
Figure 15.21 GaAs MESFET structure types. (a) Depletion-mode or D-MESFET; (b) enhance­
ment-mode or E-MESFET.

in Fig. 15.21. Similar to the previously described J-FET, a bias applied to the gate of a
D-MESFET further depletes the subgate region and reduces the channel conductance. The

E-MESFET, on the other hand, is fabricated-so·thatthelmilt-in voltage associated with the
j~tal:semiconductor contact is sufficient to totally deplete the channer.-A forward bia:s-'
must be appliealOth"e-E=1VlESFET gate to reduce the depletion width and obtain a channel_
surrenLThe preponderance of applications including MMICs involve analog circuitry
and make exclusive use of D-MESFETs. Digital logic circuits incorporate both D- and
E-MESFETs.

It should be noted that high operational frequencies necessitate the fabrication of de­
vices with ~xtL~mely.-S.hortchannel lengths. The gate or active channel length in commer­
cial devices-is routinely ~ I /Lm. Theoiscrete GaAs MESFETs listed in the 1993
Hewlett-Packard catalog;re--or communications components, for example, are quoted to
have a nominal gate length of 0.25 /Lm.----
15.3.2 Short-Channel Considerations

Given the structural similarities between the MESFET and J-FET, the 10- Vo theory devel­
oped for the J-FET could be applied with only minor modifications to the MESFET pro­
vided all derivational assumptions are satisfied. Unfortunately, some of the derivational
assumptions are at best questionable for the typical short-channel MESFET. For one, the

_L~a assumption and the ass.o.ciate.{Lgradualchannel approximation are clearly sus~t. _
Second, the electric field in the FET channel is implICitly assumeCItObe sufficiently low so
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Variable Mobility Model

The nonlinear variation of vd with '&yas the carriers progress down the MESFET channel

can be approximately taken into account using Eq. (3.3) from Part I. Specifically, assuming
Eq. (3.3) with [3 = 1 adequately models the v d versus '&dependence, one can write

~o\ f"1~'1.
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whereJL~ the field-dependent mobilitX and vfa~ the satura~rift velocity. If /L('&)

with /:L.n= --.En and '&.-7 '&y = - dVfdy" is now substituted for /Ln in Eq. (15.1) of the
long-channel J-FET derivation, and subsequent equations are appropriately modified, one
ultimatel y obtains , \-, ~

that the carrier drift velocity is given by Vd = /Lo'&y' where I/Lol is the usual low-field
mobility. However, if a drain voltage of Vo = 1 V is applied across a channel length of L =
..L19Il,.theJlverage magnitude of the electDc-f1elG::rn:1ne-ch1ii1i1eIWi1T"oel~
104 V fern. ~~creases as one progresses down the channel toward tne--drain-;-the-

~gnitude of the electric fieldl near theJ!D!ilLwjlLbe-even.Jar~ theci~average.
Referring to Pig.-3:4-illPart , we find the electron drift velocity in Si is significantly
different from the extrapolated linear dependence at an electric field of 104 V fern. Failure
of the low-field assumption occurs at an even smaller I'&y\-value in GaAs.

In the following discussion, we examine three modifications to the long channel theory
that have been proposed in the device literature. Each of the approximate short channel
models has its validity limits and utility under certain conditions.
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lo(long-channel) is the 10 computed usin-; Eq. (15.9). Above pinch-off, lo(long- ~
channel) -7 losat(long-channelrmm~ition~ust be replaced by •.

~e long-channel current equations if the MESFEJ: is a single-gate structure as pictured ~
in-f.<ig 1"i 20. _

Examining Eq. (15.22), we note that the drain current is always reduced relative to the
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Current saturation in long-channel devices is always caused by a pinching-off or constric­
tion of the channel near the drain. An alternative mechanism can give rise to current satu­
ration in short-channel devices where the gradual channel approximation is no longer valid.

Suppos~ a short n-channel device is sufficiently large so that Vd ~ vSal_ata
..peinYI < L in the FET channel. With v d' = V sa ' the current flowing at the point y I will be

\ \"" .-\.. .:i:' lIY . c- ~\~~ \J Q..OJ\ '-\I' '0 \ -:) " \.f~
\. I(YI) = qvsatNoZ[a - W(YI ] ~ &.Pr (15.23)

Saturated Velocity Model
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nel to move closer to the source. In general, drain current saturation (I D = IOsat)occurs
when the channel pinches off or when Vd ~ Vsatat Y = L.

If velocity saturation occurs in a MESFET with a channel length of only a few microns

GJ:.J.css....tfi@..t.He.-eepl@t;iem-w.ic!.rhill the Y~/ ,::;; L~gion of the device will differ by onry-
~DlaJ.l_ameHftt-fr-em-tRe-eGj31etion-wio :...r=- Eill the envisioned speclaISilualiou,-

, ~~ I) can be r~p'laced by W(O) in Eq. (15.23). This leads to the approximation
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,Not€\-tb. 0 , the depletion width at = 0 i p,illed assuming the gradual channel
---appro-x-imariem-Gan..Qe.1lIl· o-the...soUl:ce..eno-ei'-tfig..channcl.....Thesalurali on dral1uW:=----

rents computed using Eqs. (15.24) and (15.25) are found to be in fairly good agreement

with experimental rec;);ts ~erived from short-~hannel (L ~. I }.tm)GaAs MESFE:S. _ \1Two-Region MO~ 0 ~AiQSJ,\ (=) \J}~A"-oL~ i1\'S ~$.l-)()J - U~
Although useful, the saturated velocity model provides only an expression for IOsat· The
two-region model, on the other hand, provides an entire characteristic consistent with the
saturated velocity model.

In the two-region model the analysis is broken into two parts corresponding to the two

spatial or drift velocity regions pictured in Fig. 15.22. For 0::;; Y ::;; YI the gradual channel
approximation and long-channel theory are assumed to hold with vd = }.to0y thro-;g;:;;;ut

t~ioJ:!' The v n ==.JLsarmodelJs.J!l2l?liedto the Y 1 ::;; Y ::;; L portion .- nel. 1he
transition point (Y\) is taken to occur at the y-value where}.to y = Vsat' Naturally, the
long-channel theory is applied throughout the channel if }.to~yly=L < vsat'

Paralleling the long-channel theory, the 10- Vo characterIstics are computed using
Eq. (15.9) or the single-gate equivalent when Vo:::::VDsat' Likewise, one sets I01VD>v,a =
/01 VD= V"' == IOsat· Howe,,:~r, in gen~al VOsat'* VG - Vp ~nd Eq. (15.13) i~

-colIlpuk "Osat.--hrthC two-regIOn model, drain current saturation first occurs when}.to ~y =
V salor ~ y = V sa/}.tOat the drain end of the channel. If the long-channel relationships are.
solved for V(y) in the channel (see Problem 15.3), the resulting expression differentiated

with respect to y to obtain ~y, and VeL) equated to VOsatwhen ~yl.FL = vsa/}.to == ~sat'
one obtains

cg-fieldlines-----

G

S e---!%1 : '\J :1 '*- Dy=O Y=rl
n-GaAs

Substrate

of Eq. (15.22) is just I ~ y I· It is therefore reasonable to identify }.tnV DIL = }.tnI~ y I as the
corresponding "average" drift velocity, vd• Equation (15.22) obviously reduces to the
long-channel result if vd ~ V sat.

Overall, the variable mobility model provides an acceptable description of the non­

linear vd versus ~y dependence in the FET channel and is adequate as a first-order correc­
tion to the long-channel theory when treating FETs of moderate channel length (typically
L 2:: 10 }.tm). However, the model does not account for the failure of the gradual channel
approximation if L ~ a. As a consequence, additional considerations are necessary to prop­
erly describe the observed characteristics of short-channel MESFETs.

Figure 15.22 Approximate representation of theldepletion region (shaded area) and electric fieldin a short channel MESFET where the drift velocay has reached its maximum value (u" = usa) at
the point Y I in the channel.

"

The continuity of the channel current requir~s I( V) to be the same at all points in the
"ghannel and, in particular, I(y > Yl) = I(YI)' S~e 14...::' v~"~ v = v,, there can be no

.further increase in vaJ!,L12ointsY > Y0therefore.,f.Qllows from Eq. (15.23) that, to satisfy-­
,jhe I(y > Yl) = I(YI) requirement, W(y) must be constant for all YI ::;; Y ::; L as envi­
sioned in FIg. 15.22. In total contrast to the assumption made in the gradual channel ap­

proximation, the described behavior can occur only if there is an appreciable ~y field in the
subgate depletion region, with so~of the field lW~i.natiPg on-.r.harges external to

-t\:H::-§ated-f~ien-fts-ilh:ls-t-r-ated-i.n-Fig.15.22. Moreover, even though the channel is only
partially constricted, the drain current through the device pictured in Fig. 15.22 will have
saturated~Th~p.· 'on of alar er drain bias will merely cause the YI point in the chan-
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Figure 15.23 Normalized theoretical 11)- VI) characteristics of a short l/-channel MESFET based
on the two-region model. Vb; = I Y, Vp = - 2.5 Y, '0sat = - 5 X 10' Y fcm, and L = I p.m. The
drain current is normalized to the VG = 0 saturation current (/1)0) of an equivalent long-channel FET.

VDsat for a given VG and set of device parameters is determined from a numerical solution

of Eg. (I 5.26).

A sample set of theoretical ID- VD characteristics based on the two-region model is

displayed in Fig. 15.23. An 1£ sat = - 5 X 10J V fcm appropriate for GaAs n-channel

MESFETs and L = I Il-m was assumed in establishing the characteristics. For comparison

with long-channel results, the characteristics were normalized to IDO = IDsatl VG=O computed
using the single-gate version of Eq. (15.13).

Examining Fig. 15.23 we note that VDsat for most Vo values occurs at a significantly

lower voltage and I Df IDO is reduced relative to the comparable long-channel characteristics

presented in Fig. 15.16. Also, IDsa! exhibits aVo dependence approximately described by

Eq. (15.24). Although somewhat crude in appearance with a noticeable discontinuity in

slope at VD = VDs,,!' the characteristics resulting from the two-region model afford a rea­
sonable first-order match to the observed short-channel characteristics. It should be ac­

knowledged, however, that an accurate modeling of the short-channel characteristics inher­

ently requires the numerical two-dimensional solution of the electrostatic and current

equations.


