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An Analytic Model for Estimating the Length of the
Velocity Saturated Region in GaAs MESFET’s

Curtis Leifsq Student Member, IEEBNd James W. HasleBenior Member, IEEE

Abstract—An analytical model is presented for estimating the This model has been experimentally confirmed by Folkes
length of the portion of a FET channel with velocity saturated car-  [11] who pointed out that the model is not practical to imple-
riers. The model is based on previous work proposed by Pucelt yant in circuit simulators since calculation of the LVSR is too
al.[1], [2], and has been adapted to remove discontinuities between . . .
extreme bias conditions. The need for complicated numerical solu- comp!lcated. Using a dlfferent method presented .by Shur [12],
tions has also been removed making the model suitable for use with Onodipe and Guvench in more recent work rederived the same
circuit simulators. Results obtained from the model agree wellwith  numerical model for the LVSR as given by Pueghl.[13]. This
previously proposed models over a wide range of bias conditions model was again experimentally confirmed by Onodipe and Gu-
wherg velocity saturation can be either dominant or n.e‘gligible, de- vench for numerous bias conditions.
pending on the overall channel length and bias conditions. In this paper, a variation of the Pucel-Statz—Haus model is

Index Terms—Gallium arsenide, MESFET, modeling, velocity presented, which depends explicitly on the total channel length
saturation. L, Shockley pinch-off potentialV,,, drain to source voltage

Vas and the source to gate voltalg,, eliminating the need for
|. INTRODUCTION difficult numerical solutions. The model is also self limiting in
that the result is valid for all possible bias conditions and does

NOWLEDGE of the length of the velocity saturated re- ;
. L X not need to be checked against the overall channel le
gion (LVSR) of a FET channel aids in modeling both th‘?he LVSR approaches 9 DgHs

dc and noise performance of GaAs MESFET’s. For devices with For the model developed, the LVSR has the same functional

gatelengths_le_ssthan mm,_mostofthe char_mell_svelocnysat- ependence of¥,, as a recent CMOS model developed by
urated, and it is the saturation velocity that is of interest [3], [

Devi ith | hs | han thi i ong and Poon [5]. The LVSR dependence on the overall
evices with gate lengths larger than this are still coOmmongf, e length, however, is significantly different in these two

used, however, and the effects of velocity saturation can Vai¥yices.
with the biasing conditions.

Much attention has been given to modeling the LVSR in
MOSFET's [5]-[7]. However, these works cannot be directly
applied to MESFET’s due to the fundamentally different In notable early work in noise analysis of MESFET’s, van
physical mechanisms causing current and velocity saturatié@’ Ziel presented a dc model based on physical principles of
in these devices [8]. the device operation [9], [10]. In this model and several other

An analytic model for estimating the LVSR has been praariations proposed [14], it was assumed that the effects of the
sented by Pucadt al. for the GaAs MESFET for use in a noiseVelocity saturated region were negligible and confined to a small
model presented in the same paper [1], [2]. The derivation pféaction of the channel near the drain end.
sented was an extension of earlier work done by van der ZielFor devices with a channel length much greater thami.

[9], [10] on the development of commonly known FET noiséhis assumption is generally valid for practical bias conditions.
models. Puceét alextended the analysis to include the effectds the channel length is decreased, the LVSR can occupy most
of the velocity saturated region by utilizing the current contf the overall channel length, depending on the bias conditions,
nuity in the channel at the point where velocity saturation og2aking this assumption invalid. In a later analysis proposed by
curs. This model is limited in that it is not continuous over afPucelet al.[1], [2] the original van der Ziel thermal noise anal-
valid bias conditions and requires extensive boundary conditigis was modified to include noise contributions from the ve-
checks. The model also lacks an explicit form for the LVSR ar@City saturated region.

requires difficult numerical solution of sensitive functions. Both Straightforward manipulation of the drain current expression
of these shortcomings make this model unsuitable for implgiven by van der Ziett al. showed that with both velocity satu-
mentation in circuit simulators or for readily obtaining practicdiated and constant mobility channel sections, the dc bias condi-

Il. OVERVIEW OF THE PUCEL—-STATZ—HAUS MODEL

estimates of the LVSR. tions of the FET could be characterized by six equations given
by
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L= 20 Woo _yysp @

Esat(l _p)

s L L 2 D
p= w (5) ) constant1mobility E=E 2 |
W sat
20 l—"x Vrift=Vsat
Vis +Vog + ¢ x=0
d — (6)
Woo Fig. 1. Assumedez-field distribution in the channel.
where
L length of constant mobility region; From this, two modifications to the model must be made if it
v, channel voltage at the pinch off point; is to be conveniently used in a circuit simulator. First, the LVSR
W,, Shockley pinch off potential; [15] must be an explicit function df;, andVy, eliminating the need
o channel conductivity= i, Npqa: for numerical solut|_0n_. _Sec_ondl_y, the final expression for the
" undepleted channel depth; LVSR must be self limiting, i.e., it must vary between zero and
. e L for all bias conditions that keep the device in saturation.
o constant carrier mobility;
Ap, ) =p" =" =230 —5%); ll. DEVELOPMENT OFALTERNATIVE MODEL
L overall channel length;
Np doping density; A. Explicit Form of LVSR
Eo E-field at the pinch off point; In order to get the LVSR as a function &f;;, p must be
¢ reverse bias Schottky junction voltage; found as an explicit function oF,. Solving for the LVSR in
p, s, d normalized gate referred channel potentials §2), substituting the resulting expression into (4) and using the
the pinch off point, source, and drain, respeddentity
tively. _ L
A common set of assumptions were made in this derivation sinh™ (z) = In (37 TVIi+ 372) @)

and are briefly summarized. As shown in Fig. 1, it is assumed !

that at the pinch off point = L, E = E,,, and the normalized & "®W f“nCt'Om( ) can be defined as

gate referred channel potentialis given by (5). For alkz: < fi(p, $)Wo,

L, the mobility is assumed to be constant and the carrier drift(p) = — “In (y +v1ty ) toe gy L£=0 (8)
. . . . . sat(l )

velocity increases linearly with the-field in the channel. For

all z > Ly, the mobility decreases with increasifffield and whose roots give the required value @f The dimensionless

the carrier velocity is saturated at a constant value. quantityy is defined as
The above model described by (1)—(6) is valid when both re- s o
gions exist in the channel and (4) gives a valuefpbetween y(Vas, p) = 5 E - s (Vas = Woo(p™ — 57)). )

0 andL pum. As the channel length is increased, the normalized

potentialp increases until (4) indicatds, > L. From this, these ~ For devices with channel lengtks1 xmp ~ s andy can be
equations can only be used provided a conditional check is fRnsidered to be> 1 providedVy, is large enough to keep the
cluded to limit the value of.; and hence the calculated LVSR device in saturation. A% increasesp increases which slightly
This can be complicated when implementing the model in a clewers y(Vas, p). However, for most practical device geome-
cuit simulator since an upper limit exists on batfas well as tries and bias conditions, the assumptiéy;, p) > 1is valid
the normalized drain potential given by (6), wherer cannot a@nd hence (8) reduces to

exceedd. When modeling components whose values must be 2%, Filp, )W,
determined from equations in a simulator such as Libra, condi- z(p) ~# — In(2y(Vys, p)) + ﬁ -L=0 (10
tional expressions are not easily included. T set(1=p)

Alower limit also exists omp, since the condition < p < P, which must be solved fgs. A plot of this function over a range
must be maintained, whet@, is the upper limit orp given by of p values where < p < 1 is shown in Fig. 2 for a wide range
the smallest of eithef or the value ofy that maked.; = L as of channel lengths.
calculated by (4). Calculation @fcan be easily done using (1) The large increase in the slopex(fp) for largep values oc-
for a given bias current, however, simulations are more comvairs whens is small (,, is low), d is large {4, is large) and
niently done whep is obtained from (2) and (3) using a knowrthe overall channel length is much larger thagmr2. In practical
Vas andV;,. This is more useful in dc modeling where the dcircuits, especially microwave designs, these conditions rarely
drain current is typically the desired quantity to model. occur. Instead submicron processes are preferred with minimal

DeterminingV;, andVy;, is easily done in most simulators,bias voltages.
however, the LVSR cannot be found explicitly sineenust be  These conditions result in the LVSR occupying a large frac-
found from numerical solution of an extremely sensitive fundion of the channel which causego be slightly larger thars
tion in (2). If the channel potential at the pinch off point wa$or a wide range of bias conditions. This makes it possible to
known, (5) could be used to calculaieThis quantity must be approximater(p) with a local series expansion over a bounded
found from solution of the remaining five equations and servesgion just before the slope ofp) increases rapidly, as opposed
only to define the variable. to a global series expansion about some arbitrary point that is not
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Fig. 2. Dependence of(p) onp andL from the original Pucett al. model.  gig 3. piot ofx(p) from Pucelet almodel with the approximatioii(p) asp

is varied.
easily determined if the model is to be valid for a wide range of
channel lengths. will give a quadratic solution top provided a quadratic

For a small local region, a common quadratic approximatiqfhproximation to f(p, s) and a linear approximation of
to a function given in most numerical methods texts, (Powall (24/(v,,,, p)) can be reasonably made. Using the approxima-
[16]) is tion method given in (11)f1(p, s) andln (2y(Vy,, p)) can be
expanded as quadratic and linear functions given by

x(p) = a(p) = x(Pp) + 2 (Pr)(p — Pr)
a2y fu(s ) =251 = $)(p = 5)

D,Y_ g , 3h(Pu,s) _s)— 2P, _p,}

- (B - p2 ay ety s
(Fy = Fu) (=" 14
wherez’(p) is found by differentiating (10) to get Py—s (14)

-T/(p) ~ <Woo> <2p(1 _p)i+ fl(pv S)) ) (12) and
Esat (1-p) In2g) 1 < Vs ) ~ <23WOO> b—9 (@5
A good choice for the lower limit of the expansion interval is R aFgqt Vs p=s

clearly whery = s. In order to choose the upper limit of the in-

terval, (4) can be solved for the point at which the entire Cham{&specuvely, yvhngPU 's the upper "”?'t oy derived in S(.EC' :
can be modeled with constant mobility 6§ = L, which re- t|0_ﬂ IV‘.SUbSt'tUtmg th_e~se apprOX|m_at|on_s Into (.13) and simpli-
quires solution of a cubic equation in When the expansion is fying gives a quadr_atlcr(p) summarized in S_ectlo_n HI-C that
done within these limits, the portion &fp) with large slope is can be solved to give two roots, one of which will be greater
not modeled as well, which reduces the model's accuragy agqar.] 1 and can be discarded.

gets larger (corresponding to long channel lengths). This givegz'g' 3 shows a plot Ok(p.) ca.I(EuIated from the Pucet al.

an approximation te:(p) that will be valid for all practical op- model and the new approximatidip) over a range of values

erating conditions and FET channel lengths for reasonably m\pen these two approxim_ating functionsfq(p, 5) apdln(Zy)
1. (below 2m). are used. The solution fpris found a’gthe_pomtwher@(p) = 0.

A better approximation for all channel lengths can be obrom the clgge agreement shown n F|g._3wh(:p) andz(p)
tained with straightforward manipulation of the originglp) gqual Z€r0, |t-|s clgar that a quadratic estimatg,0p, 5) and a
expression in (10) and noting that the logarithmic term Changlér%ear approximation ttn(2y(Va,, p)) canbe reasonabI}/ made
much slower tharf; (p, 5) asp is increased. Rewriting (10) as without compromising the accuracy of the overall functigp).

z(p) B. Self Limiting Modifications
2aFq:(1 —p) Limiting the LVSR expression t6 ym < LVSR < L um
T n2y) + fulp, )Woo = LEsar(1 = p) implies &(p) has one zero in the open intenal Py ), where
E,ot(1—p) Py is the upper limit orp such thati(Py) > 0 and Py < d.
(13) Sincex(p) is monotonically increasing in the interv@l, Py)
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the lower limit occurs whep = s and thusz(s) must be nega-
tive for the zero to exist. Fig.5. LVSR predicted by Pucet al. model and new model for differemt;.

As discussed, there are two possible upper limitgdrom  conditions. Wherl. = 0.5 xm and for part of thel. = 0.8 xm curves the
which the smallest must be chosen. First, solution of the cutsitce! model does not have a valid solution.

(4) whenL; = L gives a value op, p that would indicate no - _ _

velocity saturation within the channel. This solution can take on In order to position the curve of Fig. 4 as required, the func-
any value betwees and 1 and hence must be compared to  tion must be modified to be of the form

determine the actual upper limft,.

By noting thatz(p) = (2a/) In(2y) whenL; = L, and FL) = Lu(L = L) + Ly = Lyu(L = Lu) + Liw(Ly, _1%)
using the identity given in (7) and the expression $ofrom h is th it step functi (18)
(3), it is easy to show that will always be greater thafi and wheréw 1S the unit step function.
henceP; = p. pis found from (4) when. = L; and is not C. New Model Summary

bias dependent so it only needs to be calculated once for a given o o
device geometry, and is given as The complete explicit model for the LVSR is given as

WsR= - B =5 =50 = )W,
d ‘/ds + ‘/sg + 9 - %Esat Esat(]- - p)
P=P;=

(19)

Weo .
wherep is the smallest root of the quadratip? + Bp+C =0

whose coefficients are
_ WOOCQIW‘/(IS + 4aEsat5Woo

Knowing the upper and lower limits op, several alterna-
tives are available to limig(p) and hence the expression for

the LVSR. The overall expression for the LVSR cannot be di- A= Vs
rectly truncated when it approaches the valid limits singe) B =2sW,,(1 —5) — 25Co1 W,, + f(L)E,ut
has no zero within the range< p < Py as shown in Fig. 3 2 Vi, 4aW o 8E a1 (1 + 5)
for the case wher, = 0.1 pm. To guarantee a zero in the re- - ;aEsat In <aEsat> - Vis
quired interval impliesi(s) < 0 andZ(FPy) > 0. This can 9 Vv daW. s2E
be accomplished with several alternatives. The most flexible is € = ZaFE,,; In <aEdS ) 0‘;/ sat

a sat TVds

substituting an expression for the channel length that limis ) )
set boundaries and leaves it unaltered when within a valid range. —25°(1 = $)Woo — f(L)Esar + 5~ C21Wo,
This makes the effect of the limiting function easier to see since

x(p) has a simple linear dependenceloaccording to (10). and
In each case, a function is required whose value is the orig- P3 — s — 2(P} - 5°%)
inal argument until the argument approaches some boundary, C2 =3 (Py — s)?
beyond which an asymptotic limit is reached. Such an ideal 4s(1 — s) + 2Py (1 — Py)
function is shown in Fig. 4. Using the conditiofigs) < 0 and - (Py —») .

Z(Py) > 0 discussed, (10) can be rearranged to give the upper

and lower limits onl, L;; and Ly, as
IV. M ODEL PERFORMANCE

L; = <2a) ln < Vam ) (16) A. Comparison to Pucel-Statz—Haus Model

aEsat

A comparison of the approximate functiagrip) with z(p)
from the Pucel model is shown in Fig. 3 for several different
bias conditions. The most common measures of LVSR models
_(2a are the dependence &fy, and L. Fig. 5 shows these plots for
Ly = <7> n(2ylp=rpe)) + L. (17) several bias voltages and channel lengths. The actual LVSR es-

and
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timates given by the Pucel model are also plotted in Fig. 5.[5] H. Wong and M. C. Poon, “Approximation of the length of velocity
These plots ShOW exce“ent agreement between these two func_ saturation region in MOSFET's[EEE Trans. Electron DeViCES/Ol.

. . I 44, pp. 2033-2036, Nov. 1997.
tions when both a velocity saturated and constant mobility '€-[6] H. Wong, “A physically-based MOS transistor avalanche breakdown

gion exist. model,” IEEE Trans. Electron Devicesol. 42, pp. 2197-2202, Dec.
When L is made< 1 pm, most of the channel is velocity 1995.

- . . - [7] N.D. Arora, R. Rios, R. C. Huang, and K. Raol, “PCIM: A physically
saturated ang ~ s. As shown in Fig. 5, the |Im|tlng func- based continuous short-channel IGFET model for circuit simulation,”

tion of L causesi(p) to remain less than zero resulting in the IEEE Trans. Electron Devicesol. 41, pp. 988-987, June 1994,

v b duallvi d until th ti h b MA: Artech House, 1989.
d4s €an be gradually increased until ine entire channel become A. van der Ziel, “Noise resistance of FET’s in the hot electron regime,”

velocity saturated. For gate lengtks0.65 um essentially the Solid-State Electronvol. 14, pp. 347-350, Apr. 1971.

entire channel is velocity saturated when the device is biased A1 —— “Thermal noise in field-effect transistors?oc. IRE vol. 50, pp.
. . o ; 1808-1812, 1972.
saturation. The Pucet al. model is not valid in this region and [11] p A Folkes, “Thermal noise measurements in GaAs MESFETEEE

has no solution. Electron Device Lettvol. 6, Dec. 1985.
Fig 5 also shows the effects of the Iimiting function on thel12]l M. Shur,GaAs Devices And Circuits Englewood Cliffs, NJ: Prentice-
' . L Hall, 1987.
LV_SR~- Fr(?m this, the effect of SUbSt_HUt"_'DqL) from (18) for [13] B. O. Onodipe and M. G. Guvench, “Transverse magnetic field effects
L in Z(p) is to ensure that a zero exists in the valid interval for on GaAs MESFET's: Analytical model and experiments, Piroc. 8th

p thus causing the LVSR to limit & when the channel length IEEE Bienn. Univ./Gov./Indust. Syma989. _ _
p landV,. i fficiently larae to velocity saturate the en- [14] W. Baechtold, “Noise behavior of GaAs field-effect transistors with
IS small andvy; IS sutiiciently large to velocity satu short gate lengths 1EEE Trans. Electron Devices/ol. ED-19, pp.

tire channel. Note that whemnandd are calculated from (3), 674-680, May 1972.

neither may exceed one.> 1 occurs when the entire channel [15] W. Shockley, “A unipolar field-effect transistor?roc. IRE vol. 40, pp.
L = . ) : 1365-1376, Nov. 1952.

is pinched off and no current flows in the device. This does Nojig; . 3. b. Powell, Approximation Theory and MethadsCambridge,
need to be checked within the model since it is a condition that ~ U.K.: Cambridge Univ. Press.

will be avoided in the circuit design and biasing of the device.

V. CONCLUSIONS Curtis Leifso (S'97) was born in Manitoba, Canada,

. . . ) on June 14, 1976. He received the B.Sc. degree in

An analytic model to estimate th? LVSR_ ina GaAs MESFE electrical engineering from the University of Ca?gary,
has been presented. The model is continuous between col  § Calgary, Alta., Canada, in 1997, where he is currently
tions where velocity saturation can be either dominant or ne ’_ p“ﬁg':‘gsghaer;hi-s% iﬁg;%ec;ﬂ chfﬂfgrggs?eﬁi?g"c‘iir\‘;
ligible. The calculated LVSR is given explicitly as a functior il resonant circuits for use in microwave ﬁhgrmg appli-
of simple process parameters and does not require numer F cations.
solution, thus making the model suitable for use in circuit sin s /{
ulators. The results obtained from the model agree well wi'J] U
those obtained from more difficult numerical solution of the
Pucel-Statz—Haus model on which it is based.
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