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Abstract — The implementation of the recently devel-
oped IGBT device model into a circuit simulation program
is described. It is shown that the circuit simulation program
rapidly and robustly simulates the dynamic behavior of the
IGBT for general external drive, load, and feedback circuit
configurations. The algorithms used to extract the IGBT de-
vice parameters from computer-controlled measurements are
also described, and it is shown that the model accurately de-
scribes experimental results when the exiracted parameters are
used.

1. Introduction

Figure 1 shows the IGBT (Insulated Gate Bipolar Tran-
sistor) equivalent circuit superimposed on the schematic of a
cross section of the structure of one of the many thousand cells
of an n-channel IGBT. The structure of the IGBT in Fig. 1 is
similar to that of the VDMOSFET (Vertical double Diffused
MOSFET) with the exception that the n* drain contact of
the conventional MOSFET is replaced by the p* anode for the
IGBT. Basically, the IGBT functions as a bipolar transistor
that is supplied base current by a MOSFET, as indicated by
the MOSFET and bipolar transistor symbols in Fig. 1. The
other components connected between the emitter (e), base (b),
and collector (c) nodes are associated with the bipolar transis-
tor, and those connected between the gate (g), source (s), and
drain (d) nodes are associated with the VDMOSFET. In order
to describe IGBTs made with MOSFET structures other than
the VDOMOSFET, only the components of Fig. 1 associated
with the MOSFET portion of the device need to be changed.

The VDMOSFET gate-source capacitance Cy, consists of
the gate oxide capacitance of the source overlap Cos, and the
source metallization capacitance Cp. The VDMOSFET gate-
drain feedback capacitance (or Miller capacitance) consists of
the series combination of the gate-drain oveslap oxide capac-
itance Coag and the gate-drain overlap depletion capacitance
Cyij The VDMOSFET drain-source capacitance Cy,; con-
sists of the depletion capacitance of the drain-source junction.
In the equivalent circuit representation, the bipolar transistor
base-collector depletion capacitance is coincident with and is

.thus represented by the drain-source and gate-drain depletion
capacitances of the MOSFET.

In addition to these depletion capacitances, the bipolar
transistor of the IGBT also contributes a collector-emitter re-
distribution capacitance Ceer. This capscitance is a result
of the non-quasi-static behavior of the bipolar transistor base
charge for the changing base-collector depletion width. It was
shown in refs. [1-3] that this capacitance is orders of magni-
tude larger than the depletion capacitances and thus domi-
nates the effective output capacitance of the IGBT during turn-
off. The bipolar transistor also contributes a charge coatrol
collector current indicated by the bipolar transistor symbol,
a conductivity-modulated base resistance Ry, an emitter-base
diffusion ¢apacitance Ceid, and an emitter-base depletion ca-

* Contribution of the National Institute of Standards and
Technology; not subject to copyright.
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Fig. 1. The configuration of the MOSFET and bipolar equiv-

alent circuit components superimposed on a schematic of onc-

half of the symmetric IGBT cell.

pacitance Cep;. In the equivalent circuit represeatation, the
drift region resistance of the VDMOSFET is coincident with
and is thus represented by the conductivity-modulated base
resistance R of the bipolar trauasistor.

It was shown in ref. [1] that the analytical model for the
IGBT based upon ambipolar transport describes the stcady-
state current-voltage characteristics of IGBTs with different
base lifetimes. It was shown in ref. (2] that the non-quasi-static
analytical model for the IGBT describes the output current
and voltage turn-off switching waveform for general loading
conditions, and in ref. (3] it was shown that traditional quasi-
static models are not adequate for the bipolar transistor of the
IGBT. In ref. [4] a model for the VDMOSFET characteristics
was combined with the non-quasi-static model for the bipolar
transistor, and it was shown that the combined model describes
the input and output, current and voltage, turn-on and turn-

- off switching waveforms for the gencral external drive, load,

and feedback circuit conditions.

In this paper, it is shown how the previously developed an-
alytical model for the IGBT is implemented into a user-friendly
FORTRAN program that can be used to simulate the dynamic
operation of multiple IGBTs for general external circuit con-
ditions. ‘This circuit simulation program, INSTANT - IGBT
Network Simulation and Transient ANalysis Tool, and its doc-
umentation [5] can be obtained from the author. The IGBT
model can also be implemented into commereial circuit simula-
tors such as SABER and IGSPICE. Algorithms are also given
in this paper that enable the parameters of the IGBT model to
be extracted from the terminal electrical characteristics of the
device. It is shown that the device model accurately describes
experimental results when the extracted parameters are used.
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IX. IGBT Dynamic Model

The basic IGBT dynamic model described in refs. [1-5] is
summarized in Tables 1 through 3. The IGBT model consists
of three state equations (Table 1) that describe the evolution
of the state of the base-collector voltage Vj., the base charge
Q, and the gate-source voltage V,,. The right-hand sides of
these state equations are expressed in terms of functions of
the instantaneous values of the state variables Vi, Q, and V,
(Table 2) and in terms of the functions of the external circuit
state variables, I7 and I, where these functions depend upon
the external circuit configuration as described below.

TABLE 1
IGBT State Equations
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TABLE 2
Functions of IGBT State Variables
Vbc = Vd:
Wyaj = +/2€4i(Vas ~ Vo + Va)/gNB
Wasj = \/26,,'(Vd. + 0.6)/qNB
Wie; = v/26:i(Vic + 0.6)/gNp
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KP(V,. - VT)’/z for Vg, > V,a -Vr

Because the right-hand sides of the IGBT state equations
‘are expressed in terms of the system state variables (IGBT
-state variables and external circuit state variables), they can
be integrated simultaneously with the state equations of the
external circuit fo describe the dynamic behavior of the IGBT
within the circuit, where the initial conditions are obtained
from a known steady-state condition. To do this, the IGBT
anode voltage is first expressed in terms of the system state
variables (Table 3) because the load circuit state equations are
expressed in terms of the IGBT anode terminal voltage.

The expressions for Vg and Ry in Table 3 are obtained
by identifying these terms in eqs 10 and 11 of ref. [2], where the
expressions for Vesa and p.ps given in Table 3 have been aug-
mented to ensure & continuous transition of the model to low-
level injection conditions. Also, the expression for Vep; is used
to include the emitter-base depletion capacitance for negative
emitter-base voltages (reverse blocking) and for small emitter-
base voltages. To ensure a continuous transition between the
diffusion and depletion capacitance voltages, the emitter-base

TABLE 3
Anode Terminal Voltage
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capacitor voltage Vs, is chosen to be equal to the minimum of °
Vesd aad V,y; for small forward biases, which effectively uses
the larger of the two capacitances. 4

To describe the interaction of the IGBT with external cir- -
cuits, the gate current and anode current must be expressed |
in terms of the external circuit state variables. For example,
consider switching the IGBT with the series resistor-inductor |
load and with a resistive gate drive (Fig. 2). The load circuit |,
state equation for this circuit is: i

i

dIL 1 :

e L—L(VAA - Ry It - Vy), (v |

1

where |
Ir=1I; @) f

is the state variable for this load circuit. As previously stated,
this external circuit state equation is expressed in terms of the |
anode terminal voltage which is given in terms of the system
state variables by the expressions in Table 3. The gate current ‘!
for the circuit of Fig. 2 is given by:

Iy = (Vas = Voo )/ Ry, @) |

where the gate pulse generator voltage is given by: i

0 for t<ion :
Vos = 4§ Vogon for ton<t<igps. 4)
0 for t _>_ t,,nv

The initial conditions of the state variables before the initiation
of the gate pulse are V;, =0, Q@ = 0, Vi = Va4, aud I, = 0.

To describe the dynamic behavior of IGBTs in different
circuits, only the circuit state equations (eqs 1 through 4) need
to be changed. In general, this is accomplished by applying
Kirchhoff's current and voltage laws, assuming that the IGBT
terminal voltages and the state variables of the external circuit
are known (e.g., inductor currents and capacitor voltages). The
first expression in Table 3 is then used to relate the anode
voltages of the IGBTs to the anode currents, assuming that R,
and V34 are known because they are evaluated directly in term
of the IGBT statc variables. This results in the expressions for
the gate and anode curreats of the IGBTs that are needed to
evaluate the IGBT state equations, and in the expressions for
the inductor voltages and capacitor currents that are needed
to evaluate the state equations of the external circuit.

L |
i
AL '
A llT
Vgon """ '——L— Vgg Hg Vgs I
[] ——! el
. ton Lo lg

Fig. 2. The circuit configuration of an IGBT with a serics
resistor-inductor load and a resistive gate drive.

IOIL INSTANT ~ IGBT Network Simulation and
Transient ANalysis Tool

To simulate the interaction of the IGBT with the exter-
nal drive, load, and feedback circuits, the state equations of
the IGBT (Tables 1 and 2) are integrated simultaneously with’
the state equations of the external circuit, where the expres:
sions for Iz and I; depend upon the external circuit config-
uration and where V4 is given in terms of the state variables’
by Tables 2 and 3. The simultaneous integration of the state
equations is made using the readily available RKF45 subrou:
tine (an automatic Runge-Kutta-Fehlberg method) [6], where
the initial conditions are obtained for a known steady-state
condition. To simplify the implementation of different circuits
and to simplify the description of circuits with muitiple IGBTs,
the IGBT model within INSTANT is implemented in two sub-
routines; the first subroutine IGBTSEQ evaluates the IGBT-
state equations (Tables 1 and 2), and the second subroutine
IGBTVeb evaluates the emitter-base capacitor voltage and the
conductivity-modulated base resistance (Table 2 and 3) [5].

Figure 3 shows the simplified flowchart for the INSTANT
program where the user-defined subroutines for a given circuit
are explained on the right. To simulate a given circuit, the user.
needs only to create the three subroutines and to link them
with the INSTANT software package. The program begins
by calling the user-defined subroutine INPUT. This subroutine
reads the IGBT parameters from a parameter input file by
calling the subroutine IGBTINP provided within the INSTANT
software package, and reads the circuit parameters for the given
circuit. Subroutine INPUT then sets the initial conditions for
the state variables and sets the output and plotting parameters .
to be used by subroutine OUTPUT. The parameters initialized

- within subroutine INPUT are passed to the other user-defined

subroutines using the labeled common blocks /IOpar/, /CIRC-
par/, and /IGBTpar/.

After returning from subroutine INPUT, INSTANT calls -
subroutine RKF45 which repetitively evaluates the user-defined
subroutine STATEQ to advance the system state variables to
the next time step within the specified precision. The user-
defined subroutine STATEQ evaluates the device and circuit
state equations for the given circuit. This subroutine first calls
the subroutine IGBTVeb supplied within the INSTANT soft-
ware package to evaluate the emitter-base capacitor voltage
and the base resistance for each IGBT in terms of the instan-
‘tancous values of the state variables of each IGBT. These val-
iues are used to evaluate the circuit expressions for the gate

Call IGBTINP

Read Circuit Parameters
Set Initial Conditions

Sel Output Parameters

Catl \IGBTVEB
Circuit Stale Equations
Call IGBTSEQ

Write Dala

Plat Data

Increment Time

1t {ime 1. ttinal) Stop

Fig. 3. Simplified flowchart of the INSTANT circuit simu-
lation program where the three user-defined subroutines are
explained on the right.
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currents, the anode currents, the capacitor currents, and the
inductor voltages, so that the state equations of the external
circuit and the state equations of the IGBT can be evaluated
as described in section II. The IGBT state equations are eval-
uated by calling IGBTSEQ which requires as its input the gate
and anode currents as well as the instantaneous values of the
IGBT state variables.

Once RKF45 has reached the next time step, subroutine
OUTPUT is called. This subroutine writes and plots the data
at that time step. The time step is then incremented within
subroutine OUTPUT and control is returned to the INSTANT
main program which continues the process of alternately call-
ing subroutines RKF45 and OUTPUT until subroutine OUT-
PUT detects that the final time step has been reached. For the
.given circuit to be simulated, the user must supply a file con-
taining subroutines INPUT, STATEQ, and OUTPUT which in
turn reference the INSTANT-supplied subroutines IGBTINP,
IGBTVeb, and IGBTSEQ to describe the IGBTs. In effect, the
three user defined subroutines completely describe the device
and circuit equations, the model parameters, and the program
control for the simulation, where the IGBT equations are im-
plemented by simply calling subroutines.

Figure 4 shows an example of subroutine STATEQ for the
circuit of Fig. 2. The inputs from RKF45 are the time and
the instantaneous values of the system state variables (Y), and
the outputs are the time-rate-of-change of the state variables
(YP) as evaluated by the system state equations. This example
has four state variables: one for the inductor current and the

State Equations, Input Routine, and Output Routine
for the Series Resistor-Inductor Load with a Reusistive
Gats Drive.

#se gubroutine to svalutate the stats equations of the device and circuit.
SUBROUTINE STATEQ (Time, Y, YP)

eee Degignate the number of state equations and dsclere the calling
azrays for the state variadbles and thair time derivatives.

PARAMETER (NXQMad)
REAL Y(HEQH) ,YP(NEQH},time

Declare labaled common block for circult parameters.

nNOD 0NBONBANODO

nna

REAL LL,RL,Vas,Rg,Vggon, ton,toff,trise
CcoMMos /CIRCpar/ LL,RL,Vaa,Rg,vggon,ten,tofs,trise

Declere names for state variables and their time derivatives.

REAL ¥cb,Qteé,IL,Vg
REAL DVch,Dgtes,DiL,DVg

Declare names for functions of state variables.

REAL Va,lg,¥gyg,It,Rb,Vebq

Define names for state variables in terms of the calling array.
veb  =¥(1)

nnno ona

vg =¥{4)
Evaluate functions of state varisbles.

call IGBTVeb (Qtes,Vch,Rb,Vebq)
Vam IL*Rb ¢ Vcb ¢ Vebq

ann

IewIL
vgg=Pulsgen{ time,ton,toff,trise, trise, vogon)
1gu{VageVa) /Ry

Evaluate the state equations.

ecall IGBTSEQ(Vg,Veb,Qtes,Ig,It,DVg,DVeh,DQtes)
DIL®1.0/LL* (~IL*RL~Va+VAA}

Define return array for tims darivativas of state variables.

aoan

YP(1)=Dvcd
YP(2)sDQreé
YP(3)=DIL
YP(4)=DVg

RETURIN
BD

Fig. 4. An example of the user-defined subroutine STATEQ for*
the circuit of Fig. 2.

three IGBT state variables. The circuit parameters that are
_designated within subroutine INPUT are obtained through the
‘labeled common block /CIRCpar/, but the IGBT parametexs
,aTe not needed in this subroutine because they are passed di-
‘rectly from subroutine IGBTINP to subroutines IGBTVeb and
IGBTSEQ through the labeled common block /IGBTpar/. In
the “Eveluate functions of state variables” segment of the sub-
routine in Fig. 4, IGBTVeb is called to evaluate Ry and Vg so
that the values of V4, I, and Iz can be evaluated in terms
of the instantaneous values of the state variables using the cir-
cuit equations. These values are used in the “Evaluate state
equations” segment to evaluate the state equations for the in-
_ductor current and to evaluate the IGBT state equations using

IGBTSEQ.

Figure 5 shows the file organization of the INSTANT soft-
" ware package. For a given circuit, the user must create the
file called, for example, Circuit.for that contains the three user-
defined subroutines: INPUT, STATEQ, and OUTPUT. The user
then executes the batch file Linkcirc.bat with the circuit name
(e.g., “Circuit” in this example) as a batch file parameter to cre-
ate an executable program called, in this example, Circuit.exe.
The Linkcirc.bat batch file compiles the user-defined circuit sub-
routines and links them with the INSTANT-supplied subrou-
tines and the graphics library. The user then runs the circuit
program and enters the names of the device and circuit pa-
' rameter input files and the output data file. Figure 6 shows
typical device and circuit input files for a 7.1-us base lifetime
IGBT, a 30-Q2, 80-uH load, and a 500-1 gate resistance. These
parameters can be changed with an ASCII text editor without
recompiling the circuit routines.

Other second-order effects that are incorporated in the
IGBT model but are not described in detail in this paper are:
mobility reduction due to high free-carrier levels, velocity satu-
ration in the base-collector depletion region, and carrier multi-
plication within the base-collector depletion region. The mobil-
ity reduction due to high free-carrier levels has a second-order
effect on the on-state emitter-base voltage [1] and is imple-
mented iteratively within the IGBTVeb subroutine [5]. Using
the parameter ccsflg in the device input parameter list, this ef-
fect can be neglected (cesflg <0) for faster computation speed,
or included for more accuracy of on-state voltage (cesflg >0).
The space charge concentration due to the velocity saturation
within the base-collector depletion region has a second-order ef-
fect on the time-rate-of-change of the base-collector voltage [1]
and is implemented iteratively within the IGBTSEQ [5]. This

Circuit.for
Subroutine  STATEQ
Subroutine _ INPUT
Subroutine OQUTPUT
1 Linkcirc.bat
,,,,,,,, Foriran %1
C:> Linkeirc Circuit Link %1 + Instant.exe, %1,
l I Graph.lib + Fortran.lib
C:> Ciscuit.exe Instant.abj
L Main INSTANT
Ener: Dvonr Subouine | FKFS
- ubroutine
Enter: Qutput.dat Subroutine  IGBTVEB
Subroutine IGBTSEQ

-Fig. 5. File organigation of the INSTANT softwarc package
indicating the use of Linkcirc.bat fo create a circuit simulation
.program from the three user-defined subroutines.
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Device.IGT

7.10-6 t_HL
0.0083 w8
2.004 N8
0.1 A
6.50-14 Isne
g ox
g.ggo-s %
s Gm
3‘1:)".7 o]
1.007 vnsat
4.0 Bvn
2.0 BVt
Circuit.inp
30.0 AL
80.0-6 (X8
300.0 Vaa
P65 ves
1.06-6 o
20.0e-6 toft
0.1e-6 trise
30.06-6 tfinal
0.00-6 tplot

Fig. 6. Example of device and circuit input files for the series
resistor-inductor load with a resistive gate drive.

effect can be implemented or neglected using the parameter
sclfig. Carrier multiplication is included explicitly by augment-
ing the state equations in Table 1. The parameters BVn and
BVf are used by the carrier multiplication model [5].

As an example, Fig. 7 demonstrates a typical graphics out-
put of INSTANT for an IGBT being switched on and off for
the circuit of Fig. 2. When the circuit program name is en-
tered, the program first requests the names of the input and
output files. After the file names are entered, the plot of Fig. 7
appears on the graphics computer screen and the curves are
drawn as they are computed at each time step of the integra-
tion. The curves of Fig. 7 are scaled in subroutine output so
that the expected range of the curves will fit on the plot, and
the gate current is offset to the vertical center because it is neg-
ative at turn-off. This simulation takes about 30 seconds on a
12-MHz, 386 micro-computer, and can be interrupted at any
point of the integration to speed the design process. When
the simulation is complete, the plot can be printed directly
on a graphics-compatible dot-matrix printer or laser printer.
The INSTANT software is written in generally portable FOR-
TRAN which should compile readily on most computers, and
the graphics routines used in INSTANT are available for vari-
ous SUN, VAX, and PC FORTRAN compilers.

Initially at ¢ = 0, the gate voltage is zero and the IGBT
is in the off-state. Because the IGBT is in the off-state, the
anode current is zero, and the anode voltage is cqual to the
anode supply voltage (300 V). At ¢ =1 us the pulse generator
is switched on, so gate current begins to flow into the gate, and
the gate voltage begins to rise. Once the gate voltage exceeds
the threshold voltage, the anode voltage falls rapidly to near
its on-statc value, and the anode current begins to risc at a
rate that is determined by the load inductance. At ¢ = 20 us
the device and circuit have nearly reached the steady steady-
state condition. At this point the gate voltage pulse generator
is switched off so current begins to flow out of the gate and the
gate voltage begins to fall. Once the gate voltage has fallen
10 the value where the MOSFET current becomes saturated,
the anode voltage begins to rise slowly, and the gate voltage
remains constant as the gate-drain overlap oxide capacitance

g

g

VA,Vg,l'r.'g
1 LB l * ¥ T T T

g

NORMALIZED GATE AND ANODE,
CURRENT AND VOLTAGE

o

16 20 24 28
TIME (ps)

Fig. 7. Example of graphics output of the INSTANT software
for the example of a series resistor-inductor load with a resistive
gate drive.

is discharged. Once the gate-drain overlap becomes depleted,

"the gate-drain capacitance is reduced by about two orders of

magnitude, and the anode voltage rises at a rate that is de-
termined by the IGBT effective output capacitance and the
anode voltage overshoots the supply voltage due to the large
load inductance. The anode current initially falls at a rate
that is determined by the load inductance, and then tails off
at a slower decay rate due to the slowly decaying excess carrier
charge in the base.

IV. Parameter Extraction Algorithms

In this section, the algorithms that have been developed to
extract the IGBT model parameters from computer-controlled
measurements are discussed. Because the characteristics of the
internal MOSFETSs and bipolar transistors are convoluted in
the steady-state terminal characteristics of merged power de-
vices such as the IGBT, and because the conductivity-modu-
lated devices exhibit non-quasi-static behavior, the dynamic
characteristics must in general be examined to characterize
the devices and to extract model parameters. This is in con-
trast to microelectronic devices where the steady-state current-
voltage terminal characteristics in conjunction with interelec-
trode capacitance-voltage characteristics are sufficient to ex-
tract most of the device model parameters. The dynamic
measurements require high precision and the ability to make
calculations on waveforms obtained from computer-controlled
measurements. The basic measurement system is shown in
Fig. 8 and consists of a computer that controls power supplies,
a waveform digitizer, a temperature controller, and a curve
tracer. Because this equipment may vary from one laboratory
to another, only the basic parameter extraction algorithms are
discussed, and hardware specific details are not discussed.

Computer
|EEE 488 BUS
Waveform Power Temperature Curve
Digitizer Supplies Controller Tracer

Fig. 8. Configuration of laboratory equipment necessary o
extract the IGBT model parameters.
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Table 4 gives a list of the IGBT model parameters indi-
cating their nominal values and the device characteristics that
are used to extract cach parameter. The physical constants
of silicon listed in Table 5 are not expected to change between
the different IGBT devices. The device active area is extracted
by visual inspection of the chip size. Four basic types of mea-
surements are used to extract the remaining model parameters:
1) The turn-off current tail decay rate versus anode cursrent is
used to extract the base lifetime 77z. 2) The relative size of the
turn-off current tail versus anode current and anode voltage is
used to extract the emitter electron saturation current I n., the
metallurgical base width Wp, and the base doping concentra-
tion Ng. 3) The saturation current versus gate voltage is used
to extract the MOSFET channel transconductance parameter

K, and the MOSFET channel threshold voltage Vr. 4) The.

gate charge and the gate-drain charge characteristics are used
to extract the gate-source capacitance, the gate-drain overlap
oxide capacitance, and the gate-drain overlap area. The four
measurements are made in this order because some of the calcu-
lations made on the measurements to extract the parameters
require the knowledge of the parameters extracted from the
preceding measurements.

TABLE 4
Parameter Exiraction Algorithms

A 0.1 em?
THL 0.3 — 8.0 us
Inn 6.0 x 10'“ A

Chip size
Tail decay rate
Teil size -vs- current

Wg 93 um Tail size -vs- V4

Ng 2x 10" em—*  Tail size -vs- Vy

Vp 50V Saturation current -vs- Vg,
K, 0.36 4/V? Saturation current -vs- V,
Cye 0.6 nF Gate charge

Cozd 1.6 nF Gate charge

Agq 0.05 cm? Gate-drain charge

TABLE 5
Physical Constants of Si at T = 25°C
n; 1.45 x 10%° em™3
fin 1500 cm?/V - 5
. 450 em?/V . 5
i 1.05 x 1072 Ffem

'time —_—

Fig. 9. Circuit configuration and example turn-off swi'tcbing

waveforms for (a) the clamped large inductive load, and (b)
the constant anode sypply voltage.

The constant anode voltage turn-off current tail decay
rate can be measured using either the clamped large indue-
tive load {1-mH) test circuit (Fig. 92) or the constant anode
supply voltage test circuit (Fig. 9b). The clamped inductive
load technique is most suitable for small base lifetimes because
it results in a larger tail size. When the gate voltage is turned
off or when the anode clamp voltage is reached for the clamped
inductive load case, the anode curreat initially falls rapidly and
then tails off slowly as the anode voltage remains constant. It
is shown theoretically in ref. [1] that the decay time constant
of the slowly decaying portion of the current waveform for ‘s
constant anode voltage is given by:

dinfy _dlr /. _ 1 Ir
Rl ¥ Al (1+I;> : )
h .
where 24D,
. Inle = ~—I—Z_THL- . (6)

Figure 10 shows the measured current decay time constant
versus instantancous tail current for devices with five differ-
ent base lifetimes. Each curve is composed of several scgmeants
measured at different initial currents because the current scales
of the measurement equipment need to be changed to maintain
adequate precision. The measured values of the current decay
time constant are obtained by taking the time derivative of the
log of the digitized current waveforms as indicated in Fig. 10.
From eq 5 it is expected that the maximum value of this decay
rate is equal to the device base lifetime so the maximum value
is used to extract the device base lifetime as indicated for the
8.1-us device in Fig. 10. The emitter electron saturation cur-
rent can also be extracted from the current dependence of the

_current decay rate using eq 6.

Figure 1la shows a typical constant anode voltage turn-
off current waveform, which consists of an initial rapid fall
followed by a slowly decaying current tail. It was shown in
ref. [1] that a finite time is required after the initial rapid fall
in current for the excess carriers to assume a distribution that
can be described by a simple model. However, if the current
tail is extrapolated back past the redistribution phase to the
time of the initial rapid fall in current using the current tail of
a larger initial current waveform, as shown in Fig. 11b, then

w0

v ml

2 gk THL=8.1ps

= LA .
z W .

o U 64 ™ Ny
b4 Mg Ve

8. o %l“m -
w = 5 l\ -
E £|8 k“-\

>0 4+ -
g

S 3k 2.45 .
Q N1 0d WW’"M
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Fig. 10. Experimental values of the current decay time con-
stant versus currcnt, calculated from digitized waveforms for
‘different device base lifetimes and different initial currents.
The value of base lifetime extracted for the 8.1-us device is
indicated. '
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A diagram of the redistribution phase on an expanded scale,
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the relative size of the extrapolated current tail for constant
anode supply voltage switching is given by:

By = :::'¢(1+%’”)_" @
where
w-((7) semyy) ©
and 3w
e = S (Gt i @

Figure 12a shows the measured values of the relative size of
the extrapolated curreat tail B¢, v for two different values of
constant anode supply voltage. The extrapolations are made
using a lazger initial current waveform which is automatically
aligned with the current tail by a computer-fitting algorithm.
Figure 12b shows the measured values of 1/Bsr,v versus the
initial tail current which is expected from eq 7 to be linear
with a slope of 1/(8;747Ix) and with a zero current intercept
of 1/87%?. The solid curves in Fig. 12 are obtained from a
least-squares linear fit to the 1/8;, v data. The slope of the
least-squares fit is used with eq 9 to extract the parameter Tines
and the zero current intercept is used to obtain the value of W
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Fig. 12. (a) Measured values of the relative size of the ex-

.trapolated current decay tail Bi,,v versus current for two dif-

ferent values of constant anode voltage. (b) Measured values

_and linear least-squares fit to 1/, v versus Ir(0%) indicating
" quantities obtained from slope and intercept.

at the given anode voltage from eq 8. Because the base width
is expected to be given in terms of anode voltage by [1]:

W = Wpg — /2¢,;Va/qNp, (10)
the values of W versus the square root of anode voltage can be

used to extract the values of Wy and Np.

Figure 13 defines the IGBT saturation current at a given
gate voltage. The IGBT anode current saturates because the

_internal MOSFET channel current saturates where the MOS-

. FET saturation current is magnified (gain enhancement) by
. the steady-state common collector current gain of the bipo-
‘lar transistor (1 + f,,). Figure 14a shows the bipolar transis-

' tor common collector current gain versus anode current pre-

dicted using the bipolar transistor parameters that were iso-
lated and extracted from the dynamic characteristics described
in the previous paragraphs. Hence, the saturation character-
istics of the internal MOSFET are obtained from IGBT sat-

. uration characteristics by dividing out the bipolar transistor

current gain:
Ir‘l::n = I7*/(1 +B..)- (11)

_In the model used for the MOSFET channel current, the square

root of the saturation current is lincarly related to the gate
voltage with o zero current intercept Vr and with a slope of

VE 2 1)
VI = K2V - V). (12)
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Fig. 13. An oscillogram of the steady-state characteristics of
the IGBT, defining the value of the IGBT saturation current
at a given gate voltage.
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Figure 14b shows the square root of the MOSFET saturation
current versus gate-source voltage obtained by dividing the
measured IGBT saturation current by the common collector
current gain for devices with different base lifetimes. The val-
ues of K, and Vi are extracted from the slope and intercept of
these curves. This method results in similar values of K, and
Vr before and after the bipolar transistor current gain of each
device is reduced by neutron exposure which is not expected
to change the values of the MOSFET parameters {7).

Figure 15 shows typical IGBT turn-on gate and anode
voltage waveforms for a nearly constant gate current and for a
load that results in a low anode current [4]. These waveforms
are used to examine the gate and gate-drain charge character-
istics. For the low anode current, Q =~ 0 and the gate charge
characteristics are similar to those of the structurally equiva-
lent power MOSFET. The gate voltage waveform consists of

three phases as indicated in Fig. 15. During the first phase,’

V. rises with a constant slope as the constant gate current

charges the constant gate-source capacitance. Therefore, the
gate-source capacitance is extracted from this phase as indi- -

cated in Fig. 16a by dividing the digitized gate current wave-
form by the time rate of change of gate voltage computed from
the digitized gate voltage waveform. During the second phase,
V; temains virtually constant, and Vy falls as the gate cur-
rent charges the voltage-dependent gate-drain feedback capaci-
tance. Therefore, the voltage dependence of the gate-drain de-
pletion capacitance is ascertained by dividing the digitized gate
current waveform by the time-rate-of-change of gate-to-anode
voltage computed from the digitized gate and anode voltage
waveforms, as shown on Fig. 16b. For the VDMOSFET struc-
ture, the gate-drain depletion capacitance is expected to be
given in terms of gate-to-anode voltage by [4]:

Agdeai
Caa; = g . 13
997 2€¢,i(Va — 0.6 — V. + Vza)/qNB (13)

Therefore, the measured values of Cpq4j for high anode voltages
are used to extract Agq, and 1/C3,. versus V4 — Vy, can be
used to extract V4. During the third phase of the gate voltage
waveform, V4 remains relatively constant, and the gate-source
voltage rises as the gate current charges the sum of the gate-
drain overlap oxide capacitance and the gate-source capaci-
tance. Therefore, the value of Cy,4 is extracted by subtracting

the value of the input capacitance during the first phase from '

that during the third phase.
V. Model Verification

In this section, it is shown that the IGBT model presented

in section II and implemented into INSTANT gives accurate re-
sults when the parameters are extracted as described in section
IV. Results are shown for IGBTs with the parameters listed in
Tables 4 and 5 and for devices with different base lifetimes (an
exception to Table 4 is that the base width of the 0.3-us de-
vice is 110 um). The values of Wp and Np obtained using the
extraction algorithms are consistent with the values previously
obtained from spreading resistance measurements [1].

Comparisons of the IGBT model presented in section II
with experiments have been made for different device base life-
times, different external circuit configurations, and different
circuit component values. For example, it is shown in ref. 1]
that the model describes the on-state characteristics shown in
Fig. 17 and the saturation characteristics defined in Fig. 13 for

different IGBT base lifetimes. It is shown in ref. [2] that the

model describes accurately the turn-off anode current and an-’
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Fig. 17. Predicted and measured on-state characteristics for
IGBTs with different base lifetimes.

ode voltage waveforms for series resistor-inductor loads both .

“with and without snubber capacitors. The comparisons are

made for different values of device base lifetime, load induc-
tance, and snubber capacitance. In ref. [4] it was shown that
the model describes accurately the turn-on and turn-off, gate
and anode, current and voltage waveforms for the circuit of
Fig. 2 with different values of gate resistance. For example,
the turn-off waveforms for the circuit of Fig. 2 are shown in
Fig. 18 for different device base lifetimes and different gate re-

- sistance. It was also shown in ref. [4] that the model describes

accurately the switching waveforms including the feedback cir-
cuit of a polarized active turn-off snubber.

VI. Conclusions

A compact IGBT model suitable for incorporation in cir-
cuit simulators has been presented. A circuit simulation pro-
gram called INSTANT has been developed to implement the
IGBT model for any external drive load and feedback circuit
co ation. The INSTANT modeling tool solves the systems
of differential equations (state equations) that describe each of
the components of the circuit, where the equations for the in-
dividual components are coupled by the circuit configuration.

Because the characteristics of the internal MOSFETs and
bipolar transistors are convoluted in the steady-state terminal
characteristics of merged power devices such as the IGBT, and
because the conductivity-modulated devices exhibit non-quasi-
static behavior, the dynamic characteristics must in general
be examined to characterize the devices and to extract model

‘parameters. The dynamic measurements require high precision

and the ability to make calculations using waveform values.

The. IGBT model accurately describes the steady-state
and dynamic behavior of the IGBT if the device model parame-
ters are extracted from the computer-controlled measurements
described in this paper.
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NOMENCLATURE

4 Device active area (cm?).
A4y = A — Agg Body region area (cm?).

Aga Gate-drain overlap area (cm?).

b= pafpp Ambipolar mobility ratio.

Chej. Base-collector depletion capacitance (F).
Cu,;j Drain-source depletion capacitance (F).
Cebj Emitter-base depletion capacitance (F).
Cesd Emitter-base diffusion capacitance (F').
Cesq Emitter-base capacitance (F).
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Gate-drain capacitance (F).

Gate-drain overlap depletion capacitance (F).
Gate-source capacitance (F).

Gate-drain overlap oxide capacitance (F).
Ambipolar diffusivity (cm?/s).

Electron, hole diffusivity (cm?/s).

Gate current (4).

Tail size knee current (A).

Tail decay rate knce current (4).

Load inductor current (4).

MOSFET channel current (4).

MOSFET chaanel saturation current (4).
Emitter electron saturation current (4).

IGBT anode current (4).

IGBT anode saturation current (A4).

MOSFET transconductance parameter (4/V?).
Ambipolar diffusion length (cm).

Series load inductance (H).

Intrinsic carrier concentration (ern™3).

Base doping concentration (cm™—?).

Effective base carrier concentration (em~3).
Excess carriers at emitier edge of base (cm™3).
Electronic charge (1.6 x 1071°C).
Instantaneous excess carrier base charge (C).
Background mobile carricr base charge (C).
Built-in emitter-base depletion charge (C).
Conductivity modulaied base resistance (2).
Gate drive resistance (2).

Series load resistance (f2).

Device anode voltage (V).

Anode supply voltage (V).

Applied base-collector voltage (V).

Applied drain-source voltage (V).
Emitter-base capacitor voltage (V).
Emitter-base diffusion potential (V).
Emitter-base depletion potential (V).

Gate pulse generator voltage (V).
Gate pulse voltage amplitude (V).
Gate-source voltage (V).
MOSFET channel threshold voltage (V).
Gate-drain overlap depletion threshold (V).
Quasi-neutral base width (cm).
Metallurgical base width (cm).
Base-collector depletion width (em).
Drain-source depletion width (cm).
Gate-drain overlap depletion width (em).
Steady-state common emitter current gain.
Constant anode supply voltage tail size.
Dielectric constant of silicon (F/em).
Effective ambipolar mobility (em?/V - 5).
Electron, hole mobility (em?/V - s).

Base high-level lifetime (s).



