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Threshold Voltage Modeling and the Subthreshold
Regime of Operation of Short-Channel
MOSFET’s

Tor A. Fjeldly, Senior Member, IEEE, and Michael Shur, Fellow, IEEE

Abstract—We present a new analytical model for “the
subthreshold regime of eperation of short-channel MOSFET’s
and develop expressions for the threshold-voltage shift associ-
ated with the Drain-Induced Barrier Lowering (DIBL) caused
by the application of a drain bias. The model is based on the
concept of charge sharing, where the depletion charge under
the gate is identified with counter charges on the gate electrode
and in the source and drain contacts. In particular, we estimate
the amount of drain-bias-induced depletion charge in the chan-
nel and develop an expression for the distribution of this charge
aleng the channet based on a simplified two-dimensicnal selu-
tion of Poisson’s equation. From thjjs distribution, it is pessible
to find the lowering of the potential barrier between the source

- and the channe!, and the corresponding threshold-voltage shift.
The results are compared with experimental data for deep-sub-
micrometer NMOS devices. Expressions for the subthreshold
current and for a generalized Unified Charge Control Model
{(UCCM) for short-chanpel MOSFET’s are presented. We ex-
pect that our theory is applicable to deep-submicrometer de-
vices (with gate length larger than 0.1 pm). The model is suit-
able for implementation in circuit simulators.

I. INTRODUCTION

EN the gate electrode of a MOSFET is biased be-

fow the threshold voltage, such that the condueting
channel is weakly inverted, the MOSFET is said to be in
the subthreshold regime. This regime is very important
since it is one of the two stationary operating states of
. MOSFET's in digital applications. The on-state of the
MOSFEET, which corresponds to a gate bias above thresh-
old, allows 2 significant drain current to pass through the
device, while the gff-state, which corresponds to a
subthreshold gate bias, should ideally block all drain cur-
rent. In practice, there will always be some leakage cur-

rent in the off-state owing to a finite amount of mobile
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charge at the senncorductor-insulator interface and a fi-
nite injection rate of carriers from the source into the
channei. {n the subthreshold regime in short-channel de-
vices, a drain voltage induces lowering of the energy bar-
rier between the source and the channel, This so-called
Drain-Induced Barrier Lowering (DIBL) [1]} causes ex-
cess injection of charge carriers into the channel and gives
rise to an increased subthreshold current. Since this cur-
rent has deleterious effects on the performance of digital
circuits g terms of increased power dissipation-and a pos-
sible shift*in logical levels, it is important to develop re-
liable models for the subthreshold regime of the MOS-
FET. '

Our objective is to develop a new analytical model for
the threshold voltage and for subthreshold currents which
can adequately describe submicrometer devices and, at the
same time, is simple enough to be implemented in circuit
simulators.

In the following, the electrical properties of MOS-
FET’s in the subthreshold regime will be discussed. The
standard theory for subthreshold current of MOSEET s,
discussed in Section 11, works well for long-channel de-
vices and can, with minor adjustments, even account for
some-channe! effects, as discussed for example, in [2],
[3]. However, in order to explain important new features
that occur in short-channel devices with gate lengths of
the order of a micrometer or iess, it is necessary to con-
sider additional effects such as those described by the
charge sharing concept [4], as discussed in Section III.
(For a discussion of the short-channel concept for MOS-
FET’S, see Sze [2].) In Section IV, the charge-sharing
model is further developed to include DIBL effects and
the concomitant drain-bias-induced threshold voltage
shift. In Sections V and VI, the results are used to obtain
generalized expressions for the subthreshold current and
for the Unified Charge Control Model (UCCM) where
important short-channel effects are included. For simplic-
ity, we restrict the discussion to n-channel devices, but
the results apply equally well to p-channel transistors.

The new important features of our model include an
analytical treatment of the DIBL effects, threshold-volt-
age variation with length, and subthreshold current in
deep-submicrometer devices. These features make it pos-
sible to implement this model in circuit simulators.

0018-9383/93$03.00 © 1993 IEEE
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1. LoNGg-CHANNEL THEORY FOR SUBTHRESHOLD
CURRENT

A MOSFET in the subthreshold regime will normally
carry only a small drain current, even at high drain-source
bias. In fact, the source and drain contacts, together with
the weakly inverted or depleted channel, have much in
common with a Bipolar Junction Transistor (BJT) where
the channel acts as a long base, the n” source acts as the
emitter. and the drain plays the role of the collector. Most
of the applied *‘collector-emitter” voltage will drop
across the reverse-biased junction which, in the MOQOS-
FET, corresponds to the drain—channel junction. Accord-
ingly, away froir the source and drain contacts, the cen-
tral portions of the channel itself will experience very little
lateral potential variation. Instead, the potential distribu-

tion in the channel will be governed almost entirely by the

gate electrode. This means that the electric-field compo-
nent perpendicular to the semiconductor-insulator inter-
face is much larger than the longitudinal component, al-
lowing the channel to be analyzed within the framework
of the Gradual Channel Approximation (GCA). As a con-
sequence of the small potential drop along the channel,
the drain current is dominated by diffusion instead of drift
for drain-source voltages above a few thermal voltages.

A standard theory for subthreshold current in MOS-
FET’s can be derived by considering the channel current
density as the sum of a drift term and a diffusion term.
For an n-channel device, the current density J, can be
written as

dy dn ndy -dn
I, =q m”#n?&+Dna =an _ﬁa%—a
f
(1)

where x is the position in the channel measured from the
source, # is the density of electrons in the changel, u, is
the low-field electron mobility, D, is the electron diffu-
sion coefficient, and ¥ (x, ¥) is the potential of the channel
‘region referred to the potential of the source electrode. In
(1), it is assumed that the longitudinal electric field in the
channel, F, = —dy /dx, is sufficiently small {except for
the junction region near drain) such that velocity satura-
tion can be neglected. Likewise, the diffusion coeflicient
can be expressed in terms of the Einstein relation as D,
= u, V. where ¥V, = kgT/q is the thermal voltage.

Fig. 1 shows qualitatively the band diagram and the
potential distribution at the interface in the channel, ¥, (x)
= J(x, 0), for two values of drain-source bias, Vps = 0
and Vpg > 0. At the interface, the channel consists of
three regions, the source-channel junction with length x,,
the drain-channel junction with length x,, and the middle
region of length L — x; — x4 At Vpg =0V, the interface
potential in the central part of the channel ¥ can be taken
to be approximately constant.

A drain-source bias gives rise to a positive contribu-
tion, V{x), to the channel potential, as indicated in Fig.
1. As a-consequence, the minimum in the interface poten-
tial, ¥, (cqn) = YO + V(tmin), will be localized at the
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Fig. 1. Band diagram'((op) and potential profile (bottom) at the semicon-

ductor-instilator interface of an n-channel MOSFET. The symmetrical pro-

files correspond to Vps = 0, and the asymmetrical profiles to ¥ps > 0. The
figure indicates the origin of the Drain-1nduced Barrier Lowering (DIBL}.
The various symbols are defined in the text.

source side of the channel, at X = Xy = X, Associated

with the shift in the potential minimum, we have a reduc- .

tion in the interface energy barrier between the source and
the channel by —gV{%p,). This is the so-called Drain-
Induced Barrier Lowering (DIBL).

Multiplying (1) by the integrating factor exp (— ¥/ V),
the right-hand side of this equation can be made into an

exact derivative. A subsequent integration from source to

drain yields (assuming that the current density remain in-
dependent of x)

Jﬂ = an - .
n(L) exp (_‘-b”%’_)"l) — n(0) exp (——ﬁ_—l‘b(gly))
th f

L %
R A
So exp ( V. ) dx
(2

where n(L) = n(0) equals the source and drain contact

- doping density N, (neglecting degeneracy). With the

source contact as a potential reference, we have Y0, v)
= 0 at the source and ¥ (L, ¥) = Vpg at the drain, where
Vs is the intrinsic drain-source voltage. :
When the device length is not too small, the channel
potential can be taken to be independent of x over a por-
tion of the channel length. We write the potential in this
region as ¥ (x, y) = ¥?(y). The integral in the denomi-
nator of (2) is dominated by the contribution from this

© portion of the channel. As can be seen from Fig. 1, the

length of this section is approximately equal to L — x; —
x,;, and the current density can be expressed as

i anNc \bn(y)>li VDS)}
= - ] - — ] 1.
T L—x —x exp ( Vi exp Vi

3)
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For long-channel devices, where L >> x; — x4 we can
neglect x; and x, in this expression.

The drain current is obtained by integrating the current
density over the cross section of the conducting channel,
yielding

b ()] 0
= 3 exp (Vm) 1 ~ exp (Vm 4)

where W is the width of the gate, & is the effective channei
thickness, and ¥, = ¥ is the constant potential at the
semiconductor-insulator interface. We again emphasize
that ' ? is defined relative to the source clectrode. Hence,
although the interface potential relative to the interior of
the p-type substrate, ¥, = 0 + V,;, is positive, ¥° will
be negative for n-channel MOSFET’s. Here, V); is the
built-in potential between the source contact and the sub-
strate. Note that (4) could also be obtained directly by
making the analogy between the MOSFET in the
subthreshold regime and a long-base BJT, as discussed
above (see [2], [3]).

At threshold, the interface potential in the channel rel-
ative to the source can be expre‘f?rsed as

¥ = Vir — Vi = 25 — Vi (5

where V,; is the potential relative to the interior of the
substrate at threshold and ¢, is the position of the Fermi
potential relative to midgap in the neutral region of the
doped substrate (see Section IIT). For simplicity, we have
assumed that the substrate is shorted to source, (The ef-
fects of a substrate-source bias Vgg are found simply by
replacing Vy,; by V3, — Vg Of course, such a replacement
is only valid for negative or small positive values of V.
A positive Vg comparable to V,,; would lead to a large
substrate leakage current.)

Below threshold, the interface potential can be written

1

as
G

Ci—+CTep Vor = ~Vu + 205 + Vor/n

V=i +

(6)

where Vg = Vgg — Vi, Vris the threshold voltage, Vi
is the intrinsic gate-source voltage, C; is the insulator ca-
pacitance, C,, is the gate depletion capacitance of the
semiconductor, and % is the subthreshold ideality factor.
The ideality factor reflects the gate voltage division be-
tween the insulator-layer capacitance and the depletion-
layer capacitance. Generally speaking; % is dependent on
Vsr[2], but is usually treated as a fitting parameter which
is easily obtained from subthreshold I, versus Vg char-
acteristics [5]. Equations (4) and (6) show that the
subthreshold drain current decreases nearly exponentially
with decreasing V. Ideally, for Vg > 3V, this current
should be practically independent of the drain-source
voltage.

Since the mobile charge density in the channel has an
exponential dependence on the interface potential ¢/, the
effective channel thickness § can be estimated as the dis-

tance from the interface where the potential has changed
by Vy,. For this estimate, we need to find the vertical com-
ponent of the electric field at the interface. According to
Gauss’ law, this field is equal to g4, /€| in the sub-
threshold regime, where g4, = —[20,gN, (Y2 + ¥;)]'/?
is the sheet depletion charge density under the gate, N, is
the acceptor doping density in the substrate, and ¢, is the
dielectric permittivity of the semiconductor. Hence, the
effective channel thickness becomes '

)

€
& =V, =t .
o \/ZqNa Qey + Vor/m

We note that this expression is only valid when —2¢,;, <
Ver/n < 0, i.e., in the weak inversion and the depletion
regime. Still, this condition is fulfilled for values of the
drain current that are many orders of magnitude smaller
than the threshold current.

111. SuorT-CHANNEL EFFECTS AND CHARGE SHARING .

At shert gate lengths, the depletion widths associated
with the%qurce—channel and the drain—channel junctions
may represent a significant fraction of the total gate length.
In this case, the integral in the denominator of (2) should
also reflect the variation in the channel potential in the
junction depletion zomes. The GCA, however, breaks
down in these regions owing to the two-dimensionality of
the field pattern. But, since the potential increases rapidly
and the integrand becomes very small in the junction de-
pletion zones, the contribution to the integral from these
regions will be negligible. The net effect is, as discussed
above, that the gate length L in (4) should be replaced by

(8

The widths x; and x, can be expressed approximately in
terms of conventional one-dimensional depletion widths

L%L—xsﬁxd.

~ for abrupt p-n junctions [2]

|2 g0
5= o (9D ©)
2e,
Xy = q;,a Vps = ¥9). (10)

Making this replacement in (4) and using (6} and (7) for
the interface potential and the effective channel thickness,
respectively, leads to the following expression for the
subthreshold drain current:

WDn Vth esqNa
L—x —x;N2Q¢ + Vor/n)

Vas — V; V
Xexp(%){l ——exp(——ff)] (1)
th ’ th

Here, we have also used ¥, = V, In (N.N,/ n?) (dis-
regarding degeneracy in the contacts) and ¢, = Vy

Id=

. o
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In (N,/n;), where n; is the intrinsic carrier density. We
note that this expression for the drain current has gained
additional dependence on the drain-source bias through
the dependence on Vp; of the drain-channel junction de-
pletion width x;. This produces a finite output ‘conduc-
tance in the subthreshold regime at all drain biases.

In the above analysis, it was assumed that the entire
drain-source voltage drops across the drain-channel junc-
tion, and that the interface potential everywhere else in
the channel is independent of Vps. However, this assump-
tion breaks down for short-channel devices. Experiments
and detailed numerical calculations (see, for example,
Fichtner and Potzl [6]) show that MOSFET’s with such
short gate lengths will experience additional short-chan-
nel phenomena such as DIBL, and a corresponding
threshold-voltage shift. Since the current in the sub-
threshold regime is exponentially dependent on the height
of the source—channel barrier, it is clear that even a small
lowering of this barrier will have dramatic effects on the
charge transport properties of the device. :

An explanation for the shift in the threshold voltage of
short-channel devices was proposed in terms of the so-
called charge sharing (or charge conservation) concept,
first introduced by Yau [4]. The model considers the
shared depletion charge in the regions where the gate de-
pletion zone overlaps with the depletion zones of the
source and drain contracts, as indicated in Fig. 2. The
shared charge is balanced by counter charges distributed
between the gate electrode and the source and drain con-
tacts. In the long-channel case, the threshold voltage can
be written as [21, [3]

Do

VT: VFB + 2(‘0.5 + C{-

(12)
where Vpp is the flatband voltage and O, = LWggep =
LW (4¢,gN, ¢ ,)"/? is the total gate depletion shegt charge
at threshold, neglecting charge sharing (and assuming zero
drain-source and substrate-source bias). The charge shar-
ing causes a reduction in Qy, by a fraction of the shared
charge (shaded regions in Fig. 2). According to (12), this
feads to an averaged shift in the threshold voltage which
can be estimated as

2kWix, + x50 Ve,gNyoy
&

+ =

(13)

where x is a constant {on the order of 0.5) which accounts
for the charge sharing. In (13}, it was assumed that the
source and drain depletion widths in the charge-shanng
region are x; and x,, respectively, and that the gate deple-
tion width at threshold is dye, = (e, /gNs)' %

We emphasized that the above derivation of AVr is
equivalent to distributing the portion « of the shared charge
evenly under the gate to reduce uniformly the depletion
charge density in the gate area. This may lead to a rea-
sonable estimate of the threshold-voltage shift at zero
drain-source bias where the charge and potential distri-
bution in the channel is quite symmetric. However, with

Gate

L =
i

AN S Ny Yaep \\\&q

PN

Xg Xd

Source’

Fig. 2. Schematic illustration of the depletion zones associated with the
source, the drain, and the gate for an applied drain-source voltage. The
regions of charge sharing as¢ indicated by the shaded areas near source and
drain.

an applied drain-source voltage, the charge distribution -
becomes asymmetric and (13) becomes less reliable. Typ-
ically, at large Vps, we have x, >> x; and (13) predicts
that the additional threshold-voltage shift induced by the
drain-source bias depends on Vpg as [(Fps — yHy? -
(“1,[!?)1/ 2. However, as will be shown in Section IV, a
more accurate analysis predicts-a linear variation of Vr
with Vg, in better agreement with experimental data.

By assuming that the ideality factor y does not change
significantly, with bias conditions, the shift in the interface
potential can be evaluated from (6) as

Rz
%

Ay = (14)

IV. DRAIN-INDUCED BARRIER LOWERING AND
THRESHOLD-VOLTAGE SHIFT

Based on a simple consideration of charge sharing, the
model of Section III gives averaged estimates of some im-
portant short-channel effects in the subthreshold regime
of MOSFET’s. This is aghieved by distributing the effec-
tive gate depletion chargé-evenly along the channel in or-
der to estimate the threshold-voltage shift. While this may
be a good approximation for Vps = 0, it will fail to ac-
curately predict the effect on Vrof an applied drain-source
voltage. The reason is that a portion of the additional de-
pletion charge induced by the drain-source bias will be
distributed nonuniformly from source to drain, as indi-
cated in Fig. 3. Likewise, the drain-source bias will in-
duce a nonuniform shift ¥(x) in the interface potential
along the channel which increases from V{(0) = { at the
source to V(L) = Vpy at the drain.

Here, we proceed to develop a model for the distribu-
tion of the induced shift ¥(x) in the interface potential
atong the channel as a result of the applied drain-source
bias. From such a model, it is possible to calculate the
interface potential near its minimum, which defines the
barrier for charge injection into the channel (see Fig. 1).
An accurate estimate of the shift in the potential minimum
is especially important since the channel current is expo-
nentially dependent on the barrier height. In principle, this
involves the solution of a two-dimensional Poisson’s
equation for the whole device, using proper boundary
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Fig. 3. Distribution of depletion charge induced by an applied drain-source
bias, indicated by the shaded region. AQ,, is the part of the induced charge
which is located in the central channel region and which has its counter-
charge on the gate electrode.

conditions. However, this requires extensive numerical
calculations, Instead, we perform a simplified analytical
calculation.

We start by considering the two-dimensional Poisson’s
equation for the depletion region under the gate, away
from the source and drain contact depletion regions. In
the subthreshold regime, the inﬁilence of the charge car-
rier on the electrostatics of the channel can be neglected,
and we write the two-dimensional Poisson’s equation as

aF, aF}’ qNa
== = 15
ox d, £, (13)
where F, and F, are the longitudinal and perpendicular
components of the electric field, respectively. Integrating
this equation with respect to y from the semiconductor-
insulator interface through the depletion region yields
oF, q
gy Len = B0 = e Nalsep (16)
where (3F,/dx) is the average of dF,/dx over the thick-
ness of the depletion region. This thickness can be esti-
mated approximately from a one-dimensional theory as

2e,
gN,

ddep = (\&s + Vbi)- (17)

The vertical component of the electric field F,(0) at the
semiconductor-channel interface can be found by requir-
ing the electric displacement to be continuous across the
interface, i.e.,

F@ == Wos = Ve =¥ = Vo) (19)
&
where ¢; = d; /¢; is the insulator capacitance per unit area,
d, is the insulator thickness, ¢; is the electrical permittivity
of the insulator, and Vgg is the flatband voltage. In the
presence of a drain-source bias, the interface potential
can be written as

¥ = ¢ + V(0. , (19)

Away from the source and drain contacts, we can assume
that (8F, /dx) = 0 when Vps = 0. We now consider (16)
with and without an applied drain-source bias and express

the net effect of the drain-source bias by taking the dif-
ference, i.e., -

v o
Fy dgepx) — . V{x)

9
= TN, Moy ® — d) = T Nadly

'<1+~ﬁ\2——1> (20)

where dgcp is the depletion width for ¥ = 0. In (20), we
have replaced (3F./dx) by —8°¥/dx*, assuming that
V(x) inside the gate depletion region is relatively weakly
dependent on the distance from the interface. The second
term on the left-hand side of (20}, which is equal to the
difference £,(0) — F _?. (0), where Fg (0) is the value of
F,(0) for V = 0, is obtained by using (17) and (18). Since
both V(x} and its x-derivatives are small outside the de-
pletion tegion of the drain contact, all terms in (20) can
be expar}d{:d to first order in V' to give -

vV
P @D
where
dO\ "1
A = d (1 + E ;“’) . 22)

The general solution of (21} can be written on the fol-
lowing form:

Vix)y = A4 exp% + B exp (—%) (23)

where the coefficients A and B are determined from the
boundary conditions. Without much error, we can assume

that (23) is also valid through the source-channel junction

region {i.e., x < x,), in which case we have the boundary
condition V{x = 0) = 0, which gives 4 = —B = V,/2,
such that (23) can be written as

V(x) = V, sinh ({) (24)

Here, V, is a constant that remains to be determined. We
note that the shift —g¥ (xni) = —qV{x,) in the condition
band at the channel side of the source—channel junction is
identical to the DIBL {see Fig. 1).

In order to find the voltage Vy, however, it is necessary
investigate more closely the electrostatics of the entire
channel. In particular, we have to consider the additional
charges induced in the gate electrode and in the substrate
as a result of the applied drain-source voltage. We start
by taking an inventory of the induced charges and counter
charges, as shown schematically in Fig. 4.

From the principle of charge sharing discussed previ-
ously, we can pair charges and countercharges as indi-
cated in Fig. 4. According to this scheme, a fraction of

it Al G el
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Gate

Fig. 4. Schematic overview of the drain-bias-induced charges and counter

charges according 1o the principle of charge sharmg AQy and —AQ,, are
the induced charges in the channel. The remaining charges and counter
charges are between the drain and the substrate (AQ, and —AQ,) and be-
tween the drain and the gate (AQ, and —AQY).

the drain-bias-induced depletion charge, marked AQ,, in
the figure, will have its countercharge on the gate elec-
trode. In order to be consistent with the potential variation
along the channel [see (24)], the corresponding sheet
charge distribution Ag(x) along the channel has to be as

follows:
x
on (X
si (h)

where we have invoked the gradual channel approxima-
tion and expanded to lowest order in V(x). Here, cgp(x)
is the channel depletion capacitance per unit area. Assum-
ing, for simplicity, that (25) is valid over the range x, <
x = L — x,, we obtain the following expression for ¥, by
requiring that the integral of Ag(x) over this range equals

Vi(x)

Cdep (X)

VO €5
= 0
d dep

Ag(x) = (25)

AQch
AQd i, { L — x4 x N\
SO — '
Vo = v cosh ~ cosh N

(26)

It now remains to determine the induced channel deple-
tion charge AQ,,. A rough estimate of this charge can be
obtained as indicated in Fig. 5. The shaded region in the
substrate indicates roughly the amount of additional de-
pletion charge AQ = gWN, (x5 — x%), induced under the
gate by the drain-source bias. Here, xyp = x; is the de-
pletion width of the drain—channel junction at zero drain-
source voltage. From the concept of charge sharing, AQ,
can be taken to be some fraction x of AQ, i.e.,

800 = AQ = XWgN, (g — xjo) = 2xWeVps.  (27)
Typically, x is of the order of 0.5. However, the value of
this parameter can be adjusted to account for the shape
and doping profiles in the drain junction and substrate. In
other words, this fitting parameter is technology-depen-
dent. In some cases (e.g., for Low Doped Drain (LDD}
MOSFET’s and ion-implanted devices), not only x but
also N, can be adjusted to a suitable value.

Gate
L

WW/

NN \\\\\

Drain

Source

Fig. 5. Simplified model of the drain-bias-induced charge AQ in the sub-

strate under the gate (shown as an approximate estimate of the depletion
charge under the gate between the depletion boundary for ¥ > 0 and that
for Vs = 0). The induced channel charge AQ,, is taken to be a fraction
of AD, according to the principle of charge sharing.

The parameter ¥, can be obtained by substituting (27)
into (26)

do L - X X ]_l
Vo = 2xVps ——% N [cosh( N ) cosh (7\) .
(28)

Xmin = X, the

Substituting (28) in (24) and setting x =

lowering of the injection barrier is found to be

DIBL =~ g¥(x) =~ gV, sioh (%)

sinh (i)
ddep A

= 2vgV, .
X4V Ds )\ L — Xq X
cosh ~ — cosh 5\-

(29)

We note that the barrierjlowering predicted by (29) de-
creases exponentially withr increasing gate length for L —
x; > 3. For sufficiently small gate lengths or sufficiently
high drain-source bias such that L =~ x; + x,, the DIBL
diverges and (29) is no longer valid. This condition cor-
responds to severe punchthrough in the device

As a consequence of the barrier lowering, we have a
drain-bias-induced shift in the threshold voltage. From
(14) and (29), we find

AVT = _nA\bs(xs) =

—V{x) = (30)

X
sinh { =
2% dep <>\>

o = N
A L - )
cosh < N xd) — cosh (;:‘)

“‘O'VDS

where

(31)

In Fig. 6, we show experimental data of AV versus Vpg
for two short-channel NMOS devices (from Chung et al.
[7]). 1t is evident that the experimental data are in good
agreement with the linear relationship. of (30), and the.
slopes of the straight lines give the parameter o. A linear
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Fig. 6. Experimental threshold-voltage shift versus drain-source voilage
for two NMQS devices with effective gate length of 0.21 and 0.25 pm.
Equation (30) is fitted Lo the two data sets yielding ¢ = 0.056 (L = 0.21
pm) and ¢ = 0.038 (L = 0.25 pm). (Experimental data from Chung ef al.
7.}

relationship was also observed experimentally by Liu er
al. [8], except for an enhanced shift in ¥ at very small
values of Vpg, typically Vps < 3V,,. This deviation from
linearity is expected since Vpg Becomes comparable with
or Iess than the subthreshold saturation voltage (Vgar =
2V,4). Below saturation, drift current dominates over dif-
fusion in the MOSFET channel and the applied drain-
source voltage is distributed more evenly along the chan-
nel, resulting in a more pronounced DIBL than predicted
above.

It is interesting to notice that the dependence of o on
N, and L predicted by (31) is similar to that obtained by
de Graaff and Klaassen [9] in cases where the hyperbolic
functions can be expanded. Also, the present model
expressions for the shift in threshold voltage with gate
length is in good qualitative agreemernt with experimental
data by Liu er al. [8], as shown in Fig. 7. Like many
others, Liu et al. found that AV varies close to exponen-
tially with the effective gate length L.s. However, as in-
dicated in the figure, an accelerated shift in the threshold

-voltage is observed at very small values of L. (typically
less than 0.4 um for the technology used}, in agreement
with the present theory. As can be seen from the figure,
our theory reproduces the experimental data to L.g < 0.2
pm. We expect that this model can be valid down to ef-
fective gate lengths of 0.1 pm.

The above estimates are simplified and partly empiri-
cal. They do not take directly into account, for example,
the effect of the contact junction depth r; on the short-
channel effects, which may be imporiant. In fact, exper-
imental studies show that a transition from long- to short-
channel behavior takes place when

L < Lrnin(.u'm)
= 0.4 [r,(m)d (AW, + W um)]'” (32)

where W, and W, are the drain-substrate and source-sub-
strate depletion widths, respectively (see Brews et al.
{10]). This expression indicates the importance of the
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.001

L g m)

Fig. 7. Experimental values (symbols). fited model calculations (solid
lines), and exponential approximation {(dotted lines) of shift in threshold
voltage versus effective gate length, in a semilog plot. Upper curves: T =
85 K, lower curves: T = 300 K. {Experimental data from Liu et al. [8].)

contact depth. Indirectly, however, this behavior may be
accounted for by a judicial choice of the adjustable pa-
rameter } ’

V. GENERALIZED SUBTHRESHOLD CURRENT

The current-voltage characteristics in the presence of
DIBL can now be derived from the drift-diffusion expres-
sion in (2). Alternatively, when the channel length be-
comes sufficiently small, we can obtain the characteristics
in terms of the thermionic emission current across the en-
ergy barrier. In reality, however, pure thermionic emis-
sion current cnly takes place in a region of a few mean
free paths of the maximum of the barrier, and drift-dif-
fusion transport dominates in the rest of the channel.
Hence, both processes are always present although one of
themn will normally dominate. Here, we calculate the drain
current based on each of the two transport mechanisms
separately, and propose a unified expression in which both
are included, following the approach proposed by van der
Ziel et al. [11] for short n-i-n diodes.

In the drift-diffusion theory, only the region x; < x =<
L — x,; will contribute significantly to the integral in the
denominator on the right-hand side of (2). Besides, since
the integrand is exponentially dependent on the potential,
we can safely expand the hyperbolic sine function in (24)
to first order in the distance, i.e.,

L—x4
[ oo (47)
Xy t
B _ﬁ SL—,W (W Vux
- exp( Vm> o TP a

A (w” + V(a))
= — exp e
VO Vlh

e MVO(L“xS_Id)
{ exp 1: ——————V[h}\ }} (33)

i ey e it 1
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‘Following the derivation used for the long-channel case,
we obtain for the drift-diffusion drain current

gN WD, V,
NV,

Y2+ Vixy)
exp (T )T

VoL — x; — Xy
1 - exp —‘—"'T/‘;'):'——
i

I;(dd) =

(34)

- This expression reduces to {11) for small values of the
applied Vpg and/or for large values of L, since in both
cases ¥y and V(x,) become very small.

We now instead assume that the drain current is gov-
ermned by thermionic emission. At zero drain-source bias,
the net drain current is zero, and the equilibrium therm-
ionic emission current from source to drain, /5~ and
from drain to source, 19, are given by

P, =05. =1 exp ﬁ
v,

th

(35)

where I, = W3A*T” and A* is Richardson’s constant.
With a finite drain-source voltage, the current contribu-
tions become (including the effect of DIBL)

0
Iy =1exp [L‘(x‘)} — Iy exp (———% il V(x‘)) (36)
Vi Vin
v,
Liog = I exp (—DS> (37
Vlh

and the net thermionic emission current can be written as

Id(te) = Ijﬂd — [d%s A
‘g}.

0
= I, exp (%@—))[1 — exp (%)] (38)
th

We now wish to find a unified expression for the -V
characteristics which includes both drift-diffusion and
thermionic emissions. A complete theory to this end
would, however, be guite involved and impractical. But,
as observed above, the two mechanisms act predomi-
nantly in a serial fashion, each representing a different
part of the channel. Accordingly, the drain current will be
dominated by the current-limiting mechanism which will
be the one that corresponds to the highest impedance. This
is quite analogous to a series combination of two admit-
tances where the current is dominated by smaller of the
two. In line with this analogy, we propose a unified
expression for the subthreshold /-V characteristics as the
following combination of the two currents in (34) and
(38):

1~[ Lo, ‘]l 30
4=\ T@y " Lae) 39

It is clear from the above results that the current-limiting
mechanism will be thermionic emission at small gate
length and drift diffusion at larger gate lengths.

VI. Uniriep CHARGE CONTROL MODEL FOR
SHORT-CHANNEL MOSFET’s

According to the Unified Charge Control Model
(UCCM) {121, [13], the inversion charge n, in a MOS-
FET is related to the gate voltage swing ¥r and channel
Fermi potential Vp as follows: -
Ver — Ve = gV In (%) + a(n, — ny) (40
. g

where « is a parameter accounting for the body effect (i.e.,
the dependence of the threshold voltage of the strong in-
version on the channel voltage [13]), a = ¢/c; + qAd/e,,
and Ad is a quantum correction to the effective insulator
thickness. In (40), we have not considered explicitly the
effect of DIBL on the threshold voltage. However, by in-
cluding the threshold-voltage shift determined in (30),
UCCM can be generalized to read-

Ity
VGTG + UVDS - C!VF == thh in (‘;) + a(n, - no)
’ 0

(41)

where Vgyg is the threshold voltage swing at zero drain-
source bias. ‘

In this paper, the drain-bias-induced threshold voltage
shift is analyzed in terms of lowering of the injection
barrier between the source and the channel in the sub-
threshold regime. In strong inversion however, the injec-
tion barrier is reduced owing to the effect of the gate-
source bias, and will eventually disappear well above
threshold. Hence, the importance of DIBL will be grad-
ually less with increasing gate voltage-source voltage and
should gradually be phased out from the expression for
Vy. For modeling purposes, ¢ should therefore include a
dependence on Vgr as, for example, in the following em-
pirical expression used in the unified MOSFET model dis-
cussed in [53, [13]:

Ty

g =
I + exp (VGTO - VGT)
€

which gives o — g for Vgr < V,rand ¢ = O for Vgr >
V.. The voltage V, determines the width of the transition
between the two regimes. A qualitatively similar depen-
dence of ¢ on the gate voltage was obtained by de Graafl
and Klaassen [9] who related this dependence to the in-
terplay between two different physical mechanisms—
DIBL (which is tmportant in the subthreshold regime and
just above the threshold) and static feedback (which is a
capacitive coupling between the drain and the channel that
may be important well above threshold),

(42)
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