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Abstract: A novel substrate current model is proposed for submicron and deep-submicron lightly-doped-drain

(LDD) n-MOSFET. with the emphasis on accurate description of the characteristies length by taking the effects of

channel length and bias into account. This is due to that the characteristics lenth significantly affects the maximum

lateral electric field and the length of velocity saturation region, both of which are very important in modeling the

drain current and the substrate current. T he comparison between simulations and experiments shows a good predic—

tion of the model for submicron and deep-submicron LDD M OSFET . Moreover. the analytical model is suitable for

descgn of devices as it is low in computation consumption.
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1 Introduction

Substrate current is a very sensitive parameter
to monitoring the hot carrier degradation in scaling
down devices to deep submicron. The lightly—
doped—drain (LDD) process technology finds wide
applications in the improvement of hot carrier im-
munity. However, the substrate current in LDD
MOSFET still demonstrates a unique characteris—
tics different from the conventional MOSFET, par—
ticularly in very short gate length devices. The
modeling of substrate current for LDD structure is

therefore different from that for conventional S/D
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structure devices. Many publications in this area
have given a great deal of experiments and analy-
sis''" ", nevertheless, lack of clear differences in
modeling mechanism between LDD and conven-
tional S/D structures. In details, the modeling of
n~ doped region induced effective channel length,
the modeling of velocity saturation region length,
the modeling of threshold voltage and saturation
voltage, etc. , should be paid more attention to LDD
structure. References| 3~ 5] demonstrate the im—
proved substrate current models, but not especially
for LDD devices.

[n this paper we investigate the mechanism of

the substrate current of LDD MOSFET, and put
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the emphasis on the modification of the character—
istics length which is also defined as the effective
ionization length in some papers. The characteristic
length significantly affects the modeling of drain
current and substrate current for the MOSFET
from long channel to short channel. T hus many pa-
pers have to utilize the extracted empirical deserip—
tions to pursue the model accuracy. To this end, a
of LDD
M OSFET is developed which is suitable for the de—

modified characteristics length model
scription of submicron and deep-submicron de-
vices, and is implemented in the proposed drain
current and substrate current models. The related
experiments are compared with the simulation re-

sults as validity.

2 Improved model of characteristics
length

An accurate description of maximum lateral
electric field Ew is extremely important for calculat-
ing the substrate current. From quasi two-dimen-

. . . S (6l
sional simulation, Ew is given as

/I’ Vg _3 Vi | +

A

Ew= E: (1)

|

where Vaw and E.are saturation voltage and critical
saturation electric field, respectively. If the critical
saturation electric field E. is neglected, it is simpli-
fied to Eq. (2) which is widely used in modeling
substrate current shown as

E. o~ Vs —{f?Vdml (2)

where [ is defined as the characteristics length (or
effective ionization length), a very important pa-
rameter in modeling the maximum electric field.
The emphasis in this paper is in turn put on the de—
scription of characteristics length for the MOS-
FETs with different gate lengths and structures.
is an adjustable parameter close to unity to fit the
experiment.

In solving the distribution of channel electric

field, the parameter I is normally defined as

|II E:i
= St (3)

where tox and x;j are the gate oxide thickness and the
S/D junction depth (n”
LDD MOSFET), respectively. However, this ex-

pression yields a significant dispersion as the LDD

region junction depth for

device is scaled down to submicron or deep-submi-
cron regime. Many experiment-based modification
methodologies therefore have been developed to
improve the model accuracy. Some empirical ex-
pressions are given as follows'”:

= 0.0007x 1. (4)
where x; and [ are in micrometers, fox is in
angstroms. It is suitable for short channel length
LDD or conventional MOSFET.

[= 0.22x]t" (5)
where [, xj, and to are in centimeters. Equation (4)
is suitable for long channel devices, although occa-
sionally being used in submicron devices.

[n practice, the parameter [ is gate bias— and
drain bias-dependent. Thus an empirical bias-de-
pendent model is developed as'”
l=lo+ L(Va—= Viaw) + L(Va = Vaa)® (6)
where lo, [1, and [z are fitting parameters. Further-
more, the third order is even considered in some fit-
ting models.

Ve and

Va!"? demonstrate that Ew is approximately pro-

The measurements of Ew against

portional to Vu and inversely proportional to V..,
and also [ is approximately proportional to Ve in
short gate length LDD MOSFET “s. The parameter
[ affects not only the maximum lateral electric
field, but also the threshold voltage V. In this pa-
per, we develop an equivalent model of characteris—
tics length [ which takes the bias and the channel
length into account, universally suitable for submi-
cron and deep-submicron regiem. given as

= lblaiLa” + a2Veu(Vi - Vaa)’]l  (7)
where lo and Ler are in micrometers, defined as the
effective characteristics length and the effective
channel length of submicron and deep-submicron

LDD MOSFET, respectively. lo is given by Eq. (4)



1086 oo &

T

i 25 4%

which holds the accuracy in short channel LDD de-
vices. The first term in the square bracket of Eq.
(7) indicates that [ is related to the gate length.
Experimentally. the characteristics length [ increas—
es nonlinearly as the gate length increases. From
submicron to deep-submicron regime, the change is
not apparent, and the gate length—independent em—-
pirical model is in turn well used. In the micron
regime, the difference of [ is larger. This can also
be evidenced by Egs. (3),(4), and (5). Thus the
exponent 1/5 is proposed to fit the effect of gate
length on the characteristics length [ in a wide
range from micron to deep-submicron. The second
term in the square bracket of Eq. (7) indicates that
the practical characteristics length [ is nearly pro-
portional to the gate bias'". The drain bias-depen—
dent factor is also considered in this term in which
the square factor is close to the reality. ai(pm™")
and a2 (V') are fitting parameters. Then, this
model is implemented in o and Vu'", to model the
substrate current of the LDD MOSFET from sub-

micron to deep submicron regime.

3 Modeling of substrate current for
LDD MOSFET’s

Theoretically, the formations of substrate cur—
rent /s are of less difference between conventional
S/D and LDD MOSFETs. The key consideration
of I model for LDD MOSFET is in both modeling
of IV characteristics in which the parameters such
as parasitic series resistance, effective channel
length, and threshold voltage shift, etc. , are includ-
ed for LDD technology and implementation of ..
The commonly used description of substrate cur—
rent [« taking the Eq. (2) into account is given
by'”

LB
V1I,. - r”’}d:-ﬂl,

(8)

where o and Vaa are drain current, saturation

T = I xfj_"(vdﬂ— NV 4 exp| —

voltage, respectively, and 4i, Bi are impact ioniza—

tion coefficients. The differences among many [

models are in differences of the parameters Vi, [
and Ew, etec. With appropriate determination of
these parameters for LDD MOSFET, the /. model
can be used to demonstrate the hot carrier effects.

The saturation voltage Vauw is obtained by

,'Il + 2 V-J:a - Vth _ l
J YL wiE .

where the effective channel length Lar, the bulk

Visa = Lok« (9

charge factor ¥, and the critical saturation electric
field Ec are shown in Refs. [ 11, 12].

A hyperbolictangent description has been de-
veloped to characterize the drain current /s for
LDD MOSFET s' "

To(Ve, Vi) = Taw( 1+ AVa)th(aVe) (10)
where Jaw, ® and A are critical saturated drain cur-
rent, saturation voltage parameter, and channel
length modulation parameter, respectively. T aking
the effect of source and drain parasitic resistances
(these parasitic parameters are normally extracted
from experiments rather than calculations because
of their complicity for LDD MOS structure) into
account, the iteration methodology is used to solve
the nonlinear function Eq. ( 10) where the Gauss
Newton and the Levenberg M arquardt optimization
algorisms are utilized.

4 Simulation results of 7. model

and validity

All the proposed parameters are implemented
in the model to simulate the characteristics of short
gate length of LDD NMOSFETs and the results
are compared with the experiments. Figure 1 shows
the substrate current of W/Lar = 55um/0.62um
LDD MOSFET, in which the gate oxide thickness
tox equals 25nm, the junction depth of n™ region «;
equals 0. 25um, the extracted source and drain par-
asitic resistances equal 11.27Q and the n~ region
and the channel region under the gate oxide of sub-
strate are No= 1.0X10"em™ " and Na= 4.08X 10"
em” . the flat band voltage Vis= = 0.6V, the elec—
tron mobility in the channel p.= 604, 88(:m2/(V .

s). respectively''. The comparison between the ex—
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periment and the simulation illustrates a good pre-
diction of this improved substrate model. As validi-
ty, the output drain current calculated from the
model including the effect of substrate current giv-

en in Fig. 2, showing an excellent agreement be-
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Fig. 1 Simulation and experiment of substrate cur—
rent versus gate bias for LDD MOSFET with

0. 62um effective channel length at V.= 0V

25
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Fig. 2 Simulated and experimental Jo.-V . character—

isties of Ler= 0. 62pm LDD MOSFET

tween measurement and simulation. The simulated
drain conductance is given in Fig. 3 simultaneous—
ly, showing a smooth transition between linear re—
gion and saturation region, and the effect of sub-
strate current on the drain current at large drain
bias region. In this paper, the extracted parameters
for substrate current simulation are given as: Bi=

1.92X10°V /em is treated as a fixed value which is
calculated from the properties of bulk silicon'”, 4
= 0.4X10°em™ ', ar= 1. 15um™ ', a2= 1.8 X 107°

V™', N= 1.05. Moreover, a micron LDD NMOS-

FET with Ler= 1. 02um is simulated by this model
in Figs. 4, 5, and 6 which show the substrate cur-
rent, the output /¥ characteristics, and the drain

15
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Ve=6,543.2,1V
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Fig.3 Simulated drain conductance of the W /L=
55pm/0. 62um LDD MOSFET
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Fig. 4 Simulation and experiment of substrate cur—
rent versus gate bias for LDD MOSFET with

1. 02um effective channel length at Va= 0V

20
Symbol:experiment

Fig.5 Simulated and experimental [4.—V 4. charac-
teristies of Ler= 1.02um LDD M OSFET

conductance, respectively. The same extracted pa-
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Fig. 6 Simulated drain conductance of the Luar=

1.02um LDD MOSFET  The effect of substrate

current at large drain bias region are very small.

rameters are used except the drain voltage ad-
justable parameter M= 0.95. All the simulations
demonstrate satisfying predictions to the reality of
LDD MOSFETs, therefore presenting the robust-
ness of the model although the effective channel
length of 1. 02um is beyond the submicron regime.

It is also obvious that the long gate length MOS-
FET gives rise to the low substrate current. T his is
the reason that the study on the mechanism of sub-
strate current is important for submicron and deep—
submicron devices in the reliability area. Simulta-
neously, the performance of a LDD MOSFET with
shorter gate length ( W/Lar= 40um/0.32um) is
simulated by the model. Figure 7 shows the com-
parison between measurement''” and simulation of
the substrate current, resulting in good agreement.

The calculated /4-—V ¢ curves from the linear region
to saturation region are drawn in Fig. 8 with the
experimental data (at Va= 5V) as comparison.

The utilized parameters in simulations are: fox =

15nm, xj= 0.25um, Na= 6.2X 10" em™ °, No= 1 X
10" em™*, Rs(Ra) =30Q, p.= 600cm’/(V *s), Vs
= — 0. 87V, etc. The extracted parameters for sub-
strate current simulation are given as: Ai= 0.38 X
10°cm™ ", Bi= 1.92 X 10°V/em, a1 and a2 maintain
the same value as mentioned above in extraction
and equal 1. 15 and 1.8X 10" ", and N= 1. 06 respec—
tively. Further more, a very short gate length’s

LDD NMOSFET (W /Luwwsk= 20um/0. 26pum) fabri-

5 & ¢
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g

Fig- 7 Simulation and experiment of substrate cur—
rent versus gate bias for W/Lei = 40pum/0.32um
LDD MOSFET, where the substrate bias Va= 0V. A
large increase of [.b is shown compared with that in

Figs. 1 and 4.

30
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t Line:simulation v
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Fig. 8  Comparison between simulated [a.-V .

characteristics from linear to saturation region and

measurement

cated on 0. I8um CMOS technology is also investi—
gated, and the good results shown in Figs. 9 and 10
are obtained. The extracted parameters by linear
regression method in simulations are: tex= 3. 2nm,
Lear= 0.23um, xj= 0.03um, Na= 3X10%cm %, No
= 1.1X10%m™°, Rs(Ra) =14.5Q, py.= 750cm’/(V
s), Vu= 0.48V, etc. The extracted parameters
for substrate current simulation are given as: Ai=
0.21 X 10°cm™ ', Bi= 1.92 X 10°V/em, a1 and a2
maintain the same value as mentioned above in ex—
traction and equal 1.15 and 1.8 X 10™°, and N=
1. 15, respectively. All of these investigations indi-

cate that the improved model is suitable for the
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LDD MOSFETs of a large region of gate lengths
with low difference of extractions.

30 30
Symbol:experiment
25| Line:simulation

W /L=20p.m/0.26 1 m, :=3.2nm
Ve=3V_ 150

[/ 2]
8 15¢ E
3 3
10}
s.
0
ValV
Fig. 9 Simulated and experimental substrate cur-

rents in 0. 26pm gate length LDD NMOSFET (L=
0.23um)

150

Symbol:experiment
Line:simulation

I ipA

Fig. 10 Simulated and experimental output drain

current and drain conductance in 0. 26pm gate length

LDD NMOSFET

5 Conclusion

We have proposed a new description of ioniza—
tion characteristics length [ which is relevant to ef-
fective channel length and bias. With the improved
parameter, the substrate current model and 7V
characteristics model is developed to predict the
performance of submicron and deep-submicron
LDD n-MOSFETs. The comparison between mea-
surements and simulations shows good agreement.
Furthermore, this analytically-based model pos-
sesses an advantage of very low calculation con-—

sumption over the numerical model, suitable for the

practical design of devices.
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