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Abstract

In this paper velocity overshoot in Si inversion layers
is studied. A simple analytical MOS current drive model that
takes velocity overshoot into account is deduced and verified
with an energy transport simulator as well as experimental
data. The formula for 7, looks very much like the conventional
BSIM3 expression. Device scaling based on the model is
studied. A new mechanism of MOSFET output conductance
due to velocity overshoot is identified.

Introduction

As MOSFET channel length shrinks below 0.25 pum,
conventional physical drift-diffusion models are unable to
correctly predict /,,, because of electron velocity overshoot.
Velocity overshoot was experimentally observed in short-
channel devices in [1-3]. Recently, several MOSFET analytical
models have been proposed [4-7]. Our approach emphasizes
carrier temperature dependence of hot-carrier scattering and
nonlocal carrier temperature relaxation, and yields a formula
for I, very similar to a conventional BSIM3 expression.

Derivation of the model

Fig. 1 illustrates the concept of nonlocal temperature
relaxation. Assuming an abrupt step electric field profile,
temperature 7, of a carrier in such a ficld is not abruptly
changing, but it is relaxing to the high-field steady state value
with a characteristic time constant 7,~0.3 ps roughly
independent of 7, [9]. In other words, 7. is lower for higher
gradients of £, but for low gradients of £ there is a one-to-one
correspondence between 7, and the value of £. That is why the
relation p=p(F) is valid only for small gradients of . For
arbitrary field profiles, carricr mobility depends on carrier

2
energy ¢ = % kT, +ﬁe_§i‘i‘7i [10]. In the high field region vg.p

is a slowly varying quantity, and we can simply assume
=T

We start by writing the expression for 7, in the
channel [8]:

qnEy — - (sukT,v /2) - HI-T)
dx 2z,

Here 7 is electron concentration, £ is tangential electric field, v
is the electron velocity, 7, is the lattice temperature. For
mobility the following expression is used :

T
v:/UE:/la?aE for T2<Tmt

v = const for T, 2T,

Note that the pre-saturation mobility model holds well for hot
electrons [10}], and for 7, low vacT, 2, but we are making this
approximation in order to obtain an analytic solution. Since
carrier scattering depends on 7, rather than on £, we introduce
the concept of T, - the carrier temperature at which phonon
scattering becomes so high that velocity levels out. In a
conventional model, the saturation temperature 7, is reached
at a point in the channel where E=F,,. Fig. 2 shows how the
lower nonlocal temperature together with the 7., concept yield
a higher effective F, and give velocity overshoot. The T,
equation becomes:

3nk(T,-T,)
2r,q

nu, Loge_ %(Sk,u,,T,,nE /2q)- =0

Te

In order to solve for 7,, approximate E=FE,x/L in the
pre-saturation region. Since from current continuity nv=const,
and in the region close to velocity saturation v changes slowly,
we neglect £ Vi term as compared to # VE. Then expression for
T. becomes:

kTopt, dE +3—k(T, ~T)T, =0

- uT E* +
ﬂﬂﬂ zq dx € zreq

The local solution is obtained by dropping the derivative term:

Tlacal - l[T +JT2 ; 8 q’[‘ZEZ‘u”T; } ~ \/2 quEZﬂazwa
e 2| 7e 0

3 k 3 k

We treat the nonlocal term as a perturbation: T,=T, %+ 8T,

and obtain the expression for 7,
8qr,u,T,
el"o" 0 Elln'
+ 3k sat j|
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This allows to directly relate E../° and nonlocal E,, in both
triode and saturation regions:
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This is the saturation ficld we now use in the conventional
BSIM3 formula for

W % 1
I7"% =—u C (V -V, ——")-V _
@ TR T T ) A W, TE L)
1 W, -V,

Isaturatan _ - WC E
d 2 oMol sy [Vg _ V’ n Emf(L _ AL)]

Here AL is channel length shortening due to channel length
modulation [11]. Note that £, has also AL dependence buried
in it. This is an additional mechanism for reduction of R,,;.
The meaning of it is that as V; increases, the gradient of
electric field increases as well, but not only because of direct V
increase, but also channel length modulation, and that gives
rise to even more velocity overshoot.

The fits for TMA-MEDICI simulated MOSFETSs with
various L.y are shown in Fig. 1 a-d. Note that all four devices
have the same x; and ., so all four fits use the same set of
fitting parameters. First, conventional BSIM3 formula was
used to fit drift-diffusion simulations. Then 7z, was fitted to
energy-balance simulation data. Fitting to a 0.1 um
experimental data is shown in Fig. 2. DIBL parameters were
extracted from parallel shift of log(l,-V, subthreshold curves.
Current levels and output conductance clearly show presence
of velocity overshoot in a device. The plot of /4, vs. L in Fig.
3 emphasizes this point.

Impact of velocity overshoot
on scaling

To study the impact of velocity overshoot on scaling,
we employ five different technologies presented in Table 1.
Fig. 4 shows the projected effect of velocity overshoot on {yq,;.
The sharp drops in /4, are due to drop in V;; when we go from
one technology family to another. Although overshoot has no
impact for devices with L. above .3 um, it starts to play an
important role in the sub-.3 wm regime, and increases faster
than exponentially in L4

The series resistance tends to minimize the effect of
velocity overshoot because more current drops more voltage on
R, effectively reducing the V,,, as shown in Fig. 5. The effect is
stronger for shorter channel length.

Finally, the effect of velocity overshoot on Vy, is
shown in Fig. 6. As L. shrinks, V;,, becomes higher than
predicted by a conventional model because it is harder to
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saturate the device, as evident from Figs. 1,2. The V.,
calculated using conventional and velocity overshoot models
are the same for L, ~>0.2um, but differ for shorter channel
lengths.

Summary

An analytical model for MOSFET /; that incorporates
velocity overshoot was developed. The formula resembles the
conventional BSIM3 formula with a modified saturation field
E.r. A good agreement of the model with simulations and
experimental data is shown. Influence of velocity overshoot on
scaling and device parameters was studied.
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Fig. 1 Illustration of a concept of nonlocal
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Fig. 3 a-d. The model fit to MEDICI 2-D simulations for
different channel lengths.
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Fig. 4 The model fit to experimental data; L.#~0.1um.
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Fig. 5 I vs Ly for three different gate voltages.

Lom) | T.®) | VV) | VW)
025-075 | 25 3] 1
075-15 20 4 15
15-25 60 45 25
25-5 80 s 33
541 150 7 5

Table 1. Parameters for a scaling study
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Fig. 6 Current improvement due to overshoot
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Fig. 7 Current improvement degradation due to R,
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Fig. 8 V., scaling for v,,, = 810° cm/sec, drifi-diffusion and
the velocity overshoot cases.
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