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Abstract—This article discusses an analytical velocity-overshoot capacitance model for a 0.1 um MOS
transistor. As verified by 2D simulation results, compared to the conventional model the analytical
capacitance model considering velocity overshoot shows a smaller Cs; and Cpg value, because in velocity
overshoot a smaller amount of electrons exist in the channel region. Compared to the Cg case, the larger
decrease in Cpg when considering velocity overshoot at high Vy, is the result of higher electron velocity
in the post-saturation region. Copyright © 1996 Elsevier Science Ltd

1. INTRODUCTION

For decades the evolution of MOS devices has
already been consistently continued. Sub-0.1 ym
MOS devices for next generation VLSI have been
reported[1]. Since the supply voltage can’t be scaled
down sufficiently for deep submicron MOS devices, a
large electric field is unavoidable in some regions
of the lateral channel. Therefore traditional drift-
diffusion models are not adequate for describing its
device characteristics. In order to account for a high-
electric-field effect, the energy transport equation for
analyzing the electron temperature distribution in the
channel has been included in an analytical DC model
for MOS transistors[2-4]. For deep submicron MOS
devices designed with a large electron mobility, elec-
trons in some region of its very short channel may be
traveling at a velocity higher than the saturated
velocity (the velocity overshoot phenomenon[5-9]).
For a deep submicron NMOS device with velocity
overshoot behavior, its device model is further com-
plicated. Recently an analytical DC drain current
formula for deep submicron NMOS devices consider-
ing velocity overshoot phenomenon has been re-
ported and the effect of velocity overshoot on the
drain current has been evaluated{10]. For a deep
submicron MOS device, the drain current alone
cannot describe the device performance. Capacitance
is also very important in determining the overall
performance of such a device. In the past MOS
capacitance models have been discussed in-depth for
transient analysis of MOS devices[11]. An analysis of
capacitances in MOS devices considering velocity
saturation has been reported[12]. However a capaci-
tance model of a MOS device considering velocity
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overshoot has not been reported. In this paper an
analytical source-gate and drain-gate capacitance
model considering velocity overshoot for a 0.1 um
NMOS device is described. In the following sections,
the derivation of the analytical model is described
first, followed by a verification of the model and a
discussion.

2. MODEL DERIVATION

In this section a velocity-overshoot capacitance
model for a 0.1 um MOS device is derived. Consider
a 0.1 um NMOS device with its origin at the source
end and its y-axis in the lateral channel direction. In
order to simplify the analysis, the gate fringing
capacitance and the gate-source and the gate-drain
overlap capacitances[13,14] are not considered. Based
on the partitioned-charged capacitance model[l1}],
the source charge and the drain charge are given by:

L y
Os= WJ (1 —z>n(y)dy, (1
0

0= WL Fn(y)d, @

respectively, where W is the width, L is the effective
channel length and n(y) is the unit-area induced
charge density at location y in the channel. Using
eqns (1) and (2), the source-gate and drain-gate
capacitances are defined as:
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respectively.
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2.1. Energy transport

For an NMOS device the energy balance equation
[15] is:
ds —JE —n k(T,— To)’
dy T,
where y is the lateral direction, J is the electron
current density, E is the lateral electric field, & is the

Dnlt')mnnn constant T ic the electron temmnerature,
SonZmann constant, 1, 15 e CCCron Wempceraure,

T, is the ambient temperature, n is the electron
density, 7, is the energy relaxation time, S is the
electron energy flux and 2kT, is the average kinetic
energy per electron arising from current flow. The

electron energv flux is expressed as:

Lalli O CICTE) L3Ra 15 CAPICSSLU

dT kT
q

where « is the thermal conductivity, ¢ is the electron
charge. In the NMOS device the electron current,
which is mainly composed of drift current, is:

@

S=—«

®)

J =nqu,(T,)E, (6)
where u,(T,) is the temperature-dependent electron
mobility[15]:

T -0.5
T,)= - , 7
#(T,) = ”S(TO) Q)]
where p is the surface electron mobility[16]:
My
Bo= .
1+6(Vg— V)

From eqns (4)(7) by neglecting the second order
derivative term, one obtains a differential equation in
terms of the electron temperature:

dTll (T,— Tp)
dy 2k+ tu E (T0> ' ®

However, at steady state, the electron mobility is also
field dependent[17]:

Ha(E) = , ®
E 12
F1+( Y]
Ve / |
where v, is the electron saturated velocity[18]:
2.4 x 107
Oy = x (cmsec™'). (10)

1+ 0.8 x exp(T,/600)

At steady state the electron temperature dependent
mobility is equal to the electric-field dependent mobil-
ity (p,(Ty) = 4, (E)). Therefore from egns (7) and

(9), the steady-state electron temperature is:
{usEN']

r-n 1+ ()}

Since the energy relaxation time is related to the
difference between the steady-state electron tempera-
ture (T,,) and the ambient temperature and the

alantinsn mae sam odonom

electric field, as for instance
_ 2k(Tnss - TO)

Py N
YLUsg

1n

(12)
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from eqns (11) and (12) one obtains:
2kTou? 2kTop;
T (ENn2 g (T Va2 13)
Hn \ & JUsar YHn\ L g JVsar

and (8) a differential equation in

n temperature 4oxson

~bt A.
lpelaituie Ib ooviainca.

dT, _ 48 (T.- TV (14)

dy %t 2k T, Ep? N
The electric field in the lateral channel between source
and the saturation point has been assumed to be
linear:

r 1Y)

DY — L ng
E\J ) = o T 4y, i

\
]
where E, and a are defined as:

NV psat
L —AL’
2(1 —n)Vpsar

Ey= -

From eqns (14) and (15) in this case one obtains:

(Tn — To)quat
2kTo(Ey+ ap)pl’

a7, q(E+ay)
dy 2k

(a7

Solving eqn (17) with the boundary condition that at

the source end the electron temperature is equal to the
ambient temperature (7,(y =0)=T,), the distri-

SQICLY WApCiaiiv = iy, MC CISU

bution of the electron temperature in the lateral
channel of the device is given by

5 E() A+2
T, =To+———(E, + 1 — s
») 0 2( o GJ’)[ <E0+ay> ]
- qul,
ZHkTGy
q

As 1 is small, (Ey/E;+ay)**? can be neglected.

Thaeafnes tha
1 OCICIONIC i

comes:

alantean tamemaratiiea digtrihuatinn ha
CICCU oM WCIpet aturc distrioution oe-

- v B o
ln(Y)510+A+2U:0+aJ’)2- (19

2.2. Drain current

Using Ref.[19], the drain current is given by

[(Vas — ¥1)Vox —1Vhx), (20)

w
Ip=pgCoy ———
D = Heft Cox L —AL
where V5 is the threshold voltage considering drain
induced barrier lowering effect: Vy= V,y— o¥Vps,
where V,, is the zero bias threshold voltage, ¢ is a
coefficient. u,ﬂ is the effective electron mobility Using

a umucu iurmuu lUr DULD uwuc anu bdl.urd.UUll
regions, Vpy is organized as:

Vox = Vos + Vosar — (Vos + Visar)'”. 21)
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From eqn (21), in the triode region, Vpy— Vpg. In
the saturation region, Vpx — Vpsar, Where Vpgar is
defined as:

VDSATI VP
Vosati + Ve~
in which ¥V} is determined by the pinchoff point:
(Ve=Vs— V1), and Vpgary is determined by the
velocity saturation point. As the drain voltage
reaches Vp = Vpsari, the electric field at the drain
equals

Vosar = (22)
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Using the electron temperature profile formula
(eqn (19)), eqn (28) becomes
#To*(L —AL)

Heg = L_AL B
[

A+2
Finally by carrying out the integral of eqn (29) the

29

(Ey + ay)dy

E(y=L)=— @ _Z) Vosam . (23) effective electron mobility becomes:
A+2
| 2 anTi(L —AL)
ha=rE To A +2) Ty(d+2) Tod £ 2\ |F-ro-t-an’ (30)
. 2 In{ E Er4
|: 5 + B + 2B n| E + + 3 retent
Under this condition, the electron velocity at the ) v
drain just reaches the saturated velocity. Therefore E(y=L-AL)= — % 3D

t(E(y = L) E(y = L)|
W|E(y =L)|

\/1 N (usE(Uy = L))2

According to eqns (23) and (24) Vpgar becomes:

24

=M Usy -

r’lvsalL

Q—-mJ/1-niy
From Ref.[3] the distance between the saturation
point and drain is found to equal

@25

Vbsati =

2.3. Capacitances

Based on the drain current model and the parti-
tioned-charge model, the source-gate and drain-gate
capacitances of the 0.1 pm NMOS device are derived
in this section.

The lateral channel is divided into two sections: (1)
the pre-saturation section (0 <y < L — AL), and (2)
the post-saturation section (L — AL <y < L). There-

— (Vps— Vox — @A) — \/(Vos — Vox — ;AR + JHE} —aid?)

AL =sl ln|:
A:

a, =

E,

_ 2(1 —n)Vpx

AME +al)

€si ‘xj tox

|

]
60)(

s

LZ
NVox

L

(26)

Since in the triode region Vpx — Vps, AL — 0.
The effective electron mobility is expressed as:
L—-AL

L—~AL 1

0

Ha
From eqns (7) and (27) by considering the electron
temperature distribution in the channel the effective
mobility is expressed as:

Hs(L —AL)

L-AL T 1/2 *
=) d
<T0> Y

Heg =
|

@7

(28)

fore, Qg and Q,, as indicated in eqns (1) and (2) can
be expressed as:

Qs = Qs + Qs (32)
Op=0Qp1 + P> (33)
where Qg, and Qp, are defined as:
L—AL y
51 = WJ (1 —z)n(y)dy, (34)
[}
L-AL y
Q01 = Wf £ ()4, (35)
0
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. Table 1. P: ters of the device und
and Qs, and Qp, are defined as: ¢ arame study © fevioe nder
L
y Parameter Value
Ou=W 1 == n(y)dy, (36
LoAL L L 0.09 um
L Vo 02V
-w y d 37 s 0.35
QDZ" Zn(y) ). ( ) ¢ 75 A
ox
L-AL n 0.1
2.3.1. Pre-saturation region. In the presaturation m 2-5%4 2yt g1
. . My em* V™ !sec™
region O<y<L- AL) the unit-area charge den- % 0.11 um
sity at location y in the channel is: 4 0.12

Ve—Vr=V(¥),

where V(y) is the potential at location y in the
channel. Using the channel electric field distribution
formula as shown in eqn (15), the channel potential
becomes:

n(y) = - Cox (38)

v

V)= | - Eotay)dy' = — By =z (39

0

From eqns (34, 35, 38 and 39), one obtains Qg and
Op, in the presaturation region to equal

Os1= —C,, W,:(VG— Vi)(L —AL)

1/ Vo— Vi
+§(Eo —G—L_T>(L — ALY

il _E 3_;_ s
+3(2 )(L ALY -2 7 (L - AL)J

(40)

- . - v —aLy
QDI__— oxf[i( G~ T)( - )

| D U ]

+-Ey(L —ALY +-a(L —AL)*|. (41)
3 8

post-

saturation region (L —AL €y <L), the electrons

are travelling at the velocity at the saturation point

he
region. In the
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Fig. 1. Electron drift velocity distribution in the lateral
channel direction of the NMOS device biased at ¥, =1V

and V,.: 1.0V, according to 2D simulation results, the

anc aCCOICIIE W £ o2 Simuuaiidn resusis, ing

analytlcal velocny overshoot model, and the conventional
model, respectively. y, =450 cm?V-!sec™'.

(y =L —AL). From eqn (31), at the saturation point
(y =L —AL), the electric field is:

(2—n)Vpx
L —AL

From eqn (19), at the saturation point (y = L — AL),
the electron temperature is:

T.(y=L—-AL)=T,
B

E(y=L—-AL)= — (42)

+——(E(y =L —AL)?. (43)
A+2

From eqn (7), at the saturation point (y = L —AL),

the electron Vci()cuy is

T.(y=L—AL)\™ %
vy =L —AL)= I‘s(—T—\
0

E(y=L—-AL). 44

In the post-saturation region, the effective charge
density is n(y)= (Ip/Wv,(y = L-AL)). Therefore
from eqns (36, 37, 44) one obtains:

2
o I,AL 5
<= o (y=L —AL)’
I AL?
Q92=———(AL ALYy (46)
2a(y = L —AL)\ 2L )

Eqns (1-3, 32, 33, 40, 41, 45, 46) are closed-form
nealutia

auanyu-.ax \,SG and bDG formulas for the . lum
NMOS device considering velocity overshoot.

3. MODEL VERIFICATION

In order to evaluate the effectiveness of the analyti-
cal velocity overshoot model, the analytical model
results for Cgg and Cpg have been compared to 2D
As shown in Table 1, the
NMOS device under study has an effective channel
length of 0.09 um, a gate oxide thickness of 75 A and
a S/D junction depth of 0.11 um. The zero bias
threshold voltage of the device is 0.2'V.

Figure 1 shows the electron drift velocity distri-

SO Wil Cacliionl QI VCOCILy GISiIt

butlon in the lateral channel direction of the NMOS
device biased at ¥, =1V and V5= 1.0V, based on
the 2D simulation results and on the analytical
velocity overshoot model. u,=450cm?vsec™!. As
shown in the figure, the electron drift velocity distri-
bution of the model result is well correlated to the 2D
simulation result. At ¥, =1V and V=10V, in

A mac =

simulation leUlLb[AU ]
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Fig. 2. (a) Cps and (b) Cyg vs Vp of the NMOS device

with a channel length of 0.09 um, biased at V=1V, based

on the analytical model considering velocity overshoot

and without considering it, and 2D simuiation resuliis,
respectively.

most parts of the lateral channel, the drift velocity is
higher than the saturated velocity (107 cmsec™!).
Using the analytical velocity overshoot model, vel-

aoity agvarshast hahaviar can be shserved H
ocCily OvVersnool oenavior can ve OvSCrvea. owWever

using the conventional model, velocity overshoot
behavior cannot be identified.

Figures 2(a) and 2(b) show Cpg and Cyg vs Vp, of
the NMOS device (biased at Vg =1 V) according to
both analytical models and 2D simulation. As shown
in the figures, at small ¥, with and without consider-
ing velocity overshoot, a similar result can be ob-
served for both Cgg and Cpg. When ¥, becomes
large, a difference in Cgq and Cpg with and without
considering velocity overshoot becomes noticeable.
Compared to Cyg, the difference in Cpg with and
without considering velocity overshoot is larger.
Specifically at large Vp, considering velocity over-
shoot Cp degrades more. The trends in Cpg and Cgg
predicted by the analytical model are confirmed by
the 2D simulation results.

4. DISCUSSION

The larger decrease in Cpg when considering vel-
ocity overshoot can be understood by considering

Cpa1s Cpga» Csar and Cgg,y, which in the pre-satu-
ration region are defined as

o W 1 %0 1
TROLT v, WL TN T Vg WL
and in the post-saturation region as
coo_ 0m 1 _ 00s |
pG2= T oy WLT ST oV, WL

Note that CDGI + CDGZ = CDG’ CSGl + Csc,z = CSG'
Figures 3(a) and 3(b) show the normalized value

of Cpgi and Cpg, and Cgg, and Csgy vs Vp of the

NMOS device, biased at V=1V, based on both
analytical models. As shown in Fig. 3(a), when V}, is
small, Cpg, for the pre-saturation region is much
larger than Cpg, for the post-saturation region. When

V), becomes large, Cp, for the post-saturation region

is much larger than Cpg,. In the pre-saturation
region, with and without considering velocity over-
shoot, Cpg; is identical. In contrast, in the post-satu-
ration region, considering velocity overshoot, Cpg, is
smaller when compared to the case without consider-
ing it. This is correlated to the results shown in
Fig. 2(a). As shown in Fig. 3(b) regardless of V', Csg,
for the presaturation region is aiways much iarger
than Cgg, for the post-saturation region. In the
pre-saturation region, with and without considering
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Fig. 3. (a) Normalized Cpg, and Cpg, and (b) normalized
Csm and Csaz vs Vp of the NMOS device with a channel
u‘;ﬁgul of 0.0% pin, biased at ¥, G= 1V, based on the aﬁaxy ti-
cal model considering velocity overshoot and without con-

sidering it, respectively.
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velocity overshoot, Cy, is identical. In the post-satu-
ration region, considering velocity overshoot Cgg, is
smaller when compared to the case without consider-
mg it. From rlgb _)\a} and J\D}, we learn that for LSG
the pre-saturation region is more important—Csg, is
more important than Cgg,. Considering velocity
overshoot, in the post-saturation region, when Vy, is
large Csoz may become smaller than that without
nnnnnn

always dommates CSG, at large VD, the decrease in
Csg, of the post-saturation region when considering
velocity overshoot only makes Cg; decrease a little
bit. However, for Cp, the post-saturation region can

ha mare imnortant— at larga I/ is more imo
OC mMore mmporiani—at argeé vp, VDGZ 15 mMore im-

portant than Cpg,. Therefore at large V7, the decrease
in Cpg, of the post-saturation region when consider-
ing velocity overshoot makes Cpg decrease much
more when compared to the Cgg case. This explains

the lareer decrease in C- . when considering vplnmfv

NG 1Arger COCICase Il Lpg Wikl CONSIACINE YOIOLR

overshoot at large ¥, when compared to the
Cyg case. The decrease in Cp, in the post-saturation
region when considering velocity overshoot at large
Vp is caused by a larger electron drift velocity in the
post-saturation region.

5. CONCLUSION

In this article the impact of velocity overshoot on
the source-gate and drain-gate capacitance in a
0.1 um NMOS device has been discussed. As verified
by 2D simulation results, based on the analytical
capacitance model considering velocity overshoot,
since a smaller amount of electrons exists in the
channel region Cg; and Cpg show a smaller value
when compared with the conventional model. As
compared to the Cg; case, the larger decrease in Cpg
when considering velocity overshoot at high ¥, is the
result of higher electron velocity in the post-satu-
ration region.
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