: Teh s = is the usual low-field
G d that the carrier drift velocity is given by Vg = 'U‘.‘)%Y' “thrc I‘%rl l;an;el length of L =
mobility. However, if a drain voltage of V=1 V is applied across a %b_ : %__T/E-—&..fr_:___
¢ magnitude of the electric fiel i the-channel will be [€,| = Vp

e avera D ~ Rt
hiirg’jztrln Sl}nceg] %€, | increases as one progresses down the channel toward the drain, the

: agnitude of the electric field near the drain will be-even larger than t}_}c‘ cm?c_l z‘werag_;e‘
e Roferring o Fit —a4-in Part I, we find the electron drift velocity in Si is significantly
o o Referring to FIE- 5. 2 < field of 10* V/cm. Failure
‘ different from the extrapolated linear dependence at an electric field 0 :

i - in GaAs.
of the low-field assumption occurs at an even smaller [€,[-value in G

In the following discussion, we examine three modifications to the long channel theory

0,

® Semi-insulating e
GaAs region £

(a) D-MESFET

g G D . that have been proposed in the device literature. Each of the approximate short channel
. e limi ili in conditions.
m ] models has its validity limits and utility under certain condi
7 Ti/Pt/Au (Schottky contact to =
2. GaAs) Variable Mobility Model :
i . : ; 5 ESFET channe
B ) Zero-b_las Implanted B AuGe/Ni Ohmic contact The nonlinear variation of v4 with %}’ #aithe CRENSIS PIOEERS down the N}i 1lv, assumin
o (S}e:zl-msulatmg ‘::QLBIIISIOH region can be approximately taken into account using Eq. (3.3) from Part . Specifically, a g
- ° Rastiyatioos Ly Gistston) Eq. (3.3) with B = 1 adequately models the v versus % dependence, one can write
(b) EEMESFET T
- YU ¢ (15.20)
Figure 15.21 GaAs MESFET structure types. (a) Depletion-mode or D-MESFET; (b) enhance- S_A {2 =\ Vg =

ment-mode or E-MESFET.

in Fig. 15.21. Similar to the previously described J-FET, a bias applied to the gate of a and Jhos 1 P c -%19 :
D-MESFET further depletes the subgate region and reduces the channel conductance. The y
E-MESFET, on the other hand, is fabricated se that the built-in voltage associated with the _
A S ; = el e u(®) =
metal-semiconductor contact is sufficient to totally deplete the channel. A forward bias

0
ks Rt o i e = itnchoatit + =
must be applied to the E-MESFET gate to reduce the depletion width and obtain a channel : v
current. The preponderance of applications including MMICs involve analog circuitry

and make exclusive use of D-MESFETs. Digital logic circuits incorporate both D- and _ "l ¢ field-dependent mobili v is the saturation drift velocity. If ()
E-MESFETs. !

s . K i i i . (15.1) of the
i — — . and € — €, = —dV/dy is now substituted for in Eq. ( ‘
Ferpmtstioplmrat e s s T e Eﬁ;-ﬁhannel J-E’ET de;i_vation, and subsequent equations are appropriately modified, one

sat

av

- %
- _l_%\_% € Iu-‘?ﬂ,mﬁﬂﬁﬁ'a‘ |

vices with extremely short channel lengths. The gate or active channel length in commer- - ultimately obtains l Q.“\
cial devices is routinely =1 wm. The discrete GaAs MESFETs listed in the 1993 .
Hewlett-Packard catalogue of communications components, for example, are quoted to 3 I, (long-channel) (15.22)
; | AR 0=V = Vpu s
have a nominal gate length of 0.25 pm. | D T
- ‘ 1+ VD
: UsaiL
15.3.2 Short-Channel Considerations ————— PRI =
X : i R g ove pinch-oft, Ip -
Given the structural similarities between the MESFET and J-FET, the I,,— V|, theory devel- | \ I',(long-channel) is the Ip con;putfbd usmg_Eq .(In addition<a_must be replaced by _ e
oped for the J-FET could be applied with only minor modifications to the MESFET pro- ch.annel) —> Iy (long-channe tionsDifthe §4ES £ i< a single-gate structure as pictured TN
vided all derivational assumptions are satisfied. Unfortunately, some of the derivational ain the long-channel current equa Linasl

l Examining Eq. (15.22), we note that the drain current is always reduced relative to the

; . i denominator
Jk'%\/ long-channel case. This is to be expected since p1(€) = iy Also, Vp/L in the de

- : el N T Vi
LI \/(\_)Qﬁ'&e 1€ ID:vab "%(K}b;"VP>l(f‘%¥%%9/ﬂ (V%:tgfz)f
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assumptions are at best questionable for the typical short-channel MESFET. For one, the
L > a assumption and the associated gradual channel approximation are clearly suspect. I
Second, the electric field in the FET channel is implicitly assumed to be sufficiently low so
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of Eq. (15.22) is just | € |. It is therefore reasonable to identify s, Vi, /L = | €| as the
corresponding “average™ drift velocity, vy. Equation (15.22) obviously reduces to the
long-channel resultif vy < v, .

Overall, the variable mobility model provides an acceptable description of the non-
linear v 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 = 10 pm). 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.

Saturated Velocity Model

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.
Suppose_| €, | in_a short n-channel device is sufficiently large so that v, — v, at a
~pointy, < L in the FET channel. With v, =nt.rga . the current flowing at the point y, will be

- i
A Vak & i 2w = O

The continuity of the channel current requires /(y) to_be the same at all points in the
channel and, in particular, I(y > y,) = I(y,). Since vy, = v, aty = there be no

Jurther increase in v, at points y > y,. It therefore follows from Eg. (15.23) that, to satisfy
the I(y > y,) = I(y,) requirement, W(y) must be constant for all y, = 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 € field in the

subgate depletion region, with some of the fi i xternal to
the-gated-region-as-illustrated-m-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 ication of a larger drain bias will merely cause the y, point in the chan-
) ‘,j;é\.r
Lo\

I__{(_y[) = qualNDZ[

\ (T} %—ﬁjl]ii__lincs
. 1
é l‘. _______ }_ f\t‘j 1 \Lq—/} ::
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Figure 15.22 Approximate representation of the|depletion region (shaded area) and electric field
in a short channel MESFET where the drift velocity has reached its maximum value (v, = v ) at
the point y, in the channel.

FIELD EFFECT INTRODUCTION—THE J-FET AND MESFET 555

nel to move closer to the source. In general, drain current saturation (Ip = Ipg,) occurs

inches aty = L.
when the channel pinches off or when vy — Vg al'y . e
If velocity saturation occurs in a MESFET with a channel length of on].y a few microns
he-depleti in the y, = y = L region of the device will differ by only
he-depletion-widith-aty—=—0—For the envisioned special situation,
by W(0) in Eq. (15.23). This leads to the approximation

sleaa e-depretto A

W(y" ,) can be replaced

! Mlqr’)bh’?):) o = 1) = walpZla = WO —

- '4.k“ y ,..Eﬂ\
with O c\j’*—l%“'}; (_\Im ’\l’g‘)} L \ i
/2 - 172
Vii — Vi
Q)&‘\ J\M W(0) = [2_:’?5% (Vi — VG):\ = a(ﬁ) (15.25)
" D i

-omputed assuming the gradual channel

atten-ean.be apphed he_source-en the-channe e saturation drain cur-
rents computed using Egs. (15.24) and (15.25) are found to be in fairly good agreement
with experimental rc;u]ts derived from short-channel (L ~ 1 wm) GaAs MESFETs.

_ Of.;.._‘/béﬁﬁi‘:) U= /{,’\OCCVJ Pﬁn%tﬂSL:})w = ('w

Although useful, the saturated velocity model provides only an e:.(pfcssion‘for IDSa}. 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. For0 = y = y, the gradual channel

approximation and long-channel theory are assumed to hold with Vg = o€, throughout
z@io@wdﬂ_ﬁ&@to they, =y=1L E}%@Eﬁmﬁe
transition point (y,) is taken to occur at the y-valu€ Where g€y = Uy Naturally, the

long-channel theory is applied throughout the channel if wy €., - L.< Vg _

Paralleling the long-channel theory, the /p—Vp characterlslflcs are computed usmig
Eq. (15.9) or the single-gate equivalent when Vp, == Ve Likewise, one sets Iy oy, =
= I,.,. However, in general Vpo # Vo — Ve and Eq. (15.13) 18 € tf
e two—i’égiﬁn’rﬁoﬁ,—dlgméﬁﬁﬁlﬁion first occurs when poy =
Vg OF €y = v/ at the drain end of the channel. If the lopg-channel.rclat%onshlp:% are
solved for V(y) in the channel (see Problem 15.3), the resulting expression dlffe[‘t’illlatﬁd
with respect to y to obtain €, and V(L) equated to Vs When €, = Vulto = b s
one obtains

an 32

2 Vo + Vo = Vo (V_—_L) ]
Voo, — = (V. — Vp) : s - ¥
Dsat el bi P Vbi — VP Vbi P

sat = 12
Vosa T Vi VG) |
Vi — Ve

1}

the depletion width at y = 0, i

Two-Region Mod

]D|V|)=le

(15.26)
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Figure 15.23 Normalized theoretical I,,—V,, characteristics of a short n-channel MESFET based
on the two-region model. V,; = 1V, V, = =25V, € = —5 X 10° V/cm, and L = | um. The
drain current is normalized to the Vi; = 0 saturation current (/) of an equivalent long-channel FET.

Visa for a given Vg and set of device parameters is determined from a numerical solution
of Eq. (15.26).

A sample set of theoretical I,— V|, characteristics based on the two-region model is
displayed in Fig. 15.23. An €_, = —5 X 10% V/em appropriate for GaAs n-channel
MESFETs and L = | pm was assumed in establishing the characteristics. For comparison
with long-channel results, the characteristics were normalized to I = Iy |y, -0 COmputed
using the single-gate version of Eq. (15.13).

Examining Fig. 15.23 we note that V,_, for most V; values occurs at a significantly
lower voltage and 7,/ is reduced relative to the comparable long-channel characteristics
presented in Fig. 15.16. Also, I, exhibits a V; dependence approximately described by
Eq. (15.24). Although somewhat crude in appearance with a noticeable discontinuity in
slope at V, = V., 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.




