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Abstract: A compact model for LDD M OSFET is proposed, which involves the hyperbolictangent function descrip—

tion and the physics of device with emphasis on the substrate current modeling. T he simulation results demonstrate

good agreement with measurement, and show that deep submicron LDD MOSFET has larger substrate current than

submicron device does. The improved model costs low computation consumption, and is effective in manifestation of

hot carrier effect and other effects in deep submicron devices, in turn is suitable for design and reliability analysis of

scaling down devices.
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1 Introduction

MOSFET has

been well known to improve the hot carrier immu-

Lightly-doped-drain ( LDD)

nity of scaling down device to deep-submicron
regime. Although this structure reduces the lateral
channel electric field approaching the fringe of
drain region, the substrate current is still manifest.
In order to accurately modeling of LDD MOSFET,
not only the parasitic series resistance, the effective
channel length, but also the substrate current
into account. However, most

should be taken

achievements put emphasis on substrate current
modeling of conventional S/D MOSFET'™ " It is
necessary to develop a compact model that can
demonstrate the effect of substrate current on sub—

micron and deep-submicron LDD MOSFETs to e-
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valuate the hot electron degradation of the device.
In this paper, a novel model is proposed, which
utilizes either empirical model description or physi-
cal model description to show clearly the substrate
current characteristics in LDD MOSFET. A hyper-
bolictangent description of output drain current is
simultaneously proposed to characterize the short
gate length LDD MOSFETSs. This measurement—
based analytical model successfully reduces the
complexity and increases the accuracy compared
with the physical-based numerical model, therefore
is suitable for optimization design of submicron and

deep-submicron devices and reliability evaluation.

2  Modeling of substrate current s
for LDD MOSFET

T he hot electron induced substrate current fsu
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is significantly determined by the maximum chan-
nel electric field Ew nearby the drain region. As is
well known, LDD MOSFET has lower Ewthan con—
ventional S/D MOSFET does because of the lower
doping gradient in the drain area. T heoretically, the
mechanisms of substrate current I« between con-
ventional and LDD MOSFETs are of less differ—
ence, thus the key consideration in /su model for
LDD MOSFET is in the modeling of IV character—
istics and the implementation of /.n. Meanwhile,
the parameters such as parasitic series resistance,
effective channel length, threshold voltage shift,
etc. , must be included for LDD technology.

In submicron and deep-submictron devices, the
channel electric field increases largely to cause the
avalanche process modeled by the multiplication
factor M. Thus the substrate current fa is derived
as

A LB;
Tan = T B,-( Vi = Vaa) exp( - Vi — Vd_q..) (1

where [, Vaa,Ai, Bi,and [ are drain current, satu—
ration voltage, impact ionization coefficients, and
characteristics length, respectively. The saturation
voltage is obtained by velocity saturation theory

suitable for short gate length LDD MOSFET,

5
shown as'”

2V = Vll-
YL oiE . - 11 (2

where Ler, ¥, Ec, and Vu are effective channel

[
Vi = L'-rrE(-[ \ll 1+

length, bulk charge factor, critical saturation elec—

tric field, and threshold voltage, respectively'® ®,

shown as follows

L= Lg - 20’xj (2;1)
f
N
Y 14 \A'Zqi:f:..f'\ sib o |r 0.5 (2b)
- 1+ 2R+ Vo
E.= vw/u. (2¢)
Vlh - an.n -
f
AVa+ Vi + \J'I( Vi + Vi) e (Vi — 2¢ﬁ] ]
el[.f.l_rrfﬂ L]
L > 51 (2d)

where all the related parameters can be calculated

or extracted from device structures and measure-

ments. And the characteristics length (i. e. the
length of impact ionization region) is given by

I|I Esilox

= S 6o

X xj (3)

To improve the /.1 model accuracy, equation
(1) is modified to well match the LDD MOSFET

[2

]
process' , shown as

LB )
V ds = ny dsat

(4)

where the process related fitting coefficient 17 is

Faw = T ‘:;'( Vie = MVaw) exp( -

near the unity, different value between convention-
al and LDD MOSFET. In this model, it approxi-
mately equals 0.8(see section 5). And the drain
current a.for LDD MOSFET is proposed in section
3.

3 Modeling of drain current Ia for
LDD MOSFET

In this paper, with the description of hyperbol-
ictangent functions which has been successfully
applied in RF MESFET s, a novel IV empirical
model for LDD MOSFET is developed as

La(Vie, Vi) = Lia( 1+ AVa)tahn(aVa) (5)

where Taa, o, and A are critical saturated drain cur—
rent, saturation voltage parameter, and channel
length modulation parameter, respectively. T hese
parameters are analytically derived from the
physics of the short channel MOSFET, shown as
follows:

Tiw = WoawCo( V= Vo= ¥Vaa) (6)

which is derived from the theory of carrier velocity

saturation that occurs under the operation of short

gate length LDD MOSFET.

Wl " gao( V)| vy—o
- ]d’iil[ - ]dxul ( ?)

where the linear region drain conductance guis giv—

en by

wCo W

gd!} = E I " ( Vg:: - Vlll - yl/llﬁ} (?a}

With a fitting constant &, equation ( 7a) can be used
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to describe the average conductance in the linear
region of IV characteristics (from Va= 0to Va=
Via) , simplifying the model computations:

av‘l_‘l V=V e
A= Itlﬁill -

ga( Ve, Vi) | vozve.,
11|-:a|l

(8)

where the saturation drain conductance gu is given
by

V ds

l{(lﬁ‘r-
(erf - LI) Er- + V(I:a-.lt

gis = ( 8a)

in which the velocity saturation region length [liis

obtained by an accurate model'"”:

Ve = Vi En

La= Iln( IE. E‘.)

[
JI( Vs —£ V(l:-ill) 2 + E?
E. |
(8b)

In order to maintain smooth transition he—

V1|.-;|I
+

= ln[ Va {_E

tween linear and saturation region, the critical sat—
uration voltage Vi in Eq. (8) should be substitut—
ed by the parameter Vix with only one fitting con-
stant A, given by
Vie = Vaaf{l= [In(1+ &')] ' X
B | (9)
Moreover, the parasitic series resistance of
source region (or drain region) includes:
R(Ry)) = Ra+ R+ Ry (10)
where Ra, Rw, and R, are sheet resistance, ohmic
contact resistance, and spreading resistance, respec—
tively. They can be approximately calculated but
hardly holding the precision. Here we treat all
these resistances as extracted parameters with
their calculations as in situ in optimization, the
methodology widely used in measurement-based
models. T aking the relations between device termi-
nal biases and intrinsic biases into account, the
nonlinear formula can be solved iteratively by
GaussNewton and Levenberg-Marquardt algo-
rism, given by

fIa) = Ta— Lua(l+ AVy)tanh(aVe) = 0
(11)

4 Consideration of substrate current
Iswin drain current 7« model

The output current [achanges at the region of
large drain bias, where substrate current /. in-
creases significantly because of hot electron effect.
This causes the increase of saturation drain con-
ductance gu.. The simple modification of drain cur—
rent is used in this paper to indicate the effect of
substrate current on output performance, shown as

Iu[:al = e)(:anly ( 12}

where the fitting coefficient 0 is treated as 6 =

[ul:a‘l‘

tanh( Va/Vaa) which indicates that the substrate
current affects the output performance significantly
at the region of far beyond of critical saturation
voltage. Then equation( 12) is embedded in the op-
timization of Eq. ( 11), resulting in the current

model that can well match the performance of

short gate length LDD MOSFET.

S Simulation and validity

Figure 1(a) shows the substrate current of
W/L:= 10um/0. 4um LDD n-MOSFET, in which
the gate oxide thickness twequals 9nm, the junction
depth of n” region xjequals 0. 18um, the extracted
effective channel length Ler is approximately
0.29um, and other related parameters are given in
Ref.[ 10]. 1t is clear that the deep submicron device
with thin gate oxide yields significant substrate
current, even though a LDD structure is utilized.
Figure 1(b) demonstrates the output /¥ charac-
teristics and Figure 1(¢) shows the drain conduc-
tance of this device, in which the phenomena of the
curves at large drain bias indicate the effects of
substrate current. As comparison, the measure-
ments are displayed simultaneously, resulting in
good agreement with the simulations. What is de-
scribed above uses the fitting coefficients A, Bi,
and M of 0.24X 10°m™ ", 1.92 X 10°V/cm, and 0. 8

respectively for the substrate current simulations,

where the coefficient Biis treated as fixed value'”
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0.07 current is obtained compared with that in Fig. 1
0,06 v WIL=10 p/0.4 pm (a). For validation, a LDD n-MOSFET with
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Fig. 1 (a)Simulated substrate current Ja. of 10pm/

0.4pm LDD MOSFET: (b) I-V characteristics of
10pm/0. 4pym LDD MOSFET including the effect of
substrate current; (¢) Drain conductance versus drain
bias  The increment of ga at large drain bias is

mainly attributed to the effect of substrate current.

for simplification. The other appropriate parame-
ters for Jezmodeling are all shown in Ref. [ 12]. 1t is
well known that the gate oxide thickness to, S/D
junction depth xj, the substrate doping Na, ete.,
are very sensitive to the effect of substrate cur-
rent. To this end, a substrate current simulation
with an oxide thickness to of 15nm is simulated in

Fig. 2, in which a significant decrease of substrate

22. 7um/0. 72um dimension is also simulated with
measurement as comparison in Fig. 3. Figure 3( a)
demonstrates the simulation result of the substrate
current, where the gate oxide thickness to equals
18nm, the junction depth of n~ region x; equals

0. 25um, the extracted effective channel length L.t

0.02
WiL=10 pm/ 04 pm
V=5V  t.=15nm
==0.18 pm
% 0.01F
—
4V
3v : ;
00 2 4 6 B 10
ValV

Fig. 2 Simulated substrate current of 10um/0. 4pm
LDD MOSFET with 15nm gate oxide thickness

is approximately 0.56um, respectively, and other
parameters are also given in Ref. [ 11]. The sub-
strate current value of several microamperes hardly
affects the performance of submicron device with
output drain current of more than 10mA. The com-
parison between simulations and measurements of
drain output current and conductance are shown in
Figs. 3 (b) and (¢).in which the effect of substrate
currents is very small. Generally, the lower drain
bias is required for deep-submicron LDD M OSFET
to reduce the hot electron effect, even though the
LDD process is obviously valid for this purpose
compared with conventional S/D process, however
decreasing the driving ability. The new technolo-
gies of deep-submicron and sub=100nm devices are
developed for this purpose. such as halo process.

ete.

6 Conclusion

A compact model for LDD MOSFET that in-
volves the empirical description and the physical

analysis of device is developed, wherein the sub-
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nism of hot carrier effect and other effects in deep

WIL=227 panl0.72 s submicron devices, therefore is suitable for design

5
of devices.
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