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Modeling of Power Diodes with the
Lumped-Charge Modeling Technique

CIliff L. Ma, Member, IEEE, Peter O. Lauritzen, Senior Member, IEEE, and Jakob Sigg

Abstract— The lumped-charge modeling technique is used to
build a simple, physics-based power diode model for circuit
simulators. The model consists of simplified, but fundamental
semiconductor device equations. The important characteristics of
power diodes under static and dynamic conditions are obtained
in this compact and efficient model.

Index Terms—Compact model, lumped-charge, power diode.

I. INTRODUCTION

OMPARED to microelectronic devices, power semicon-

ductor devices include wide, lightly doped regions for
high-voltage operation. Several power diode models [1]-[6]
have been developed in recent years to replace the standard
SPICE diode model for accurate simulation of high-level
injection and nonquasi-static effects, which are of particular
importance in power electronic applications.

To include these features, two main approaches have been
employed, physics-based analytical modeling [1]-{4] and hy-
brid modeling [S}], [6]. The hybrid modeling approach solves
the ambipolar diffusion equation in the lightly doped regions
using numerical algorithms to evaluate carrier distribution
under high-level injection conditions. Analytical equations
are used for the rest of the regions. The spacial charge
carrier distribution can be calculated with relatively high
accuracy. However, computational cost is relatively high,
device geometrical information is needed, low-level injection
effects that are important during device turn-off are omitted,
and parameter extraction is difficult. Alternatively, with the
analytical modeling approach, the models are derived from
simplified device physics. The resulting model equations are
in relatively simple forms, which are easier to implement into
circuit simulators and enable high computational efficiency.
The model parameters can also be extracted from electrical
measurements. But, the accuracy and performance of analyt-
ical models depend on how the fundamental equations are
simplified. ‘

The lumped-charge modeling technique [7], [8] represents
a systematic technique for analytical modeling. The diode [1],
[3], silicon-controlled rectifier (SCR) [9], gate turn-off (GTO)
(10}, MOS-controlled thyristor (MCT) [11], and MOSFET
{12], [13] models have been created. This modeling technique
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leads to a significant reduction of model complexity while
retaining the basic structural information and internal carrier
transport processes in the device. The resulting models contain
sets of continuous equations, which describe both static and
dynamic operation.

This paper presents the basic lumped-charge modeling tech-
nique for power bipolar devices and constructs a power diode
model using the technique. The goal is to establish a thorough
understanding of this modeling approach and at the same time
make it easy to use for model development. This diode model
consists of simplified fundamental device equations in the
lumped-charge form. It differs from [1] and [3] in terms of
systematic construction and functional completeness. Sample
simulation and experimental data are included. A parameter
extraction technique is also provided.

II. THE LUMPED-CHARGE MODELING TECHNIQUE

External electrical characteristics of semiconductor devices
are directly linked to internal carrier distributions and their
transport characteristics. The lumped-charge modeling tech-
nique uses the following guidelines to simplify the fundamen-
tal semiconductor equations, which govern electron and hole
behavior.

1) The device structure is discretized into several P- or
N-type regions, each of which contains charge-storage
and connection nodes. A charge-storage node is re-
sponsible for charge-carrier storage and recombination
and is usually located near the center of a region; a
connection node links junction voltage to the charge-
carrier concentration level and is located on the junction-
depletion edge.

The hole and electron charge values at each node are
obtained by multiplying the local charge-carrier concen-
trations by the volume of the reference region, which is
typically one of the lightly doped regions.

Finally, the charge nodes are linked using the following
six equations from device physics and circuit theory:

2)

3)

a) current density equations;

b) current continuity equations;

c) charge neutrality equations;

d) Boltzmann relations (p-n junction equations);

e) Poisson equations;

f) Kirchoff current and voltage laws. ;

The first five describe carrier distribution and transport be-

tween the charge nodes in the device; the last connects internal
variables of the model equations to terminal characteristics.

i
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p(x) =n(x)

A —

Fig. 1. 1-D injected charge distribution in a P*N—N™ diode structure under
high-level injection. Electron and hole carrier concentrations are identical
p(r) = n(r) in the N~ base region.

The fundamental model variables are charges and voltages.
The current variables are derived from the charges and voltages
using the above fundamental equations.

To keep the model simple, a small number of charge nodes
should be chosen to represent the charge carrier distribution
across the device. Typically, a minimum of one charge-storage
node and two connection nodes is needed in each lightly doped
region, where injected charge carrier distribution and variation
determine the device static and dynamic characteristics. In
heavily doped regions, only one charge node is necessary to
serve as both the charge storage and connection node, since
the spacial variation of carrier concentration is small. The
fundamental semiconductor equations are then simplified using
the nodal arrangement and transformed into the lumped-charge
equations for each region.

III. THE LUMPED-CHARGE DIODE MODEL

A typical one-dimensional (1-D) forward-biased on-state
charge carrier distribution in a PYN™N™ diode is shown in
Fig. 1. Since the lightly doped N~ region stores the excess
carriers, which determine the switching characteristics of the
device, three nodes, indicated by 2, 3, and 4 in Fig. 2 are
chosen for this region. Nodes 2 and 4 are connection nodes,
and node 3 is a charge-storage node. Carriers in the heavily
doped end regions do not penetrate deeply beyond the vicinity
of the junctions. Hence, single-charge nodes 1 and 5 are
sufficient for these regions. They are located at the depletion
boundary of the end regions. They serve as both connection
and charge-storage nodes.

The process for converting the six groups of the fundamental
semiconductor and circuit equations to the lumped-charge
equations using the nodal assignment is given next.

A. Current Density Equations
The 1-D equation [14] for hole current density is
dp
pa-
Carrier (hole) transport between nodes 2 and 3 can be
represented using the quantities shown in Fig. 2:

Jp = qpupE — gD 1)

+
Toza = q(P2 ! P3)

V23 P2 — P3
—— +4gD
Hodys T TP g
Note that J,23 represents the hole current density between
nodes 2 and 3. The first term on the right-hand side of (2)

is the linearized drift term, and the second is the linearized

. 2)
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diffusion term. Here, d23 is the distance between nodes 2 and
3. The averaged carrier concentration between nodes 2 and
3 is needed in the first term. For simplicity, the following
approximation (3) is used:

P2 +p3
2

There can be several orders of magnitude difference between
carrier concentrations at adjacent nodes. The term where this
approximation is made is the drift term of the transport
equation. The drift current is determined by the lowest carrier
concentration in the region, and the higher concentrations are
not so important. Thus, the approximation (3) is reasonable
for forward conduction. In reverse recovery, the drift current
is usually negligible. Typically, the accuracy loss by these
approximations can be compensated by parameter extraction.

After multiplying and dividing (2) by the N~ region width
d, the following is obtained:

— Ps. 3)

P2 —p3
Pd x d23

D
Jp23=qup3-—E&+quD “4)

¢ d x dog

where the thermal voltage ¢, = D,/p,. A new parameter

Tpo3 is defined as the approximate hole diffusion transit time

d23 x d
Dy

Tpo3 = . 5)
The hole current equation in lumped-charge form can now
be derived as

dp3 V23
Tp23 o1

where A is the device active area, gpo = qdAps, and gp3 =
gdAps. The magnitudes of these two charges have been
normalized to the N~ region volume. Note that all charge
quantities are normalized by multiplying by the metallurgical
base volume.

At this point, the physical picture of the charge distribution
in Fig. 2 can be abstracted in the standard lumped-charge
nodal representation depicted in Fig. 3. Five lumped-charge
nodes are sufficient to simplify the six groups of equations.
The charge value at each node is proportional to the carrier
concentration level. The hole current between nodes 3 and 4
in Fig. 3 is similar to (6) and can be directly written as

dp2 — 4p3
Tp23

(6)

ip23 =AXx Jp23 =

dp3 V34 dp3 — Gp4
1p34 = -+ = @)
P Tp3a ¢4 Tp3s

where gp4 = gdAps and T34 is the approximate hole transit
time between nodes 3 and 4. The electron currents (not shown
in Fig. 3) can be derived in a similar manner.

B. Continuity Equations

The continuity equation [14] for holes is

op 1
-a—tsz—Up—EV-Jp. - (®)

The total charge in the N~ region can be approximated by
gp3 at charge-storage node 3. Multiplying (8) by the electron
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Fig. 2. Location of charge nodes in the PYN~™N¥ diode structure. Electron and hole carrier concentration variables at each node and voltage drop

along the device are also shown.

unit charge and base volume and rearranging give the lumped-
charge form

qp3 — QB,, + dqp3
T3 dt

which is the well-known charge-control equation. The terms
tp23 and 4,34 represent the hole current flowing in and out of
the N™ region and Qp, = qAdpno, the thermal equilibrium
hole charge in the N~ base region. The first term on the
right-hand side represents charge-carrier recombination and the
second term charge variation with time. An averaged carrier
lifetime 73 is used. The electron continuity equation for the
N~ base region can be similarly derived.

No continuity equation is written for charges q,2 and gy,
which are at the connection nodes 2 and 4. Only one charge
node represents the total stored charge g3 in the N~ base
region. However, the effect of end-region recombination in
the P* and N* regions is included by applying the continuity
equation to nodes 1 and 5 in Fig. 3 [3].

%

1923 — Ip34 =

C. Charge Neutrality Equations

The electron and hole charges are linked outside the
junction-depletion regions by the neutrality equations. Since
the dielectric relaxation time in a semiconductor material like
silicon is on the scale of 1 ps, space-charge redistribution
is assumed instantaneous. Therefore, the electron charges at
different locations in the charge neutral N~ region are equal to
the injected excess hole charges plus the ionized background
doping charge Qp:

qn2 =gp2 + @ (10
n3 =Qp3 + U (11
qna =qps + @B (12)

where ¢np = gAdna,gns = gqAdns,qny = gAdng, and
@B = gAdnyg. Here, n,g is the thermal equilibrium electron
concentration of the N~ region. These electron charges are
also normalized to the N~ region volume. These equations
are valid over all ranges of operation.

D. Boltzmann Relations (p-n Junction Equations)

The carrier concentrations at the PYN™ junction are related
to the junction voltage v,5 by

P2 = Pno €XP (%) (13)

Boltzmann equations
L I
112 3 4{5
. P+ e L ] o|l® N+
1
a
— N-
Current density equations
Current continuity equations

Fig. 3. Locations of the lumped-charge nodes and device equations in a 1-D
P*N™N* diode structure.

Here, pyo is the thermal equilibrium hole carrier concentra-
tion in the N~ region. Multiplication of the above expression
by the N~ region volume gives

V12
gp2 = B, €xp (——)
bt

The charge at node 4 at the N” N7 junction in Fig. 3 is
given in a similar manner to (14):

In4 = QB €xXp (%)

(14)

5)

E. Poisson Equation [14]

The Poisson equation (16) is used to describe the effects
of variation of junction-depletion width under reverse bias
voltage:

v p(x)
_Z 7 = . 16
dz? £ (16)

Here, ¢, is the silicon dielectric constant and p(z) the charge
density. The depleted region of the P*N™ junction extends
significantly into the N~ region during reverse bias, squeezing
the hole and electron charges into a smaller volume, as shown
in Fig. 4. The positive charges in the depleted region consist
of immobile ionized donors (n,g) and holes (p;) injected
from the base. These holes are assumed to travel at saturation
velocity vgaq:

lip2a| = ¢Apivsar- (17)
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Integrating (16) twice over the depleted region and rear-
ranging terms gives
1/2

2e,(p12 — v12)

|2p23]

Q<nn0 + qusat
Here, z, is the depletion boundary and ¢, the built-in

potential. The transit time T3, defined in (5), now becomes
a variable, which depends upon (d — ).

(18)

Tp =

F. KCL and KVL

Kirchoff current laws (KCL’s) and Kirchoff voltage laws
(KVL’s) are needed to link the device internal behavior
to terminal characteristics. According to KCL, the terminal
currents are equal to the sum of all the internal current
components at each device cross section. According to KVL,
the terminal voltages are equal to the sum of all the internal
voltage drops along the device.

To ensure that the model equations are complete and solv-
able, the following checklist should be reviewed.

1) Are all the necessary charge equations included?

2) Are all equations unique (redundancy inspection)?

3) Are all current and voltage variables linked by internal
charge variables? :

4) Does the total number of independent equations agree
with the total variable count? For a two-terminal device,
the variable count should be one greater than the equa-
tion count; for a three-terminal device, the variable count
should be two more than the equation count.

The complete set of diode model equations ready for im-
plementation follows:

Qp2 — 4p3 , Qp3 V23

ip23 = VT, + oT,, o, (19)
. gp3—Gp2 | OB+ qp3va3
tn23 = T, + T. e (20)
. Qp3 — dp4a dp3 V34
— I8 —dpe | Tp3 T34 21
1p34 T, T, & @2n
. _dpa—Gp3 QB+ p3Un
In3q4 = T + T. 5 (22)
. 1 V12 —
in23 = — ((qu + Q) exp (—12—?—13> - QPn)
T o
(23)
) . - d
1p23 — tp34 = 2p3 TsQBP + Z:S 24)
. 1 Va5 —
1p34 = T—5 (Qp4 €xp <i¢ti¢4_5) - QNp) (25)
v
gp2 = QBp €Xp (’q,}tz) (26)
V.
dps = QB <exp (—f) - 1) @7
1/2
| = P12 = V12 (28)

¢B(1 + “—;12;—')
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Junction depletion region

Fig. 4. Charge distribution in the PtN~ region during a reverse-recovery
transient (the scale is relative).

Tp =Tno(1 - 1)2 (29)
vak =v12 + V23 + V34 + Va5 (30)
tA =in23 + 1p23 (31)
iA = in3q + tp34- (32)

Note that the neutrality equations (10)—(12) are used to
eliminate the electron charges in the above model equations.

Equations (19)—(22) are electron and hole current equations
between nodes 2 and 3 and nodes 3 and 4. Parameter b is the
mobility ratio of electrons and holes. To further simplify the
model for ease of parameter extraction and implementation,
node 3 is assumed to be in the center of the base region. Thus,
the transit times Tp23 and T34 become equal. Parameter Tn
is the electron transit time and equal to Tpa3/b.

Equation (23) combines the p-n junction equation at J
and the simplified continuity equation for node 1, where
charge-storage effects are neglected due to the short carrier
lifetime observed in the heavily doped P* end region. Equation
(25) is similar to (23), but for J; and node 5 in the Nt
end region. Parameters 7; and 75 are equal to the products
of minority carrier lifetimes in the end regions times the
diffusion volume of the end regions divided by the base
region volume. Parameters Q p,, and Q, are the electron and
hole background doping charges in the P* and N* regions,
respectively. Since they have a negligible effect on the model,
they are omitted in final implementation. Parameters ¢;2 and
$45 are the built-in potentials of the two junctions. Equation
(24) is identical with (9).

Equations (26) and (27) are the p-n junction equations,
identical with (14) and (15). Equations (28) and (29) account
for the J; junction-depletion width variation effects, where the
constant parameters ¢ = qnnod®/2e, and Ip = qAnnoUsar-
Equations (30)—(32) apply KVL and KCL to the model.

The P*N~ diffusion and depletion capacitances are both
intrinsically built into the model. The diffusion capacitance is
embedded in the charge transport equations, namely, current
(19)=(22) and continuity (23)—~(25). The depletion capacitance
is embedded in the Poisson equations (28)—(29). The user can
add additional capacitance, if needed, to account for overlap
capacitance.

Breakdown and punchthrough effects are best modeled with
separate empirical equations. These equations are omitted in
this fundamental model.

IV. MODEL ANALYSIS

Under most circumstances, the model equations can be
solved directly for the dc current—voltage (I-V) characteristics
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as well as for the turn-on and turn-off tramsients. These
solutions can be used to verify the model and extract model
parameters.

A. DC I-V Characteristics

The model equations can be solved at three distinct current
levels: low-level injection, high-level injection without end-
region recombination, and high-level injection dominated by
end-region recombination.

The dc on-state I-V characteristic at low-level current
injection is derived from (19)—(32), assuming 7,23, ip3q = 0,
and QB > dp3:

_ _ Qpp Vak
AT T P\ s, ) T

At medium current levels, power diodes operate in high-
level injection with insignificant end-region recombination.
The I-V characteristic equation can be obtained from 19)
to (32), assuming 7,23 and ip34 are still negligible and gp3 >

(33)

Qs
Vak b+ 1T,
Iy = Isp exp (2;’: ! 4T3) 0) (34)
1/2
QBpQB (35)

Isy = 5 7
(T3 + ETnO> <T3 + ETnO)

As current increases to higher levels, device operation enters
the regime, where end-region recombination dominates. To
derive the basic I-V relationship, end-region recombination is
assumed to be symmetrical, with equal mobilities for electrons
and holes. Then, models (23) and (26) can be combined to
form (36); (25) and (27) are combined to form

, = 2p2(gp2 + QB)

n 36

' TEQE 00
_ 9p4(gpe + Q)

fpsq = (37

Here, 7g = 7y = 75 and Qg represent the end-region charge
defined as

Qe = Qpexp (%> = Qppexp (?ﬂ)
bt o
Since 7z and Qg always occur together in the model as
TeQE, they form a single emitter recombination parameter
E. = 7eQg. In model implementation, (36) and (37) are
used to eliminate the junction built-in potentials ¢;5 and a5
as model parameters.
Using (36) and (37) to replace (23) and (25), the model
equations can be solved for the I-V characteristic for high-
current operation under end-region recombination:

17,
o 12)

Vik In 2 Thola (38)
2¢f \V/ QBpQB 4p3
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of 1/2
dp3 = T3l [(—I A4 1) -1
EO

E,
—g
4T3 + 3 Tro)?

where

(39)

Igo = (40)

Here, Igo represents the I 4 threshold for the onset of end-
region recombination. Note that combining (38)—(40) under
the condition /3y <« Igq is identical to (34), with b = 1.
Operation at 14 > Igq is so insensitive to the mobility ratio
that the b = 1 approximation causes less than a 6% shift in
L4 for constant Vx. Equations (33), (34), and (38) closely
approximate the standard p-i-n diode equations for operation
under low-level, high-level, and end-region recombination
conditions [16].

B. Transient Analysis

Forward recovery occurs due to conductivity modulation
at initial turn-on. The diffusion capacitance predominates in
this transient, and the depletion capacitance can be neglected.
Current is assumed to increase linearly as i 4 = a #t, where ay
is the rate of current rise. Using (19)—(32) and setting (23) and
(25) to zero, the forward recovery voltage waveform is derived

. 2Tn0¢t(1 + b)aft
as7slt — 73(1~ =) + Qp

Here, v; = v13 + vy5 is the forward bias junction voltage,
and vag — v; is the voltage drop in the base. The forward
recovery time ¢, is the time the voltage takes to rise from its
on-state to peak value. The forward recovery time for ¢ fr L T3
can be found by differentiating (41) and setting the result to

VAK — vy (41)

zero:
tre = ‘/@. (42)
ay
The peak forward voltage Vi, = vk (ts,):
ae \1/2
Vir = 2Thode(1 +b) (Q—f) +v;. (43)
B

Note that Vy, increases with a wider base, lighter base
doping, and a higher rate of current rise.

Power diodes are normally turned off with inductive loads,
which produce the turn-off current waveform shown in Fig. 5.
The voltage dependence of the transit time 7,,(I) is important,
as indicated by (28) and (29). '

For 0 < t < T, the internal stored charge gp3 can be
determined using (24) under the circuit condition 74(t) =
Ir — a,t and neglecting end-region recombination (assuming
in23 and ip34 = 0):

t
qu(t) = arT3 (TO + 73— 1 — T3 €Xp (__)>

73

(44)

At time ¢t = T;. v1» becomes reverse-biased and gp2 = 0.
From (19) and (20), gp3 can be found:

b
qPB(Tl) = ;IRI\IT11~ (45)
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Slope = a, = -di/dt

Fig. 5. A diode reverse-recovery current waveform.

Here, parameter n = 2. For t > T}, (19), (20), (24), and the
charge neutrality equations give

. Nqp3 t—T )
—i4s(t) = = Ipar ex — (46)
A(t) T, RM €XD ( —
where
1 1
=+ @7)

Trr - an T3

The parameter 7., is the voltage-dependent reverse-recovery
time constant. The parameter 7. can be approximately con-
sidered as a constant only when the diode is turned off at low
reverse voltage, for instance, 10% of its breakdown voltage.
In this case, T}, is equal to T,,g. The factor n is added so
that (45)—(47) can be valid for either low-level (n = 1) or
high-level (n = 2) injection conditions. Most power diodes
turn off under high-level injection, but the final current (tail
current) flows under conditions of low-level injection with a
longer time constant.

Note that the complete model does include the dynamic
effects of end-region recombination on reverse-recovery wave-
forms. Experimentally, this effect is observed as a decrease in
effective diode lifetime at high currents.

V. PARAMETER EXTRACTION

A major advantage of lumped-charge models is that most
of the model parameters can be extracted from simple dc and
transient measurements. The eight model parameters for the
lumped-charge power diode model are:

1) electron transit time: T,,q;

2) lifetime: 73;

3) thermal equilibrium electron and hole charges in the

base: Qp and Qpp;

4) symmetric end-region recombination parameter: E..;

5) voltage-dependent reverse-recovery parameters: ¢ and

Ig;

6) mobility ratio of electrons and holes: b.

First, a reverse-recovery measurement at low voltage (less
than 10% of the diode breakdown voltage) is required. An
expression with only one unknown parameter 73 can be
obtained by setting ¢ = T} in (44), eliminating g3 using (45),
then eliminating Tg using Ty = T1 — Igas/a,:

T
Ipn = ap(73 — 7rr) {1 — exp <—T—;)} (48)
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TABLE 1
PARAMETER EXTRACTION OF THE DIODE MODEL

Measurements Parameters Equations
Reverse recovery 13, Tro (47), (48)
Forward recovery Q8. T (42), (43) k
dc low-level I-V Opy 33)
dc high-level IV E, (38), (39), (40)

None tg. Ip (49) - (52)

The reverse-recovery time constant 7., can be measured
from the recovery curve. After 73 is extracted from (48), Tg
is calculated from (47).

The diode base volume Volg can be estimated:

Vol = Y98%Er
qni

(49)

Diode basewidth d can be approximated using the electron
version of the transit time equation similar to (5), assuming
dos is half of the basewidth d:

d=+/2ThoD,,.

Here, D,, is the electron diffusion constant. The device
active area of the diode can also be estimated by A =
Volg/d. The base background doping can then be calculated
by nng = Qp/qVolg. Therefore, parameters ¢p and Ig can
be calculated:

(50)

Ting d2
¢p = T2~ (51)
£s
IB = qAnnOvs- ) (52)

Note that this indirect method only provides approximate
values for ¢ g and I'g, since these parameters are not calculated
from the reverse-recovery transient. Thus, some adjustments
in these parameters will be needed for the best model perfor-
mance. The mobility ratio b has a minor effect on external
characteristics. This parameter can be used to adjust for
differences in the transit time T, values caiculated from
forward and low-voltage reverse recoveries or it can be simply
set to its silicon value b = 3. If forward recovery data is not
available, the base charge (2 can alternatively be determined
from (34).

A summary of extraction of the model parameters from
the measurements is given in Table I. For power integrated
circuit (IC) design, parameters need to be based upon process
information. Since this diode model is physics-based, an
alternative set of process-based parameters could be defined.

VI. SAMPLE RESULTS

The model is implemented in the SABER circuit simulator
and tested under dc and transient conditions. The simulated
dc I-V characteristics are compared with the data book values
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Fig. 6. DC I-V characteristics comparing the diode model with a Motorola
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Fig. 7. A test circuit for measuring diode switching characteristics.

Vi

(A) 2 v
‘ low voltage
ot S——
-2 -
— + R -
«— high voltage
—&g5 1 3 3 4
(us)
(Q,)
:_ I low voltage
-3
-2 o
-4 dildt
N <+— high voltage
e RR W B % w i whe i (us)

Fig. 8. Measured (upper) and simulated (lower) reverse-recovery current
waveforms of MR852 under low and high reverse voltages.

for a Motorola MR754 diode in Fig. 6. Note that the transition
from low to high current is smooth.

A Motorola diode (MR852) is measured using the reverse-
recovery test circuit shown in Fig. 7. Two measurements were
performed at low and high reverse voltages to observe the
voltage dependence of reverse recovery with identical forward
current and di/dt. Fig. 8 shows measured and simulated
reverse-recovery current waveforms. Fig. 9 shows the voltage
waveforms. Note that both simulated and measured data show
the presence of the tail current at low voltage and absence at
high voltage.
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Fig. 9. Measured (upper) and simulated (lower) reverse-recovery voltage
waveforms of MR852 at low and high reverse voltages.

VII. DISCUSSION

This diode model adds several features to the older lumped-
charge diode models [1], [3]. Low-level operation and voltage-
dependent switching are included to add tail current effects.
Although, the number of model equations is increased, the
1-D physical structure is retained. Low- and high-level injec-
tion effects and nonquasi-static effects are inherently built-
in. Since the model is based on device physics, one can
observe internal physical quantities like voltages, currents, and
charge distributions under different circuit conditions through
simulation. Additional effects, such as Auger recombination,
carrier—carrier scattering, and thermal effects could be added
to the model due to its physics-based nature.

Model accuracy can be improved through increasing the
number of the lumped-charge nodes, but model complexity
then increases undesirably.

The equations can be rearranged in a form sufficiently sim-
ple to simulate most electrical measurements, such as dc I-V
characteristics and turn-on and turn-off transients. Parameters
can be extracted by comparing these simplified equations with
measured quantities. By determining all the parameters from
measurements on packaged devices, adjustments made for the
approximations used in the modeling process are compensated.

The primary approximation of this approach is linearization
of charge carrier distribution in each region.

VIII. CONCLUSION

The lumped-charge modeling technique represents a system-
atic approach for model development of power semiconductor
devices. The power diode model developed here provides
superior performance in accuracy and computational speed.
By following this foundation, all other power bipolar semi-
conductor devices are relatively easy to construct.
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