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The Lumped—Charge Power MOSFET
Model, Including Parameter Extraction

Irwan Budihardjo and Peter O. Lauritzen, Senior Member, IEEE

Abstract—A fiundamentally new, physicaliy-based power MOS-
FET model features continuous and accurate curves for all three
interelectrode capacitances. The model equations are derived
from the charge stored on two internal nodes and the three exter-
nal terminals. A straightforward parameter extraction technique
uses the standard gate-charge plot or process data and is matched
with interelectrode. capacitance measurements. Simulations are
in excellent agreement with measarements. The model is used {0
design a snubber for a flyback converter.

I. INTRODUCTION

HE interclectrode capacitances of power MOSFET’s are

important to model accurately, especially the variation
of gate transfer capacitance Cgp which dominates the outpuit
switching waveforms through the “Miller” effect. Most power
MOSFET models use the basic SPICE MOSFET model as a
core element with added active and passive components to
form a subcircuit. These models tend to be complex with
a narrow range of accuracy. Numercus models have been
proposed since 1980 [13]. Simas ef al. [2] were the first o
model the nonlinearities in the gate-source capacitance as
well as the gate-drain capacitance followed by Xu [3] and
Cordonnier [4]. Scott and Franz [5] were the first to model the
three interelectrode capacitances and their interaction for all
device operating states in a special subceircuit model. Most of
these models produce discontinuous C-V curves. Continuous
derivative of charge {(capacitance) curves are important for
accurate simulation of current waveforms during switching.
A simple physical model of the power MOSFET is needed,
where the interelectrode capacitances are continuous and can
be direcily determined from measurement or databook infor-
mation.

This paper describes such a compact, physical power MOS-
FET model which is designed by discretizing the internal
physical structure, enabling simple charge expressions to be
functions of the three terminal voltages. This approach repre-
sents an extension of the Charge Control [6] and the Lumped
Model method introduced by Linvill in the early 1960°s {7].
Thus, it is called the lumped-charge approach.
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Fig. 1. Location of the nodes containing discretized charges (1. 3) and the

internal connection nodes (2, 4, 5).

II. THE ART OF THE LUMPED CHARGE APPROACH

The lumped-charge modeling technique has recently been
established as a powerful method of building power device
models. The art is in choosing the model structure to retain
the accuracy of physical modeling,

The lumped-charge MOSFET model [8] is based on local-
izing the internal charge into the separate but key locations
shown in Fig. 1. The surface charge is assumed to be lumped
into a node at the p-body surface {(node I) and at the n-
drain surface (node 3). The internal connection nodes (nodes
2, 4, 5) represent additional nodes needed for defining internal
voltages.

The charges at node 1 are calculated using the standard
delta-depletion approximation and at node 3, the moderate
depletion approximation. These two lumped-charge nodes ex-
perience accumulation, depletion and inversion as determined
from external and internal node potentials. The location of
these nodes is carefully chosen to produce relatively simple
charge expressions for all operating states of the power MOS-
FET. Capacitive currgats in the terminals of the MOSFET
are determined by differentiating these charges with respect
to time.

The internal charges are identified as

Body node 1?;
g.B = accumulation charge in the body

¢4p = depletion charge in the body
¢;p = inversion charge in the body.
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Fig. 2. MOSFET equivalent circuit for the OFF or non conducting state.

Drain node, 3@ ﬁfc
q',z p = accumulation charge in the drain
gap = depietion charge in the drain
g;p = inversion charge in the drain
GdeD = 44D + o = combined depletion and
accumulation charge in the drain.
The charges on the gate are:
gop = gate-body charge
¢ap = gate-drain charge.
The charge at the drain-body p-n junction:
¢y = Drain-body junbtion depletion charge.

IH. EQUIVALENT CRCUIT

An equivalent circuit for the MOSFET model can be derived
from the interaction of the internal charges with the three ex-
ternal terminal voltages. The equivalent circuit for a MOSFET
in the nonconducting state is- shown in Fig. 2. Overall charge
is conserved as the charges on each node appear or disappear
as operating states change from one to another.

When all operating states of the device are considered, and
the equivalent circuits of all states superimposed, the com-
plete internal equivalent circuit shown in Fig. 3 is obtained.
Lumped-charge node 1 contains the charges ¢, B, dB; and
g;z which produce the gate capacitance. Also, “the charge
g;p determines the channel conductance for the cumrent Ip.
This charge determines the static device I-V characteristics for
both the saturation and nonsaturation regions. The drain-body
diode is modeled using the Lauritzen-Ma model [9] to include
reverse recovery. The complete MOSFET model provides the
basic forward and reverse I-V characteristics as well as all
inter electrode capacitance variations.

IV. DERIVATION OF THE CHARGE MODEL

The p-body interface charges are modeled by the standard
delta-depletion, strong invérsion approximation. Then, channel
current Ip can be simply determined [12] from g¢;p which
produces equations similar to those in the standard SPICE
(level 1) MOSFET model. As the gate bias vgg sweeps
from a highly positive to a lower voltage, the p-body surface
goes through inversion to depletion and finally accumulation.
At high wgs the body surface potential 4,5 remains at the
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Fig. 3. The complete lumped-charge equivalent circnit for the power MOS-
FET. NOTE: The switch S 1epresents the internal connection between body
and drain surface when drain inversion occurs. The switch 82 represents the
transition from nonsaturation to saturation o ion.
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Fig. 4. The charge distributi_ons for the n-drain interface using the moderate
approximation.

constant potential ¢sp while the surface is in inversion. The
surface potential 1, is defined as the potential change from
the bulk to the surface in MOS devices [12] and ¢gp is the
maximum surface potential between body and source regions.
The lumped charges (rode 1) at the gate-body interface can
be determined from the following equations:

U
Yon =55+ )
gep =Cason X (ves — Viup — ¥aB) 2
448 = —Cgson¥BV ¥sB 3
¢oB =0 4)
¢ =—(gaB + 4aB) 5
where -
7% = [(VeVies — ¢s8)?/¢sB] = G, the “body effect”
term and

Cason = gate-source oxide-capacitance,Vyyp = body fiat-
band voltage, Vg = body threshold voltage, ¢sp = built in
voltage between body and source regions :

The constants represent model parameters which are listed
in Table 1.

Once vgs(t) drops below the threshold voltage Vrg, the
p-body surface changes from inversion to depletion, and the
surface potential ;5 becomes a function of vgs:

‘ Gp
Y5 =vgs — VB + =

' [1 B (4(1)68 — VieB) + 1)1/2] )

G
¢4 = —CasonV(GB X ¥sB) = —dGB )]
g3 =0 @
gan =0. (%




1
BUDIHARINO AND LAURITZEN- THE LUMPED-CHARGE POWER MOSEET MODEL

381
TABLE I
COMPARISON OF PARAMETERS WITH SPICE LeviL 1 Power MOSFET MobDEL
L-C power MOSFET paraieters
SPICE MOSFET
level 1 Discrete device. | Equations for Power y
Simulation IC Design COMMENTS
. {see Appendix B)
de Characteristics
vio (Vo) Vg ®B7 body threshold voltage
kp (KP) Kp (ES) trapsconductance
phi  {¢) (55)5 (9,,) | Noviser Nooty Nomin | source-body and drain-body built-in voltages. N = doping
lambda (A} if desired see [15]
gamma {7) Gp, Gp (B9, B10) body effect Gy=T5. Gp= T2
delta () &(Y) body cffect (see Appendix 1)
for extraction procedure see {12}
Capacitances
CGBO Cguv tox + W, Loverlap gatle-source Gverlap capabi!zncc. tox = thin oxide thickness
) W = channel width, Luverlap = gale overlap Jength
Cono Copon tox: Adrain (B11) | gate-drain ON-state capacitance, Agogin = drain area
Caso CGson toxs Abudy (B12) { gate-source ON-state m.pac.ilﬂmv, Apgay = body area
G Cio Wer Ajunction body-drein diode zero bias capacitance
Wy, = N-drain depletion Tayer width,
Ajmim = body-drain janction area
m junction gradient factor
Vip, V1 (B13) drain fatband and threshold voliages
Body-Drain Diode
Is Iso body-drain diode reverse sateration curment
no emissix;n coeflicient
tzu . carricr lifctime
v (B14) diffusion transit dime
Parasitic Resistances
Rg gate parasitic resistance
. Rg source parasitic resistance
R, R Np + tN-drain » Adpain | drai itic resistan,
4 ] D i ain s Agn | v puriiereiance,
Ny = drain-bulk doping concentration

As the gate bias vgs(t) drops below the body flat-band voltage
Vg, the surface enters accumulation:

Ysp =0 . 1o
gaB = Cason X (vas — Vi) = —ges (11)
gig =10 (12)
gap = 0. (13)

If drain interface charges are modeled using the standard delta-
depletion approximation, discontinuities and bumps occur in
the C{w) plots [11]. Using the moderate-depletion approxima-
tion {8}, the charge expressions and the C(v) plots become
continuous for all values of terminal voltage. The charge
distributions for the n-drain interface using the moderate
approximation are shown in Fig. 4.

As the gate bias vgp sweeps from a highly positive to a very
low voltage, the n-drain interface starts in accumulation with
the drain surface potential on the n-drain interface ¢¥,p > 0.
Once vgy drops below the drain flat-band voltage Vipp
the n-drain surface changes to depletion with v,p < 0.
No discontinuity occurs in this transition since the charges
decrease or increase exponentially. Finally, when the gate
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Fig. 5. Simulation of vgg{f) and the charge conditions at drain and body
interfaces.

to. drain bias vgp goes below the drain threshold voltage
Vrp, the inversion layer starts to build up. The following
simple equation describes the n-drain interface charge for both

accumulation and depietion conditions. — -
@,/:its' = be

fadp = FCGDon YD \/(¢’t x elo/de) — Ps — ¢t) (14)

The inversion charge g;p which depends upon Vpg, is ex-

X
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Fig. 6. MOSFET gate charge plot. Four parameters can be obtained froin
this gate charge plot (CgDons CaSon: VD, Vo p). Plots in databooks also
can be used even though they contain only positive values ofVizs.
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Three critical poleets defined in the turn - ON procoss.

Poing (: Start of the Millcr effect. Vg starts to fall.
‘The drain is in depletion.

Point [ - The drain in transition from depletion to
accurulation.(same a8 t, in Figure 5}

Point 2 - Device completely tumed-ON
(sarné 83 15 in Figuro 5)
Vps =} and Vgp = Vg or ¥pal2) = - Vis(2)-
Qoz=Qpr Q2.

Fig. 7 The three critical points in the turn-ON prooess within the Miller

effect.

pressed by

g¢ip = Qcp — Gadp

where

G TadV
(15,

~ \
T oss- S Yow of

Cepon¥p = V245sNp Aalvo(;n \'\Amm A veer

4p = gate to drain body effect,

¢, = thermal voliage,

-

e,

Cgporn = the gate-drain oxide-capacitarce. ‘
Eguations (14) and (15) are explained in Appendix A. The

surface potential 7, p is expressed b, -
p YsD XPIi v Q‘Zdap, Z AD

Ysp = vgp — VoD +

{(g:p + ¢dup)
C’GDo'r.\.

('6)

By inspection of the equivalent circuit in Fig. 3, the drain
cwrrent ip can be expressed as

o=~ (g ) 5o
in=— 4 . _
D Casom diBv2s

d(qaap +47) .

7 ipp (7

for operation in both the nonsaturation and saturation regions.

Here:

K, = the empirical “transconductance parameter” used in
the SPICE MOSFET model

v, = the voltage between node 2 and the source.

ipp = the body diode current.

Also, the gate current

. _ dlaen) , dgen).

dt

dt (1%

Dependence of mobility on vertical electric field, channel
length modulation, velocity saturation and temperature ef-
fects are not included in this basic power MOSFET model.
However, they can be easily added [15]
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V. IMPLEMENTATION

The equations are implemented in the Saber circuit simu-
lator using its MAST modeling language. Simulation of the
various internal charges is shown in Fig. 5 as the MOSFET
makes the transition from OFF to ON state. A unique feature
of the lumped-charge model is the insight given to device
operation by simulating the dynamic charge variations at the
drain and body regions during this turn-ON process.
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Fig. 9. (a) Simulated gate charge plot. (b) measured gate charge plot,

ip(t) =1 A, ig(t) = 12 mA

At time ¢ = ¢, the constant current source [y starts
charging the gate, The initial condition for the gate voltage
vas(te) = —15 V.

t1: Drain in transition from inversion to depletionVgp =
Vrp, drain threshold voltage. The drain inversion charge is
zero (g;p = 0). :

t3: Body in transition from accumulation to depletion
Vizs = Vyuz, body flatband voltage. gz = 0 and gag = 0.

t3: Body in transition from depletion to inversion Vgg =
Vra, body threshold voltage. ;3 = 0.

ty: Drain in transition from depletion to accumulation
Vep = Vsup, drain flatband voltage. guap = 0.

t5: The “Milier” effect ends, the drain is in strong accumu-
lation; the body is in strong inversion. Cgp is constant at its
maximum value as vgg(t) increases up to +15 V.

VI. EXTRACTION OF THE PARAMETERS

The lumped-charge power MOSFET model has a similar
dc characteristic as the SPICE level 1 MOSFET model with

addition of the power MOSFET interelectrode capacitances.
Table I compares the electrical parameters for the SPICE
level 1 model to those in the new lumped charge power
MOSFET model. For discrete device simulation, electrically
measurable parameters are desired. For power IC device
simulation, process based parameters are desired. This model
provides both electrical and process based parameters to cover
both applications.

The gate capacitance parameters can be extracted from
the gate charge plot in Fig. 6. This plot at two values of

Vps contains sufficient information to obtain all the gate
capacitance parameters. :
In regions 1 and 4:
e
C’G.So'n. + CGDcm = %G—; (19)
In region 2:
I
Cason = gy~ (20)
dt

In region 3, the gate-source voltage Vs is constant during
the Miller effect. The length of this period depends upon the
magnitude of the applied drain-source voltage Vps. The values
of Qp1 and Q2 defined in Fig. 7 can be calculated by

Q12 = Cepon{Vas(2) — Vip). (21)
At point “0” we have
<0
—sp(0) = —Vep(0) — qg,%p() +Vup 22)
where
22.0(0) = Cepen{Gpl—¥:p(0)]}'/2. (23)

 Note th_at Qo1 = Gdap(0) is the depletion charge in the
drain region and Gp represents the body effect. Substituting
~%p(0) from (22) fnto (23) we obtain M cep (By 0)

94a0(0) = CGpon [GD (—VGD(G) e (z G()

0 1/2
- 2@ v)| . ew
GDon
Solving for gg,p(0):
CaponG
taapf0) = S222C2
_ 1/2
Gp

Applying (25) to two values of Vpg (the liigh value is Vpsy
and the low value is Vpgr), the following equations are
obtained, where Qg rr, and Qg are defined in Fig. 6:

Qerr = 9a.0(Vpsy) — ¢aun(VbsiL). (26)
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For normal voltages (26)&&(13:: approxilgated as

Qonr = (CGDanGg2)[(—VGDH)1/2 ~{~Vepr)/?. (27)

Equation (27) can be solved directly for . Then

T X s
_ CaponlGg e 4Vapr — Vap)\ M ]
2 Gp

Qar

+ Cepan(Vosm — Visp) (58)
| { -
and M;!{cff Va”*‘dg? in {:,S_ 6

dpgr

where
¢pp = built in voltage between body
(approximately = 2¢zx) _
Equation (28) can be solved for Vy,p, and, (29) forVip.
As an example the parameters for MOTOROLA P8NOS3
Power MOSFET are determined from its databook wusing
VD.S'H = 48 and VDSL = 20, to give

and drain regions

Qepr = 1.5 x 1079 Coulomb
Qe =55 x 107% Coulomb.,

From (19) to (20) and {(28) to (29) we obtain

Ceson =370pf

Cepon =600pf -
Visp =0.775 Volt
Vrp = —0.433 Volt.

Parameters for dc characteristics like Vrp, K, and the
drain-source capacitance parameters Cyo,m, dpp are found
conventionally [10].

5
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Using parameters extracted from the gate-charge plot, simu-
lated interelectrode capacitances are compared with measured
values in Fig. 8. The interelectrode capacitances are measured
at 1 MHz using a three terminal measurement technique.
Stmulated and measured gate charge plots are shown in Fig, 9,
In the gate charge plot, both gate and drain are driven by a
constant current sources. Simulated and measured dc drain
characteristics are in Fig. 10, _ )

To demonstrate an application, the MOSFET model is used
to design a snubber for a flyback converter operating in the
discontinuous conduction mode. Fig. 11(a) shows switching
waveforms without the snubber installed and Fig. 11(c} shows
the simulated waveform. Note that the peak switch voltage is
approximately 120 V in both plots. Fig. 11(b) and Fig. 11(d)
show measurement and simulation of the flyback converter
with the snubber designed using the simulator. Note the
excellent match between simulation and measurements.

VIII. CONCLUSION

This power MOSFET represents a fundamentally new
model which is equivalent. in complexity to the SPICE
MOSFET model used for low voltage devices. The model
is compact with all static and dynamic effects combined
into a single set of equations. The capacitances Cgp(v) and
Ces(v) are continuous functions with continuous derivatives,
yet capacitance parameters can be directly extracted from the
simple gate charge plot found in data books or from simple
measurements. This power MOSFET model demonstrates that
the lumped-charge approach, which was first demonstrated
on the P-I-N diode [9] is also valid for MOS devices. The
availability of new, accurate power device models will change
the design methodelogy in power electronics and eliminate
much of the need for protoiyping new circuits,
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Fig. 11. (a) Measurement of vps(t) and ip(t) in flyback converter. (Without Snubber.) Scale for ip (£): 0.5 Ampere/division. (b) tmeasurement of vy s(2)
and ip{t) in fiyback comverter, (With Snubber.) Scale for ip(£): 0.5Ampere/division. (c) simulation of vps(f) andi D {t) in flyback converter. (Without
Snubber ) (d) simulation of vps{¢} and ip(t) in Ayback converter. (With Snubber.)
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The interface charge Qcp deseribld in A I?\) ppendlx P:(\Jf [12]
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Fig. 12. Encrgy band and potential ®(y) diagrams as function of distance
3 from the drain surface interface. The surface is in accumulation mode.

In the moderate depletion approximation, the inversion layer
charge increases exponentially when the surface potential Psp
is approximately 2érn.

The accumutation and depletion charges must be separated
from the inversion charge because their dynamic behavior is
different.

Equation (A1) can be simplified for e#rv/¢) « 1 to
separately describe the interface accumulation and depletion
charge godp = gab + gap from the inversion charge ¢;p.

GadD = -:FCGDan’YD \/(f,?st X e(\ﬁéﬁ) — ’%E\—' ¢t) (A2)

The inversion charge ¢;p which also’gpends upon Vps,
is expressed by
%ip = Qop ~ ad (A3)
and yp = gate to drain body effect, ¢ = thermal voltage,
Capon = the gate-drain oxide capacitance where the N-drain
static surface potential $(y) can be obtained from

R =
Ve b

APPENDIX B
THE LINEARIZED BODY EFFECT PARAMETER &

(Ad)

The width of the depletion layer in the channel varies due
to the applied voltage Vps. The body depletion charge is
expressed by

Qg = —7CcsenV ($s8 + VoB). (BL)
Fig. 13 shows a plot of —(Q4B/Cason) from (B1). To sim-

plify (B1) the first two terms of the Taylor series expansion
are chosen around the point Vop = Vgp giving

Qap =y (¢SB+VSB =6(Vep —Vss) (B2)

" Cgson
where §; is the slope of —(Qas/Ccson) versus Vop evalu-
ated at point Ve = Vss-
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Fig. 13. 'The guantity —(Qup/ Coson ) in strong inversion versus effective
reverse bias in the channel region:

The right hand side of (B2) gives the uppermost broken
line in Fig. 13. The correct value and slope at Vop = Vsg
is obtained but —(Qup/Cason) is overestimated everywhere
else.

A better approximation can be obtained by lowering the
value of the slope to a value § < & as shown by the middle
broken line:

The lumped-charge node is located at a fixed point located in
the middle of the channel. At this point the expression becomes

_ Qum

V]
= vv/(¢sz + VsB) +6-22 (33)
_ Cason ‘ 2
The lumped inversion charge (node 1) is
v,
giz = —Cgson [VGS —Vrg—(1+8) —D-'g] BH
and the static current /p can be calculated by
K,
Ip=-% E— gipvas (B3)
{@Son
where
W
Kp uCason (B6) 7(

A. Optionagl Process Structural Parameters for
Lumped-Charge Power MOSFET Model

The linearized body effect has been added to the basic model
and can be calculated from dc—measurements or from the
following equations:

Vrp =VseB + ¢s8,7 m BN ¥
K, = W“;G.S'on ®9) X
Gp = i ’Y %A"W(y (B X
\/@=WD=\/%A0\WM ®10) Y
Copon = 2500tz ®11)
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