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In this paper, we propose a new physics-based charge-sheet model for submicrometer MOSFETs
for circuit simulation. Based on solving a balanced bulk charge sharing method and the transport
equation, proposed model provides physical insights into the current-voltage behavior describing
continuous and unified current characteristics of MOSFETs from the subthreshold to strong in-
version regions as well as from the linear to the saturation regions. In particular, discontinuities
in the second derivative, at the electrical boundary between forward- and reverse-mode operations
and vice versa of I-V characteristics, which are usual in other previous MOSFET models, are sig-
nificantly improved. These advantages are obtained by averaging the bulk charge and effective
channel carrier mobility models over the channel length with respect to the source- and drain-end
surface potentials. The resulting MOSFET model also satisfies the Gummel symmetry test which
is a requirement for a bi-directional signal flow in the design of high performance digital integrated
circuits with MOSFETs. Comparison with measured data is presented to verify the new model in
which the model parameters are extracted efficiently by simple and accurate methods.
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I. INTRODUCTION

With a fast development of MOS ULSI technol-
ogy to implement high performance digital and mixed
analog-digital signal processing and low voltage oper-
ation, circuit designers require accurate and continu-
ous Metal-Oxide-Semiconductor Field Effect Transistor
(MOSFET) model for use in circuit simulators. An ac-
curate modeling of small geometry MOSFETs requires
the numerical solution of two- or three-dimensional Pois-
son’s equation and current continuity equation. How-
ever, time-consuming numerical calculations are not
quite suitable for the circuit design and simulation which
require analytical models with as small number of em-
pirical parameters as possible, nor for the rapid charac-
terization of process parameters. For example, the ear-
liest models such as the SPICE level 1 and level 2 mod-
els were highly empirical and contained discontinuities
in their current and capacitance characteristics so that
they did not conserve charge or incorporate the physics
of small geometry devices accurately. Therefore an an-
alytical MOSFET model should combine the accuracy
with a relative simplicity of the formulation [1–10].

Conventional MOSFET models have been successfully
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used for the long-channel devices. However, the scal-
ing down of MOSFETs to a deep submicrometer regime
leads to deviations from assumptions in the conventional
models, which include the gradual channel approxima-
tion (GCA), the hole current in n-MOSFETs, the gen-
eration and recombination rate in the channel, the di-
rection of the current flow, and the effective mobility
in the channel [4, 5]. Moreover, most widely adopted
BSIM3v3 model is also derived based on the source-
referenced model with smoothing functions which has
discontinuities in the derivatives of the drain current and
terminal charges at the boundary between forward and
reverse mode operation. These discontinuities arise pri-
marily from the use of the source as a reference terminal
for the potential, the velocity-field expressions, and the
smoothing functions used in the transition area between
the linear and saturation regions. These deficiencies af-
fect the accuracy in the simulation of higher order effects,
such as amplifier distortion and the convergence rate of
transient simulations, in analog and communication cir-
cuits [5,6].

As a solution to the above issue, we propose a physics-
based continuous charge-sheet model which is continu-
ous over all operation regions, of linear, saturation, and
subthreshold regimes. The bulk charge density in the
balanced bulk charge sharing model is developed with a
two-dimensional charge sharing approach using the sim-
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Fig. 1. Cross section of n-MOSFET with terminal voltages
referred to body: VGB , VDB and VSB .

ple geometrical approximation in the depletion region in
order to express the bulk charge density as a balanced
and symmetric function of source- and drain-end sur-
face potentials. We also modeled the channel mobility
which is a complicated function of local electric field and
position, as an average value of the source- and drain-
end channel ones using a balanced bulk charge model.
These lead to a simplified and computationally efficient
equation for the I−V characteristics and makes possible
symmetrical evaluation in both forward (VDS ≥ 0) and
reverse (VDS ≤ 0) operating modes [6,7].

In the Chapter II, we describe the theoretical aspects
of the new I−V model with the bulk charge model, which
is described by the balanced bulk charge sharing method,
and the averaged surface channel mobility model, which
accounts for the physical effect as a combinational func-
tion of the transverse and longitudinal electric fields. In
the Chapter III, the new model is compared with exper-
imental data measured from n-MOSFETs.

II. CONTINUOUS CHARGE-SHEET
MOSFET MODEL FOR CIRCUIT

SIMULATION

In contrast to source-referenced model exhibiting dis-
continuities in the IDS or its derivatives at VDS=0, the
body-referenced model has been reported to have several
advantages with the symmetrical property. Fig. 1 shows
the device structure with external terminal voltages. As
the symmetry inherent in the body-referenced bias is in-
tellectually satisfying, we proceed to develop a model
based on the body-referenced bias such as gate-body
(VGB), drain-body (VDB), and source-body (VSB) volt-
ages and will implicitly assume that both source-to-body
and drain-to-body junctions are reverse-biased, VDB ≥
0, VSB ≥ 0 [4]. In this chapter, we derive expressions for
the continuous and unified charge sheet MOSFET model
from subthreshold to strong inversion, from the linear to
the saturation regions, and at the boundary between for-
ward and reverse modes of operation.

1. Bulk Charge Model using a Balanced Bulk
Charge Sharing Method

The drain current ID in an n-channel MOSFET is
written as

ID = −WQiv +WVth
dQi
dy

(1)

where W is the effective channel width, v is the average
carrier drift velocity, Vth is the thermal voltage, and Qi
represents the inversion charge density. This equation
shows that the drain current is the sum of two compo-
nents, drift and diffusion currents respectively. From Eq.
(1), the basis of the charge sheet model is an inversion
charge density representation of the intrinsic device be-
tween the source and drain boundaries for a structure
with a uniform substrate doping concentration and the
inversion charge density is a function of the surface po-
tential along the channel. Based on the well-known Pois-
son equation and charge conservation principles of MOS
device physics, the inversion charge density Qi can be
obtained from the difference of the total induced charge
Qs in the channel and the bulk charge Qb (Qi = Qs−Qb)
[5]. This can be described as

Qi = −Cox[VGB − Vfb − φs]−Qb, (2)

where VGB is the gate-to-body voltage, Vfb is the flat-
band voltage, and φs is the surface potential with re-
spect to the external body-referenced bias. As shown
in Eq. (2), the expression for bulk charge density Qb is
important to the overall charge-sheet MOSFET models
for simplified and the computationally efficient equation.
However, most reported models for bulk charge density
Qb are derived using the source as the reference terminal
based on the depletion approximation. Due to this, dis-
continuities in the derivatives of the drain current and
terminal charges appear in the transition region from
forward bias to reverse bias operation.

In order to resolve this problem, therefore, we propose
a balanced bulk charge density model with respect to sur-
face potential by using an average, position-independent,
semi-physical geometrical approximation.

As shown in Fig. 2, we modeled the bulk charge den-
sity considering the channel depletion area averaged by
the effective channel length. The channel depletion area
is geometrically divided into two parts, one associated
with the gate and the other associated with the drain
and source junction which is similar to the charge sharing
concept. The channel depletion area is obtained under
assumptions:

- the substrate is uniformly doped Nb.
- the source and drain junctions are cylindrical in

shape with a radial junction depth, Xj .
- the channel depletion area is linearized in terms of

only source- and drain-end surface potentials.
Thus, from the shaded area under the gate in Fig. 2,

the bulk charge density can be obtained. With some
physical notation described below,
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Fig. 2. The balanced charge-sharing model for calculating
the bulk charge density as function of surface potentials at
source and drain ends.

- the depletion widths of the source to substrate and
the drain to substrate, respectively;

Xsd =
√

2ε0εsi
qNb

(φbi + Vsb) (3)

Xdd =
√

2ε0εsi
qNb

(φbi + Vdb) (4)

- the built-in potential at the source- and the drain-
to substrate junction;

φbi =
kT

q
ln
(
NbNd,s
n2
i

)
(5)

- the channel depletion widths at the source- and the
drain-end, respectively;

Xdms =
√

2ε0εsi
qNb

(φS) (6)

Xdmd =
√

2ε0εsi
qNb

(φD) (7)

- the lengths of the velocity saturation region at the
source and the drain, respectively;

Xcd = Xj

(√
1 +

Xdmd +Xdd

Xj
− 1

)
(8)

Xcs = Xj

(√
1 +

Xdms +Xsd

Xj
− 1

)
(9)

- the length of the gradual channel approximation re-
gion;

Ld = Leff − (Xcd +Xcs) (10)
- the total depletion area under gate;

Adm =
1
2
Ld(Xdmd +Xdms) +

1
2

(XcsXdms +XcdXdmd)

(11)

Therefore, the bulk charge per unit area can be obtained
from

QBBC = −qNb
Adm
Leff

(12)

which is the total bulk charge (qNbAdm) averaged by the
effective channel length (Leff ). Above all, to be able
to calculate the bulk charge density from Eq. (12) the
surface potential at the source and drain ends need to be
evaluated. For given values of VGB and VSB or VDB , the
surface potential (φs) can be obtained using an iterative
numerical approach with

φs(x) = VGB − Vfb + φs − γ
√
φs + Vthe−φs/Vth + e(−2φf−VCB)/Vth{Vtheφs/Vth − φseVCB/Vth − Vth} (13)

φS(x ≡ 0) = VGB − Vfb − γ
√
φS + Vthe(φS−2φf−VSB)/Vth (14)

φD(x ≡ Leff ) = VGB − Vfb − γ
√
φD + Vthe(φD−2φf−VDB)/Vth . (15)

Eq. (13) is a implicit equation in surface potential de-
rived by solving Poisson’s equation in the surface region
and Eqs. (14)-(15) are simplified expressions beyond in-
version state. Once surface potential is determined, the
bulk charge density can be obtained easily by inserting

Eqs. (14)-(15) into Eq. (12). The inversion charge den-
sity can be re-described by

Qi = −Cox
(
VGB − VFB − φs −

qNb
Cox

Adm
Leff

)
. (16)
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Fig. 3. Variation of inversion charge density Qi(©), bulk
charge density Qb(4), and the total charge density Qs(�)
(Qs=Qi+Qb) versus the surface potential φs in all regimes
of device operation for a p-type substrate with Nb=5×1015

cm−3 and Tox=300 Å.

In order to verify a new bulk charge model using a
BBCS method, Fig. 3 shows the comparative results
of the inversion charge density (Qi), bulk charge density
(Qb), and total induced charge density (Qs) as a function
of surface potential with a conventional charge density
model [5] for a p-type substrate, Nb=5×1015 cm−3, oxide
thickness, Tox=300 Å, and flatband voltage, Vfb=0 V.

2. Improved Surface Channel Mobility Model

Surface channel mobility is one of the most important
parameters in modeling the I−V characteristics of mod-
ern MOSFETs. For compact mobility modeling, it is well
known that the effective mobility is solely a function of
the effective transverse field (εeff ) and described by [11,
12]

µeff =
µ0

1 +
(
εeff
ε0

) (17)

εeff =
Qb +Qi/2

εsi
(18)

where ε0 is the critical field, v is a fitting parameter,
and εeff is the average electric field experienced by the
carriers in the inversion layer. In Eq. (18), the average
electric field is a function of the inversion charge and
bulk charge density. Therefore, in order to include the
influence of the lateral electric field and the position-
independent characteristic along the channel, we insert
Eq. (12) and Eq. (16) into Eq. (18), and the inversion
charge density is substituted by the average inversion
charge density, Qi,avg = (QiS + QiD)/2, where QiS and
QiD are the inversion charge densities at the source and
drain end, respectively, as a function of φS and φD from

Eqs. (14)-(15). Then, the average electric field over the
channel is re-described as

εeff,avg =
Qb + 0.5Qi,avg

εsi

=
(
VGB − Vfb −

(φS + φD)
2

+
qNb
Cox

Adm
Leff

)
/6Tox.

(19)

It is important that Eq. (19) expresses the effective
electric field as a balanced symmetric equation for the
source- and drain-end potentials. This is another efficient
solution for improving the discontinuity problem in I −
V characteristics at the forward and reverse operation
boundary. As a result, we have

µeff,avg =
µ0

1
+ UcVBP

×
(

0.5(VGB − VGT ) +
UaVBP

6
Tox × 106

)n
(20)

where the µ0 is the maximum extracted value of the mo-
bility, VBP and VGT in new model are defined by

VBP =
qNb
Cox

Adm
Leff

(21)

VGT = Vfb +
(φS
φD)

2
+ VBPg (22)

The term UcVBP is introduced to improve the model
accuracy at high body bias [2] and Ua, Uc and n are pa-
rameters to be determined by fitting to the experimental
I − V data.

3. Continuous Current-Voltage Characteristics
of MOSFETs

In this section, we show that a continuous and unified
MOSFET model can be effectively developed with the
help of the average, position independent, bulk charge
density and the surface channel mobility model, includ-
ing the most important physical effects such as velocity
saturation, output conductance modulation, and drain
induced barrier lowering (DIBL). When the diffusion cur-
rent is neglected from Eq. (1), the drift current is rewrit-
ten as

Idrift = −WQiv. (23)

Next, most commonly used velocity-field (v−E) expres-
sion for a variation of the carrier velocity with lateral
electric field is chosen as [5]

v =
µeff (dφs/dy){

1 +
(
µeff
vsat

dφs
dy

)β}1/β
(24)
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where µeff is an effective mobility, vsat is the saturation
velocity, β is an empirical fitting parameter, and dφs/dy
is the lateral field. Eq. (24) is inserted in Eq. (23),
both sides of the equation are rearranged, and integrat-
ing both sides under the boundary condition as

φs =
{
φS at y = 0
φD at y = Ld

(25)

where the Ld is defined by Ld = Leff − (Xcd + Xcs).
As seen from Fig. 2, the channel can be divided into
three regions, the source channel junction of length Xcs,
the drain channel junction of length Xcd, and the linear
region of length Ld. The resulting equation is expressed
by

Idrift(y) = −WQiv

= − WQiµeff (dφs/dy){
1 + [(µeffdφs/dy)/vsat]

β
}1/β

(26)

Idrift

∫ Ld

0

[
{1 + [(µeffdφs/dy)/vsat]β}1/β

µeff

]
dy

= W

∫ φD

φS

Qidφs (27)

Idrift

{
1 +

(
µeff,avg
vsat

(φD−φS)
Ld

)β}1/β

µeff,avg
Ld

= WCox

∫ φD

φS

(VGB − Vfb − φs − VBP )dφs. (28)

In the derivation of Eq. (28) for Eq. (27), the effec-
tive mobility µeff is substituted by the average effective
mobility µeff,avg and the term dφs/dy is replaced by the
average lateral electric field (φD − φS)/Ld in the linear
region. Then, the left-hand side of Eq. (27) has been
integrated and obtained Eq. (28). Also, the right-hand
side of Eq. (27) is substituted by the inversion charge
density, Eq. (16), with the average bulk charge density
Eq. (12). This leads to simplified and computationally
efficient equation of the continuous current voltage char-
acteristic of MOSFET model. Also, the right-hand side
of Eq. (28) can be integrated with the contribution of
the average bulk charge density and the resultant drift
current is expressed as

Idrift = µeff,avgCox

(
W

Ld

)
×

(VGB − Vfb − VBP )(φD − φS)− 1
2 (φ2

D − φ2
S){

1 +
(
µeff,avg
vsat

(φD−φS)
Ld

)β}1/β
.(29)

While the drift current is a dominant component in the
strong-inversion mode, the diffusion current is dominant

in the subthreshold region. Both drift and diffusion com-
ponents should be considered in the moderate-inversion
region. Therefore, the diffusion current still needs to be
evaluated and given as

Idrift = WµeffVth
dQi
dy

. (30)

In the same process for drift current, both sides can be
integrated under the boundary condition, Eq. (25), as

Idrift
µeff

dy = WVthdQi (31)

∫ Ld

0

Idrift
µeff

dy = WVth

∫ QiS

QiD

dQi =
∫ φS

φD

dφs
dQi
dφs

.(32)

However, in Eq. (26), Qi cannot be differentiated with
the surface potential due to the averaged bulk charge
density. For the reason, we put the condition of Qb =
γCox

√
φs = qNbAdm/Leff into Eq. (16) as following

Qi = Cox

(
VGB − Vfb − φs −

qNb
Cox

Adm
Leff

)
= Cox(VGB − Vfb − φs − γ

√
φs). (33)

Inserting Eq. (33) into the right-hand side of Eq. (32),
the inversion charge density (Qi) can be differentiated
with the surface potential (φs). Then, the averaged bulk
charge density is reused as the following

dQi
dφs

= Cox

(
−1− γ

2
√
φs

)
= Cox

(
−1− γ2Cox

2qNbAdm/Leff

)
= −Cox

(
1 +

γ2

VBP

)
(34)

where

γ =
√

2ε0εsiqNb
Cox

. (35)

As a result, Eq. (32) is integrated with a surface po-
tential (φs) due to the average bulk charge density as
following equation

Idrift = µeff,avgCox

(
W

Ld

)
Vth

(
1 +

γ2

VBP

)
(φD − φS).

(36)

In order to obtain a unified channel charge model which
is continuous and accurate from subthreshold to strong
inversion regions, the drift current, Eq. (29) and diffu-
sion current, Eq. (36) can be combined to model the
drain current as
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IDS = µeff,avgCox

(
W

Ld

) (VGB − VGT )(φD − φS) + Vth

(
1 + γ2

VBP

)
(φD − φS){

1 +
(
µeff,avg
vsat

(φD−φS)
Ld

)β}1/β
. (37)

Fig. 4. MOSFET showing internal and external terminal
voltages when the source and drain resistances (RS and RD)
are taken into account.

4. Parasitic Source and Drain Resistance Effect
in the I − V Model

As was pointed out earlier, the scaling down of MOS-
FETs to deep submicrometer regimes leads to departures
from assumptions made by simplifying I − V model [5].
From one of the assumptions, the voltage drops across
the series resistances RS and RD associated with the
source and drain regions, respectively, are negligible com-
pared to the applied voltages. It is therefore important
to model these elements in order to simulate the device
behavior accurately. The schematic diagram of the volt-
age drop pattern in the extrinsic and intrinsic regions is
shown in Fig. 4.

We assume that the series resistances RS and RD are

independent of the bias. When the intrinsic drain-to-
body and source-to-body voltages are denoted by Vdb
and Vsb respectively, from Kirchiff’s law, expressed as

Vdb = VDB − IDRD, (38)

Vsb = VSB + IDRS . (39)

and the external terminal drain- and source-to-body volt-
age is replaced with intrinsic drain- and source-to-body
voltages into the surface potential Eqs. (14)-(15) as

φS = VGB − Vfb − γ
√
φS + Vthe(φS−2φf−Vsb)/Vth

φD = VGB − Vfb − γ
√
φD + Vthe(φD−2φf−Vdb)/Vth .

(40)

As the end, to calculate the electric boundary continu-
ous between linear and saturation regions, we must take
into account the limitation of the inversion charge den-
sity at the drain region due to the velocity saturation.
When the drain voltage is so large enough that the car-
rier velocity is reached the saturation velocity vsat, the
inversion charge density at the drain region is pinned
at a constant value. That is, with a fixed gate bias, as
the drain voltage is increased, the inversion charge den-
sity at the drain region decreases. Also, as the inversion
charge density at the drain region decreases, the poten-
tial across the channel must be adjusted to increase the
carrier velocity at the drain region so that the drain cur-
rent is maintained corresponding to this condition. At
this point, while the velocity saturation behavior for a
variation of the carrier velocity with lateral electric field
is modeled using the smoothing function Eq. (24), the
reduction of the inversion charge density for a variation
of the carrier velocity with lateral electric field is not
considered. So, we included this behavior into Eq. (37)
to satisfy the necessary smoothness between the linear
and saturation regimes as following

IDS = µeff,avgCox

(
W

Ld

) {VGB − VGT − κ(φD − φS)}(φD − φS) + Vth

(
1 + γ2

VBP

)
(φD − φS){

1 +
(
µeff,avg
vsat

(φD−φS)
Ld

)β}1/β
(41)

where κ is a fitting parameter used to better adjust
the curvature of the transition from linear to saturation

regimes. For completeness, it is noted that the smooth-
ing parameters β and κ are fitted simultaneous due to
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Fig. 5. Layout and probe pad structure of a Si-MOS Ca-
pacitor with W ×L=300×300 µm2 and a Si-MOSFETs with
W/L=30 µm/0.6 µm fabricated on a p-type silicon wafer us-
ing a standard CMOS process.

Table 1. Extracted Model parameters in n-MOSFET
(W/L=30 µm/0.6 µm).

Symbols in equation Extraction value Unit

Cox 153 pF

Tox 220 Å

Nb 6.65·1016 cm−3

Xj 0.08 µm

VGT 0.54 V

Vfb −1.07 V

∆L 0.21 µm

RD 18.48 Ω

RS 17.85 Ω

µ0 675 cm2/V·sec

Ua 0.12 −
Uc 6.39 −
vsat 8·104 m/sec

β 1.84 −
κ 0.6 −

the dependency of the same physical source.

III. SIMULATION RESULTS AND
EXPERIMENTAL VERIFICATION

For the verification of the proposed charge sheet model
in the paper, we extracted characteristic parameters for
the BBCS model [13–16]. The measurement system con-
sists of HP 4284A LCR meter and HP 4145B semicon-
ductor parameter analyzer under the control of a desk-
top computer. Fig. 5 shows 300×300 µm2 MOS capaci-
tor and MOSFETs with gate length L=0.6 µm and gate
width W=30 µm fabricated on a p-type silicon wafer
using a standard CMOS process.

Experimentally observed typical current-voltage char-
acteristics of n-channel Si MOSFETs with W=30 µm
and L=0.6 µm are shown in Fig. 6 and all extracted
parameter values are arranged in Table 1.

Fig. 6. I −V characteristics for Si-MOSFETs with W=30
µm and L=0.6 µm : (a) Drain current vs. Gate-to-Body Volt-
age characteristics. (b) Drain current vs. Drain-to-Source
Voltage characteristics.

1. I − V Characteristics for the Continuous
Charge-Sheet Model

Fig. 7 shows the measured and modeled input char-
acteristics of n-channel MOSFETs with W=30 µm and
L=0.6 µm. The agreement between the modeled and ex-
perimental data is satisfactory for the measurement re-
sults and the theoretical calculation all over the regions
from linear to saturation of the drain biases. We also
show the output characteristics of the same n-channel
MOSFET in Fig. 8. The solid lines are the modeled re-
sults and the circle lines are the measured data. The fit-
ted results are very good for the same model parameters
shown in Table 1. This result means that the proposed
model is very accurate and suitable for submicrometer
MOSFETs. Since the smoothing parameters for the ve-
locity saturation and inversion charge pinning effect at
the drain region are fitted simultaneously, the output
characteristics shows no discontinuity at the boundary
between the linear and saturation regions. In Fig. 9, the
drain current versus gate-to-body voltage is shown on
a linear scale to demonstrate the unified characteristics
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Fig. 7. IDS-VGS characteristics from linear region to sat-
uration region for an n-channel MOSFET with W=30 µm
and L=0.6 µm at different drain biases VDS(VDB-VSB). (a)
IDS-VGS characteristics in a linear scale. (b) IDS-VGS char-
acteristics in a logarithmic scale.

in the proposed model. We also show the comparison
results in Fig. 8(b) and Fig. 9(b) for the gm and gds
through the experimental data and modeled electrical
characteristics which are a sensitive test for the accu-
racy of the model. Fig. 10 shows the drain current versus
the gate-to-source voltage (VGB-VSB) at different body
biases on a logarithmic scale to demonstrate the charac-
teristics in the subthreshold region. From this figure, it
can be seen that the model accurately describes a shift
in the threshold voltage with the body bias.

2. Result of Gummel Symmetry Test

Most of the well-known problems with conventional
I − V models for MOSFETs were related to discontinu-
ities in the conductance at the boundary between lin-
ear and saturation regions or at the boundary between
weak and strong inversion conditions. These problems
have been solved quite successfully by utilizing a unified

Fig. 8. IDS-VDS characteristics of the device with
W/L=30 µm/0.6 µm at different gate-to-body bias VGB .
(a) Measured and modeled IDS-VDS characteristics in linear
scale. (b) Measured and modeled GDS-VDS characteristics in
logarithmic scale.

modeling of the drain currents in all regions of operating
biases. However, the other attention has been given to
maintaining continuity in the charge and current models
exclusively in the forward or reverse regions. Therefore,
the charge-sheet model based on the symmetric lineari-
sation must pass the Gummel symmetry test [6,7,11]. At
VDS 0V operating point, the Gummel symmetry test can
be used to demonstrate the common problems in most
compact MOSFET models.

As shown in Fig. 11, this test uses the circuit that
drives a MOSFET symmetrically in both forward and
reverse modes by sweeping only one source with the
gate-substrate bias fixed at VGBO. Since the source-to-
body bias is VBO − VX and the drain-to-body bias is
VBO + VX with the initial nonzero source-to-substrate
bias, VBO and an independent voltage source, VX , VDS
(VDB−VSB) is always equal to 2VX . If VX is swept from
a negative value to an equal positive value, the tran-
sistor under test is driven symmetrically from a reverse
mode to a forward mode. Further, if drain current and
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Fig. 9. IDS-VGS characteristics in linear region for an n-
channel MOSFET with W=30 µm and L=0.6 µm at different
drain biases VDS(=VDB-VSB). (a) Measured and modeled
IDS-VGS characteristics (b) Measured and modeled Gm-VGS
characteristics in logarithmic scale.

Fig. 10. A comparison of measured and simulated drain
current in the linear region for an n-channel MOSFET with
W=30 µm, L=0.6 µm at different body biases.

all its higher-order derivatives with respect to the ter-

Fig. 11. Results of Gummel symmetry test: Plots of
dID/dVX and d2ID/dV

2
X obtained from a simulation using

the new BBCS model under VGBO=3 V.

minal voltages are continuous, it implies that the second
derivative of drain current with respect to VX should also
be equal to zero at VX=0. As shown in Figure 11, the
continuous charge-sheet model using the BBCS method
discussed in this paper passes the Gummel symmetry
test.

IV. CONCLUSION

In this thesis, the concept of a balanced bulk charge
sharing (BBCS) method is used to build a new analyti-
cal charge sheet MOSFET model for analog/digital cir-
cuit simulation. The comparisons between the model
and measured data in n-channel MOSFETs show that
the proposed model can describe the I − V character-
istics accurately and smoothly from a subthreshold to
a strong inversion in the gate bias as well as from the
linear to the saturation regions in the drain bias. In par-
ticular, discontinuities in the second derivative in other
conventional MOSFET models at the electrical bound-
ary between forward and reverse mode operations have
been eliminated by averaging the bulk charge and mobil-
ity over the channel length with respect to the function
of the source and drain end surface potentials. In addi-
tion, the resulting MOSFET model satisfies the Gummel
symmetry test. With results in this paper, we can expect
that the new model can be easily implemented in circuit
simulators for VLSI design.
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