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Abstract - This article describes a compact Lateral DMOS Transistor (LDMOST) model incorporated directly into SPICE source
code and presents its application to power IC technology CAD. The complete model combines a previously developed semi-
numerical static model and a built-in parasitic component model with a charge-based dynamic model. This composite model is
based on device physics; thus, it accounts well for important power MOSFET characteristics such as non-uniformly doped
channels, reverse-recovery transients and the non-planar drift region. The measurements from the power MOSFET samples
support the predictive model, verified in extensive SPICE simulations of several high-voltage circuits. This LDMOST model

might be useful in computer-aided optimal design of smart power ICs.

Keywords - Charge-based dynamic model, High-voltage MOSFET, Lateral DMOS transistor, Parasitic BJT model, Power IC

technology CAD.

1. Introduction

Today, power MOSFETS are extensively used in a variety
of high-voltage ICs and power applications like switch-mode
power supplies, automotive ICs, power amplifiers, and
consumer and telecommunication applications [1]. The
optimal design of such high-voltage/power ICs requires
SPICE-compatible power MOSFET models, which can
predict accurately the static and dynamic performance over a
wide operating range.

Power MOSFETs are commonly modeled with sub-
circuits composed of conventional low-voltage SPICE
elements [2-7]. But, the sub-circuit models are inadequate and
often suffer from convergence issues. They cannot account
properly for the unique device characteristics of high-voltage
MOSFETs over a wide range of biases and operating
frequencies. While several analytical or physical models for
the power MOSFETS have been described in the literature [8-
13], an accurate and practical approach for modelling power
devices remains elusive yet.

This work develops a compact physical model for Lateral
DMOS Transistors (LDMOSTSs) and their application to
power IC technology CAD. The cross-section of the
LDMOST investigated in this study is shown in Figure 1. The
p-body is diffused vertically and laterally from the source end,
and thus, the device shapes a non-uniformly doped channel
region. The poly-silicon gate extended over the thick field
oxide forms an accumulation layer in the non-planar drift

OSE)

region. Thus, if Vgs exceeds the channel threshold Voltage
(VT), electrons can transit from source to drain through the
inverted channel. Figure 2 depicts a network representation of
the complete LDMOST model. Every DC current and each
regional charge in the network are expressed as a function of
node voltage differences (Vps, Ves, Ves, Vcg). The time
derivative of each regional charge represents the capacitive
transient current. This charge dynamics assures carrier
conservation in the simulations. When all network elements in
Figure 2 are implemented in SPICE, the complete model will
provide the element currents and the partial derivatives of
charges and currents needed for the Newton-Raphson iteration
in the SPICE program.

The drain-source DC current model for the LDMOST
shown in Figure 1 has been addressed in the previous
publication [14]. The static model, which is notated with a
current source Ips in Figure 2, is the base of parasitic and
dynamic models described in this article; therefore, the
symbols and equations in [14] are used in this paper without
restatement. The rest of this article is organized as follows. In
succession to the Ips model in [14], Section 2 describes an
analytical model for parasitic Bipolar Junction Transistor
(BJT) action inherent to this LDMOST structure. Section 3
details the transient behaviours of the device, which are
expressed by quasi-static models of the regional charges.
Section 4 demonstrates the effectiveness of the complete
model through representative power circuit simulations.
Finally, the conclusion is provided in Section 5.
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Fig. 1 LDMOST structure, geometrical parameters are defined
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Fig. 2 A network representing the LDMOST model

2. Parasitic BJT Model

In the investigated power MOSFET, there are two p-n
junctions (Body-Drift And Substrate-Drift) that form a
parasitic p-n-p (Body-Drift-Substrate) BJT. Under normal
applications, these built-in junctions are reverse-biased and
thus do not influence the circuit operation. However,
depending on bias conditions, these two junctions act like a
parasitic transistor. For example, Vps could happen to be
negative for a moment during transient switching of the
LDMOST in a power IC. If the substrate is tied to the lowest
voltage in the high-voltage IC, this negative bias turns on the
body-drift junction; thus, the parasitic BJT enters the active
mode. If the source and substrate are tied together, the
negative value of Vpg activates both junctions; thus, the
parasitic BJT operates momentarily in saturation. In either
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case, the terminals labelled SUB (substrate), D (drain) and S
(source) behave like the collector, base and emitter of the
junction transistor. Thereby, the resulting parasitic current
might overwhelm the entire device. Here, this parasitic
component is modelled with lcr (base transport current), lgr
(forward base current), Igr (reverse base current) and 3 ohmic
resistances: Rep (p*-body), Rpr (n-drift) and Rsus (p-
substrate).
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Fig. 3 One-dimensional representation of the parasitic pnp bipolar
junction transistor

Figure 3 represents a one-dimensional p*-n-p structure for
the parasitic BJT, in which ysc,yc, Yse and ye denote the
boundaries of the Space Charge Region (SCR) at the
Collector-Base (C-B) and Emitter-Base (E-B) Junction. With
two basic assumptions: 1) wide collector/base/emitter region
and 2) high-level carrier injection [15], solving the Ambipolar
Transport Equation (ATE) yields the minority mobile hole
concentration in the base:

p(¥) = per(¥) + Ppr(¥) 1
ye) . -

Por(Y) = Sonoey SINDCED) )
( . -

Por(Y) = i sinh (225) 3)

Where Lag represents the length of ambipolar diffusion at
the base and Wgy (= (V¢ — V& )/Lag) denotes the normalized
base width. The excess hole concentrations at the boundaries
are,

pOs) = n; [exp (L22) - 1] @)

14
p(yc) = m; [exp (L) - 1] (5)
where n; represents the intrinsic concentration of
electrons, q denotes the magnitude of electronic charge, and
kT /q defines the thermal voltage. In addition, the boundaries
yg and y. in the base are characterized as

265 1/2
Ye = Yjap T [m (WYpa — VEB)] (for Vep < ¥pq)
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= Yjap (for Veg = ¥pq) (6)

— L 2esNas
Yo = Yepi [qNDD(NAS‘HVDD)
(fOI’ VCB < wsub)

1/2
(lpsub - VCB)]

= yepi for VCB = lpsub) (7)

Where g denotes the silicon permittivity, Npp and Nas
denote the doping concentrations of base (n-drift) and
collector (p-substrate), and ,;, (= (kT /q)In(NysNpp/n?))
and ., denote the built-in potentials at the C-B and E-B
junction.

The BJT base current can be simply characterized as the
sum of the back injection component from the base and the
recombination component across the base region. For the
active mode of the parasitic transistor, the low-level injection
is prevalent across the emitter (body) region. Accounting for
majority carrier degeneracy and bandgap narrowing [16],

Agn?y;
Igr = Z:;Zf;; per(¥)dy + :A;e;;]::E [eXp(quB) - 1] )
Where Ae denotes the effective area of E-B junction,
Nagefy and T, denote the effective doping concentration and
lifetime of the electron in the emitter and typ denotes the
lifetime of the highly injected hole at the base. Whereas, in the
reverse mode of the parasitic BJT, the high-level injection is
prevalent across the collector (substrate) region. Solving
another ATE in the collector yields

A AcniL v
Ipr = zH_gf;]EC per(Y)dy + qCTZ—CAC [eXp(qzﬁ) - 1] ©))
Where Ac is the effective area of the C-B junction, and
Lac and Ty are the length of ambipolar diffusion and lifetime
of highly injected electrons in the collector, respectively.

Now, neglecting carrier recombination in junction SCRs,
the model equations characterizing the base transport current
can be written as

ler = Icp — Icr (10)
Iep = AgcJrr — Ipr (11)
Icp = AgcJrr — Igr (12)
Jrr = e e [oxp iy 1] - gp, 2} 19)
]TR = %{—qijjc [exp(qz‘;_cﬁ) - 1] - qDA dZ;R |y:yc} (14)

Where Agc denotes the effective area of BJT cross-
section, Da is the ambipolar diffusivity in the base, and bg
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defines a ratio of electron-mobility to hole-mobility. In
Equations (11)-(14), Jrr and Jrr represent the active-mode
emitter current density and reverse-mode collector current
density, respectively.

3. Charge-Based Dynamic Model

The dynamic behaviors of the LDMOST are modeled
with the time derivative of the regional charges within the
device. In the network representing the device model, which
is shown in Figure 2, Qp; and Qs denote the mobile channel
charges related to the drain and source node, and Qg denotes
the depletion charge in the non-uniformly doped p-body.
Qepor and QgsoL represent the charges stored at the gate
overlap capacitances due to the drift region and the lateral
source diffusion, respectively.

Quc and Qe denote the depletion charges at the C-B and
E-B junction of the parasitic BJT, and Qpc and Qpe denote the
injection charges at the forward-biased C-B and E-B junction,
respectively. These internal charges are expressed as a
function of node voltage differences, and the dynamic
properties of the device are represented by the transient
current.

Qi _ g 50 %)
dac Yy 8Vj dt (15)
Where Q; is a regional charge, and V;j is a node voltage

difference.

3.1. Expressions for Qsi, Qoi and Qs

In the non-uniformly doped channel, the p-body doping
concentration is simply approximated as a one-dimensional
exponential function: Nyg(x) = Nygexp(—nenX/Ler), Where
Nen(= In(Nyo/Npp)) defines the doping gradient, and Nao
denotes the maximum concentration at the source. In the linear
region, the relationship between the channel potential V and
the mobile channel charge Qi [14, Equation (2)] yields

foden = (Cox *+ Cp) fOV(X) av (16)

Where Cp is an average of the p-body depletion
capacitance, C,, (= €,x/tox) represents the thin oxide
capacitance and &,, denotes the oxide permittivity. Then,
substituting V(x) = (V,,/L.,)x into Equation (16), in which
Ven is the voltage drop in the channel,

Qn(x) = — [Cox(VGS —Vr)+ 2CD077+’|1¢H3(0)|x = (Cox +

Cpo) %x] 17)
Where,
Cpo = ky3 [qesNao/ (41p5(0))]*/2 (18)
|$5(0)| = (KT/q) In[Nyo/ni] (19)
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V7 denotes the channel threshold voltage, and k5 denotes

an empirical parameter for depletion capacitance. Following
the charge partitioning scheme used in [17],

Qs = W; [, (1 = 1) Qn(x)dx

1
_ngLchBCox(VGs = Vr) + 2Cponenlpp(0)] —

(Cox + CDO)Vch] (20)
Lep x
Qpr =W, fo hEQn(x)dx
= — WL [3Cox (Vas — Vr) + 4Cpon el d5(0)] -
2(Cox + CDO)Vch] (21)

Where W, is the width of the device. Meanwhile, the
body depletion charge can be expressed as,

Qo1 = W, [ [2955N35 () (215 ()] +Z—Zx)]1/2 dx (22)

Assuming that N,g(x) and the body Fermi potential
|5 (x)| are approximated as N,z and ||, respectively,

log(Nsp) = (log Nyo +log Npp) /2, (23)
5] = [ds(0)] + 165 La)l]/2 (24)

The p-body depletion charge in the linear region is written
as,

(Ven+2[@5])* - 2|@5)3/?

Qpr = —W,LcpKp Ven (25)
Where,

2 pr—
Kg; = 3V 2qesNyp (26)

In the region of the channel current saturation, the mobile
and depletion charges related to the channel are obtained from
Equations (20), (21) and (25) by replacing V,,;, with the onset
voltage for the saturation, Equation (10) [14]:

Cox(VGs=VT)+Cponchl$p(0)]
Cox*+Cpo

Vch(sat) = (27)

In the cutoff region, Qg; = Qp; = 0. If Vg, < Vs < Vi,
where Vpg., represents the flatband voltage in the channel, the
depletion charge in the p-body can be written as,

Qs = =2 W, Len Ky /ZIEI

VGs—VFBch
Vr=VFBch

(28)
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If Vg < Vegen, the channel is accumulated, thus Qg =
VVZCochh(VFBch - VGS)-

3.2. Expressions for QesoL and QepoL

The overlap capacitance between a heavily doped lateral
source diffusion and the gate has a fixed value; thus, the gate
overlap charge stored at the parasitic capacitance is simply
expressed as Qgsor = (W,ALEy,Vis)/tox Where AL s
defined in Figure 1, meanwhile, the overlap capacitance
between a slightly doped non-planar drift region and the gate
varies with the applied bias owing to the depletion of mobile
carriers.

When Vs < Vg — Viggr In Which Vigg, is an effective
flatband voltage at drift region, the gate-to-drain overlap
charge is approximated as

(Cox+Crox)La
Qapo = ~Wy[CoxlLay + =122

CfodeS](VDS — Vs + Vegar)

+
(29)

Where Crox (= &ox/trox) represents the thick oxide
capacitance. When Vpg = Vg — Vg, by using Equations
(14)-(16) in [14], the gate-to-drain overlap charge is expressed
as,

Laz
P— Yox]

QgpoL = _QfQDVVzNDD}’ox[Lm +

(For Vps = Vs — Vepar and Yor < (trox —

tox)/2)

= —qfopWyNpp[(Lar + Laz/2)Yox + (Laz/2 +
Ld3)yfox]

(FOI’ VDS = VGS - VFBdr and Yox = (tfox - tox)/Z)(30)

Where fop (0 < fop < 1) represents a depletion charge
partitioning parameter, and yy,, and y,, denote the depletion
boundary underneath thick and thin oxide, which are defined
in Equations (20) and (21) [14].

3.3. Expressions for Qug, Qic, Qoe and Qoc
Lastly, the charges associated with the parasitic junction
transistor are expressed as follows:

Q]E = AE\/ZqSSl/)bdNDD(l - Z’Lbz) (for VEB < wbd)

=0 (for Vgg = ¥pq)  (31)

M(l — %)(for Vep < Ysup)

Qjc = ACJ2q€s¢sub Nop+Nas
(for Vep = ¥sup) (32)

=0
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_ Y GAENT Y jap aVesy _
Qpe = q4g ny per(¥)dy + Naserr) [exp( = ) 1] (33)
v
Qpc = q4Ac fyy: per(Y)dy + qAcniLac [eXP(qZ;TB) - 1] (34)

If the parasitic BJT turns on, the excess mobile charges
Qoe and Qoc significantly affect the transient characteristics
of the device.

3.4. Model Verification: Coss and Crss

With the test samples fabricated for high-voltage ICs, the
dynamic model of the LDMOST has been validated in
comparison with experiments.

Figure 4 compares two fundamental device capacitances:
output capacitance Coss (= 9Qpr/ dVps) and reverse transfer
capacitance C. (= —9Qgr/ dVpg) , in which Qpr (=
Qo1 — Qepor + Qe — Qe + Qjc — Qpc) denotes the total
drain charge, Qgr (= QgsoL — Qer — Qsi — Qo1 + Qepor)
denotes the total gate charge, and Vpg defines the drain-to-
gate voltage.

As Vps increases, the magnitude of C,g decreases rapidly.

It can be seen that its correspondence is satisfactory over a
wide range of drain-to-source bias voltages. The discrepancy
in Coss 153.6 % and 2.7 % at Vps =5V and 45 V, respectively.
Meanwhile, the magnitude of C.¢, decreases monotonously
with the drain-to-source voltage. A good agreement between
model and measurement is observed over an entire range of
Vps.

3.0 T T T T
o—aMeasurement
— Simulation
20F 8§ 1
£ ; VGS=VSS=0.0 V
L
EN
o
1.0f
e -
0.0 A ) : )
0.0 10.0 20.0 30.0 40.0 50.0
Vs (V)

Fig. 4 Simulated and measured device capacitances, Vss defines the
substrate-to-source voltage

4. SPICE Simulations and Discussion

To demonstrate the developed LDMOST model, all
network elements in Figure 2 have been incorporated directly
into the SPICE2G.6 program [18] by appending three new
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subroutines (LDMOSFET, LDTMOS and LDTBJT) and
altering in part the FORTRAN code of eighteen SPICE
subroutines in the software. Basically, the subroutine
LDMOSFET shown in Figure 5 links the composite model to
the node-voltage analysis in the SPICE program.

The internal resistances Rpr, Rep and Rsug are treated as
conductance elements, and the model calculations are
performed mostly in the subroutines LDTBJT and LDTMOS.
The derivatives of charges and currents necessary for the
Newton-Raphson iteration are calculated via multiple calls of
LDTBJT and LDTMOS with perturbations of node voltage
differences. The subroutine LDTMOS calculates the drain-
source current (Ips), the intrinsic channel charges (Qoi, Qsi,
Qgi) and the gate-to-drain overlap charge (QepoL), and returns
their computed values to the subroutine LDMOSFET.

Whereas the subroutine LDTBJT calculates the parasitic
BJT currents (lct, lgr, Igr) and injection charges (Qoc, Qok)
and returns their computed values to the subroutine
LDMOSFET. The other elements (Qic, Qu, QcsoL) are
quantified directly in the subroutine LDMOSFET.
Accordingly, the three new subroutines in the circuit
simulation program calculate the device model equations and
link them to the SPICE nodal analysis.

Figure 6 depicts an inductive-resistive load switching
circuit using the lateral DMOS transistor, and Figure 7 shows
the SPICE-simulated transients for the switching circuit in
Figure 6. Note that the element name of the LDMOST device
begins with the letter ‘Y’ in the new version of the SPICE
program. The amplitude of the input pulse is 14 V with a
rising/falling time of 50 ns. At Vpp =50 V, the load resistance
with a value of 20 Q results in a switching current of about 2.5
A. All switching transients are well consistent with the
theoretical predictions.

Figure 8 shows the SPICE-simulated gate-drive transients
for the switching circuit in Figure 6 with three different values
of gate resistance. The gate resistance represented by Rg
ranges from 0.2 to 1.0 kQ. The amplitude of the gate pulse is
14 V with a 50 ns rising/falling time. The simulations properly
predict the plateau waveforms occurring at the falling and
rising edges of the input signal, which are caused by the
reverse transfer capacitance in the double-diffused MOS
transistor.

Another simulation result in Figure 9 shows the turn-off
transients for the switching circuit in Figure 6 with a small
gate resistance of 50 Q. The load inductance represented by
L, ranges from 50 to 180 nH. The amplitude of the gate input
is the same at 14 V, and the rising/falling time of the input
voltage is also 50 ns. The simulations in Figure 9 adequately
describe the overshoots of voltage and current for a given load
inductance [19].



Yeonbae Chung / IJEEE, 12(2), 39-47, 2025

( From SPICE Nodal Analysis )
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Fig. 5 Flowchart of the subroutine LDMOSFET
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Fig. 10 Full-bridge DC-to-AC converter, Vpp =60V, RL. =20 Q, C, =1
nF, L. =0.2 uH, and the widths of Y1, Y,, Yz and Y, are all 5x10* pm

150.0 T T

100.0F

Voltage (V)

1000 14.0
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Fig. 11 SPICE-simulated output waveforms for the single-phase DC-to-
AC converter in Figure 10

Figure 10 depicts the more complex power circuit, a full-
bridge DC-to-AC converter, and Figure 11 shows the SPICE-
simulated output waveforms for the conversion in Figure 10.
The DC input supply represented by Vpp is 60 V, and the
amplitude of the alternate gate pulse signals is 14 V with a
rising/falling time of 0.5 ms. In the circuit schematic, D1, D,
D3 and D4 represent the inherent p-n (body-drift and substrate-
drift) junction diodes of the LDMOST, which are utilized
frequently to clamp the inductive load switch-off current. Note
that the transient simulation in Figure 11 reveals the utility of
the parasitic components in the LDMOST circuits.

The simulation in Figure 12 shows the reverse-recovery
transient for the investigated lateral DMOS transistor. When
t < 0.5 us (Vps < 0), in which the parasitic BJT is operating
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in saturation, the device stores the injection hole charges in the
n-drift region. Att = 0.5 us, a pulse voltage (-5 to +10 V
with a 0.6-ps rising time) is supplied to the drain terminal via
a 20 Q resistor to switch the LDMOST to the typical off state.
Then, the excess charges in the non-planar drift region begin
to diminish by recombination. The SPICE-simulated reverse-
recovery current in Figure 12 corresponds well with the
theoretical prediction. This feature of the developed model,
which cannot be afforded by the behavioral macro models,
might be quite useful in the optimal design of smart power ICs.

80.0 T T T

< L
£ 0.0
o
- 10V
-40.0F Dl > |
/ 11 Time (usec)
S5V
-80.0 ' 1 1
0.0 0.4 0.8 1.2 1.6
Time (usec)

Fig. 12 SPICE-simulated reverse-recovery current of the investigated
lateral DMOS transistor. The device width of the LDMOST measures
5x10* um. Vpp changes =5 to +10 V with a 0.6-ps rising time.

5. Conclusion

In this work, a comprehensive lateral DMOS transistor
model, including the inherent BJT model and previous static
model, was developed and incorporated directly into the
SPICE program. The model has been formulated from quasi-
static one-dimensional carrier transport equations, which
characterize the regional charges and currents within the
device. The capacitive charging/discharging currents are
calculated from the regional charges.

The model developed herein accounts for the unique
features of power MOSFETs like non-uniformly doped
channels, reverse-recovery transients and non-planar drift
regions. Moreover, the inter-electrode device capacitances
obtained from the charge-based dynamic model exhibit a good
agreement with those obtained from the device measurements.
A range of SPICE simulations for inductive-load switching
circuits, practical DC-to-AC converter and parasitic BJT
action indicate that this predictive LDMOST model would be
quite effective in TCAD of high-voltage power ICs.
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Nomenclature Io  Drain current.

Voo Power supply voltage. ls  Gate current.

Vps Drain-to-source voltage. Isus  Substrate current.

Vss  Substrate-to-source voltage. los  Drain-source current.
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