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Compact Modeling of High-Voltage LDMOS
Devices including Quasi-Saturation

Annemarie C.T. Aarts and Willy J. Kloosterman

Abstract— The surface-potential-based compact transistor
model, MOS Model 20 (MM 20), has been extended with quasi-
saturation, an effect that is typical for LDMOS devices with a
long drift region. Asaresult, MM 20 extendsits application range
from low-voltage LDMOS devices up to high-voltage LDMOS
devices of about 100V. In this paper, the new dc model of MM 20
including quasi-saturation is presented. The addition of velocity
saturation in the drift region ensures the current to be controlled
by either the channel region or the drift region. A comparison
with dc measurements on a 60V LDMOS device shows that the
new model provides an accurate description in all regimes of
oper ation, ranging from sub-threshold to super-threshold, in both
the linear and saturation regime. Thus, owing to the inclusion
of quasi-saturation also the regime of high gate and high drain
bias conditions for high-voltage LDMOS devices is accurately
described.

Index Terms—LDMOS, Modeling, High-Voltage MOS, Quasi-
Saturation, Integrated Circuit Design.

. INTRODUCTION

ODAY, high-voltage LDMOS devices are extensively

used in al kinds of integrated power circuits for automo-
tive and consumer applications. Optimal design of these power
circuits requires high-voltage LDMOS models for circuit sm-
ulation, which describe the device characteristics accurately.
Inclusion of specific LDMOS transistor aspects, like the quasi-
saturation effect, is therefore necessary.

Recently, a new compact LDMOS transistor model called
MOS Model 20 (MM20) has been developed [1]. This model
describes the currents of an LDMOS device in surface-
potential formulations, thereby including accumulation in the
drift region. Asaresult, MM 20 gives an accurate description in
all regimes of operation, ranging from sub-threshold to super-
threshold, in both the linear and saturation regime. The original
MM 20 model is aimed at low-voltage LDMOS devices (which
consequently have a relatively short drift region). For such
an LDMOS device, velocity saturation always occurs in the
channel region of the device, the reason why velocity satu-
ration occurring in the drift region has not been included in
the origina MM20 model. For high-voltage LDMOS devices
(which consequently have a long drift region), however, ve-
locity saturation can occur in the drift region of the device [2],
an operating regime generally referred to as quasi-saturation.
In that case, the saturation characteristics of the device are
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controlled by the drift region instead of by the channel region.
The main limitation of the present MM20 model thus is that
it is not applicable to these high-voltage devices.

So far, various LDMOS models have been developed which
take quasi-saturation into account [3]-[11]. In the sub-circuit
models [3]-[8] the internal potentias of the device are solved
by the circuit-simulator, in which case no control can be
executed on the convergence during circuit simulation. In the
compact models [9]-[11], the internal potentials are solved by
a numerical iteration procedure inside the model itself. The
drawback of most models, however, is that accumulation in
the drift region is neglected ([4], [9] and [10]), and that the
sub-threshold regime is not included ([3], [4], [9] and [11]).

The aim of this paper is to present a new model for MM 20
which includes the effect of quasi-saturation. To that end,
velocity saturation in the drift region is included, which limits
the dc-current at high gate and high drain bias conditions.
Furthermore, in addition to accumulation occurring in the drift
region, aso pinch-off of the drift region through depletion
has been included. The capacitances are described according
to the original MM20 model [1]. Through the inclusion of
guasi-saturation, however, in the new model the internal drain
potential may obtain different values, affecting the capacitance
values accordingly. Thus, the new model combines all the
benefits of the origina model with the ability to accurately
describe quasi-saturation. As a result, a new MM20 model is
obtained which can be used for both low-voltage and high-
voltage LDMOS devices.

Il. HIGH-VOLTAGE LDMOS DEVICES

InFig. 1 across-section of ahigh-voltage LDMOS transistor
is given. The p-well bulk (B) is diffused from the source-side
under the gate (G), and thus forms a graded channel region (of
length L.,). The internal drain Di represents the point where
the graded channel turnsinto the lightly doped n—-drift region
(of total length L4, + L1,0cos). To withstand the high voltages
between source (S) and drain (D), the drift region is long and
it comprises two different sections: the first section is the thin-
gate-oxide drift region (of length L 4,), and the second is the
thick-field-oxide drift region (of length L0cos). The length
of the gate on the thin gate oxide only, is denoted by L psop.

Above the threshold voltage of the channel region, electrons
flow from the source through an inversion channel towards
the drift region. With the gate extending over the drift region,
subsequently an accumulation layer forms at the surface un-
derneath the thin gate oxide of the drift region. At a certain



channel | . .
region | thin-gate-oxide

drift region

~— thick-field—-oxide
_ drift region
n _drift region

Fig. 1. A cross-section of a high-voltage LDMOS transistor, comprising two
different drift region sections.

point in the thin-gate-oxide drift region, depletion occurs and
the accumulation layer vanishes. Consequently, the electrons
gradually flow into the bulk of the drift region (see [3]).
Further towards the drain, in the thick-field-oxide drift region,
the electrons are spread out across the whole body of the drift
region. Since the LOCOS oxide is very thick compared to
the thin gate oxide, the potentia applied to the gate terminal
has hardly any influence on the electrons in the drift region
underneath this LOCOS oxide.

For simulation of the high-voltage LDMOS devices, the sub-
circuit depicted in Fig. 2 is used. In this sub-circuit, MM20
describes the total region underneath the thin gate oxide. Since
the gate voltage has hardly any influence on the electronsin the
drift region underneath the LOCOS oxide, the current through
the thick-field-oxide drift region is represented by a constant
resistance Rq.ift. The value of this resistance is given by

Liocos

1

o &

where W is the width of the device, and Rgpeet IS the sheet-
resistance of the thick-field-oxide drift region. The temperature

rise due to self-heating is taken into account via a thermal
network (not shown here) [7].

Rdrift = Rshee‘m

Fig. 2. Equivalent circuit for the high-voltage LDMOS device of Fig. 1.
MM 20 describes the total region underneath the thin gate oxide. The constant
resistance Rq.ify represents the drift region underneath the thick LOCOS
oxide.

Low-voltage LDMOS devices lack a thick-field-oxide drift
region, and thus have a relatively short drift region; see [1].
In these devices the conductivity of the drift region is always
larger than that of the channel region, so that saturation of the
current is controlled by the channel region [8]. In high-voltage
LDMOS devices, on the other hand, the current-voltage char-
acteristics are affected at high gate-bias conditions; see Fig. 3.
In this figure the measured drain-to-source current of a high-
voltage (60V) LDMOS device is plotted versus drain voltage,

over the whole gate-bias range. We observe that for high
gate voltages the increase of saturation current with increasing
gate voltage diminishes, which indicates the onset of quasi-
saturation. The reason for the occurrence of quasi-saturation at
high gate voltages is that the conductivity of the channel region
is high, whereas that of the thin-gate-oxide drift region is low
due to depletion in the drift region. For further increasing drain
voltages the depletion layer widens, and the current through
the drift region becomes confined to a limited effective cross-
section [3], which leads to velocity saturation in the drift
region.

Since velocity saturation occurring in the drift region has
not been included in the present dc model of MM20, it
is impossible to adequately describe quasi-saturation with
this model. In Fig. 3 the simulated current obtained with
MM20 without quasi-saturation is plotted in comparison to
the measurements. We observe that for low gate voltages
the model accurately describes the device characteristics. The
reason is that for these low gate voltages saturation of the
current is controlled by the channel region. For high gate
voltages, however, the current is strongly over-estimated by
the model, since in the present model the current can not be
controlled by the drift region.
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Fig. 3. Measured (symbols) drain-to-source current Ing in comparison to

MOS Model 20 (MM20) without quasi-saturation (solid lines), a Vgs =
2.4,34,4.4,6,8 10 and 12 V and Vs = 0V, for Wiasc = 20 um,
Lpsop = 2.6 um and Ly,0cos = 3.5 pm.

I11. MODEL DESCRIPTION INCLUDING QUASI-SATURATION

In our compact modeling approach, firstly expressions for
the current 1., through the inversion channel as well as
for the current 14, through the drift region are derived (see
Sections I11-A and 111-B), both in terms of the known terminal
drain-, gate-, source- and bulk voltages Vp/, Vi, Vs and
VB, respectively, as well as of the unknown internal drain
voltage Vp;. Subsequently, the internal drain voltage Vp; is
derived by equating 7., to I4.. Since inclusion of velocity
saturation in the drift region makes the current expression for
14, more complex, an iteration procedure is included inside
the model for the calculation of the internal drain potential. As
the current difference 1., — I4, iS a monotonically increasing
function of Vp;, with exactly one zero between the source-
and the external drain potential, the standard Newton-Raphson



scheme is used combined with a bisection procedure to speed
up the iteration process and to ensure that the internal drain
potential remains within its domain. In this way, a fast and
robust iteration procedure is obtained for the calculation of
the internal drain potential. Next, the internal drain voltage is
used to calculate the surface potential 5, at the internal drain
according to [12]. Finaly, the drift- and diffusion component
of the channel region current is calculated, both in terms of
its surface potentials. Subsequently, second-order effects like
channel length modulation, drain-induced barrier lowering and
static feedback are added. Notice that expression of the final
current in surface potential formulations yields an accurate
current description, aso in the sub-threshold regime.

A. Channel current

For the calculation of the internal drain quasi-Fermi poten-
tial Vp;, the channel current 1., is expressed as (see [1] with
the surface-potential drop A, replaced by Vpis)

Wﬂggcox (V;nvo -
Lch

3 € Vbis) Vbis

I =
cf 1+ 63 Vpis

2

Here, p<h is the effective electron mobility in the channel
region, Cox = e€ox/tox 1S the thin-gate-oxide capacitance
per unit area (with t., the thickness of the thin gate oxide,
and e,y its permittivity), Viny, = —Qinve/Cox represents
the inversion charge Qinv PEr unit area at the source side,
and 03 = ug/(Lenvsas) represents velocity saturation in
the channel region, with u§" the zero-field electron mobility
in the channel region and v, the saturated drift velocity
of electrons. The factor £ = (0Qinv/0%s) /Cox reflects the
variation of inversion charge with surface potential, and is
taken as & = 14 370/+/V1 + ¢s,, Where v is the body factor
at the source, V7 =1V, and v, is the surface potential at the
source. To account for mobility reduction due to the vertical
electrical field, the effective electron mobility is taken as [1]

h
s
pagy = o 3

1 00Viny + 02 (Vo0 = Vialvenmo)

where 0, and 6, are model parameters.
Velocity saturation in the channel region occurs if

aIch
OVpis

= 0. (4)

Vbis=Vsat,ch

By use of (2) and (3), elaboration of (4) yields for the
saturation potential of the channel region

Qano/g

1+\/1+293‘/inv0/§.

Subsequently, we incorporate saturation in the channel region
current I, by taking an effective potential drop Vpis cs
according to [13], which takes the minimum of Vp;s and
Visat,ch N @ smooth manner.

©)

V;at,ch =

B. Drift region current

To take velocity saturation into account in the drift region,
its current is given in a continuous way as [14]

% (- S8
L=l dx
1 Meff dVC
+
Usat d(L’

s Vpi < Vo < VD/7 (6)

where 9% is the effective electron mobility in the drift region,
Qn is the charge density per unit area, and V¢ is the quasi-
Fermi potential in the drift region. For the drift region we
take both accumulation and depletion underneath the thin gate
oxide into account, so that

_Qgr = qNplsier — acc Qdep? (7

where g is the electron charge, Np is the doping concentration
of the drift region, ts;.q IS the effective drift region thickness
(taking into account the reduction due to depletion from
the pn-junction), Q4. is the accumulation charge per unit
area at the surface of the drift region, and Qg is the
depletion charge per unit area at the surface of the drift region.
Both the accumulation- and depletion charge depend on the
potential drop V¢ between gate and drift region, according
to (see [15])

géc - _Cox (VGC - VFC‘l]_g)) ) (8)

valid for Vg > V&%, and

4 ,ydr 'Ydr 2
Qdep rCox - 9 + < 9 > - (VGC _Vpgé) )

©)
vaid for Voo < V&5, respectively. Here, & =
V2qesiNp /Cox is the body factor of the drift region, and
V& is the flatband voltage of the drift region. Integration of
(6) from x = L, t0 & = Ley, + Lg, Yields

w Mgirf Vor dr

Ly 1+ 60§ Vppy /VDi (-@u) dve
where 09" = pdE/(Larvsar). In the model, 09" is taken as
parameter, thus independent of the bias condition. In this way,
a sufficiently large value for #$* ensures the occurrence of
velocity saturation in the drift region. Substitution of (7)-(9)
into (10) yields, under the assumption that ¢ ;g IS independent
of Ve,

Idr = (10)

1+ 60 Vorps
in which a Taylor expansion has been made around V¢ = Vp;.

WOy (V"

I =
d Ldr

(11)

Here, Vndr = — gr/ Cox, S0 that
dr
qNDtSieH - Qacc}\/ =Vpi
G =D Vo > VSR,
Vdr‘ . ox
Ve=Voi Nptgier — Q4F
GINDUSieff dep Va=Vr:
a —, Vapi < Vig,
ox



while ¢t = (VT /oVe) |vc:vD-' For simplicity, £9* is
taken equal to 1, which is the value in accumulation. Finally,
to account for mobility reduction due to the vertical electrical
field in accumulation, the effective electron mobility is taken
as[1]
1o

1+ elacc (% (VGS + VGD’) - VF(‘%)
where 8" isthe zero-field electron mobility in the drift region.

Velocity saturation in the drift region occurs if

Olar =0.
aVD,Di VD’Di: sat,dr

By use of (11) and (13), elaboration of (13) yields for the
saturation potential of the drift region

2 Vi

[y = (13)

(14)

‘VC=VDi
L4 \/1+ 20 Vi

Notice that, in contrast to the channel region, the saturation
potential in the drift region depends on the internal drain
potential Vp;. Subsequently, we incorporate saturation in the
drift region by taking an effective potential drop Vpipies
according to [13], which takes the minimum of Vp/p; and
Vsat,ar iN @ sSmooth manner.

V;at,dr = (15)

Ve=Vbi

IV. RESULTS

We have characterized a 60V LDMOS device, with thin-
gate-oxide thickness t,, = 38 nm, and a thick-field-oxide
thickness of 0.7 pum. The device is processed in SOI-
technology [16], and it has different mask widths W .k,
and lengths Lpsop and Lpocos. For the reference device
Of Wask = 20 pm, Lpsop = 2.6 um and Liocos =
3.5 um, the resistance Rq.if; iS equal to 330 €2. In the model,
velocity saturation in the drift region is obtained by taking
o§r = 0.9 VL.

In Fig. 4 we observe that the model describes the sub-
threshold current accurately, also at the transition from the
weak- to strong inversion regime. The reason for the accurate
description in the sub-threshold regime is the formulation of
the fina drain-to-source current Ipg in surface potentials.
Furthermore, the inclusion of drain-induced barrier lowering
yields in this regime an accurate description of the increase in
current for higher drain voltages.

InFig. 5, we observe that also in the linear regime the model
is accurate, even at high gate voltages where the effect of the
gate extending over the drift region is significant. Thus, by
inclusion of the potential drop across the accumulation layer
in the thin-gate-oxide drift region, an accurate description is
obtained.

In Fig. 6 the drain-to-source current and the output conduc-
tance are plotted versus drain voltage, for relatively low gate
voltages. In this operating regime the current is controlled by
the channel region, and saturation of the current occurs be-
cause the electrons in the channd region reach their saturated
drift velocity (see Fig. 9). Notice that in Fig. 6 a negative
output conductanceis obtained, which clearly demonstratesthe
effect of self-heating. In the model, the effect of self-heating is

|DS [A]

20.5v

3.0

Vs V]

Fig. 4. Measured (symbols) and modeled (solid lines) drain-to-source current
Ipg in the sub-threshold regime, for Vsg = 0, 1 and 2 V, for Wi =
20 pm, Lpsop = 2.6 um and Ly,ocos = 3.5 pm.

0.4
0.3
<
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Fig. 5. Measured (symbols) and modeled (solid lines) drain-to-source current
Ipg in the linear operating regime, for Vpg = 0.25 V and Vs = 0, 0.5,
1, 1.5 and 2V, for Winask = 20 um, Lpsop = 2.6 um and Ly,0cos =
3.5 pm.

incorporated by the temperature dependent model parameters.
By subseguent use of a thermal network [7], which calculates
the temperature rise due to self-heating, the current through
the device is affected accordingly.

In Fig. 7 the measured drain-to-source current is plotted
versus drain voltage, over the whole gate-bias range; see also
Fig. 3. For the high gate voltages, the current is controlled
by the drift region, and saturation of the current occurs
because the electrons in the drift region reach their saturated
drift velocity (see Fig. 10). As we have seen in Fig. 3,
MM20 without quasi-saturation is not capable of describing
the current correctly at these high gate voltages. By inclusion
of quasi-saturation in MM20, however, we observe in Fig. 7
that an accurate current description is obtained, also for the
high gate voltages.

In Fig. 8 the drain-to-source current versus gate voltage
is plotted. In this figure we clearly see that for high gate
voltages the increase of current with increasing gate voltage
diminishes, indicating again the onset of quasi-saturation.
Thus, by inclusion of velocity saturation in the drift region
of MM20, an accurate description is obtained for the whole
range of bias conditions.

To demonstrate the effect of velocity saturation in the drift
region, in Figs 9 and 10 the internal potentials of MM20
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Fig. 6. Measured (symbols) and modeled (solid lines) drain-to-source current
Ips and output conductance |gps| = |8Ips/OVps|, for Vas = 1.4, 2.4,
3.4 and 4.4V, and Vgg =0V, for Wy .qc = 20 pum, Lpsop = 2.6 um
and Lr,0cos = 3.5 um.

including quasi-saturation are plotted versus drain voltage.
In Fig. 9 the interna potentials are given for the relatively
low gate voltage Vgs = 3.4 V. In this figure we observe
that when the current saturates, the potential drop Vp; — Vs
over the channel region exceeds its saturation potential Vas ch-
At the onset of saturation the potential drop Vp, — Vp; over
the thin-gate-oxide drift region, on the other hand, is ill
below its saturation potential Vit qr; ONly for higher drain
voltages also the potential drop over the thin-gate-oxide drift
region exceeds its saturation potential. Thus, for Vgs = 3.4 V
firstly the potential drop of the channel region exceeds its
saturation potential, and the saturation current is controlled
by the channel region.

In Fig. 10 the internal potentials of MM20 are given for
the high gate voltage Vs = 12 V. In contrast to Fig. 9, we
observein Fig. 10 that when the current saturates, the potential
drop Vp. — Vp; over the thin gate-oxide drift region exceeds
its saturation potential Via. qr. The potential drop Vp; — Vs
over the channel region, on the other hand, is significantly
decreased for Vgs = 12 V compared to the one for the low
gate voltage Vas = 3.4 V, and it remains below its saturation
potential Viat cn. Thus, for Vgs = 12 V the saturation current
is dictated by the thin-gate-oxide drift region, and quasi-
saturation occurs in the device. Finaly, we notice in both
Figs 9 and 10 that in saturation most of the potential drop
Vpg fdls across the thin-gate-oxide drift region.
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Fig. 7. Measured (symbols) drain-to-source current Ips in comparison to

MOS Model 20 (MM20) including quasi-saturation (solid lines), at Vs =
2.4,3.4,4.4,6,8 10 and 12 V and Vsg = 0 V, for Wiask = 20 um,
Lpsop = 2.6 um and Lr,ocos = 3.5 um; cf. Fig. 3. By inclusion of
quasi-saturation into MM20, an accurate description is obtained, aso for the
high gate voltages applied.
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Fig. 8. Measured (symbols) drain-to-source current Ipg in comparison to

MOS Model 20 (MM20) including quasi-saturation (solid lines), at VHg = 3,
6and 12 V, and Vsg = 0 V, for Wi,k = 20 um, Lpsop = 2.6 um and
Liocos = 3.5 pm.
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Fig. 9. Internal potentials of MOS Model 20 including quasi-saturation, for
Vas = 3.4V, for Wiase = 20 pm, Lpsop = 2.6 um and Lrocos =
3.5 um (see also Fig. 7)
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3.5 um (see also Fig. 7).

V. CONCLUSIONS

A new model description of the surface-potential-based
compact LDMOS transistor model, MOS Model 20, has been
presented which includes the effect of quasi-saturation. By
taking velocity saturation in the drift region into account, an
adequate solution of the interna drain potential is obtained,
which ensures the current to be controlled by either the channel
region or the drift region. A comparison with dc measurements
on a 60V LDMOS device shows a very good agreement, in
al operating regimes ranging from sub-threshold to strong
inversion, in both the linear and saturation regime. Thus,
owing to the inclusion of quasi-saturation, the new model
can be successfully used for high-voltage devices, aso in the
regime of high gate and high drain bias conditions. In this
way, MM20 extends its application range from low-voltage
LDMOS devices up to high-voltage LDMOS devices of about
100V. Successful use of the model in circuit simulations has
proven that the iteration procedure inside the model, used for
the calculation of the internal drain potentia, is robust and
sufficiently fast. Finaly, it is mentioned that the source code
and documentation of the model will become available in the
public domain [17].
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