, would cause thle curves to rise % th increasing drain %oltage

Transconductance

When there is velocity saturation, or wAhen there is at Region 11 under thle gate, the transconduc-
tance I:,, is calculated according to Statz et Al. 1 101 ats:

where

M~1( s) cosh (Tr L2120)I - (I -p) (26)

2p(lI p) + E, L, cos (7rL 2 2a)J 2p(l - p)

This calculaton is seen at line 6370 in FETREN. It reduces to

.44,,, = (q 4Nl14 ( (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) hats in it, by way of Eq. (26), the correction for nonzero chan-
nel thickness in Region 11 (picked up at line 6325 where thle hyperbolic cosine argument is adjusted).

Resistance

O)utput Reisaicenu

In addition to the intrinsic output resistance of the MESFET, the resistance associated with the
leakage current and( the suhstrate injection current must be considered. It is probably these additional
terms, if thle% are disregarded analytically, which make the measured output resistance much lower than
the calculated value. In the conmputer program FETREN they have been included.

The intritnsic transistor output resistance is developed analytically as

Its= 
(28)

inl Stat,/ el al.I [()) the developmlent of' t he expression for r,) is concisely shown, for thie assumption of"
/en -(Iiick ness-clia nnel in Regioni Ill. "Thle authors did [lhe full dern at ion, using thle actual channel
thick ness. Soime additional terms appear in thle expression for i,1 because thle depletion thickness in
R C1il 401 is a f"tnet ion Of /1,.,. The expression fromt Ref. 10 is:

21,11, - --- L,51m cosh 7-- 1. (29)

Mill/ 1) \, L2s B (h114i.\I 72,, M/ p 2a
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The full expression, using (a - ) for the depletion region thickness in Region il, where (8 is the value
given bY Eq. (24). conosists of' two paris. The first part is

f'oI =io " (30)

This part is merely Eq. (29) with (a - 89) substituted for a. The second part is

-- 2 r L 2 cosh 2 - sinh 7rL 2  (31)
7T /q P(,f 14' j2 (a - 89) 2(a - 8) 2(a -- (9) (

The total output resistance is the sun of r01 and r02 . It is not obvious by inspection, but after
numerous computer runs to evaluate the significance of the additional part, r()2, it was found that
almost all of the drain resistance correction comes from the substitution of (a - 8) for a 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 11, then L 2 is zero, d
replaces p, and LI is L, so that the intrinsic output resistance is given by the modified second term of
Eq. (29):

L (32)

aqlA0 Ni) W(I -- d)

which is the same as that developed in Van de Ziel [71 and Shockley 131 for the "gradual channel" case.
The calculation of Eq. (32) appears in the program at line 6890.

Shunting the intrinsic output 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 I-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 (iunn domain as described by
Eastman and Shur [91. then

^ _.__ a (Eq. 23 05 IV (33)

The reciprocal of this is the resistance:

I'/)
r,,,= 2 - -- (34)

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, Rp) and R.% in Fig. 4, and the method of calculating them were
described in the first paragraph of the section entitled The Operating Point: ihey consist of bulk sem-
iconductor resistance and ohmic metal contact resistance.

The gate resistor (to be involved in noise calculations in a later section) is a bulk resistance of the
gate metal. Fukui (51 gives a suitable method of calculating its value. It is calculated in FETREN at
line 1370 and used at ine 9290 and 9300 in the noise calculations.

12
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)b\ ouI, it the ,alues of these par isitic resistors are known Iron laboratory neas urements, the
mCaSured \,Ilues mna.\ be substituted by the program user at lines 1367. 1369, and 1371.

Ile (.in domain resistance will be discussed later, in the section entitled Gurn In)omain.

bipu1 RisIcw.m t

There is still uncertainty in the modeling community about how to calculate R,\ of Fig. 1. The
qualitati, e form of R, versus drain voltage for a particular transistor is shown in Ref. I I and repeated
here among the measured data curves to be discussed later. Tie qualitative form of CA versus drain
voltage for tile same transistor is also given in Ref. II and is repeated here among the measure data
curves. It is assumed that for drain voltages between about I 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 between 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:

RIN T (35)
CONST*CN'

where r is the transit time to be discussed in the section entitled Transit Time. The resistance is calcu-
lated and called RINPItS at lines 6495 (if there is a Region 11) and 7110 (if there is no Region 11) for
the case when the capacitance calculation disregards the Gunn domain: it is calculated and called
RINSII 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
VO/2 is used when the drain voltage is any value less than Vpo/2.

Capacitance

Input Capacitance or Gate. ,o-Source Capacitance

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

Cl'v = aQV;,, l, nt. (36)

- a V (;S If), -colsI (36

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

The calculation for CSG, assuming no Gunn domain, is from Pucel et al. 14] and considers only
the charge in Region I and Ii directly under the Gate, plus a fringing term which is independent of bias.

The calculation for CGS is from Shur 112] 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 (c) the depletion area in tile high-field domain itself, Q,, when if is
present. Figure 6 shows these areas conceptually. The theory of Shur [121 also provides a valid deriva-
tion of the input capacitance when the drain-to-source voltage approaches zero: so, for small drain vol-
tage:

' ( 137)

13
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SOURCE GATE DRAIN

-T, J I

t domQdom

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

and, for large drain voltage:

K= LWdI Eq ND 11/2

2 ( -1 - V- )

+ 1.46(P('DG )E0Er W 11/4 1  V- V, (38)

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 Gaie-to-Drain Capacitance

The theory of Pucel et al. (41 makes no provision for a bias dependent feedback capacitance, CF8
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 Cr- to be bias dependent, in general, the theory of Shur [121 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.

C10 = C 0, (39)

given by Eq. (37). The value for large drain voltage is:

Cd = 1.46 (PCDG) E01 r  VD 1 ( j (40)

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

Parasitic' Capacitances

As suggested in Pucel et al. [41, a method of calculating the fixed "interelectrode" capacitances is
available in Smythe 1131, with some interpretation. Figure 7 gives the dimensions which are used in
the FETREN calculations. The capacitance between any two electrodes is given by:

C= W (,+ l), 0  K(k) (41)

14
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SOL-

''L --WG

SGL DGL

SL 
DLGM ------ 

EL 0

Eir

Fig. 7 - Dimensions for interelectrode capacitance calculations

where K (k) is the complete elliptic integral of the first kind in terms of the modulus k. The moduli k,
derived from Smythe [131 for the relevant geometries, are as follows:

Drain-Gate, ,., (DL + DGL + WG)(DGL) 11/2 (42)

Source-Gate, k,= (SL + SGL + WG)(SGL) 2
(43)

(SL + SGL)(SGL + WG) 3

and

Source-Drain, k, (SL + DL + SDL)(SDL) 444)
(SL + SDL)IDL + SDL)

In FETREN a numerical approximation for the complete elliptic 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(k) = [A0 + .4(H - k2) + .4(, k2 )21

+ Inj - k2 18,,+ B, (I - 02 )+ ,(I - A 2)21. (45)

where

4,= 1.3862944

0.1119723

., = 0.0725296

B, 0.5

B, = 0.1213478

82 = 0.0288729.

15
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giving an error of less than 3 x 10 5 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 CFSD, the output
capacitance (() in Fig. I).

Sideiwall Capacitance

Neither theory discussed so far for capacitance calculations (Shur 1121 or Pucel et al. 141) provides
for the extension of the depletion region from under the gate in the direction of the source. In Cooke
114], for depletion depth less than the full active layer thickness, the charge depleted from the quarter-
circle adjacent to the gate is:

,2

Qsw = q No7T --- W; (46)

and for an abrupt junction from Poisson's equation, the voltage is:
z2 qN0V =2 (47)

so that the capacitance is
d o = , 

0 W, (48)dQsw 7
Cs W< d V 2 .fW (8

where z is the radius of the sidewall depletion area (see Fig. 3). Also, from Cooke 1141, when the
gate-to-source voltage is larger than the pinch-off voltage, an approximate value for the sidewall capaci-
tance is given by:

S O W sin V-P(4

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

Pad Capacitance

It is also possible to have significant bond pad-to-source or bond pad-to-ground capacitance.
Cooke [151 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 CIN, the input resistance R,.,, and
the feedback capacitance (CFB. If a Gunn domain can exist, 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 [121. 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. I as CDOM and RDOM; they are not by themselves dominant terms in the equivalent

16
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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 C,.
RINPHS for R,.%, and CFDG for Cpq.

The calculation for Cv and CF-a, from Shur 1121, 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. [161 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:

V 2 ,t = - (ND - n), (50)
E

n= J (51)at

J = nv + DVn, (52)

where n is volume electron density, t 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 'I,, at which the maximum field strength just equals the threshold
field Eh, for bulk negative differential mobility, is given by:

W,, = I . IV, - Vs,,,, + (Eh" L (53)

qND
Therefore, if the total active layer thickness a is less than the threshold width W1,, 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 [121 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 a< 2 W,,, Stationary Gunn domain,

a > 2 W,, 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.

17
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Transit lime

In th11 velocite saturated region (Region III ofa GaAs MLSt:TT, tic Iransil Iime is

L,j~ ,2 = -. (54)

In Region 1,

r L , (55) t

V average

where an average velocity can be determined as

V a eraqe 0 Ea,,Vg (56)Vavrae lzo awrxe I 0  LI

and where Vs, = Vp0 (p2 - s2 ) from Eq. (17), and LI is obtained from the iterative process described
earlier and has the value indicated by Eq. (12).

If there is no region 11, then d is substituted for p in the expression for 1, and there is no T2.
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 Region 11, and at line 7105 if there is no Region II.

NOISE CALCULATIONS

The method of calculation of the noise parameters is taken directly from Pucel et al. 141. 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. [111. 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.

18
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Fig. 8(b) - Calculated static I,1,-I, characteristics
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Table 2 - Experimental GaAs MESFET - Physical Parameters

Gate Width, W 600,u m
Gate Length, L 1.7pvm
Active Layer Thickness, a 0.315 u m
Donor Impurity Concentration, N) 7.5 x 101 /cm 3

Low Field Mobility, to 4240 cm2/(V . s)
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 0.2 p m
GaAs Relative Dielectric Constant, Er 12.9
Source Metal Length, SL 75 pm
Drain Metal Length, DL 25 ,u m
Drain-to-Gate Spacing, DGL 2.15 p m
Source-to-Gate Spacing, SGL 2.15 IA m

Drain Shunt Resistance, DR 1 650 ohms
Thermal Resistance, R TH 117 0C/W
Characteristic Doping Density, n,.r  3 x 10'/cm
Schottky Gate Built-in Voltage, Vy, 0.8 V
Diffusion Coefficient, D 45 cm 2/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
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 1171 reported 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. (41, 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 to suit his own purposes.

The cost of the sample run in Appendix A was a bit less than $8. It provided 154 calculated
points, at 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-Ilodges model of a junction FET. simulated with calculated MESFET values from FETREN.

It is possible, therefore, to go from semiconductor material parameters and dimensions to 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 to
modify the program FETREN to 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 PR0OGRAN FETREN' JHPLIT.OIITPLIT)
15') GO TO 917

p200 200 PRINT 300
300 300 FORMATi.ENTER ASCND.CND1,6W,HGrW.
400 READ *,A.CNP.Ct41'1.w6.w.HGm
500 900 PRINT 600
600 Annl FORMAT(*FNTER I6.V6O.DVG.)
700 READ *'IGoVGO.DVG
800 800 PRINT 90A
900 900 FORMAT(.ENTFP ID.VDO.DVD.'
91') 910 PRINT 915
919 915 FORMAT(.E1NTEP A.CNDiFOO*
916 READ *.A.CND.FO
917 917 A=. 315
918 CND=7.5E16
919 FO=.424
922 CNDI=CNI"10...16
924 CND2=CHD1
926 TNOM=300.
928 FO=FO*a(TNOM/300.)**-.7))
930 WG=1.7
940 W=600.
942 WI=W.001
944 HGM=.2
946 WGI=WG.IE-4
950 16=3
960 VGO=0.
970 DVG=-2.

41000 ID=3
1010 VDD=1.
102n DVD=2.Ia1100 QEL=1.602E-19
1200 EPSO-8.954E-12

9 * 1280 EPSI12.9
1285 SEIFtO

*1290 CF=1.56
U1300 SL=75.

1303 D1=25.
91306 D61=2.15
*1309 SGL=2.15

4 ~1312 $DL=SGL+WG.DGL
4 1315 CAPCO=EPSO*.1.EPS>*1.E6
*1321 AKDF=SQRT ( aDL +DGL +WG)DGL), IDL +DAL bIrG~L +W0

1324 AK PDG=SORT (1 . -AK DG.AK DG)
* 1327 CFDG=CAPCO.CE I FKAKPDG,) CE IFK( (A DG)

133'3 AKWSG62=SQR T(S L + SG )S GSL) L +GL .VGL + W
1336 A P SG =S Q RT ( I .-AKWS 6 otS )
1339 CFSGrCAPCO*.EIFK 'AKPSG'/CEJFK (A#SG)
134'1 AKSD= ORPT ((SL +rot+SPL>. *D) frL +.'ML,.DL +SDL)')
1348 Ak P SD = SORT 1 -AKW S 1 ft ASfl
1351 CFSDCAPCO.CEIFK(AIKPSD)/CEIF(FC*SD)
1359 RDEN=W1.SCDn.82
1360) RCO=2. I1'(W1I.A*..1'CNDio..66)
1362 RCHS=1. 1'SGL'RDEN
1364 RrI- 1'DGL'RDEN
1366 RS=RCO.RCM$
1368 RD=RCO+RCHD
1370 RG= (17. 0 WI,/4. ) #2./(W6.HlM* Y
1372 PRINT 1380 .R6'RSfRD
1380 1380 FORMAT(. (R64*.F4.1,* ; RS.*.F4.1.. RD)=*.F4.1,.)*.i
1393 PRINT 1396.CFDG,CFSG.CF'SD
1396 1396 FORMAT(.# CFDC'=*.F7.4..PF - CF'SG=*-F7.4-.PF ; CFS.D='9F7.4.#PF .
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1397 PRINT 1398
1398 1398 FORMAT'.*
1400 VPO=QELsAee.CND..E-6' '2. .EPSO.EP' '
1410 CDRI=1.
1415 CDR?2=3.
1420 PSHLJNT=650.
1430 DRI=RSHUfNT.(600l..U)
1450 RTN=?0000.,'U
1500 ES=3.9
1550 PRINT 1560
1560 1560 FORMAT(#. VG VD CSW CUP SM DR
1570 PRINT 1580
1590 1580 FORMAT (*
1605 F=FO
1610 AVELSRT=.8E5
1615 CtCR=3.EIS
1620 RK=4.
1650 1650 P1=3. 1415927
2000 Xls. 1.ESOSS'VPO
2100 VDI=.9
2200 DO 1100 1=1,16
2300 VS=VSO,(I-1) *DVG
2400 T=j.
2600 USHs (VI I-V6. 'VPO
2700 IF(USM.GE.0.)603 TO 1300
2800 PRINT 1200
2900 1200 FOPRAT(*Y6 ST VBI LINE 2600*)
300A RETLIRN
3100 1300 S=SQRTWSN)
3150 ?P=S
3200 IF(S.LE.1.)GO Ta 1500
3300 PRINT 1400
3400 1400 FORMT'.S ST 1.0 LINE 3100o)
3500 RETURN
3600 1500 3ET=2..RxPI
3800 Do 1100 -frvlp
3900 VD=VD)+tJ-1" .DVD
3901 3901 S=7P
3902 DET=1.5
3918 !,o8 PL=:&
3920 PH=.99999
3930 VELSRT=ES.P. . E5
3935 SO=R.OEL*Fo(N1'
3940 AIS=SO*flES.1
3 950 1600 STEP='PM-PL>.'10.
400n IFC TEP.ST,1.F-*)GO Ta 1800)
4100 PRINT 1700
4200 1700 FORMAT.oSTEP LE 1E-80)
430fl RETURN
4600 1800 DO 1900 K=1.11
4700 P-PL+(K-l).STEP
480n FI=P# *S.S-eP*.-S..3.C)2. 3.
4900AL=OVPF1AIx1.)
5000 DEL1I=VPO"0 P.P-S*S)
5030 XYZ=ddS-RLI)/IET
5040 XYZ=XYZ'CDRI
5060 XYA=EXP (XYZ) -FXP (-X'YZ)
5080 XYI=XYA'?.
5090 XYD=XYI.CDRI
5100 DEL2=VPO*UET. 'XI 'WSG XYD
5120 DEL2=DEL2*CDR2
5200 DEL=VD-DELI-DEL2-AIS(.W-P.*R :+PD)
5300 IF-(AES(DEL .LT.1.E-4)GO TO 2200
95400In E.G..G TO 2100
5500 1900 CON4TINULE
5600 PRINT 2000
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5rnn 000n~ FOPMRiT'.tO CMVEPGEHCE IN 11 ITERATIONS*)
5750 RETLURN
5800 2100 PL=P-CTEP
5900 PH=P
6000 GO TO 1600
6010 2200 2=QTV1V+I..P.s.P
6020 IF'APU$(2-D:.LT.1.E-4)GO TO 6100
6030 $=$2
6040 GO TO 3918
6100 6100 IF(tlI.GT.WG)GO 10 6620
6150 AL2=WG-AL1
6151 PL21=AL2xAL1
6200 CLP= AI S #(..-Pb
6203 CVD=V-CU.'.fr +Rf
6206 C SLIP=A.'(iCNT'. 1. E1>*.25(V .. LI.E
6209 CSLIP=C SUM. (AVFL SAT'. 8E5)' 'CtMCP. EIS15 2?5'
6212 CUP=( LIP.CSfLIP
6 16 cLR=C:Up+VD'-Dp1
6220 IF(DET.GT.2. 'SC TO 6320
6E25 DELT=CLPIP.E6 'QEL#CtID.W.oVEL AFT)
6830 PD=VD*CUP
6239 CDRP1=AF-. 25*PEL T)t/
6240 F=FO'( '*:ThOM.PTH.PD) -TNOM -

6a45 DET=DET+..
6250 60 TO 3918
6320 632 0 X=PI.0 WI,-At I P. R
6,325 :=XX DPI
6330 y Y (y.P)o+Ex,,p -y:) 2.
6340 PH= ((1 . -S, *'t) - 1 I.-P
6350 AD=(2.W.*(1.-P)+XI#AL1'WG)'VY
6360 DEMA=AD-2.oP. (1. -P)
6370 GM=AIS#PWQDP4A'VPO
6390 DR-VPO*DEHft/AIS-, (3.-
6394 DR=tDI *DR)/'(DR I+DR)
6396 PSU=2.*CVD/C!LIB
6398 DP= (DR*RSU)' UPtPSU)
6400 FI=P*P-S*S- (P*#3-$fl*3 '*2.' 3.
6410 FG=Atl'DEMA
6420F2(P-S...3.cP 4-.4')
6430 FCII=(2..P.P.(1.-P).dI.-P>+F2>, .1.-P
6440 FCIB=S*(1.-S)
6450 FCI=2.oALl#'FG#FCIA-FC1U)/F-'A
6460 FC2Aa-2.#t WS-AL 1) FGzA
6470 FCZB=1 . -2. P#C
6480 2= (EXP 'X) -EX<P -X))/EXP (X' .EXP '-X))
6485 FC2C=(2.*SG*P/PXI'Y)+Z
6490 FC2=FC2AWCI2U.FC2C
6491 CSG=EPS*EPSDOW* (C I+FC2*CF) '1 £6
6492 IF(CSG.LT. (CFSS',2.) CSG=CFS6'2.
6493 TAUCA(LIP4L/F*VP*(PP-SS))+10.*(W-ALI)'VELSAT
6494 DFC=FCI1 FC2tCF
6495 PIMPHS=TPU/CSG
6496 IFeVD.EQ. 0..RIMPHS-TAJCFSG
6498 6498 IF(SEIF.EQ.10)GO TO 60560
6499 IF(SEIF.EQ.20)GO TO 6560
6500 6500 CVGoP=VDI-VG,+CUPPRS
65053 IF(CVGP.GT.VPO)GO1 TO 6520
6510 CM=WPIoEPS.fpSO#.SS*1 .EB'2.
6515 GO TO 6545
6518 6520 CSWlrSQPTyVPO--CV6P)
6519 CSW2=$$114'C W1)
6520 CSW=EPSEPSO#SG*1 .E8

.32



NRL REPORT 8561

6560 6560 GO TO 8000,
6570 6570 ADCD=3.
6580 PPI14T 7130.TPLI.PIMPHZ
6585 CALLAtF.,IDN3L1FXIAR2IFQLWqflc.KPG#4
6586+ThO' * FCqPIH 'H'
6590 SElFO0
6600 1100 CONITINUJE
6610 PETUPPI
6620 6620 CUPL=0'.
6621 AL 2=0(.
6622 P121=0.
6625 CLIPH=AI$
6630 2 $7TEP=kC LIP-C LIPL) *-110.
6-635 IF;ABZ;,TEPl.GT.1.E-8)GO TO :3
66.37 60 TO e5on
-640 PPIMT 7
6645 7 FOPM4AT.OSTEP LE 1E-8,MO.2*)
6650 PETUPH
6655 3 DO 4 L=1-11
6660 CUP=CURL+ L1D .$TEP
6665 SSO=(VPI-VG+CURPZ --VPO
6670 DSO=WPl-Vf3+VD-(UIP.*pD 'VPO

6680 E I=CUJP-GOeW*VPO.F2P>, 1JG
6685 IFtAPCS-EI LT.l.E-4.GO TO 5
6690 IF(E.'E.0.u'3O TO6
6700 4 CONTINUJE
6702 '30 TO 6500
6 7A f"': CL'PL=1CLIP-CTFP
6710 CLIFH=CLIP
67-15 GO TO3 2

6725 D=S OPT - V CQ
b8 0 F1D=D*tD&>.2

6840 CVD=Vt-CUP. P +PDI
6-8415 CCUFIA=F*k (I'l 1. E17.25'..CyVren. .1w. E
6:::5 03 C2IP=C:UIPR.&VEL:rAT .:?E5,'. '(NCR .r..5
66 C -LIP=CUIP.C SLIP
A-o- ?~ (IJP=C'JP.VD. Dpi

EA,:. 2 F=FO' TMOM+'TN.rI' INOM:...--. 7
~- DET=DET+1.

6-:; GO6 TO 32

681V 6888 I3M=fi C. - 14
e,-4 I'P=-PPPC 'E'P+P Uj

H-i I=uC, 14 GOl 1-IITp'

F-FT =F(CI1+CF

21< IF C OFLT P'; 1. F i'= I; a.F-*
71 C TA-~w;u G= F.~n 6.-.:

7115 IF:,.OI:priHZTU C
71~ -1' FOPMFT'. TU-.8aFE

TN' '30G TO 0;4Q$'

PC'4 1- 4E> r F F~P1-
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-I

8115 811 F"0EL.: N~t.AI G p

812 Itt' LAIN * OPT VE .F I fVG~ (VP I -RYHV FT*.dG (L. i

81P5 @=QFI *PO#W#b1V.C?4
81:30 PCLIpRAo*I. 1-POU A).YV

8137 CG$0=CGW0O.. PrIP
8140 CDGU=C6CO

8160 PM= 10 0A. 4P614
8170 RME=Rt4*.
S' 17I1F(r. GrT. 2.'s 7) GOT8I195
8180 PRI14T 8190.CGSO
8 19)0 819) FORMAT(. C6:O.=CIGO=..F7. 3.*FOP V)=0..)
819.5 8195 T=3?.
8200l AVD=VD)-C LIP* (P .+Pl)
8210 IF(ARVE-VC8220.8220p8370
8220 8220 FG# =SOPT OEL #tNDOEP'-.DERS., 2..# VP I-AVG) ) F'0VD*W/ 'WG.1 . E-
82*30 DDOM=0.
8240 ECURP=PGO c 1.-A AVE
8245 IF(SEIF.HE.0'G0 TO 86 37
8320 PRIN4T 8330.FGM
83:30 8330 FORMAT(* EGM=#iF5.1q#MMMO (FOP, VPINI LI VC'.'
8360 GO TO 8637
8370 8370 VDOM-AVD-VS
8380 C=AGU. 01. -PO'A) #VS
8460 CDOM=364. . P-Pm) *.SSOR (EPS#EPSC*QEL *SORT i'CN:CPt41" YOM
847A FM=. o078e.SQRTo(EL.PT C:ND.NC~Pt #VPOMr "EPT.E0#PC
8480 DD0PMr2060. #SQRPT VDOH'EPZ,.EPSO 'QEL*SCIPT'CN.Ct4fCP'
8490 RDON=1~. 46E7. OPI EPS.EPSO.YDOM..3 '(DI1F*W*'P-PU0IL4IE~trr~r). 5
8500 PV=cVBI-AVe),-VDV
8600 RM=-SgRTvS1- pT CND/CNCP)
8610 CDG=PCDG.1 .46.EP .,Era*u*s PT' PV' .PtHl.Es
8620 C652=cDG-CDG' RY
8625 (65t2=1.6*CC6Z2
8630 CSAS'C .G2
8631 CGS=1 .3*CGC
8637 8637 GO 1O 8700
8639 IF 'SEIF.EQ.10' GO TO 8690
8640 RA4n PRINT 865'.(.CF'G.CIIO.('1M. PIOM
86,5 0 86!50 FORMAT ( CGS CI'G.C DOM,.F-'tOM=. FE.. F6-.32,.v7.5,.FS.l1.
8652 IF.VD.GE.VPOTbGO IO 8660
8654 PINCH=IAUP-'Y3

c'> b TO 8 c6tc

866 Sek RPrm,7=PTNH 1.:4
86'65 1IF -VD. EP.6. -PoItW7M= TPh C FG
8670 PRINT 8680.RI4C
868A 8680 FORMAl.* RItCH=..F7.S'
8690 8690 GD 0 TO t
8700 8700 IF'J.NE.1 '30 T0 87160
870? IF,e-FIF. Fri.,?) Oj n 10 R7fl
8705 IF *'EIFAI71.10, GO T0 8-740
810 ?,EIF=10i
871!; YTEMP=VD
8730 VPUT=VPOI ?
83,? (/DFItp 173
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-5 '..'r=VPET
:GO' TO 39:1

8.4 8741:L) = C'-ChO Y
74 :LOP2='G a v-iIF I

8742 :-LOP::= Crvv- a a VPO~c-.5 7,
'a-4- YINT=r3 -:a.'-LO.V1
8'74-) 'FIF=,Pfl
8750 Yr'=YTEMP
-r52 TRLIP=TAU-
8 75 'GO TO 30
876(1:08760: IF .vri.fE. VPOT' '30 TO :@;4(1
8765 CD'3=C7LOPi.vfl+isBO
8-68 IF(VD3E .VVFIII30- TO :.,772
8-7f1 C-GC-C=LOP2.VrF+CGSO
8771 G0 TO 8640
8772 8772 CGS -SLOP3Vt'+YIr1T
8780 60 TO 8640
9 000 END
9100 FUINCTION CEIFK(AKPIC)
9103 AO=1.3862944
9106 AI=.1119?23
9109 A12=. 0725296
9112 B0=.5
9115 D1=. 1213478
9118 B2=.0288729
9121 AKC1I=1I. -AI(C*F#C
9124 FWC2=FC.WC1
9127 AWC3=A 0tAI.AKICI+A2.sW C2
9130 RK4 BOBI#kCI+2*WC)#LOI.R
9133 CEIFktAKC3+RWC4
91'36 RETUIRN
9139 ENDI ~ ~~~~915n $LPPOUT1INE ANFPSFEAP2.GY,.L2P..E.e.W6.sG
9151.GM. TNOMq DEC FIMSH)
9152 COMPLEX 2S.DZC.DY11H.BY11D.DY11.EY?*1.DeNI-P6Ma.Bzce.DzcpFzcc
9154 CGS=CGS.1 .E-12
9156- ZS= 50..-0.
9158 DF=10.E9
9159 Dw=2..PI.BF

9165 BDEL=I.2
9170 DPD= (2.ODDEL/.F I )o I. -P) *3) .K-p+La.I.-' I 1. -P
917? BFP=DEN4A- i. -P)
9170i DGAM=svl.-P.'hl.-P.DBFRF1,Y
9180 PK= (c P#4-S.n4.. 6.-.+p..(Pn 3- #2.'xFl
9181 DK(=DK.UGAM.P
9185 BkP=DK.Uj.-P.11L21
9190DP=KPUP PP-D-DP'DPDA ... 3C:3'4

919'5 DPDR=(2. *PKPDS-GMGRePPC
9196 PD=GMDA.(*3$l)*.3
9197 DPDC=2.*.,*DkfP-DGAM)0n2).P-.7RLG.1.-P.m1.-wrn)
9198 BPD=PDEL*(d.P*btPAPD-pf fF*F.f1l
9200 D0=PP.'P.-.34~3*f4S*~'..~

9202

9210 f PP I= I . -P) #pPl+PPP), (F1I*PGRMORGAMOF6)
9215 DP2A=PI#AL2/A
9216 DP2P= iEXP 'Pee I- (. OXP -pPesF -.'3. PP2A
9217 3P2C'1I.-P)*PI'2.
9218 DP2DSIN1,11 PP2C) ..,P2C) ##2
9219 DDIF=35.
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&I PF3zd6. -31D1F*BP2D*B23<(PI"3) BDIFO)
?4,3 p2= (I. -~.GP3 X.FtF'GR

9,295 PiKPP=tkP--PC'A*1p
pp.S6 (P=Wt:..F$Xl2-P'-: ... : -.Fl.R PPP PFFCc' F(3*IF

,?-'3' BPI='FI '1. -PV. .. dF :'I PGRM PFI:..E.. FG* E'flO+BpII

92M1 PL 2TWC'=F#L2. WG
435i BPP=P'DPP2
924 0 BPPPBP1*PP2
144 PCCAt=SQPT (PPP1PI BPP.PPP)

247 PCCC=-'C0tCD) --'PT( P*~.P+~'

0 BYI I1NiCMPLXK 0I. B*C

BYI3 lD = C MPL >,s.I.B 6*C9G3:PI N'H,

c: PYI1 =GmPyI 1 Y1

9261. PGrM=- I PWw(Gc.CG> GM.BPP
970n PiDMIM*PP

AOPI=P YI I PY31cOl'FIT 'f'

PGNlc1 MPLY' 0.. *Bi PiC.ft+T - Fr4' I

x4 FI-G4N RPF GNC GBVAPNC2' 2..+' -FCFFBC Fp:161t4

C'PTP PC.ZOPT IBGGtl.PCt'r P ('1

-:62-:4q '0..l. *PZ CB

A4 PN I FP'ZC+ BC'- **E1

-:3 PPFN BIMFPZI

743- P. '=LPPFPP-2. *PC( .COPT f FP.PF'F'
9 24 E*IC= ppP-ptrOPT a FPPPePPP*) ? 1'f.

33 FMI=1 ..a..P*Ir.PP_*CCl*PPSU

B? FMIrjr=0..e1OG01310FMIH)
'3401 PPINT 9BZDPMMIPCPC

9-42: FD1PMFT" 4.F..D I*~. .~P F=..-F7.1..UHM: .:o-=..F...OH

-a5 PPIMT 94360f
90 4 0(1 FOPMAqT*

R7 ETURNi
-P.0f ENDI
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-PFG= 1.9 :c=4.1* PD= 4.0'
CFDG,= .A:t77PF rF CF,= . 0692FF ICFCD= .4 I941F

VG VP C N CU LP M D L-I

C'M0O=C D60= .47201 vto

BGM= 3 2. 1MMHO iFOP V--DIMT LT VC'
F !.I G OPDM . 283 .32. A2 R 2'.

P IMWM= 171.61.
TALI= 22:. 65sP ISEC 3 PINr4PMC= 654. 740HMS
tc= 5. 3rDp; NM= 3A1.9rB, POP= 23.OM 'OP= 59.60)M

(1 33 ff 1-,0 . 1456S i154 3 1011.6 . +6E~a-

F.17s-CDIG-CPDOM-RPDOM= .621 .070: .071444 .67. 8
RIMSM= 7.72
TALI= 9.I2PSEC IPMHS 11.8608flS
142= 9-.3DP* NM1= 7.6DB; POP= 18.508M; XOP= 31.50M

0).000 5.0)000 .030 .1452 .0521 201)*.e .776E+00
rGst.,CDGCDOM.PDOM= .754 .045 0q41 2051.7

PIMSM= 5.86
TALI= 8.40P;EC ;PIMPM$= 10.B33OMMS
MZ= 9.6DB; NM= 7,.7DB' POP= 16.80M xoP- '14 10M

-2. 000( 1 .0000 .1 030 .0'626 .0 349 10. (1 4E 0
CG ,=CDG0 .252F0P VP=0.-
CGS.CDG.?CD0M.PDDM= .141 .193 .02069 45.5

PIMSH= 31.81
TALI= 13.3 3P0EC :P1MPH> 385. 30M7

14=2.4DBI; NM= I DzpP: OP= :47.1M; f:Z0p= 173

-2. 000 f Onn . (?0 . ('738 .. . 114fl I-s.
CL;:7.9CDG3,cD0aM.PFDOM= .26 C . .0 0 5 A a-

PIN-4H= 16.3
TAUI= 8. 28P$'Ec P1MPM'= 14.640MW'
ti- 4 'SPBl MM= 3. 0ITP POP= 4c 2OM 0 77.(OOHM

-e.OO C . 0000n f03 .0. .,4 .c.0 . 6E0
rCG..CDCflCOM.PDIOM= (166 r 004 5512.

PIM$M= 10.85
TAIj= 7.SSP SE( P1MPH7 1 -:, B:OHMC
N"- 5.2tI' N~M= .61:POP= OHM- :0F- ~1.5HM

0 I "30 I 19BFOP VI.

FOM -fr * c~mP1'0t= . 101.10.01 1.
PIN w?
TII= 16. O3FK*-EC 3 PIMPH> -' .280HMI
N-' 51,11 NM= 1.51111 POP= 128.lOM :,:OF= 1:3'4.40M

-4. 000l 0 A(A .0 B (141 . 024-1. . 46E

FG . DG.VFDOM. PPCM= .154 .(01 . A0-74 ~ .
RIM7H= 39.6a
TALI 11.57P'EC PINPH>= 27.140HM'
N i7= NM= l.'1p" POP= 104.b0M 'OF= 142.60OM

-4.000) 5. 000(0 .OB:0 .0187 .025? P86. 4 .429E (00(

NGTI
rGS*CDG.CDOM.PPOP .2319 .074 .00,057 44725.8
PRSm H 22.03-
TAI= l0.O2PSEC P1MPH> 23.OM'

MZ= N D;M 1.9DB3 POP= 70(.60-M' YOP= 97.60M
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Program FETREN Notation List

hnput Pajrameters

A Activ e layer thickness, A in
('N I) )oping level under gate/cm 3

CNDI) Doping level betleen gate and drain and between gate and source
in units of 10 16/cm 3-

W1 (Gate length. Am
W Gate width, A n
IlGM Thickness of gate metal, A m
IG Number of gate voltages to be run, integer
VGO0 Initial gate voltage, V
DVG Gate voltage increment, V
I) Number of drain voltages to be run, integer
VDO Initial drain voltage, V
DVD Drain voltage increment, V
FO Low-field mobility, m 2 /(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, E,, of GaAs. dimensionless
SL Source metal length, Am*
DL Drain metal length, Am*
DGL Gate met.l to drain metal spacing, Am*
SGL Gate metal to source metal spacing, gm*
SDL Source metal to drain metal spacing, Am*
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 calculations)
CNCR The characteristic doping level (for Gunn domain calculations)/cm 3

VBI The gate metal-to-semiconductor Schottky barrier built-in voltage, V
ZS Complex driving impedance, ohms, for calculation oi

noise figure, NZ
BF Frequency for noise calculations, liz
BDIF High field diffusion coeficient, cm2/s

Output Parameters

RG Gate metal resistance, ohms
RS Gate-to-source balk semiconductor and source contact

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

resistance combined, ohms

C'FSG Metal pad-to-metal pad fixed capacitances, pF
CFSI) J
VG Applied gate voltage, V

*See I ir. 7.
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VD Applied drain voltage, V
CSW Sidewall capacitance, pF'
CUR Drain-to-source current, mA
G(M Transconductance, mmhos
DR Drain-to-source resistance, ohms
CSG Source-to-gate capacitance. pF, see text
CGSO Gate-to-source capacitance, pF, when VI) 0
CDGO Drain-to-gate capacitance, pF, when VI) = 0
BGM A transconductance calculation by 112)
CGS Gate-to-source capacitance, pl:, see text
CDG Drain-to-gate capacitance, pF
CDOM Domain capacitance, pF
RDOM Domain negative resistance, ohms
RINSH Input resistance, ohms, see text
TAU Transit time, ps
RINPHS Input resistance, ohms, by [41, using calculated

transit time, TAU
NZ Noise figure, dB, when driving impedance is ZS
NM Minimum noise figure, dB, for optimum driving impedance
ROP Optimum driving resistance, ohms, for minimum noise figure
XOP Optimum driving resistance, ohms, for minimum noise figure
NGD "No Gunn Domain' by the criteria of [161

3 9/Y
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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 11 provides a theoretical basis for the determination of the above two unknowns and for

their utilization. In Section Il1, some measured and calculated results are compared.

11. THEORETICAL CONSIDERATIONS

The variation of low-field mobilin, with temperature is a strong thermal effect in microwave GaAs
MESFET operation [CI]. The rate of this variation is itself temperature dependent because different
carrier scattering mechanisms predominate in different temperature ranges [C2L 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 Cl 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, A, relating mobility and absolute temperature, in the
vicinity of 300 K, for several impurity levels of it-type GaAs, according to the relationship

P()oM T1.

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

43



N1.II)IRI N\NI) sU()l

Table (I - Measured Temperature Sensitivity of
Mobility versus impurity Level (at 300 K)

Reference Impurity Level/cm3  A
C3,C4 2.2 x1 -T-0.74_

C3,C5 3.7 x 10'5 -0.97

C2 13 X 1015 -1.46

C2 2.7 x 101 --1.01

C2 7.1 x 101 -1.06

C6 intrinsic -1.80

yields 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 1017/cm 3 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 III, for which the transistor doping level is 7.5 x l0'/cm3 , a value of -0.7 is used for the
exponent (as suggested by Fig. C). Also, in subsequent calculations, the saturated velocity was
allowed to vary directly as the mobility, as was suggested in Ref. CI.
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Fig, CI - Eslimated plot of mobility temperature sensitivity
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rhe other parameter which must be known in order to calculate the thermal effects is the device
thfermal rev oa ce in actual operation. This value can be measured for a specilic case, however, it can
also be estimated with reasonable accuracy. All device manufacturers are aware that good heat sinking,
especially for power I:Ts, is important- so they all lend toward the state of the art. A survey of
several manulacturers %%as conduc ted (in a few cases proprietary information was provided), and pub-
lished Inlornation %,as reviewed, to determine typical thermal resistances. The values were found to be
in the vicinity of

R = (70000/ It ) (/W.
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where Ril 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. It 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 caculating the device characteristics which are affected
by operating temperature. By taking advantage of the fact that the temperature sensitivity of the low-
field mobility is such a predominant factor in overall MESFET temperature sensitivity, tile
temperature-corrected values for the dc and small-signal characteristics can be obtained wilh a simple
correction in the mobility value. The correction procedure consists of the following steps, noting 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 poiiot; (b) calculate the total dissipated
dc power, equal to drain current times drain voltage, (c) calculate th. 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 10t 6/cm 3, according to:

# 0 (at T) = /AD (at 300 K)[(300 + RT, • Pl)/300]-° ,

where PD is the total power being dissipated by the device.

III. COMPARISON OF EXPERIMENTAL AND CALCUIATED RESULTS

The pertinent information on one of the transistors used for experimental comparison is given in
Table C2. The calculation method was that of IC71, except that alternate equations were derived and
utilized when the method of [C71 yielded a comptuted, constant-mobility region length under the gate
which was longer than the gate itself. (See Refs. C7, CS. and C9 for some discussion of this case.) For
temperature correction, the mobility was adjusted according to the method discussed in Section Ii.
Typically, only one iteration was required.

Table C2 - Parameters of Experimental Tran, istor

Active layer thickness 0 U315 Mm

Doping level 7 5 x l01/cm3

Gate length 1.7 M m

Gate width 6 00 p m

Source parasitic resistance 2.8 ohms

Drain parasitic resistance 3.7 ohms

Intrinsic GaAs relative diel. const. 12.9

Thermal resistance 117 0C/W

Low field mobility at 300 K 4240 :m 2/V-s

Schottky gate built in voltage 0.7 V
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The calculated and measured I-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

- MEASURED

220 0- - - -O CALCULATED WITHOUT
TEMPERATk -RE CORRECTION

0-0 CALCULATED WITH

200 TEMPERATURE CORRECTION

GATE-
SOURCE

180 I - -. O - , VOLTAGE

I ,.V GS 
= +0.6

I I
160

z 140 0,0

U

100 -1.0

0
80

-- -- -- - .. ... -2.0

20

-4.0

0
0 1 2 3 4 5 6

DRAIN-SOURCE VOLTAGE, VDS

Fig C2 - Fxperiniental Iransistor I-V curve%

Without showing additional curves, the following discussion outlines some other observations on

tenperatur
J effects which were made. The calculations (both %ith and without temperature correction)

were done according to Ref. ('7. Note that, for conslant applied gate voltage, an increase in the applied

drain voltuge results in an increase in operating temperature. The iemperalure-corrected, calculated
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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 tempe:'ature 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 [CIO-C121, the resistance representing hot electron injection into the otherwise
semi-insulating substrate when the Gunn domain is present [C131, and simple substrate or surface leak-
age when it is present.

IV. 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 A m gate width and 1.0 A m gate length,
with an active layer thickness of 0.24 A m, has also shown good agreement between measured I-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 IC141 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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