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A novel model for lightly-doped-drain (LDD) MOSFETs is proposed, which utilizes the empirical hyperbolic

tangent function to describe the I-V characteristics. The model includes the strong inversion and subthreshold mecha-

nism, and shows a good prediction for submicron LDD MOSFET. Moreover, the model requires low computation time

consumption and is suitable for design of MOSFETSs devices and circuits.
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1. Introduction

It is well known that the hot carrier effect has a
significant impact on submicron and deep-submicron
scaling down of metal-oxide-semiconductor field-
effect transistors (MOSFET). The lightly-doped-drain
(LDD) presents an effective structure to improve the
hot carrier immunity of MOSFET. However, the para-
sitic series resistance and parasitic capacitance caused
by the lightly doped source/drain (S/D) region can re-
duce the drain current driving ability and the high fre-
quency performance. The features of channel length
modulation (CLM), drain-induced barrier lowering
(DIBL), velocity saturation, etc, are of some difference
from the features in conventional short-channel de-
vices, thus increasing the complexity of the MOSFET
modelling. Most of the recent papers have focused on
extraction techniques of the parameters that include
series resistance Ry, effective channel length Leg, ef-
fective channel mobility peg, threshold voltage Vi,
velocity saturation region length Iy, etc, in order to
improve the model accuracy for LDD MOSFET.[1—5]
Fitting parameters lacking physical descriptions were
adopted inevitably. Two-dimensional (2D) numerical
simulations were also adopted in some papers. The
technique was generally used for the device analysis
not for circuit level design because of high computa-

tion cost.

In this paper, we propose a novel model which
is based on velocity saturation theory and combined
with a concise hyperbolic-tangent description for in-
trinsic I-V characteristics of scaling MOSFET. The
parasitic resistance due to the lightly doped region is
treated as an external parameter. The drain current
I4s is obtained by an iteration process. The smooth
transition between linear region and saturation region
is guaranteed by th(z) description, avoiding the dis-
continuity of drain conductance ggqs. Furthermore, the

subthreshold mechanism is also involved in the model.

2.Modelling of intrinsic /-V char-
acteristics for LDD nMOSFET

Figure 1 shows the LDD n-channel MOSFET
cross section with intrinsic and extrinsic construction.
Of the methodology of device analysis, the equivalent-
circuit-based short-channel MOS model is widely used
due to its clear description of the device mechanism.
In this work, the emphasis is put on the analysis of
intrinsic short-channel MOSFET with the series re-
sistance treated as an external parasitic parameter.
Although the LDD structure reduces the lateral elec-
tric field, especially at the fringe of drain nt ohmic
contact region, it shortens the length of the channel,

making it easy for carriers to reach a saturated ve-
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locity. So it is reasonable to characterize the LDD
MOSFET with the theory of velocity saturation. Here
we develop a novel model which was successfully used
in modelling of submicron MESFET.[®! Tt utilizes a
hyperbolic-tangent function to describe the nonlinear

current I45(Vgs, Vi), given by

Lmask

n n
nt Lq nt

Fig.1. Cross section of LDD n-channel MOSFET.

Ids( gss Vds) = Idsat(]- + )\Vds)th(avds)a (]-)

where I4g,: is the critical saturation drain current un-

der different gate-source biases, a is the saturation

voltage parameter, and A is the channel length modu-
lation parameter for short-channel modulation (SCM)
effect. These parameters can be derived from the
physics of the short-channel MOSFET, given as fol-

lows.

2.1. Analysis of the critical-saturated drain

current i,

According to the MOSFET theory of velocity sat-

uration, Ige.t is given by (2l
Idsa’c = statcox(vgs - ‘/’ch - ’desat)a (2)

where vgat, Cox, Vin, 7 and Vygas are electron satu-
ration velocity, oxide capacitance, threshold voltage,
bulk charge factor, and saturation drain voltage, re-
spectively.

First of all, we discuss the parameter V;y, suitable
for short n-channel MOSFET. There are various ex-
pressions for V; in MOSFET modelling, physically
and empirically. We use an improved model "] with a

few fitting parameters available, shown as follows:

2 [Vds + Vi + vV (Vg + Viy)elese/D(Vi; — 2¢m)

Vinh = Vino —

where V}; is the built-in potential of the LDD region
(n™) / substrate (p) junction that has a lower value
than a conventional S/D device. Leg is the LDD ef-
fective channel length that will be discussed later, and
[ is the characteristic length, given by

Esilox

1= xj. (3a)

EOX
Here we assume that the depletion junction depth
Zdep equals the junction depth z;, thus simplifying
the computation. The long-channel threshold voltage

Vino is given as

2EOESi]Vsub

Vino = VB + 2¢B + e

(248 + Vip). (4)

The flatband voltage Vg and the Fermi potential ¢
in Eq.(4) are derived theoretically as

NSS
VFB = ¢m - (X + %Eg + ¢B) - qC 3 (43')
kT Ngu
¢ =—1In <—b ) . (4b)
q n;

From Eq.(4), it is only required to evaluate the fixed
oxide charge density Ng or measure the Vyg directly.

e(Lege /1)

(Leg > 51), (3)

Other parameters related to the device structure are
determined easily, therefore simplifying computations.

Secondly, the bulk charge factor v in Eq.(2) is
given by (8

2qeo€si Nsub 0.5

X . 5
Cox \/1+2¢B+‘/sb ( )

This is a simple empirical expression.

y=1+

Thirdly, the critical saturation voltage Vysay is de-

rived with velocity saturation theory as 9]

Vth)
Vsa - e E -1 ’ 6
et = Lot [\/ e (©

where the effective channel length L.g, indicating the

actual channel length with lightly doped n™~ region
considered in LDD MOSFET, is given by [%]
Leg = Ly — 20z;. (6a)

As is well known, L.g is gate bias-dependent. A strict
description of this parameter will complicate the cal-
culations for -V modelling. Thus a concise expres-
sion shown in Eq.(6a) has been adopted widely in
many papers with o being extracted from measure-
ment, which has a value of 0.7-0.75.13] It is noted that
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the different lightly-doped implant process (LDD or
Large Angle Tilt Implanted Drain (LATID) process)
causes a big difference of junction lateral diffusion, re-
sulting in different values of o which vary over a large
range. In addition, the relation between critical elec-
tric field and carrier saturation velocity is shown to

be
Ec = vsat/ﬂ's- (Gb)

2.2. Analysis of saturation voltage parameter o

The parameter « indicates the transition of Iy

between linear region and saturation region, derived
by Eq.(1):

()
Vg, V470 _ 9a0(Ves) Vi, 50
Idsat

o=

(D

where the linear region drain conductance gqq is given

by

Idsat

Hs Cox w

gao = €& T

(Vgs - ‘/th - ’YVds)a (Vds < Vdsat)-

(7a)
It is derived from 8I45/0Vgs of SPICE MOS model
LEVEL-3. When Vs —0, it has a satisfactory accu-
racy. With the fitting constant £, it can be used to
describe the average conductance in the linear region
(from Vg5 =0 to Vgg = Vgsat) for short-channel MOS-
FET, thus simplifying the model computations.

It is noted that the mobility u, in Egs.(6b) and
(7a) should be replaced by the effective mobility pes
to fit the real condition of devices:!!

Ho
Heff = m, (7b)
where the low-field mobility po (due to the vertical
field) is extracted from measurement; 6 is a fitting

constant.

2.3. Analysis of channel length modulation pa-

rameter )\

This parameter illustrates the CLM effect on sat-
uration region drain current in which the saturation
region drain conductance ggs > 0 when Vi > Vigat-
From Eq.(1), it is obtained that

< BIds | )
\ = Vg Va2 Vasas _ 9ds (Vgs7 VdS)|VdsZVdsat
Idsat

; (8)

where the saturation drain conductance gqs is given

by

Idsat

_ Idsat % ldEc
Jds = Vds (Leff - ld)Ec + Vdsat ’

(Vds > Vdsat)-
(8a)

This is consistent with channel length modulation
mechanism theoretically, where l4 is defined as veloc-
ity saturation region length (shown as L4 in Fig.1), an
important parameter in channel saturation-state. Dif-
fel;ent /from the simple empirical model 1% of [4=0.22

1/3_1/2

tox IT.:
OX 7

analysis (1]

, it is given by an accurate model from 2D

(8b)

ld —IIn |:Vds - Vdsat + &] 7

lE. E.

where the maximum electric field at drain terminal of

the channel is obtained as follows:

2
E, = J(%) + E2. (8¢)

In addition, it is noted that Eqs.(8b) and (8c) are
only valid in the saturation region. And they should

be modified by substituting saturation voltage Vysat
with the parameter Vg, in order to fit the condition
in the linear region. The Vysx with only one fitting

constant A is given by %]

Viex =Vasat {1 — [In(1 + )]~
x [1+ eA(ldes/Vdsac)]}_ (8d)

3. Modelling of source and drain

parasitic series resistance in
LDD nMOSFET

In conventional MOSFET, the parasitic series re-
sistance of source region (or drain region) consists of

three parts:
Rs(Rd) = Rsh + Rco + Rsp7 (9)

where Rg,, R., and R, are sheet resistance, ohmic
contact resistance, and spreading resistance, respec-
tively. In LDD MOSFET, however, Ry, and Ry, are
significantly large because of the low-doped region (i.e.
the n~ region). For simplicity, Rs (R4) of LDD MOS-
FET can be given by ]

Rs(R4) = Reo + i%, (9a)
where p is the fitting resistivity of the low-doped re-
gion, S is the spacer thickness, i.e. the thickness of
side wall, and z; is the junction depth of the LDD
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region. In fact, the contact resistance R, cannot be
calculated exactly because it is dependent on the man-
ufacture process. So the parasitic resistance is usually
extracted from the measurement and then optimized
in the model with their calculations in situ. This tech-
nique has found wide application in the measurement-
based model. Under the influence of the parasitic se-
ries resistance, the actual output current Iy is signif-
icantly less than the intrinsic drain current. From the
equivalent circuit of the device model, the relationship
between intrinsic and external gate and drain voltage

is given as

Vs (intrinsic) = Vg (external) — I4sRs;
Vis(intrinsic) = Vyg(external) — Iys(Rs + Rq).(10)

Substituting Eq.(10) in Eq.(1), the iteration algo-
rithm is used to obtain Ig;. In order to obtain a
good convergence in iteration, Gauss—Newton and
Levenberg—-Marquardt optimization are used to solve
the nonlinear function f(Ias) = Ias — lasat(1l +

AVgs) tanh(aVys) = 0.

4. Modelling in subthreshold re-

gion

The previous description is suitable for the strong
inversion state. When Vs — Vi < 0, the weak inver-
sion state appears, and the device works in the sub-
threshold region. The drain current Iy, decreases to
zero smoothly, by no means abruptly in this region,
according to the device physics. For this purpose,
some empirical methods have been developed to fit
the smooth trend by adjusting the overdrive voltage
(Vs — Vth).[2’5] This technique avoids a complicated
analysis of the surface potential in device physics. In
this work, an equivalent gate overdrive voltage is pro-
posed to describe the device mechanism in the sub-

threshold region, shown as
(Ves = Van)eorr = In[1 + * =" Y0)] /5, (11)

where § is a fitting constant that indicates the velocity
of the drain current decrease in the subthreshold re-
gion. In a weak inversion state, (Vgs —Vin)esr decreases
smoothly to zero value. In a strong inversion state,
Ves is large enough and (Ve — Vin)er — (Vgs — Vin),
which is consistent with the previous assumption. The
smooth transformation between zero and (Vs — Vi) is
guaranteed by the logarithmic and exponential func-

tions, following the idea of behaviour model which

finds wide application in the nonlinear modelling of
devices. Substituting the modified (Vs — V;1) into the
previous model, we can easily describe the mechanism

of devices in the subthreshold region.
5. Simulation results and analysis

We verify the simulation of the model by the mea-
surements of the submicron LDD MOSFET in Ref.[5].
The necessary extracted parameters are adopted in
our simulations to improve the accuracy of the model.
During simulation, the convergence monitor shows
that it only requires 10-12 steps of iteration for each
calculated point of drain current, indicating a very low
computation consumption.

Figure 2 gives the simulated results of LDD
MOSFET with drawn channel length L. =
0.72pm.
Lesg = 0.56um has been given in Ref.[5], and

The extracted effective channel length

the other extracted parameters are: t,,=18nm,
2;=0.25pum, Np=2.2x10'%cm™3, Np=1x10'8cm=3,
Ho=665cm? /(V-s), vat=5.76x10%cm/s, and the par-
In Fig.2(a),

the comparison between simulated and measured I-V

asitic series resistance Rg (R4)=38Q.

characteristics shows a good agreement. The related
fitting constants in our model are A=2 in Eq.(8d),
£=2/3 in Eq.(7a), and 6=7 in Eq.(11).

Fig.2(b), the simulated drain conductance demon-

Also in

strates an excellent smooth transition between linear
and saturation regions, indicating the effectiveness of
the hyperbolic-tangent model. Figure 2(c) gives the
simulated and the measured transconductance charac-
teristics, showing good fitting results. The transcon-
ductance continuity is correctly predicted in the strong
inversion region (Vs > Vi) and in the subthreshold
region (Vs < Vin). It is noted that there exists an
abrupt transconductance change under a very small
drain-source bias. The reason is that the formation of
a critical channel causes the significant increase of cur-
rent near the region of Vs = Viy,, thus increasing the
Jm. After the formation of the channel, the increment
of channel current is not so large. This mechanism
is more relevant with the vertical electric field distri-
bution from gate to substrate. When a large Vg, is
biased, the change of transconductance g,, is not so
obvious after the channel formation. In Fig.2(d), the
145~V characteristics from subthreshold to strong in-
version are simulated, where the linear and the satura-
tion regions are all included. The results show clearly
the continuity of the drain current, consistent with the
physics of MOSFETs.
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Fig.2.
MOSFET, where the strong inversion and subthreshold conditions are included. (a) Com-
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Simulated and measured electrical characteristics of W/L=22.7Tum/0.72um LDD

parison between the simulated and the measured output drain current characteristics. (b)

Comparison between the simulated and the measured output drain conductance characteris-

tics. (c) Simulated and measured transconductance in linear region and saturation region. (d)

Simulated I4s—Vgs characterization in strong inversion and subthreshold, where Vg4 changes

from linear to saturation region.

For application in deep submicron devices,
the electrical characteristics of the 0.4pm gate
length MOSFET are simulated with the present
model. Figure 3 illustrates the simulated re-
sults of 0.4um LDD MOSFET, in which the ex-
tracted effective channel length Leg equals 0.29um,

and the other extracted parameters are: t,,=9nm,

7;=0.18pum, Ny=3.0x10'%cm™3, Np=1.1x10"¥cm™3,
1o=605cm? /(V's), v5,1=3.6x10%cm/s, and the para-
sitic series resistance Rg (Rq)=309. The related fit-
ting constants in our model are A=2, £=1/3, and
6=10.
measurements show the robustness of this improved

model for short-length LDD MOSFETs.

Good agreements between simulations and
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Fig.3. Simulated and measured electrical characteristics of W/L=10um/0.4um LDD MOSFET, where the strong inversion
and subthreshold conditions are included. (a) Comparison between the simulated and the measured output drain current

characteristics. (b) Comparison between the simulated and the measured output drain conductance characteristics. (c)

Simulated and measured transconductance in linear region and saturation region. (d) Simulated I4s—Vgs characterization

in strong inversion and subthreshold, where V34 changes from linear to saturation region.

6. Conclusion

A novel compact I-V model for submicron and
deep submicron LDD MOSFETSs has been developed,
in which the carrier velocity saturation theory and
the hyperbolic-tangent description are adopted. The
model deals with the I-V characteristics in either
strong inversion or the subthreshold region. Also, the
smooth transition between linear and saturation re-
gions is taken into account. The modelling is based

on the methodology for the physical model and the

empirical model, thus decreasing the computation
consumption, maintaining the accuracy, and clarify-
ing the mechanism of devices. The comparison be-
tween simulations and measurements for submicron
and deep submicron LDD MOSFET shows an excel-
lent agreement. With this methodology, the substrate
current and the gate current parameters can be easily
embedded in the model to match the related device

(12]

measurement and explore the hot carrier degrada-

tion of the deep submicron devices.
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