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A Complete Model of the Z-V Characteristics for 
Narrow-Gate MOSFET’s 

Abstract-This paper provides a unified and process-independent 
MOSFET model for accurate prediction of the I -V  characteristics and 
the threshold voltages of narrow-gate MOSFET’s. I t  was developed 
based on several enhancements of the SPICE2 LEVEL3 MOS model 
and our  previous subthreshold I -  V model. The expressions achieved 
for the drain current hold in the subthreshold, transition, and strong 
inversion regions. In the strong inversion region, five parameters a re  
used in the I -V  formulation, while in the subthreshold region, two pa- 
rameters a re  used. A continuous model in the transition region is pro- 
posed using a new scheme that will ensure that both the current and 
conductance a re  continuous and will not cause convergence problems 
for circuit simulation applications. All of the modeled parameters a re  
taken from experimentally measured I -V  characteristics and preserve 
physical meaning. A new and simple threshold voltage model of nar- 
row-gate MOSFET’s with implanted channel is also successfully de- 
veloped. Comparisons between the measured and modeled I - V  char- 
acteristics show excellent agreement for a wide range of channel widths 
and biases. The developed model is well suited for circuit simulation 
in SPICE. 
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NOMENCLATURE 
Body effect charge sharing factor. 
Fitting parameter. 
Mobility degradation factor in the width 

Oxide capacitance per unit area. 
Oxide capacitance per unit length. 
Channel length reduction. 
Threshold voltage shift. 
Fitting parameter of the narrow-gate ef- 

fect for SPICE2 LEVEL3. 
Bird’s beak length on one side. 
Channel width reduction due to the 

bird’s beak and field-implant en- 
croachment. 

direction. 

Dielectric constant of silicon. 
Drain current (in amperes). 
Drain current (drift component) in 

Drain current (diffusion component) in 

Constant current in the subthreshold re- 

strong inversion. 

the subthreshold region. 

gion. 
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Body factor for short- and long-channel 

Body factor for narrow-gate device. 
Effective body factor for short- and 

Effective body factor for narrow-gate 

Effective channel length. 
Fitting parameter. 
Mask channel length. 
Slope of the subthreshold log ( l D L /  W ) -  
Vcs characteristics. 

Effective channel mobility. 
Low field mobility. 
Substrate doping of n-channel MOS- 

FET (in atoms per cubic centimeter). 
Surface inversion potential. 
Magnitude of electron charge (in cou- 

Bulk charge per unit channel length. 
Induced side charge per unit length due 

Bulk charge per unit area. 
Channel carrier charge per unit area. 
Gate charge per unit area. 
Measured total resistance between the 

source and the drain (in ohms). 
Device temperature (in kelvins). 
Field oxide thickness (in angstroms). 
Mobility degradation factor in the direc- 

tion perpendicular to the channel cur- 
rent. 

devices. 

long-channel devices. 

device. 

lombs). 

to the narrow-gate effect. 

Gate oxide thickness (in angstroms). 
Effective quantity of VFE + +s. 
Back gate bias (in volts). 
Drain-to-source voltage. 
Equilibrium Fermi potential in the semi- 

conductor bulk measured from the in- 
trinsic Fermi potential position. 

Flat-band voltage. 
Gate-to-source voltage. 
Subthreshold voltage corresponding to 

the constant current ION. 
Electron quasi-Fermi potential. 
Thermal voltage ( = k T / q )  . 
Theoretical threshold voltage of a long- 

channel wide-gate device. 
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Effective threshold voltage of MOS- 
FET’s extracted from terminal ID- VGs 
characteristics. 

Carrier drift velocity. 
Effective channel width ( = W,, - A W ) .  
Effective channel width in the subthresh- 

Geometrical gate width of thin gate ox- 

Mask gate width. 
Depth or thickness direction of the 

Depletion layer width in the x direction. 
Length direction of the channel. 
Width direction of the channel. 

old region. 

ide ( = W,n - 26w). 

channel. 

I. INTRODUCTION 

S small-geometry MOS transistors are widely used in A VLSI circuit design, the demand for accurate device 
and circuit models is growing rapidly. In the past, much 
work has been devoted to the study of the I-V character- 
istics of short-channel MOSFET’s [ 1]-[3]. The SPICE3 
program provides four built-in MOS transistor models in 
which a recent one, called BSIM [4], was developed based 
on a semi-empirical approach and has proved to be a bet- 
ter model in terms of accuracy and simplicity in formu- 
lations for short-channel MOS devices. In contrast, stud- 
ies on the I-V characteristics of narrow-gate (width) 
MOSFET’s are quite few. A narrow-gate MOSFET model 
is not available in BSIM. Also, most studies on narrow- 
gate MOSFET’s focus on investigating independently the 
device parameter variations only, such as the threshold 
voltage [5]-[7] ,  the effective channel width [6]-[8], 
subthreshold softening [9], and an abnormal characteristic 
called inverse narrow-width (INW) effect due to a pecu- 
liar isolation structure with fully recessed field oxide [ 101. 
However, we still lack a complete I-V model for narrow- 
gate MOSFET’s that will cover the whole device operat- 
ing region and is suitable for circuit simulation applica- 
tions. 

Two basic issues that will be investigated in this paper 
include a new threshold voltage model and a continuous 
I-Vmodel throughout the whole operating regime for nar- 
row-gate MOSFET’s. On developing the threshold volt- 
age model, currently used models in SPICE are not suit- 
able for devices with channellfield implant. For example, 
in SPICE2, theoretically developed analytical threshold 
voltage models based on the so-called “charge sharing” 
scheme for narrow-gate MOSFETs can be applied only to 
devices with uniform substrate doping. However, present 
CMOS technologies, particularly for submicrometer de- 
vice technology, require a widespread implant in the 
channel and deep-bulk regions for threshold voltage ad- 
justment and punchthrough prevention. Existing models 
in SPICE2 have difficulty predicting device performance 
for devices with a nonuniformly doped substrate. There- 
fore, we are in need of a simple and accurate threshold 

voltage model for devices with a channel/field implant that 
can be used for circuit simulation applications. 

On the other hand, there is discontinuity problem at the 
near-threshold region (which we call a transition region 
between the subthreshold and strong inversion regions) 
for MOS device I-V characteristics in SPICE2 that will 
cause convergence problems, as first pointed out by An- 
tognetti et al. [ 1 11. In BSIM [4], an approach similar to 
that of [ l  I ]  has been demonstrated. Our study shows that 
discontinuity still occurs for narrow-gate devices using 
either the method of Antognetti et al. or BSIM. There- 
fore, this paper will have another objective: to develope 
a unified I-V model of narrow-gate MOSFET’s that will 
solve the above discontinuity problem. 

In this paper, the accuracy and the discontinuity prob- 
lems of the LEVEL3 MOS model in SPICE2 will be en- 
hanced through the addition of several new features and 
improvements. A consistent method for determining the 
model parameters (which are the parameters that can be 
extracted from measurements directly and will be simpli- 
fied as parameters hereafter) is deduced from the experi- 
mentally measured I-V curves based on a new extraction 
procedure. The model equations allow efficient and sim- 
ple extraction of device parameters from a set of MOS 
devices with a LOCOS field oxide structure and double- 
implanted channel. A new threshold voltage model for 
narrow-gate MOSFET’s is developed first and given in 
Section 11. Formulation of an I-I/ equation and the asso- 
ciated extraction methods are developed in Section 111. In 
addition, a special technique is also employed to model 
the transition region I-V characteristics such that the dis- 
continuity problem can be avoided in the new model. Sec- 
tion IV presents a verification of the present model with 
the experimental results and its comparison with other re- 
ported models. A summary and conclusion are given in 
the last section. 

11. THE THRESHOLD VOLTAGE MODEL 

Among the device parameter variations due to the nar- 
row-gate effect (NGE), threshold voltage is the most im- 
portant. Numerous studies have been made to analytically 
model the threshold voltage using a charge-sharing 
scheme [ 5 ]  based on the geometrical approach. However, 
they have limited application in the present CMOS tech- 
nology for several reasons. One is that most of the models 
can be applied only to MOS devices with uniform sub- 
strate doping. For devices with a channel or field implant, 
these models are either not accurate or too complicated 
for circuit simulation applications [3]. These drawbacks 
can be overcome by using the semi-empirical approach 
developed in this paper in which model parameters are 
built upon experimentally measured data rather than from 
a simple analytical method. 

A .  Model Formulation 

The narrow-gate effect of long-channel but narrow-gate- 
width n-MOS devices with a LOCOS field oxide structure 
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where AQB ( = 2qNA S ) is the total induced side charge due 
to the narrow-gate effect. WG is the geometrical gate width 
of the thin gate oxide region and is related to the mask 
gate width by WG = W, - 26w (26w is the total bird's 
beak length). As a consequence, the threshold voltage 
expression can be modified to take into account the nar- 
row-gate effect as 

VT = VFB + 9 s  + Qh/cAx (5a) 
Fig. I .  The schematic diagram of MOSFET with LOCOS gate oxide struc- 

ture. The shaded area S shown is the approximation used in SPICE 
where chX is the capacitance per unit length. chX can be 

LEVEL3. simply approximated by Cox W,. Hence, (5a) can be re- 
duced further to 

was modeled in this paper. Its schematic diagram in the 
width direction is shown in Fig. 1, where W,,, is the mask 
gate width. 

For large gate width, the conventional (theoretical) 
threshold voltage of an n-MOSFET with uniform sub- 
strate doping can be expressed by 

( 1 )  VTO = VFB + +s + QB/& 
where 

VT = VFB + +s + QB/G, + AQB/J+'GC~, 

= VFB + 9 s  + QB/C,, + AV,. (33) 

In the SPICE2 LEVEL3 MOS model, the shaded area 
is approximated by an ellipsoid with long and short axes 
of X ,  and SX,, respectively, so that the threshold voltage 
shift between a narrow-gate-width device and a large- 
width device is given by [2] 

QB = q N A x d  ( 2 )  AV, = ~ N A  2 s/ w, cox 
is the bulk depletion charge per unit area and X ,  = 

J ~ E , ~ ( @ s  - V B s ) / q N A  is the depletion width. It is noted 
that VTo is proportional to the first order of ( as - VBs ) 
while from the measured results it is proportional to the 
second order of (+s - V B S ) ' / '  for devices with an im- 
planted channel or nonuniformly doped substrate. There- 
fore, for a nonuniformly doped substrate MOS device with 
long channel length and large gate width, we may define 
its effective threshold voltage as the following: 

which shows that AV, is proportional to X :  or ('Ps - VBs ) 
and 6 is a fitting parameter. The above formula is valid 
for MOS devices with uniform substrate doping only. 
However, it fails for a nonuniformly doped substrate de- 
vice with both a channel implant and an isolation field 
implant. Alternatively, we may assume that the lateral dif- 
fusion of the depletion layer in  the width direction in- 
creases lower than that in the depth direction due to the 

vT = v,, + 9, + K, ,/ms - K ~ ( + ~  - vBS) (3a) 
or 

isolation field implant. Hence, the edge charge is split into 
two components; one is proportional to X,, and the other 
one is proportional to X:. As will be shown later, A VT can 
thus be fitted accurately with two empirical parameters as VT = VBIN + KL(L, VBs ) ,/ms (3b)  

where AV,= (K3 + K4-J 

K,(L, vBS) = K ,  - K&., - vBS. (3c) 
Here, = VFB + +s using the notation as in SPICE2. 
VFB is the flat-band voltage. 'Ps is the surface inversion 
potential. K ,  is the first-order body factor, and K2 is the 
second-order body factor that exists due to the implanted 
channel. K,(L, VBs> is called the effective body factor. 
K ,  and K, can be obtained using a new approach and will 
be described in Section 11-B. 

As the channel width becomes narrower, there is lateral 
diffusion of the depletion layer boundary toward the field- 
oxide region which then results in an additional bulk side 
charge (bounded by the shaded area in Fig. 1) and an in- 
crease of the threshold voltage with decreasing channel 
width. If the area of the shaded region is S ,  the effective 
bulk depletion charge per unit length will become 

Qh = ( X i  WG + 2 s  ) 

= QBWG + AQB (4) 

in which Kw ( W ,  VBs ) = K3 + K4 ,/+s -- VBs is called 
the effective body factor for narrow-gate MOS devices. 
K3 and K4 are the first- and second-order body factors de- 
pendent on the device width due to the combining effect 
of the gate width shrinking and channelheld implant ef- 
fects for narrow-gate devices. 

The final form of the threshold voltage model is ob- 
tained by incorporating (3b) and (6b), i.e., 

which is valid for nonuniformly doped channel MOS de- 
vices with long channel length and narrow gate width. 
From a set of test devices with different gate widths and 
the measured threshold voltages, the empirical parameters 
VBIN, K , ,  K2, K3,  and K4 can be determined. 
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v~ + v ~ s i 2  VGS 

Fig. 2.  Extrapolation of the effective threshold voltage and the variation 
of transconductance with VGs. 

B. Extraction of Model Parameters 
The experimental n-channel MOS devices were fabri- 

cated using the standard poly-Si gate CMOS process. One 
set of test structures has a mask channel length of 10 pm, 
and the mask gate width is varied from 1.5 to 10 pm. 
Another set has a gate width 55 pm, and the mask channel 
length varied from 1.5 to 27.5 pm for determining the 
effective channel length. The silicon wafers used were 
(100) orientation, and the resistivity ranged from 15 to 25 
Q-cm. The shallow and deep implants were carried out by 
using energies of 25 and 150 keV and doses of 7.5 X 
1015/cm2 and 4 x 1015/cm2, respectively. The source 
and drain junctions were f o F e d  by using an As’ implant 
through a thin oxide (200 A ) with an energy of 60 keV 
and a dose of 6 5 10L5/cm2. The gate oxide was mea- 
y r e d  to be 285 A .  The field-oxide thickness was 4040 
A .  SEM photograph of the gate oxide gives a total bird’s 
beak length of 0.9 pm. The source and drain junction 
depths are 0 .3  pm. A GPIB-based IBM PC and an HP 
4145B parameter analyzer were used for I-V measure- 
ments. The effective threshold voltage is defined by find- 
ing the maximum slope of the ZD-VGs curve (Fig. 2) at 
small VDs (e.g., 100 mV) and extrapolating to zero cur- 
rent, intersecting the V,, axis at V ,  + 0.5VDs, from which 
V,  is determined. 

Fig. 3 gives the extracted effective threshold voltage 
versus for different gate widths. Here, for the 
sake of simplicity and the same reasoning as given in [ 121, 
GS = 2VF is used and VF = ( k T / q )  In (NA/n i ) .  First, 
VBIN, K1, and K2 can be obtained from the bottom curve 
for a long-channel and wide-gate device. The second-or- 
der fitting of this curve gives the intercept with the ver- 
tical axis VBfN. Values of KL at different backgate biases 
can be computed from (3b). Then, a typical plot of KL 
versus -s will be a straight line as shown in Fig. 
4, in which K ,  and K2 can be determined. K2 is the slope 
of the curve that shows the channel doping modulation 
effect and will be zero for uniform substrate doping de- 
vices. By assuming constant VBIN, formulation of (3b) and 
(3c) and the above procedures to determine K ,  and IS2 are 
also valid for short-channel devices as given elsewhere 
[ 131, in which K ,  and K2 can be expressed as functions of 
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channel length for short-channel devices. In fact, KL ac- 
counts for the short-channel effect and the channel im- 
plantation effect. Once the values of KL and V,, for a 
wide-gate-width device (bottom curve of Fig. 3) are 
known, the parameters for narrow-gate devices can be de- 
termined as follows. Using the bottom curve (10 pm) as 
the reference and taking the difference of their values be- 
tween this and any of the other curves, the threshold volt- 
age shifts (AV,)  for different gate width devices as a 
function of backgate bias are thus computed. Again, based 
on (6b), K w  can be determined and its plot against ms gives Fig. 5 with the gate width as a varying 
parameter. Finally, variations of K3 and K4 as functions 
of channel width can be plotted and fitted as shown in Fig. 
6. The increase of K3 and K4 with reducing channel width 
is consistent with the fact that the narrow-gate MOS de- 
vice has a higher threshold voltage. Note that K w  ap- 
proaches zero for large W ,  which means that there is zero 
threshold voltage shift (see (6b)) for the wide-gate device. 
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1 g = 1 -  
1.744 + 0.836(4's - Vss)  

smooth connection between the subthreshold region and 
the strong inversion region curves. 

3 E  
Y 

El 

* t  
6 . .  

A .  Strong Inversion Region 
1) Linear Region Current (VGs > V,  and 0 < VDs < 

VDsA,): Based on the LEVEL3 I-Vmodel, the drain cur- 
rent of a MOSFET can be modified and given by the fol- 
lowing equation: 

ID = P L , ~ O X (  w / L )  [ ( VGS - V T )  - 0.5aVDS] 'DS 

where 

Pn = P 0 / [ 1  + 8 ( V G ,  - w 1  + V V D d  + P / W l  

d%?G 0.5dKI + K3) 
a = l +  - (& - K4) J Fig. 5. Determination of K ,  ( W ,  Vss ) for different channel widths. 

and 

0 2 4 .  6 8 I0 

Fig. 6. Variations of the extracted values of K,, K1 with effective channel 
width. K ,  = 0.25 W - '  44, K4 = 0.18 W-"'  - 0.093. ( +  + + + )  ex- 
tracted: (-) fitted. 

w (Pm1 

111. THE I-V MODEL FORMULATION 

In this section, the improved semi-empirical I-V char- 
acteristics of narrow-gate MOSFET's and the extraction 
of model parameters will be demonstrated and illustrated 
with examples. The present I-V model is built upon the 
LEVEL3 MOS model with many modifications such as 
mobility degradation, subthreshold I-I/ characteristics, 
and a new formula to model the subthreshold and transi- 
tion region I-V characteristics. In the strong inversion re- 
gion (include both the linear and saturation regions), five 
parameters will be used in the I-Vformulation, i.e., chan- 
nel width reduction AW, due to the bird's beak and field- 
implant encroachment, low field mobility po, mobility 
degradation factors 8 and 6, and the effective threshold 
voltage Vr. In the subthreshold region, the subthreshold 
slope ( m )  and a new term VON, called the subthreshold 
voltage (a voltage close to and smaller than V,), are used 
to describe its I-V characteristics. Moreover, in the tran- 
sition region, a new approach is employed to achieve a 

Here, V,  is the effective threshold voltage and W is the 
effective channel width in the linear region for narrow- 
gate MOS devices. W can be expressed further by W,,, - 
A W, where A W is the channel width reduction due to the 
bird's beak of a LOCOS field-oxide structure and the field 
implant doping encroachment. a is the body effect charge- 
sharing factor [4]. It is worth noting that (8c) has a new 
form that is different from that in [4]. This is caused by 
the introducing of a new body effect term in (7). A de- 
tailed derivation of a is given in the Appendix. By con- 
sidering the three-dimensional effect, the mobility deg- 
radation should be modified as in (8b) by adding an 
additional degradation factor caused by width modula- 
tion. In (8b), P~ is the low field mobility, 8 is the mobility 
degradation factor due to the normal or transversal field, 
and v is the velocity saturation factor. 7 = 0 is used in 
this paper for characterizing narrow-gate devices. 

2)  Saturation Region Current (VGs > V ,  and VDs I 
VDsAT): In this region, the I-V characteristic is obtained 
by setting VDsAT = ( VGs - V , ) / a ,  which then gives 

I D  = P ~ C O X ( ~ / ~ ) [ ~ G S  - V T 1 2 / 2 a *  (9)  

B. The Subthreshold Reaion 
U 

The present model is a modified version of a previous 
subthreshold I-V model by Chung and Sah [9] in which 
an analytical approximation formula for narrow-gate 
MOSFET's can be simplified and given by 

ID ,W = I ON ( w / L )  e m ( v G 5 - V O N )  (1 - e-vns/v')  ( loa)  

( l o b )  

where 

ION = PO( w / L )  ( a c o x )  ( V f ) 2 .  

Here, m is the subthreshold slope and is a function of gate 
width and backgate bias. a is a fitting parameter. Note 
that VoN is used in (loa) instead of V,, where VO, is the 
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voltage below V ,  such that each different gate width de- 
vice has the same constant current at this point. The best 
fit of the measured subthreshold I-V characteristics of 
narrow-gate MOSFET's using (loa) can be achieved by 
obtaining the gate-width- and VBs-related functional forms 
f o r m  and VON, i.e., m = f (W, V s s )  and VoN = f ( W ,  
VBS . 
C. Transition Region 

In the subthreshold region, the diffusion current is much 
larger than the drift current, and provides a good fit for 
the I-V curve in the region below VoN, as shown in Fig. 
7. Fig. 7 also shows the drift component. In the transition 
region, the diffusion current is comparable to the drift cur- 
rent. To model the I-Vcharacteristic in this region, a con- 
tinuous model for both current and conductance can be 
achieved by the following approximation formula: 

1 ION( W/L) In [ e ( I D S L / W I O N )  + ,m(VG(-VON) 

. (1  - e - v D S / v ~  

zD,totdI = 

1 (11)  
in which 
will match the following two extreme cases: 

is the drift current from (8a). Equation (1 1) 

1) When VGs << V,, I D  is zero in this region, (1 1) 
will be reduced to 

= zON( W/L) In [ I  + 
. ( 1  - e-vDc/v, 

1 
1 (12a) 

or 

1 
( 12b 1 

- ION(w/L)  , ~ ~ ( V G S - V O N ) ( l  - e - v D S / v ,  
ID,total - 
since In ( 1 + x )  = x for x << 1. Equation (12a) 
becomes the diffusion component in the conven- 
tional drift-diffusion model and is shown in Fig. 7. 
Equation (12b) shows that the approximation for- 
mula, (1 l ) ,  will approach the diffusion current in the 
subthreshold region. 

10 

E 2 4 6 8 10 
w, (Pm) 

Fig. 8. Determination of the channel width reduction, A W = 0.81 pm. 

2) When V,, >> V,, the drift current is much larger 
than the diffusion current, and (1 1) reduces to ID.t"tal 

Moreover, in the transition region, (1 1) gives a good fit 
for the I-V curve as shown in Fig. 7. In fact, we can set 

= 0 (i.e., zero drift current) in this region; then (1 1) 
will be reduced to (1 2a), which is the actual approxima- 
tion of the diffusion current since the diffusion current will 
reach saturation at high gate voltages. 

D. Extraction of Model Parameters 
1) Determination of A W, AL: Fig. 2 also shows the 

variation of transconductance versus gate voltage ( VGs ) , 
which is defined by GI, = (131D/13VGs)VDs at small VDs. 
According to (8),  the maximum value of transconduc- 
tance G,(,,,, is related to the mask gate width by 

- 
- I D , S .  

G m ( m a x )  = h c o x (  wn - A w, V D S / L .  ( 13) 

In practice, G,,,c,a,, is determined as the maximum slope 
of the ID-VGs curve at small VDs. Measurement of the I -  
V curves for various gate width (Wl,,) devices gives the 
plot of G,(,,,) versus W,, as shown in Fig. 8, in which 
the intercept of the curve with the W, axis gives A W. AL 
can be extracted in a similar manner as in [3] from a set 
of test samples with different channel lengths by elimi- 
nating the series resistance effect. 

2) Determination of po, 8, and 6: At a small value of 
VDs and high gate voltages ( V G s ) ,  po, 8, and can be 
determined from the linear region ID- VGs characteristics. 
In such a case, combining (8a) and (8b) gives 

R m  = V D s / I D  

= [ l / P , l [ ( ~ G ,  - l / r ) - ' ( 1  + P / W >  + e] (14a) 

(14b) 

where 

Po = c L o ~ o x ( w l l  - AW)/L. 

From (14a), RDs can be plotted as a function of ( VGs - 
V , )  - I  for various gate width devices as shown in Fig. 9 
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Fig. IO .  Measured subthreshold characteristics for three different gate 

widths, W = 9.19, 2.19, and 1.44 pm at VBs = 0 V. I,, = 50 nA, m, 
= 24.3. and 01 = 6.7.  

and can be fitted with straight lines. The slope of these 
curves is ( 1 + p /  W ) / p o  and the intercept with the ver- 
tical coordinate is O / & .  From the bottom curve for a 
wide-gate device ( L ,  = W, = 10 pm) , its slope gives po 
= 544 cm2/V-s since p /  W << 1 and the intercept gives 
8 = 0.0812 V-I. From the other curves for different gate 
width devices, can be obtained by plotting 1 + P / W  
versus W - ' ,  which then yields p = 0.14 pm. 

3) Determination of the Subthreshold Parameters rn 
and VoN: In the subthreshold formula (loa), the sub- 
threshold slope and VoN can be characterized as functions 
of W and VBs. Considering first the variation of sub- 
threshold slope due to the narrow-gate effect, a family of 
curves for different gate width devices is given in Fig. 10, 
in which the normalized drain current ( ZDL/ W ) is plotted 
against gate voltage ( V G s ) .  From the measured result of 
a wide-gate device ( W = 9.19 pm in Fig. lo), we choose 
an appropriate ION whose corresponding gate voltage 
( VoN) will lie in the region below V,. In practice, the best 
fit of the subthreshold characteristics requires that ION is 

Fitted - 

I 
0 2 4 6 8 10 

w (Pm) 
Fig. 11. Normalized subthreshold slope (m,, ) from measured data and the 

fitted results for various widths. mo = 24.3. m,, = 1 - 0.1 W-" ". 

2.5, 

Computed + + + + 
Fitted ___ 

2 t  
E 

0 . 5  t 
0 0 L - - - - T 7  8 5  I 

PG 
5 

Fig. 12. Normalized subthreshold slope ( mBs ) versus for W = 9.19 
pm. mBs = 1 + X &, where X = 0.217 V I .  

chosen to be located in the linear region of log ( ZDL/ W ) -  
VGs curves. Then QI can be determined from ION and (lob). 
The subthreshold slope for each different gate width de- 
vice can be obtained by a first-order least square fitting in 
the range VGs < VoN, which results in a set of data (+ 
symbols). From a set of three values of m thus obtained 
for three gate widths, the following formula can be used 
to interpolate the rn values at the other gate widths 

m,v = AW-" + B 

where A ,  B ,  and n are uniquely determined from three test 
transistors. mw is the normalized value of the subthreshold 
slope of a narrow-gate device with respect to mo, where 
mo is the subthreshold slope of a wide-gate device at VBs 
= 0 V. Fig. 1 1  shows the comparison between the ex- 
tracted result of m and the fitted result (solid line) using 
(15). Variations of m with VBs can be made in the same 
manner by computing the subthreshold slope of a wide- 
gate device at different backgate biases and can be ap- 
proximated by mBs = 1 + X& as shown in Fig. 12. 

(15) 
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32. 

Model - 

Finally, the expression of m as a function of Wand V,, is 5 

given by 

m( W, VBs 1 = mom,.mBs 

= mo(AW-" + B )  ( 1  + A-). (16) 

Since VON is sometimes used as the definition of the 
threshold voltage as reported in the literature [14], the 
functional relationship between VoN and W, V,, can be 
characterized in the same way as V ,  using (7) and the ex- 
traction procedures in Section 11-A. -1- 

0- 

Experiment - 
Model * a *  
WIL: 0.9419.3 

- vBs= o v 

IV. COMPARISONS BETWEEN EXPERIMENTS, NEW 
MODELS, A N D  REPORTED MODELS 

This section deals with comparisons of experimental 
and modeled results as well as a comparison between the 
new model and reported models [ 11, [4], [ 111. 

Fig. 13 gives the verification of modeled threshold volt- 
ages against the measured threshold voltages for different 
gate widths at various back-gate biases. Excellent agree- 
ment is achieved. Note that simple formulation of the 
threshold voltage expression, (see (7)) makes it well suited 
for CAD applications. The strong inversion ZD-VG, char- 
acteristics for wide-gate ( W = 9.19 pm) and narrow-gate 
( W  = 0.94 pm) devices are shown in Fig. 14(a) and (b), 
respectively, in which comparisons have also been made 
for the measured (solid lines) and modeled (dotted lines) 
results. Fig. 15(a) and (b) shows the accuracy test be- 
tween measured and modeled I- V characteristics in the 
subthreshold and transition regions for wide-gate and nar- 
row-gate devices, respectively. It was shown that reason- 
able agreement has been achieved, which strongly sup- 
ports the validity of the model equations. Several major 
improvements in this work will be described and com- 
pared with reported models as follows. 

Fig. 16 gives a comparison of the threshold voltages 
between the new model and SPICE2. The total threshold 
voltages using SPICE2 consist of two terms, (3b) and (3, 
where the average value of 6 ( 6  = 0.5) for various gate 
widths is calculated by matching experimental data with 
these equations. Here, the constant 6 for different gate 
widths (this is the basic assumption of the charge-sharing 
model used in SPICE2) is used in Fig. 16. It shows that 
the SPICE2 model can not predict well, as is also shown 
in the comparison between the measured and SPICE2 
data. The main discrepancies are described as follows. 
SPICE2 uses (6a) as the threshold voltage shift for narrow- 
gate devices. However, comparison of (6a) and (6b) 
shows that AV, is proportional to (-,)' only 
while a first-order term is included in the new model. This 
first-order term will model the narrow-gate effect and dop- 
ing effect appropriately. However, the SPICE2 model 
does not consider the effects of channel or field implants 
due to the simplified charge-sharing approach. Therefore, 
we conclude that the threshold voltage model in SPICE2 
may work well for a uniformly doped substrate device but 
is not suitable for an implanted-channel device. 

0 0, I E  

w (Pm) 
Fig. 13 Comparison of the measured and modeled V ,  results at various 

back-gate biases. 
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- 
E 
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In (7), if we combine K ,  with K3 and K2 with K4, this 
equation will be reduced to the form of BSIM. However, 
accuracy has been improved based on a different extrac- 
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Fig. 15. Comparison of the subthreshold and transition regions I -V  char- 
acteristics between measured and modeled results. (a) W / L  = 9.19/9.3. 
(b) W / L  = 0.94/9.3.  
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Fig. 16. Comparison of the threshold voltages for measured, modeled, and 

SPICE results. 

tion method in the new model. First, BSIM simply uses 
Po + PI / W (inverse-geometry model) to model the nar- 
row-gate effect parameter. As indicated by Hsu and Sheu 

in [ 151, this simple inverse-geometry model cannot pre- 
dict very well the threshold voltage for the whole channel 
(or width) range. As a consequence, a modified model 
called a clumped inverse-geometry model [ 151 has to be 
used. However, in our new model, narrow-gate parame- 
ters K3 and K4 are fitted by A W - "  + B (as shown previ- 
ously in Fig. 6) with n different from 1, and an accurate 
threshold voltage can be predicted in the whole channel 
with range. Second, the narrow-gate effect can be inde- 
pendently derived in the new model; however, it is hard 
to tell the difference from a physical point of view be- 
tween the extent of the narrow gate or doping effect and 
the threshold voltages in BSIM. The advantage of the for- 
mulation in (7) is that KL and Kw can be used for accu- 
rately predicting the short-channel effect and the narrow- 
gate effect, respectively. For real applications, it has also 
been shown in [ 131 that (7) is suitable for small devices 
by adding the drain-induced barrier lowering effect. 

In the strong inversion I-V equation, a new form of U 

is derived in which the (K2-K4)  term is neglected in 
BSIM. By doing so, the influence of backgate bias effect 
on the I-Vcharacteristics due to short channel/narrow gate 
effect and doping effect can be clearly demonstrated. 

In developing the transition region I- V characteristics, 
if we follow the method of Antognetti or BSIM (both ap- 
proaches are basically the same), the discontinuity still 
occurs for narrow-gate devices at large backgate biases. 
Although there is a perceived deviation of the modeled Z- 
V results (for example, the V,, = -5 V curve shown in 
Fig. 14(b)), discontinuity can be avoided using the new 
approach. In addition, it reveals from (11)  and (16) and 
the fitted results of Fig. 7 that a smooth connection be- 
tween the subthreshold and strong inversion can be 
achieved. Also, the derivatives of the drain current (see 
(1 l)), with respect to V,, and V,, can be assured since all 
of the terms in the equation are a continuous function of 
bias. It is also expected that (1 1) and the associated ex- 
traction method can be extended to short-channel devices. 
In this case, subthreshold slope and Vr and VON are con- 
tinuous functions of VDs and the derivatives of drain cur- 
rent with respect to V,, will also be continuous. 

One final point that we would like to stress is that the 
derivation of the model equations and the extraction 
method are not restricted to one specific set of test sam- 
ples. The present model is also expected to be applicable 
to more complicate field-oxide structure devices, such as 
the fully recessed field-oxide structure, since the extrac- 
tion method is independent of device structure or process. 
The only difference between the two different structures 
or processes is the precise quantative description of the 
modeled parameters. For example, fully recessed field- 
oxide MOS devices will have reduced threshold voltages 
with decreasing gate width. It seems that the simple ex- 
traction procedure in Section I1 also can be applied. Fur- 
ther study of the model for fully recessed gate oxide 
MOSFET's using the proposed approach is needed and 
will be reported in a future paper when available. 
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V. SUMMARY A N D  CONCLUSION 

In this paper, a unified I-V model for narrow-gate 
MOSFET’s that is valid for devices operating from 
subthreshold region to the strong inversion region has been 
developed based on a semi-empirical approach. For the 
first time, a very simple-to-use threshold voltage expres- 
sion has been developed with only four easily extracted 
parameters. Particularly, the proposed threshold voltage 
model is suitable for devices with channel/field implant. 
The present strong inversion I-V model was built upon 
the SPICE LEVEL3 MOS model, and the subthreshold I- 
V model was built upon our previous model with several 
major modifications and improvements. The methods of 
extracting model parameters from the measured I- V char- 
acteristics are also illustrated. Only seven major parame- 
ters are required to fully adapt the I-V model to a given 
process. In addition, in the frunsition region, a new 
scheme is employed to guarantee the smooth transition of 
the I-V curve at the near-threshold region such that both 
the drain current and the conductance are continuous. It 
has been shown that satisfactory agreement between ex- 
perimental and modeled I-V results has been achieved for 
a wide range of gate widths and biases. Particularly, the 
threshold voltage comparison of the new model and of the 
SPICE2 model shows the inadequacy of the latter. The 
efficient use of the model results because the proposed I- 
V characteristics can be an additional feature to be incor- 
porated with other reported short-channel I- I/ models for 
use in simulating VLSI circuits that consist of both short- 
channel and narrow-gate MOSFET’s. 

APPENDIX 

The drain current of a narrow-gate MOSFET similar to 
BSIM but in a somewhat different form will be derived 
here. The drain current for MOS devices operating in the 
strong inversion region can be expressed by 

W 

ID = j, Q , u ( Y ) ~ ~  (Ala)  

where U (  y )  is the carrier drift velocity given by 

U (  Y )  = P n  W N / d Y  (Alb)  

and Q,. is the carrier change per unit area at any point y 
in the channel. 

The gate charge is given by 

and the bulk charge is given effectively by 

= c, ,KJ@s - VB, f VN (‘43) 

in which the effective body factor K = ( K ,  + K 3 )  - ( K2 
- K4) J@S - VBS + VN (by comparing with (7)) is used 
due to the contribution of the body effect caused by the 
channel implant and narrow-gate effect. Q, is then given 

where 

1 
g = 1 -  . (A6b) 

1.744 + 0.836(@s - V B S )  

Using the above approximation, .(A5a) can be reduced to 
(Sa), and the body effect charge sharing factor ( U )  is given 
in (Sc). 
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