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Abstract

A technique is proposed to extract the bulk-charge e�ect parameter from the triode region of operation of the
MOSFET characteristics. The method involves making two measurements of drain current as a function of gate
voltage at two small values of the drain voltage. The procedure was tested on synthetic Id±Vgs characteristics

modeled with SPICE and simulated by a 2D device simulator. It was also applied to measured Id±Vgs characteristics
of real devices. Both constant and normal ®eld dependent mobilities were considered for comparison. Very good
agreement is obtained between the parameters used in modeling and simulation and the extracted values. # 1999
Elsevier Science Ltd. All rights reserved.

1. Introduction

Channel depletion thickness in strong inversion is
not uniform along the channel of MOSFETs causing
the threshold voltage to vary and become dependent

on the channel potential. This is what is known as the
bulk-charge e�ect [1]. Accordingly, compact models
that are used with SPICE-like circuit simulators fre-
quently portray the intrinsic I±V characteristics of a

MOSFET, at zero substrate bias, in strong inversion
within the linear (triode) region by an expression of
the form [2].

Id � K

�
VGS ÿ Vth ÿ a

2
VDS

�
VDS �1�

where K is a function of the normal and longitudinal
®elds that includes the gate capacitance per unit area,

the e�ective (W/L ) size and the e�ective mobility of
the channel, Vth is the intrinsic threshold voltage and

VGS and VDS are the intrinsic gate and drain to source
voltages, respectively, de®ned in terms of their extrinsic
(external) counterparts, Vgs and Vds, by

VGS � Vgs ÿ IdRS, �2�

and

VDS � Vds ÿ Id�RS � RD�, �3�

where RS and RD are the source and the drain series
resistances. Parameter a accounts for the bulk-charge

e�ect, which depends on the channel length and width
and on substrate bias and has a value close to unity,

a � 1� gd, �4�

where g is the body factor and d is the square-root ap-

proximation factor in the bulk charge [3,4]. Parameter
a is termed `ALPHA' in AIM-SPICE models [5], 'a' in
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BSIM1 and BSIM2 models [6] and Abulk in the newer
BSIM3v3 model [1].

2. Methodology

In order to extract the parameter a, two threshold
characteristics [7] of the MOSFET, Id1 and I d2, are

measured versus gate voltage Vgs, in the linear region
with zero substrate bias, at two small constant values
of applied drain voltage, Vds1 and Vds2, respectively.

The relationship between the two applied drain vol-
tages is set such that the second drain voltage is equal
to some multiple value of the ®rst,

Vds2 � mVds1: �5�
Substituting Eqs. (2) and (3) into Eq. (1) and evaluat-
ing at the two drain voltages, Vds1 and Vds2, yields the

two expressions, Id1 and Id2, as a function of voltage
Vgs:

Id1 �

K

�
�Vgs ÿ Id1RS� ÿ Vth ÿ a

2
�Vds1 ÿ Id1�RS � RD��

�
�
�Vds1 ÿ Id1�RS � RD��, �6�

Id2 �

K

�
�Vgs ÿ Id2RS� ÿ Vth ÿ a

2
�mVds1 ÿ Id2�RS

� RD��
�
�mVds1 ÿ Id2�RS � RD��: �7�

Let Vgs1 and Vgs2 be the respective gate voltage
values that make Id1=Id2/m. Then, equating Eq. (6) to

Eq. (7) divided by the factor m yields

K1

K2
�

f�Vgs2 ÿmId1RS� ÿ Vth ÿ �a=2��mVds1 ÿmId1�RS � RD��g
f�Vgs1 ÿ 1d1RS� ÿ Vth ÿ �a=2��Vds1 ÿ Id1�RS � RD��g ;

�8�

where Vgs1 and Vgs2 are the gate voltages correspond-

ing to the same Id1=Id2/m and K1 and K2 are the
values of K at Vgs1 and Vgs2. Assuming for the time
being that the variation of K can be neglected by let-
ting K1=K2 and solving Eq. (8) for parameter a results

in the expression

a � 2
�Vgs2 ÿ Vgs1�
�mÿ 1�Vds1

ÿ 2
Id1

Vds1

��
1ÿ a

2

�
RS ÿ a

2
RD

�
: �9�

Since a is close to one, Eq. (9) can be approximated

by

a � 2�Vgs2 ÿ Vgs1�
�mÿ 1�Vds1

ÿ Id1

Vds1
�RS ÿ RD�: �10�

The second term becomes zero for symmetric devices

and it is in general negligible in comparison to the ®rst
for non-symmetric devices. Therefore, the bulk-charge
e�ect parameter a can be obtained from

a12�Vgs2 ÿ Vgs1�
�mÿ 1�Vds1

: �11�

Fig. 1. Threshold characteristics of an AIM-SPICE modeled

constant mobility n-channel MOSFET at Vds1=10 mV and

Vds2=50 mV (m=5). Also shown is the Ids2/m curve.

Fig. 2. Plot of Eq. (11) for two n-channel MOSFETs modeled

with AIM-SPICE using constant and variable linearly

decreasing mobility models [5]. The vertical dotted line rep-

resents the value of Vgs2=Vth=0.7 V, whose intersection with

the extrapolation of the linear operation region gives the

extracted value of a=1.1, equal to the one used in the model.
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This formula is independent of the threshold vol-
tage. Its applicability when the variation of K can not
be assumed negligible will be determined later by test-

ing it on variable mobility devices.

3. Procedure validation and discussion

In order to test the e�ectiveness of the method, syn-
thetic Id±Vgs characteristics were calculated at two

small drain voltages, Vds1=0.01 V and Vds2=0.05 V
(m=5), in the linear region of a long n-channel
MOSFET using an AIM-SPICE Level-8 model, with a

threshold voltage of 0.7 V and a bulk-charge e�ect
parameter of 1.1. Both constant and variable mobility
models were used in the simulation to test the sensi-

tivity of using Eq. (11) in the procedure, when K varies
signi®cantly with VGS. The variable mobility was simu-
lated using a variable linearly decreasing model [5].
Fig. 1 shows for illustration only the Id ±Vgs charac-

teristics of the constant mobility device at the two
drain voltages, together with the Id2/m curve. Fig. 2
presents the result obtained in both cases by subtract-

ing Vgs1 from Vgs2 at equal values of Id1=Id2/m and
dividing by 0.04 V, as required by Eq. (11).
The constant mobility curve in Fig. 2 shows a ¯at

portion corresponding to the linear region of operation
throughout which K1=K2. It clearly indicates a value
of a=1.1. In the case of variable mobility, the curve is

not ¯at in the linear region of operation. Fig. 2 illus-
trates how the value of a=1.1 can be accurately
extracted for the variable mobility device by extrapo-
lating the linear operation portion of the plot of Eq.

(11) and ®nding its intersection with the vertical line

corresponding to a value of Vgs2=Vth=0.7 V, where
mobility degradation is negligible.

We next extracted the parameter a of a long n-chan-
nel MOSFET simulated with 2D device simulator
MICROTEC [8]. We again ran two simulations, one

with constant mobility and another with a variable
mobility de®ned by Yamaguchi's model [9]. The result-
ing Id±Vgs characteristics at the same two drain vol-

tages as before, together with the Id2/m curve, are
shown in Fig. 3, only for the variable mobility case.

Fig. 3. Threshold characteristics of a variable mobility n-

channel MOSFET simulated with a 2D device simulator

MICROTEC at Vds1=10 mV and Vds2=50 mV (m=5). Also

shown is the Ids2/m curve.

Fig. 4. Plot of Eq. (11) for two n-channel MOSFETs simu-

lated with a 2D device simulator MICROTEC using constant

mobility and Yamaguchi's [9] variable mobility model. The

vertical dotted line represents the value of Vgs2=Vth=0.41 V,

whose intersection with the extrapolation of the linear oper-

ation region gives the extracted value of a=1.25, equal for

both constant and variable mobility devices.

Fig. 5. Experimental threshold characteristics of a 20/20 mm
n-channel MOSFET measured at Vds1=10 mV and the Ids2/m

curve measured at Vds2=100 mV (m=10).
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Fig. 4 shows that a value of a of about 1.25 is

obtained readily for the constant mobility device from

the ¯at portion of the plot of Eq. (11). In the case of

the device simulated with variable mobility, an almost

exact value for a is extracted from Fig. 4, as before,

from the intersection of the extrapolated linear oper-

ation portion of the curve and the vertical line corre-

sponding to a value of Vgs2=Vth=0.41 V, which was

previously extracted for this device using standard

methods [10].

As a ®nal test, the extraction procedure was applied

to real devices fabricated at Harris Semiconductor.

Fig. 5 presents the Id±Vgs characteristics of a 20 mm
wide, 20 mm long n-channel MOSFET, measured at

drain voltages of 10 and 100 mV. The second current

has been already divided by the factor of m=10. The

result of Eq. (11) is presented in Fig. 6. Following an

analogous procedure as before, a value of a=1.3 is

extracted from the intersection of the extrapolated lin-

ear operation portion of the curve and the vertical line

corresponding to a value of Vgs2=Vth=0.69 V, pre-

viously extracted using standard methods [10]

4. Conclusion

The proposed procedure represents a simple way to
extract the bulk-charge e�ect parameter of MOSFET
models from the device's Id±Vgs threshold character-

istics in the linear region of operation. The procedure
was positively validated by comparing the values
extracted from Id±Vgs characteristics modeled with

SPICE to the known bulk-charge e�ect parameter used
in the model. It was also shown that it is possible to
extract the correct value of a when the channel mobi-

lity is signi®cantly variable. Additionally, we have suc-
cessfully tested the method using 2D simulations, with
both constant and variable mobility models and by
applying it to measured characteristics of real devices.
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Fig. 6. Plot of Eq. (11) for the device of Fig. 5. The vertical

dotted line represents the value of Vgs2=Vth=0.69 V, whose

intersection with the extrapolation of the linear operation

region gives the extracted value of a=1.3.
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