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Abstract — This paper presents a scalable dc modd for
high voltage silicon on insulator lateral double diffused MOS
(SOI-LDMOS) transistor scaled for different geometries as
well as temperatures, assuming uniform doping for the
channel. The device is analyzed and curves for velocity and
voltages are plotted, for each of the device regions. Based on
this analysis, the moddl is developed. Here MM 20 model is
used for the channd and drift region under the thin gate
oxide. New modd developed for the drift region under the
field oxide, which exhibits quasi-saturation, is scaled for
different lengths of the channel region, the drift region under
the thin gate oxide and drift region under thick gate oxide,
by taking into consideration the results of analysis. Also
taken into account is the drift length modulation, at high
gate and drain voltages. Temper ature dependent modeling of
the device is also done. The model developed exhibits high
level of accuracy with the device smulated using MEDICI,
over wide range of temperatures and different lengths of
each of theregions.

Keywords — DC Modeling, LDMOS, Quasi-Saturation,
Scalable M odel, SOI Technology.

|. INTRODUCTION

HVICs and Smart PICs merge the power devices with
the low voltage circuitry on a single chip and thus provide
a suitable aternative to discrete circuits in a wide variety
of automobile and consumer applications [1]. Lateral
diffused MOSFETSs implemented in bulk silicon or SOI
form an integral part of these circuits. One of the features
needed for the realization of such ICs is the isolation
between the power device and the low voltage circuitry.
Thisis remarkably provided by SOI technology and hence
SOI LDMOS are now preferred especialy in Smart Power
ICs [2]. In addition, fabricating LDMOS on a SOI
platform also offers the advantage of high packing density
and less leakage current. Thus an accurate model for SOI -
LDMOS describing its device characteristics accurately
over a wide range of biases, temperatures and device
dimensions, is needed to predict the behavior of these
circuits at all operating conditions.

Fig.1. shows the cross section of a high voltage SOI-
LDMOS. The LDMOS is an asymmetric device with a
drift region located between the channel and the heavily
doped drain contact. The channel region is self aligned to
the gate and is created by the diffusion of p-body under
the gate. The source is then formed by diffusion. Since the
channel and the source are formed by successive diffusion
steps, these devices are called as lateral double diffused
transistors. The drift region of the HV-LDMOS is very
long as compared to a low voltage LDMOS so as to
withstand externally applied high voltages. The channel
region (Reg-l) for the device under discussion is
considered uniformly doped for simplicity of modeling.

The point ‘Di * indicates the abrupt transition from Reg-I
to the n-drift region. The n-drift region comprises of the
region under the thin gate oxide (Reg-11) and the region
under the field oxide (Reg-111). The transition from Reg-11
to Reg-111 is represented by ‘D’ °. The entire drift region
is lightly doped to withstand high operating voltages.
Thus the depletion region extends more into Reg-1l as
compared to Reg-l. The length of the drift region varies
with increase in the voltage blocking capability of the
device. There is no significant extension of the gate
electrode on Reg-lll. Also the field oxide is aso very
thick. The entire transistor is isolated from the bulk by a
buried oxide making it a SOl device. The important
dimensions of the HV LDMOS devices are the length of
the Reg-l (L), the length of the Reg-Il (Ly) and the
length of the Reg-111 (L ocos) asisindicated in Fig.1.
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Fig.1. Cross-sectional view of aHV SOl LDMOS device

The paper is structured as follows. Section Il deals with
the phenomenon of quasi-saturation. Section I11 discusses
its modeling. Section IV comprises the results of the
model implementation. Conclusions are presented in
Section V.

1. THEORY OF QUASI-SATURATION

To provide accurate model for the HV-LDMOS its
electrical behavior needs to be analyzed and understood.
This requires the separation of the HYLDMOS into the
specific regions i.e. Reg-l, Reg-ll, Reg-lll. This
separation is not physical but only forma to understand
the device behavior in a much better fashion.

The LDMOS has in common with the conventional
MOSFETSs, the Reg-l and hence the LDMOS can be
considered as a low voltage MOSFET in series with the
drift region. The advantage of this approach is that we can
use the already available surface potential models to
describe various phenomena occurring in Reg-l and focus
on the effects occurring in the drift region like
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accumulation/depletion under Reg-11 and quasi-saturation
occurring in Reg-I11. To explain the device operation, the
operating range of gate voltage is divided into two
regions. Low to moderate Vs and High Vgs.

Doping profile of the device under study is as shown in
Fig.2.

For low values of applied Vs greater than the threshold
voltage of Reg-l, electrons are attracted to the surface to
form an inversion layer in Reg-l. An accumulation layer is
formed under the gate in Reg-Il in response to this Vgs.
On the application of Vs, electrons flow takes place from
source, though Reg-1, Reg-1l, Reg-l11 to drain. When Vs
is increased, it leads to increased electric field in Reg-l,
finally leading to velocity saturation in Reg-l. Velocity
saturation also occurs in the Reg-1l at even higher Vps,
after velocity saturation taking place in the Reg-1. So the
saturation of current is controlled by the channel region.
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Fig.2. Doping profile showing the source and drain
doping, the channel doping and the drift region doping

When Vgs is high, inverson layer electron
concentration in Reg-l and accumulation layer electron
concentration in Reg-11 also startsto rise in an exponential
fashion. The increased conductivities in this region cause
the voltage in both the regions to decrease. The result is
an increase in voltage drop across Reg-111. The velocity in
Reg-111 starts to rise and finally at high Vg, it approaches
the saturation velocity as can be observed from Fig. 3.
Thus, it is Reg-l11 which is responsible for the reduction
in current at high Vgs values. This is termed as quasi-
saturation effect in high voltage MOSFETs as is shown in
Fig. 4. Hence the current saturation in this device at high
Vs is due to velocity saturation in the Reg-111. When Vpg
isincreased further, the depletion width at the drain end of
the Reg-111 increases. Thisleads to a shorter drift length in
Reg-111 (the effect which may be termed as drift length
modulation) which leads to an increase in the drain to
source current with increasing drain voltages.
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Fig.3. Velocity in the drift region under the gate oxide
obtained from Medici simulations.

0.35

Quasi-saturation
ﬁﬁ

e

0.30

0254 Increasing V.

0.20+

I, 5(mA)

0.15+

0.10+

0.05

0.00 ; ;
4

g

T
10 12 14 16 18

v, (V)
Fig.4. Ips-Vps plot obtained from MEDICI simulations for
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T
B 20

As the external temperature is increased from very low
to high values, the mobility of the electrons starts to fall
because of the lattice scattering prevalent at high
temperatures. This has the tendency to decrease the value
of current. The temperature rise in the device aso leads to
a drop in the flat band voltage and fermi potentias of
Reg-l1 and Reg-ll. This will decrease the threshold for
current conduction resulting in a rise in the current. At
low values of Vgs, the reduction in flat band voltage will
be the dominant mechanism. Thus, at low values of Vg,
the current rises with increase in temperature.

At moderate values of applied Vgs, with increase in
temperature it is seen that the current starts to drop
because the mobility reduction overrides decrease in flat
band voltage. Also the carrier saturation velocity
decreases as temperature is raised due to the scattering
effects resulting in adrop in current in the quasi -saturation
region.

In Existing compact models, models developed for low
voltage LDMOS has been extended to high voltage
LDMOS by adding a constant resistance to model the
region under the thick field oxide [3, 4]. For high Vgs, as
Vps is increased, the voltage drop in the region under the
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field oxide (Reg-111) goes on increasing, resulting in the
electric field in that region to go above the critical electric
field leading to velocity saturation. Thus the current
saturates due to velocity saturation in Reg-111. Hence Reg-
11 cannot be modeled as a constant resistance. A new
compact model which takes into account this aspect is
developed [5]. In this paper this model has been extended
for different lengths of the drift region under the gate
oxide and field oxide. Temperature scaling as well as drift
length modulation is also included in the model equation.

IIl. MODELING METHODOLOGY

A. Model Without Temperature Parameters

1) Equation For The Channel Current: Channel current is
formulated using surface potential approach [4] so that a
continuous description of drain current and its derivative
.Isaobtained.

WitorrenCox (Vinvo - O'SEVDiSeff)VDiSeff
Lch

Ip = 1+ AchVDiS) (1)

1+ GSChVDr‘.ﬁ'eff

Here W is the width of the device, Cy is the gate oxide
capacitance and Vino=Qino/Cox Where Qi is the inversion
layer charge per unit area at the source side. ¢ is the
deviation of the inversion layer charge with the change in
surface potential. The parameter 0i,, takes into
consideration the velocity saturation in Reg-l. Yeten iS the
effective mobility of the electrons in the Reg-l with
reduction due to the vertical electric field also modeled.
Vst IS the effective potential drop across the Reg-l.
Vpisst 1S the minimum of Vp;s and the channel saturation
voltage Veen Ach COnsiders channel length modulation.
2) Equation For The Current In The Drift Region Under
The Gate Oxide: The major two effects occurring in Reg-
Il are: velocity saturation due to the lateral electric field
and accumulation due to vertical electric field. Here drift
component of current is only taken into account. The
current equation is[4]

[Vairlv,=vp, = 0584, Vorvierr|Voroiers @
Lgr(1 4 634,V prp;)

Hesrar 1S the effective mobility of electronsin Reg-11 with

mobility reduction due to vertical electric field accounted
for. The term 034 considers velocity saturation in this
region. The voltage Vg is given by Vig=Qnar/Cox. Qnar 1S
the charge density per unit area in Reg-ll. Vppie IS the
effective potential drop across Reg-ll, which is the
minimum of Vp.p; and the drift saturation voltage Vg
Here & istaken as 1.
3) Equation For The Current In The Drift Region Under
The Field Oxide: In Reg-lll, model [5] is scaled for
different geometries and temperatures. The current
through Reg-I11 takes into account the velocity saturation
and drift length modulation in the region, and is given by

qNar1ttar1Vop' Wit
(3)

ef fdr CD—Y

Idr = W.u

Igrr = (1 + Agr1Vppr) 1

)9dr1)9ar1

Here tg is the thickness of Reg-Ill. Vpp: is the voltage
drop across the Reg-111. Ny is the doping of the Reg-ll|

Voo
LiocosEe

Liocos (1 + B14r1 (
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and g1 is the mobility of electrons in this region. 0141
and 6,1 represent parameters for the velocity saturation in
the Reg-111. Ay is drift length modulation parameter.

Ec is the critical electric field at which velocity
saturation occurs and is given by
_sat
where vy, is the saturation velocity of electrons.
The implemented dc model equivaent circuit is as

\Y
B = : 4
/udrl
shown in Fig.5.

’

lar1 (3)

D
Fig.5. DC model equivalent circuit showing the internal
nodes Di and D’.

B. Temperature Dependent Modeling

For an LDMOS, there are several parameters that are
temperature dependent. But for avoiding complexity in
modeling, the temperature dependencies of some of the
parameters need only be considered to completely
determine the effect of the temperature on the LDMOS
behavior.

The carrier mobility decreases with temperature due to
increased scattering.

T\ Fm
Heprr = Hery (T_o) )

Here pgi 1 1S the effective mobility at temperature T and
et 1o IS the effective mobility at ambient temperature T,,.
Every mobility dependent model parameter is described as
power functions of temperature.

Other parameters which are dependent on temperature
are the surface potential required for strong inversion ¢
and the flat band voltage Ve and carrier saturation
velocity V. ¢o depends on the Fermi-potential ¢g, which
in turn is a function of temperature as well as band-gap
Eg. Vs is temperature dependent through ¢ys. A linear
variation for both with temperature is quite justifiable.

Carrier saturation velocity is also a function of
temperature. An empirical model is used to describe the
temperature dependence of vg.

2.4e7 )
Vsat = T ((J)
1+ 0.8415m
Critical field is defined in terms of the mobility and the
carrier saturation velocity and is modeled accordingly.

V. RESULTSAND DISCUSSIONS

Device simulation is carried out with the structure in
Figl and doping concentration in Fig.2 using
commercialy available device smulator MEDICI [6].
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Implemented Verilog-A [7] mode is simulated using
Spectre [8] from Cadence. The model is compared with
MEDICI results as reference.

A. With Change in Length of Channel Region
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Fig.6. |psVps plot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V =0V [L=0.525um, L4=2.25 pum,
L ocos=3.65 pum.

As the channel length (L) decreases, the current in the
Reg-l1 will increase resulting in an increase in the drain
current as can be perceived from Fig. 6 and Fig. 7. But the
upper limit of the current is determined by the drift region
under the field oxide based on the quasi-saturation of this
region and hence the upper limit of the current does not
vary much based on the change in length of the Reg-I. As
can be observed from Fig. 6 and Fig. 7, the model
accurately reproduces the MEDICI simulation results for
the device.

+  MEDICI L=163um

0.30 4
Model Al

0.25 4 s

A a Ak kA & s
o A 4

0.20 4 y

0154 Increasing V_

I,s(MA)

T i £ & % £ % L % & =

0.10 4

/Y I i £ & =z & & & &Iyt

0.05

tm+F¥———— 77T T T T T
o2 4 6 85 W 12 14 16 18 20

Vo (V)

Fig.7. IpsVps plot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V=0V [L=1.63um, L4=2.25 um,

L ocos=3.65 pum.

B. With Change in Length of Drift Region Under
Gate Oxide
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Fig.8. IpsVps plot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V =0V [L=0.825um, L4=1.25 um,
LLocos=3.65 pum].

When the length of Reg-Il (L) is increased, it will
result in the current in Reg-11 to decrease as seen in Fig.8
and Fig. 9.Thus, changing L4 will lead to a reduction of
drain current in the linear region. It also leads to dight
decrease in the current at the transition from linear region
to saturation region and quasi-saturation region. These are
the regions of the characteristics where Reg-11 behavior
alters the LDMOS characteristics. The quasi-saturation
behavior of the device is not affected by variation of
length of Reg-ll. Also saturation of current at low Vgs
valuesis not atered by changein L.
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Fig.9. Ips-Vps plot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V =0V [L4=-0.825um, L4=3.15 um,

L ocos=3.65 pum.

Fig. 8 and Fig. 9 shows the model plots compared with
the MEDICI plots for various lengths of drift region under
gate oxide and it can be seen that the model predicts the
LDMOS behavior accurately.

C. With Change in Length of Drift Region Under
Field Oxide

It can be seen from Fig. 10 and Fig. 11 that the decrease
in length of Reg-11l (LLocos) causes the quasi-saturation
region of the device characteristics to be atered. The
current in quasi-saturation region increases with reduction
in the length of Reg-Ill. This is because as the length of
Reg-111 is reduced, velocity saturation in Reg-111 occurs at
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lower values of Vpg resulting in quasi-saturation. This is
followed by drift length modulation resulting in dlight
increase in the current with increase in Vps. As Liocos IS
raised, the slope of the current in the quasi-saturation
region decreases. Thus, the length of Reg-1l1 limits the
maximum currents that can be achieved in an LDMOS
transistor. It is also observed that saturation of current at
lower Vgs values is not affected by the change in L ocos,
as this is predominantly due to Reg-1. Fig. 10 and Fig.11
compare the model results for different lengths of the drift
region under field oxide against MEDICI simulations. It
can be observed that the model is able to predict
accurately the behavior of the device in the region under
field oxide.
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Fig.10. Ips-Vps plot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V=0V [L=-0.825um, L4=2.25 um,
Liocos=2.45um].
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Fig.11. lpsVpsplot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V =0V [L4=-0.825um, L4=2.25 um,

L ocos=4.45um].

D. Scaling With Variation in Temperature

Effect of variation of temperatures from 10°C to 127°C
on the drain characteristics of the LDMOS is shown in
Fig.12 and Fig.13. With increase in temperature, effect of
the flat band voltage is seen asaincrease in current at low
Vs While at moderate and high Vgs, the current reduces
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due to decrease in mobility. Fig.12 and Fig.13 plots the
drain currents obtained from the model against device
simulation for different temperatures. It is found that the
model reproduces the behavior of the device at different
temperatures with good accuracy. Hence the effect of
temperature on the drain characteristics of LDMOS is
effectively reproduced here by considering the
temperature models for the mobility, flat band voltage,
fermi potential and carrier saturation velocity as is
explained.
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Fig.12. lpsVpsplot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V =0V [L4=-0.825um, L4=1.25 um,
LLOCOS:2.45l,lm and T=283K] .
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Fig.13. IpsVps plot obtained from MEDICI simulations
against the new model for Vgs=5V, 7V, 9V, 11V, 13V,
15V, 17V and V=0V [L=-0.825um, L4=1.25 pm,
LL0005=2.45um and T=400K] .

V. CONCLUSION

A scalable model based on the principle of quasi-
saturation in the drift region under the thick field oxide is
developed. The model is scalable for all the three regions
viz. channel, drift region under the gate oxide and drift
region under field oxide. The above model is also scalable
for al operating temperatures. Results of the model are
compared with MEDICI device simulations and found to
be accurate.
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