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Abstract—In this paper, a surface potential-based compact
model is described for high-voltage LDMOS transistors. This
model combines the low-voltage MOS region with the high-voltage
drift region of an LDMOS transistor. The model includes the
effect of the gate extending over the drift region as well as its tem-
perature behavior and geometry scaling. In contrast to subcircuit
models, the model has no internal node, since the so-called in-
ternal drain voltage is explicitly expressed in terms of the external
terminal voltages. By use of an explicit formulation of the surface
potential, the dc model thus combines the benefits of short com-
putation times and robustness with accuracy. A comparison with
dc measurements shows that the dc model provides an accurate
description in all regimes of operation, ranging from subthreshold
to super-threshold. In addition, a nodal charge model is derived,
to account for the time-dependent behavior of the device. Capaci-
tances obtained from high-frequency measurements show a good
agreement with those obtained from the nodal charge model.

Index Terms—High-voltage MOS, integrated circuit design,
LDMOS, modeling, silicon-on-insulator (SOI).

I. INTRODUCTION

TODAY, high-voltage LDMOS devices are extensively used
in all kinds of integrated power circuits, like switch-mode

power supplies and power amplifiers. Optimal design of these
power circuits requires high-voltage LDMOS models for cir-
cuit simulation, which describe the device characteristics ac-
curately over a wide range of biases. In addition, LDMOS de-
vices processed in thin-film silicon-on-insulator (SOI) provides
a new and attractive technology for smart power integrated cir-
cuits in consumer and automotive applications [1]. Thus, with
the (SOI-)LDMOS transistor being a frequently used compo-
nent in power circuits, inclusion of the specific (SOI-)LDMOS
transistor aspects, like the effect of the gate extending over the
drift region and the temperature behavior, is essential.

A frequently followed approach in high-voltage modeling is
to describe the LDMOS transistor by a subcircuit model (also
called macromodel), which consists of a combination of cir-
cuit elements [2]–[5]. A similar approach is to define a compact
model with an internal node inside [6]. In both approaches, the
model consists of an additional (internal) node which is solved
numerically by the circuit simulator. The disadvantage of this
approach is that during circuit simulation these models may
give rise to an increase of computation time, or may have dif-
ficulty to reach convergence at all. Furthermore, some of these
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models lack an accurate description of one or more specific de-
vice characteristics.

Another approach in LDMOS modeling is to solve the poten-
tial at the internal node inside the model by means of a numer-
ical iteration procedure, like in [7]–[10]. As long as care is taken
that the iteration procedure is always converging to the desired
solution and the convergence error is sufficiently small, this ap-
proach is valuable and gives sufficiently smooth characteristics.
The drawback of the models in [7]–[10], however, is that the
subthreshold regime is not included.

Thus, the need for a compact LDMOS model without internal
node, which takes into account the specific high-voltage char-
acteristics, is clear. So far, some models [11]–[15] in which the
potential at the internal node is expressed explicitly in terms of
the external terminal voltages (and thus no internal node exists)
have been developed. The model of [11], however, lacks a nodal
charge description, while in [12] the voltage drop across the
channel is taken from an empirical expression. So far, one com-
pact model that takes into account most of the specific LDMOS
aspects, has been developed [13], [14]. The use of this com-
pact model, however, has been found to be limited due to the
occurrence of nonconvergence in circuit simulation, caused by
discontinuities in the model expressions and their derivatives.
Hence, even more important for successful IC-design is a com-
pact model that is robust by having all its expressions and deriva-
tives continuous, allowing fast, converging circuit simulations.

In order to combine accuracy with robustness, we have devel-
oped a new compact LDMOS model [15], for which the model
developed in [13] served as a starting point. Like in [6] and
[13], the model is surface potential based, providing a precise
current description, also in the so-called moderate inversion re-
gion. The model includes mobility reduction due to the ver-
tical electrical field, velocity saturation in the channel region
and drain-induced barrier lowering. In addition to [13], we have
further incorporated static feedback. The model is aimed for
long-drift-region devices, since velocity saturation in the drift
region is not included.

II. MODEL METHODOLOGY

In Fig. 1, a cross section of the LDMOS transistor is given
for which the compact model is developed. The p-well bulk (B)
is diffused from the source-side under the gate (G), and thus
forms a graded channel region. The internal drain Di represents
the point where the graded channel (of length ) turns into the
lightly doped -drift region (of length and thickness ).
With the gate extending over the drift region, an accumulation
layer forms in the drift region underneath the gate oxide. Thus,
above the threshold voltage of the channel region, electrons flow

0018-9383/$20.00 © 2005 IEEE



1000 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 5, MAY 2005

Fig. 1. Cross section of the LDMOS transistor, for which the compact model
is derived.

through an inversion channel from the source terminal (S) to-
ward the drain terminal (D) at the end of the drift region.

In our compact modeling approach, expressions for the cur-
rent through the inversion channel as well as for the current

through the drift region are derived, both in terms of the
known external drain, gate, source, and bulk voltages , ,

, and , respectively, as well as of the unknown internal
drain voltage . In contrast to a subcircuit model, this internal
drain voltage is expressed explicitly in terms of the external ter-
minal voltages. The expression for this internal drain voltage is
derived by equating to . Next, the internal drain voltage is
used to calculate (also in an explicit way) the surface potentials,
in which the final drain-to-source current is formulated. In
this way, is surface-potential based and it is explicitly ex-
pressed in terms of the external terminal voltages.

A. Channel Current

To obtain an accurate and continuous description of the
channel current and its derivatives in all operation regimes, a
charge-sheet MOSFET model approach based on surface-po-
tential formulations is taken. In the channel region, the surface
potential satisfies the implicit equation obtained from
Poisson’s equation and Gauss’ law [16]. In order to reduce
computation time, the explicit yet accurate relation between the
surface potential and the terminal voltages according to [17]
is used. By denoting this explicit relation by , we thus write
the surface potentials at the source and at the
internal drain according to

(1)

valid in all regimes ranging from accumulation to weak and
strong inversion. Here, is the flatband voltage of the channel
region, and is the body factor, with

the gate oxide capacitance per unit area, the oxide
thickness, the electronic charge, the permittivity of sil-
icon, that of oxide, and the p-well doping concentra-
tion. The potential is taken as model parameter,
where the Fermi-potential of the channel is given by

, with the intrinsic carrier concentration of sil-
icon and the thermal voltage.

Due to the p-diffusion from the source side under the gate, the
doping concentration , and thus the body factor , decreases
toward the end of the channel region. However, since the current
is only significant once the source side is in strong inversion, we
will further assume an effective body factor equal to the one
at the source side.

The channel current is given by

(2)
where is the device width, the electron mobility, and

is the strong inversion charge with

(3)

Here, and represent the strong inversion charge per
unit area at and , respectively. Next, we approxi-
mate the inversion charge by making a Taylor expansion of
around , i.e.,

(4)

in which represents the inversion charge at the source, and
. For simplicity, a fixed voltage

V is used, and after substitution of (3) and (4) into (2)
we arrive at

(5)

where is the potential drop across the channel.
In this way, is a second-order polynomial in , which
will provide us, later, the explicit solution of the internal drain
potential .

Velocity saturation in the channel is accounted for by taking
the mobility equal to

(6)

with representing the effective electron mobility, and a
model parameter given by with the zero-
field electron mobility and the saturated drift velocity of
electrons (cf. [18, p. 283]). The effective electron mobility is
bias dependent according to

(7)

for constant , and representing the effective vertical elec-
trical field in the channel region. This field, given by [18, p. 185],
is taken equal to the one at the source, i.e., equal to

(8)

where represents the depletion charge per unit area at the
source side, and is a constant, ideally equal to 1/2 for electrons
and 1/3 for holes. For ease of parameter extraction, we next
replace in the equation above by ,
and obtain

(9)

where and are model pa-
rameters. Notice that with the above choice of mobility model,
both the current and the conductances are fully continuous, also
in . In the model, is taken as model
parameter.

B. Drift Region Current

For devices with a drift region length in the same order of
magnitude as the inversion channel length , the channel cur-
rent saturates before the onset of depletion in the drift region
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[13]. In the linear operating regime, the drift region current ,
neglecting the diffusion current, is thus given by

(10)
in which the first term is the current through the accumulation
layer, and the second one the current through the bulk of the drift
region. Here, is the electron mobility through the accumu-
lation layer, while is that through the bulk. Furthermore,

represents the charge per unit area in the accumulation
layer, and the number of dopants per unit area in the bulk
of the drift region. For given potential along the
lateral position of the drift region, the accumulation charge is
given by

(11)

valid for . The number of dopants per unit area is
given by

(12)

where is the doping level of the drift region, and is its
effective thickness. Due to depletion in the drift region caused
by the pn-junction, the effective thickness is given by

, where is the thickness of the depletion layer.
In the LDMOS device, the extension of the depletion layer into
the drift region is a two-dimensional effect. Since incorporation
of the two-dimensional depletion effect is too complicated, we
follow a pragmatic approach, and write for ease of parameter
extraction the effective drift region thickness as

(13)

where is the thickness at . The function
accounts for for the reduction of the drift region thick-
ness due to the extension of the depletion layer into the drift
region, according to

(14)

Here, is a model parameter. Subsequently, elaboration of (10)
yields

(15)

where and represent the accumulation charge at the
internal drain Di and at the drain D, respectively. In the model
the on-resistance of the drift region, given by

(16)

is taken as a model parameter.
The electron mobility in the accumulation layer is reduced by

the vertical electrical field, according to

(17)

where is a constant, and represents
the effective vertical electrical field in the drift region. To arrive
at a sufficiently simple expression for , the effective vertical

electrical field is taken equal to
, and obtain

(18)

for given model parameter . In the model,
also is taken as model parameter. Thus,
we arrive at a second-order polynomial of the drift region cur-
rent in terms of , valid in the linear operating regime, i.e.,
provided that .

C. Calculation of Internal Drain Potential

In the linear operating regime, the potential drop ap-
proximately equals . Thus, the internal drain potential is
solved from

(19)

As the potential drop in the linear regime is relatively small,
we neglect, while solving (19), the mobility reduction term due
to the lateral electrical field (i.e., ) in . In this way,
we obtain a second order polynomial for the channel current
in terms of the unknown potential drop , and the solution
of (19) for is explicitly expressed in terms of the terminal
voltages.

The current is assumed to saturate in the channel region.
Thus, in saturation we derive the potential drop
from solving

(20)

Subsequently, we incorporate saturation by taking an effective
potential drop according to [19], which takes the min-
imum of and in a smooth manner. Finally, the sur-
face potential is calculated by using
in (1).

D. Additional Effects

In the final current calculation of , second-order effects
like channel length modulation, drain-induced barrier lowering,
and static feedback are incorporated. Also, the effect on drain
and bulk current of avalanche occurring in the MOSFET region
is taken into account. Finally, the temperature dependence of the
relevant model parameters is included.

III. DC RESULTS

We have characterized a 12-V SOI-LDMOS transistor, with
oxide thickness nm, and with different mask widths

, gate mask lengths , and ambient temperatures . In
addition, a thermal subcircuit is used in which the temperature
rise due to self-heating is calculated [5]. In the following figures,
symbols correspond to the measurement data, while the solid
lines represent our compact model. In Fig. 2 we observe that
the model describes the subthreshold current accurately and in
a smooth manner also at the transition from the weak- to strong
inversion regime. In Fig. 3, we observe that in the linear regime
the model is also accurate at high gate voltages, where the effect
of the gate extending over the drift region is significant. In Fig. 4,
we observe that for , and 12 V, the output conductance
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Fig. 2. Measured (symbols) and modeled (solid lines) drain current I in the
subthreshold operating regime, for V = 0, 1 and 2 V, for W = 17 �m,
L = 1:6 �m, and T = 25 C.

Fig. 3. Measured (symbols) and modeled (solid lines) drain current I and
transconductance g = @I =@V in the linear operating regime for V =

0:1 V, and for various bulk voltages V , for W = 17 �m, L =

1:6 �m, and T = 25 C.

becomes negative, due to self-heating. We conclude that also the
saturation regime is well described by our LDMOS model for
both low and high gate voltages.

Next we demonstrate the physical scaling of the model with
device width, drift region length and temperature. In Fig. 5 we
observe that the model parameters indeed exhibit the temper-
ature power-law behavior as expected from physics. In Fig. 6,
we see that the gain parameters and as well as the drift
region conductance indeed scale with width. Finally, the

Fig. 4. Measured (symbols) and modeled (solid lines) drain current I and
output conductance g = @I =@V for V = 3, 6, 9, and 12 V, and
V = 0 V, for W = 17 �m, L = 1:6 �m and T = 25 C.

Fig. 5. Model parameter scaling of �, � , R , and � with ambient
temperature T .

dependence of the model on the device length is demonstrated
by varying the gate mask length . As the channel region
length is fixed due to the diffusion process, varying the gate
mask length implies that we vary the length of the drift re-
gion. In Fig. 7 we observe that the model predicts the electrical
behavior accurately for the various lengths. Moreover, as we ob-
serve in Fig. 8, the resistance parameters and of the
drift region scale linearly with gate length , i.e., with drift
region length , as expected. Thus, the model scales well with
device width, length and temperature. Finally, we mention that
the model has been successfully used to characterize different
wafer-process technologies with the same accurate results.



AARTS et al.: SURFACE-POTENTIAL-BASED HIGH-VOLTAGE COMPACT LDMOS 1003

Fig. 6. Model parameter scaling of �, � , and R with device mask width
W .

Fig. 7. Drain current I in the linear operating regime at V = 0:1 V and
V = 0 V, for W = 17 �m, T = 25 C, and various gate lengths L .

Fig. 8. Drift region model parameter scaling of � andR with gate length
L .

IV. NODAL CHARGE MODEL

In order to simulate the time-dependent behavior of the
LDMOS transistor, we have developed a nodal charge model.
In this charge model, the total gate charge is given by the
sum of the gate charge of the channel region and that of the drift
region [14], i.e., where the gate charge of

the channel and that of the drift region are, respectively, given
by [14]

(21)

Thus, the nodal gate charge consists of the opposite of the total
charge underneath the thin gate oxide, being accumulation, de-
pletion and inversion charge.

The total bulk charge of the transistor is given by the sum
of the bulk charge due to the channel region and that of the drift
region, i.e., , where the bulk charge of the
channel and that of the drift region are respectively given by

(22)

Notice that for sufficiently negative gate voltages, holes enter the
drift region from the p-well bulk, which gives rise to an inversion
charge in the drift region.

Since the LDMOS transistor is asymmetric, two limits are
identified for the distribution of the charge underneath the thin
gate oxide, cf. [14]. The first limit is valid well-above threshold
(i.e., for the gate voltage sufficiently large), and the drain charge
is approximated by

(23)

as one would expect from the Ward–Dutton charge partitioning
scheme [20] (valid in case of a uniform MOSFET). Here,

, and

(24)

The second limit is valid below threshold (i.e., for the gate
voltage sufficiently small), and the drain charge is approximated
by

(25)



1004 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 5, MAY 2005

which means that all accumulation charge of the drift region is
attributed to the drain. In [14], the above charge partitioning is
referred to as modified Ward–Dutton charge partitioning. Thus,
the drain charge is expressed in terms of the nodal charges
of both the channel and the drift region. In the model, the transi-
tion from the first limit (23) into the second limit (25) has been
implemented in a smooth and continuous way.

The nodal charges of the channel region can be expressed
in its surface potentials at and . To that end, a
transformation from integration variable to , as described
in [21], is performed, so that the integrals of (21) and (24) along
the channel region can be written as

(26)

and

(27)

where the potential
represents the average voltage drop across the oxide, the fraction

is given by , and

(28)

In the model, is taken as parameter.
The nodal bulk charge is calculated via the nodal source

charge . With the latter given by

(29)

we take for the nodal bulk charge of the channel region

(30)

which thus, consists of the depletion and accumulation charge
of the channel region.

The nodal charges of the drift region can be expressed in
terms of its surface potentials at and . Analo-
gously as has been done for the channel region, a transformation
from integration variable to is performed, so that the inte-
grals of (21) and (24) for the drift region can be written as

(31)

where

(32)

and the fraction is given by

(33)

while is taken as model parameter. The po-

tential represents the average voltage drop across the oxide
in the drift region, and is given by

(34)

where is the surface potential in the drift region with refer-
ence to bulk of the drift region. Thus, by use of the function ,
we write

(35)

where , , and is the
body factor of the drift region, i.e., .

The depletion charge in the drift region is taken as

(36)

and the inversion charge in the drift region as ,
with

(37)

Subsequently, the charges and are approximated
by their average values in the drift region. Thus, the nodal
charges in the drift region are also given in surface potential
formulations.

V. AC RESULTS

In order to verify the charge model, measurements were per-
formed on 14-V SOI-LDMOS devices with bulk and source tied
together, by use of a -parameter analyzer at a frequency of
100 MHz. The oxide thickness is 60 nm, while the mask
width varied from 10 to 100 m. We performed an open
correction, and included a gate resistance in our model, of
340 . Furthermore, to model the capacitance of the pn-junction
between the p-well and n -drift region we used an additional
capacitance model for this junction. The layouts we measured
were common drain, which provide access to the -parame-
ters , , and . The capacitances of the device
without gate resistance are determined from the -parameters
including gate resistance, by means of

Im

Im

Im Im

Im Im
(38)

where . In Figs. 9–15, the measured capacitance
values are shown, compared to simulations. Notice that in
Figs. 9–12 the capacitances are plotted versus gate voltage,
while in Figs. 13–15 they are plotted versus drain voltage.

In Fig. 9 we observe that the capacitances and for
agree well with the modeled ones, over the total

range. The transition from accumulation in the channel and in-
version in the drift region for sufficiently negative gate voltage,
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Fig. 9. Measured (symbols) and modeled (solid lines) capacitance valueC
andC versus V , for V = 0V, forW = 50�m, andL = 5�m.

Fig. 10. Measured (symbols) and modeled (solid lines) capacitance value
C versus V , for V = 1 and 5 V, for W = 50 �m, and
L = 5 �m.

Fig. 11. Measured (symbols) and modeled (solid lines) capacitance value
C versus V , for V = 1, 5, and 14 V, for W = 50 �m, and
L = 5 �m.

into strong inversion in the channel and accumulation in the
drift region for sufficiently positive gate voltage, is accurately
modeled. In Figs. 10 and 11 we observe that also when dc cur-
rent is flowing for , these capacitances are very well
described by the model. Notice that the internal drain solution

automatically accounts for the decrease of above the

Fig. 12. Measured (symbols) and modeled (solid lines) capacitance value
C versus V , for V = 0 and 5 V, for W = 50 �m, and
L = 5 �m.

Fig. 13. Measured (symbols) and modeled (solid lines) capacitance value
C versus V , for V = 5 and 9 V, for W = 50 �m, and
L = 5 �m.

Fig. 14. Measured (symbols) and modeled (solid lines) capacitance values
C , C and C versus V , for V = 5 V, for W = 50 �m,
and L = 5 �m.

threshold voltage (which is about 3 V). In general, from the re-
sults of Figs. 9–11 we conclude that the nodal gate charge
adequately models the small signal current through the gate.

In Figs. 12 and 13, the capacitances representing the small
signal current through the drain terminal are plotted. Notice that
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Fig. 15. Measured (symbols) and modeled (solid lines) capacitance values
C , C and C versus V , for V = 9 V, for W = 50 �m,
and L = 5 �m.

the results also depend on the gate resistance and the capaci-
tance values and ; see (38). In Fig. 12 we observe
that the capacitance value is reasonably well described.
As a result of the modified Ward–Dutton charge partitioning,
below threshold decreases like in the measurements, al-
though the decrease is somewhat too fast. Finally, in Figs. 14 and
15 an overview of , and versus drain voltage is
given for and 9 V, respectively. We observe that
and are very well described, whereas is somewhat
underestimated.

VI. CONCLUSION AND DISCUSSION

A surface potential-based compact LDMOS transistor model,
without internal node, has been presented. The so-called in-
ternal drain voltage is explicitly expressed inside the model
in terms of the external terminal voltages. By subsequent use
of an explicit relation between surface potentials and terminal
voltages, an accurate dc-current description has been obtained,
valid in all operating regimes ranging from subthreshold to
strong inversion, in both the linear and saturation regime.
In addition to the dc model, a nodal charge model has been
developed. Due to the asymmetry of an LDMOS device, a
modification to the Ward–Dutton charge partitioning scheme
has been taken. A comparison between capacitances obtained
from high-frequency measurements shows a good agreement
with those obtained from the nodal charge model. Finally, by
having all expressions and their derivatives continuous at all
bias conditions, it should be noted that our compact model
shows an improved convergence behavior during circuit sim-
ulations. Also the use of this compact model in a subcircuit
model to describe higher voltage LDMOS devices has been
proven to be successful. Finally, we mentioned that the source
code and documentation of the model are available in the public
domain [22].
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