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An Investigation of the Drive Circuit Requirements
for the Power Insulated Gate Bipolar Transistor
(IGBT)*

Allen R. Hefner, Jr., Member, IEEE

Abstract—The drive circuit requirements of the IGBT are explained
with the aid of an analytical model. It is shown that non-quasi-static
effects limit the influence of the drive circuit on the time rate-of-change
of anode voltage. Model results are compared with measured turn-on
and turn-off waveforms for different drive, load, and feedback circuits
and for different IGBT base lifetimes.

I. INTRODUCTION

SCHEMATIC of the structure of two of the many thousand

cells of an n-channel IGBT (insulated gate bipolar transis-
tor) is shown in Fig. 1. The IGBT functions as a bipolar tran-
sistor that is supplied base current by a MOSFET (Fig. 2), where
the regions of each of these components are labeled on the right
half of Fig. 1. The bipolar transistor of the IGBT consists of a
low-doped wide base with the base virtual contact at the collec-
tor end of the base. This bipolar transistor has a low gain and
is in the high-level injection condition for the practical current
density range of the device. Consequently, the IGBT bipolar
transistor cannot be described in traditional ways [1], [2]. The
MOSFET portion of the IGBT behaves similarly to the structur-
ally equivalent power vDMOSFET (Vertical doubled Diffused
MOSFET), with the exception that the resistance of the lightly
doped epitaxial layer is accounted for as the conductivity-mod-
ulated base resistance of the bipolar transistor.

It was shown in [3] that a newly developed non-quasi-static
analytical model for the IGBT can be used to describe the output
current and voltage turn-off switching wavéform for general
loading conditions. In this paper, the input and internal feed-
back capacitances similar to those for the structurally equivalent
power MOSFET [4]-[7] are incorporated into the previously de-
veloped analytical IGBT bipolar transistor model of [1]-[3]. It
is shown that this extended model can be used to describe the
turn-on and turn-off, gate and anode, current and voltage wave-
forms for general external drive, load, and feedback circuits.
The extended model is used to explain the influence of the drive
circuit on the switching behavior and to examine different cir-
cuit configurations for active snubbing of the IGBT.

The effective output capacitance of the IGBT is much larger
than the output capacitance of the structurally equivalent power
MOSFET and this effective output capacitance varies with base
lifetime [2]. This occurs because the excess carriers in the base
are swept into a neutral base width that changes faster than the
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Fig. 1. Diagram of two diffused cells of n-channel IGBT.
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Fig. 2. Basic equivalent circuit model of IGBT.

base transit speed during typical anode voltage transitions. It is
shown in this paper that the additional component of output ca-
pacitance is coupled to the cathode and that the gate-drain feed-
back capacitance is unchanged from the value of a structurally
equivalent power MOSFET. Because the IGBT output capaci-
tance is much larger than the feedback capacitance and depends
upon the instantaneous base charge, the relationship between
the gate drive resistance and the time rate-of-change of anode
voltage is significantly different for IGBT’s than it is for the
structurally equivalent power MOSFET.

II. IGBT DyNAMIC MODEL

In this section, an analytical model is presented that describes
the dynamic behavior of the IGBT including the input charac-
teristics and drive circuit dependence as well as the load circuit
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TABLE 1
FuNcTIONS OF IGBT STATE VARIABLES

Vie = Vi
Wei = V26V = Vi + Vi) /aNs
Wd\/ = V2e:(Vy + O~6)/¢INB
Wi = N2€u(V + 0.6)/gNg
W =Wy~ W,
Qp = gAWN,
Cpy = Aei /W,
C:I\j =(A4 - Ag(l)é,u/u/d.w

Cm' = Alwle.v/ Wgulj

forVy < V,, — Vg

'y

Cowa
C.vz/ =
CowtCoii/ (Coxa + Coy) for Vy, > Voo — Vi

1 =

mos

Vi
KV = VoV = K, forVy < Vo = Vs

P &
K,(V,, — V1)'/2 for Vy, > Vo =V

dependence. The IGBT model consists of three state equations
that describe the evolution of the state of the base-collector volt-
age V,,, the base charge Q, and the gate-source voltage V,,.
These state equations are expressed in terms of functions of the
instantaneous values of the state variables, where the functions
of the IGBT state variables are listed in Table I and the func-
tions of the external circuit state variables, /; and /,, depend
upon the external circuit configuration as described below.

MOSFET Input Characteristics

Fig. 3 shows the configuration of the MOSFET and bipolar
equivalent circuit components superimposed on a schematic of
one-half of the symmetric diffused IGBT cell. The MOSFET por-
tion of the IGBT studied in this work behaves similarly to the
power VDMOSFET, described in several recent publications [4]-
[7], with the exception that the resistance of the lightly doped
epitaxial layer is accounted for as the conductivity-modulated
base resistance of the bipolar transistor, R,. In addition, the
drain-source and gate-drain depletion capacitances coincide with
the base-collector depletion capacitance of the bipolar transistor
and hence are only included in the MOSFET.

The expressions describing the equivalent circuit MOSFET of
the IGBT’s studied in this work are listed among the functions
of the IGBT state variables in Table I. To describe IGBT’s made
with power MOSFET structures other than the VDMOSFET struc-
ture, the expressions in Table I can be replaced with the expres-
sions for the appropriate structurally equivalent power MOSFET.
The current through the MOSFET channel 1, is well described
by the expression in Table I for the 3-um channel length IGBT’s
studied in this work [1]. Velocity saturation in the MOSFET
channel [5], [7] is neglected in this paper for simplicity, but can
be included for short channel lengths or high currents.

The dominant components of the VDMOSFET gate-source ca-
pacitance C,, are due to the gate oxide capacitance of the source
overlap C,,, and due to the source metallization capacitance C,,
indicated on Fig. 3. The dominant component of the MOSFET
gate-drain capacitance C,, is the gate oxide capacitance of the
drain overlap C,,, for V,; < V., — V7, or the series combination
of the gate-drain overlap oxide capacitance and the gate-drain
overlap depletion capacitance C,,; for ¥V, > V,. — Vg, The
gate-to-channel and gate-to-body capacitances are neglected in
this paper for simplicity [7].
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Fig. 3. Configuration of MOSFET and bipolar equivalent circuit compo-
nents superimposed on schematic of one-half of symmetric IGBT cell.

The gate-drain overlap depletion capacitance C,, and the
drain-source depletion capacitance C,,; are voltage dependent
due to the voltage dependencies of the respective depletion
widths. The drain-source depletion width W, is proportional
to the square-root of the drain-source voltage plus the built-in
potential of the junction ~0.6 V, and the gate-drain depletion
width W, is proportional to the square-root of the gate-drain
voltage where the threshold voltage for the depletion of the ep-
itaxial layer Vy, is approximately zero due to the low doping
concentration of the epitaxial layer. The gate-drain capacitance
is also proportional to the area of the gate-drain overlap 4,,,
and the drain-source capacitance is proportional to the area of
the body region A,, (Fig. 3), where the sum of 4,, and 4, is
the active area of the chip 4.

Bipolar Output Characteristics

The transient behavior of the lightly doped wide base bipolar
transistor of the IGBT (and other conductivity-modulated de-
vices) was analyzed in [2]. The transient carrier distribution and
currents in the base are obtained by solving the ambipolar trans-
port equations for the boundary conditions of the bipolar tran-
sistor. Fig. 4 shows the coordinate system used to develop the
IGBT bipolar transistor model. Because the base-collector volt-
age changes with time during transient conditions, the base-col-
lector depletion width changes with time, and the excess carrier
charge stored in the base is swept into a neutral base width W
that changes with time. It was shown in [1] that the base width
changes faster than the base transit speed for excess carriers
during typical IGBT transient operation; hence the ambipolar
diffusion equation must be solved for the moving boundary con-
dition to obtain the non-quasi-static transient carrier distribution
and collector current.

As mentioned above, the base-collector depletion region co-
incides with the drain-source and gate-drain depletion regions.
For the large values of base-collector voltage where the anode
voltage changes rapidly during typical IGBT transient opera-
tion, the expressions for the depletion widths of the gate-drain
overlap and the drain-source junction are approximately equal
to each  other, and equal to the expression for the effective
base-collector junction depletion width W, given in Table I.
Using this expression for W, ;, the time rate-of-change of base
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Fig. 4. Coordinate system used to develop IGBT bipolar transistor model.
Emitter, base, and collector regions correspond to those indicated on right
half of Fig. 1.

width W is given in terms of the time rate-of-change of base-
collector voltage by

aw =Gy dv,
dr  gNgA  dr’

(D)

where C,; = Ae,; /W, is approximately equal to the sum of
C.q; and C,; for high base-collector voltages. It should be em-
phasized that Cp; in (1) is used to describe the time rate-of-
change of base width, but it not used to describe the displace-
ment current through the base-collector junction depletion ca-
pacitance that is already accounted for by the sum of the drain-
source and gate-drain capacitances.

The hole current at the collector edge of the neutral base (col-
lector current of Fig. 2) for the moving boundary condition is
given in [2] by

1 b \4D, Gy Q av,

(W) ={—— — ) =L . x Ik
H(W) <1+b>lr+<1+b>W2Q+3 Qs dt’
(2)

where b = p,/p,. The first term on the right-hand side of (2)
results from the coupling between the transports of electrons
and holes for ambipolar transport, the second term is the well-
known high-level injection charge control term, and the third
term is a non-quasi-static term that is necessary to bring about
the redistribution of carriers for the moving boundary condi-
tion. Because the third term is proportional to the time rate-of-
change of base-collector voltage, it can be construed as a ca-
pacitive term where the capacitance is proportional to the in-

stantaneous charge in the base @ [1]1-[3]. This is indicated by

the charge-dependent collector-emitter redistribution capaci-
tance C,,, in Fig. 3.

IGBT State Equations

The expression for bipolar transistor collector current (2) was
previously used to describe the IGBT turn-off transient for a
rapid gate voltage transition where the MOSFET channel current
is eliminated rapidly and the base current during turn-off is equal
to the displacement current through the base-collector junction
depletion capacitance. To include the drive circuit dependence,
though, the electron current at the collector edge of the neutral
base (base current of Fig. 2) is first expressed as the sum of the

MOSFET channel current and the displacement currents through
the drain-source and gate-drain capacitances:

dv,, dVy
In(W) = Imns + (Cdv] + ng) —dld— - ng— (3)
where I, is given in terms of the state variables of the IGBT
(e.g., see Table I). Next, the gate current /, is equated to the
sum of the gate-source and gate-drain displacement currents,
resulting in an expression for the time rate-of-change of the gate-

source voltage:

dv,, I Co

8

N dV,
di Cy + Cy

Coe + Cpy  dt

(4)

where V,, = V,. has been used (see Fig. 3) and where the gate
current is given in terms of the state variables of the external
drive circuit as described below.

The state equation for the base-collector voltage is obtained
by equating the total anode current /- to the sum of the electron
and hole components at x = W ((2) and (3)), by substituting (4)
for dV,,/dt, and by then solving for the time rate-of-change of
base-collector voltage:

P S O A I, }
T W2 b Cgs n ij 2 mos
e 1 CoCu  Cog
1+ = [Cd:j+—g‘"—d+ »/,_Q_]
b Cps + Cou 3 Os

dv,,

(5)

. where V,;, = V. has been used. In the model, the factor of (1

+ 1/b) is replaced by the expression (1 + Q/b{Q + 03})
so that this factor reduces to unity for low-level injection and
to (1 + 1/b) for high-level injection. Thus, (4) and (5) reduce
to those for the structurally equivalent power MOSFET for Q =
0. The remaining IGBT state equation is obtained from the con-
servation of excess majority carrier base charge:

do dv,. avVy
—dT = 1!7!(1.? + (Cdsj + Cgtl) dt = Lpd dr
Q0 0 4N
—¥—42'_2—I.me’ (6)
THL B N

where Q is supplied by the electron current at x = W (3), and
is depleted by recombination in the base (fourth term on the
right-hand side of (6)) and by the injection of electrons into the
emitter [1] (fifth term on the right-hand side of (6)).

To examine the behavior of the IGBT state equations, first
consider the turn-off transient with a stiff gate drive circuit, so
that V,, is switched rapidly to its constant off-state value and
(5) reduces to the state equation previously presented for this
condition [1]-[3], by eliminating /, between (4) and (5) and by
then solving for d V, /dt where C,; = C,, + C,; is assumed.
For this turn-off condition, the difference between the total cur-
rent and the charge control component of collector current (first
two terms in the numerator of (5)) is supplied by the current of
the effective output capacitance C,,, (denominator of (5)). As
shown in [1]-[3], the moving boundary redistribution capaci-
tance (last term in the brackets in the denominator of (5)) dom-
inates the output capacitance and hence the voltage rate-of-rise
at turn-off for the high-level injection condition that exists for
typical IGBT transient operation. This occurs because the ratio
of the excess carrier charge to the background mobile carrier
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charge in the base Q/Qg is much larger than unity for high-
level injection.

Next, consider switching the IGBT with a small gate current
so that the time rate-of-change of base-collector voltage is de-
termined by the charging of the gate-drain feedback capacitance
as described by (4). This occurs when the second term on the
right-hand side of (4) cancels with the first term so that the time
rate-of-change of gate-source voltage is reduced as the gate cur-
rent charges the gate-drain feedback capacitance. The second
term on the right-hand side of (4) can cancel with the first term
during turn-off only if 1,/C,, < I;/C,,. For low-level injec-
tion or for the power VvDMOSFET, C,; is on the same order of
magnitude as C,,, so the time rate-of-change of base-collector
voltage is determined by the gate current if /, < I. However,
for high-level injection, the effective IGBT output capacitance
is much larger than the gate-drain feedback capacitance, due to
the moving boundary redistribution capacitance and a much
smaller gate current is required to have an influence on the time
rate-of-change base-collector voltage.

Conductivity-Modulated Base Resistance

The IGBT anode voltage is given by the sum of the bipolar
transistor base-collector voltage and the emitter-base voltage
(see Fig. 2):

VA = Ve + me (7)

where the small series resistance due to the source wire bond
and spreading resistance at its contact is neglected in this paper
[1]. The emitter-base voltage was analyzed for the steady-state
condition in [1]. Because V,, is a small component of V, during
transient conditions, but is a significant component during the
on-state, a quasi-static approach is used to include the steady-
state emitter-base voltage expressions into the dynamic model.
This gives a quantitative description for the steady-state and
transient conditions and gives a qualitative description of the
dynamic saturation effect discussed below [8].

The emitter-base voltage consists of three components as in-
dicated in Fig. 3: the potential drop across the conductivity-
modulated base resistance, the diffusion capacitance potential,
and the depletion capacitance potential which is important for
reverse blocking. For forward conduction, the steady-state
emitter-base voltage was previously shown to be given by [1]:

Veo = Vera(Voer Q) + I+ Ry(Vi, Q), (8)

where the conductivity-modulated base resistance R, and the
potential drop across the emitter-base diffusion capacitance V.,
are obtained in terms of the instantaneous values of V,. and Q
from (10) and (11) of [3]. These expressions are formulated
differently than those in [3] so that they describe the non-con-
ductivity-modulated base resistance for low-level injection Q
< Qpg, but for high-level injection they reduce to those in ref-
erence [3]. )

In the dynamic model, the expression for V,, (8) depends
upon the instantaneous values of both @ and /; independently
of one another. This becomes important for rapid turn-on con-
ditions where the MOSFET portion of the device is switched on
rapidly and the total load current [ flows through the base be-
fore sufficient excess carrier charge Q is present to modulate the
conductivity of the base. The emitter-base voltage at turn-on
may be as large as the on-state voltage of the structurally equiv-
alent power MOSFET, because Q is zero at the initiation of the
turn-on and R, is equal to the non-conductivity-modulated epi-

taxial layer resistance for Q << Qp. However, Q rapidly ap-
proaches a value that is sufficient to modulate the resistance
because the steady-state charge is typically several orders of
magnitude larger than the background concentration.

The emitter-base junction depletion capacitance C,,; indi-
cated on Fig. 3 is important when the emitter-base junction is
reverse biased or has a small forward bias, but for larger for-
ward biases the emitter-base diffusion capacitance C,,, is dom-
inant. In the model, C,,; is accounted for using the same state
variable Q that accounts for C,,,. For negative values of Q, the
emitter-base junction is reverse biased (reverse blocking) and
the state variable Q describes the space charge of the emitter-
base depletion region. For this case, V,,, is given by the sum of
the potential across the non-conductivity-modulated epitaxial
layer resistance and the potential across the emitter-base junc-
tion depletion capacitance. In the model, a continuous transi-
tion between C,,; ad C,,, is imposed by using the larger of the
two capacitances for small forward biases.

Interaction With External Circuits

To describe the interaction of the IGBT with the external
drive, load, and feedback circuits, the state equations of the
IGBT ((4)-(6) using Table I) are integrated simultaneously with
the state equations of the external circuit where the expressions
for I and I, depend upon the external circuit configuration and
where V, is given in terms of the state variables by (7) and (8).
The simultaneous integration of the state equations is performed
using the readily available RKF45 subroutine [9] in a FOR-
TRAN program where the initial conditions are used for a
known steady-state condition. The RKF45 subroutine uses an
automatic Runge-Kutta-Fehlberg method to iteratively evalu-
ate a user-defined subroutine that contains the state equations
of the IGBT and the state equations of the external circuit. The
FORTRAN program is called INSTANT (IGBT Network Sim-
ulation and Transient Analysis Tool) and simulates the dynamic
behavior of multiple IGBT’s in any external drive, load, and
feedback circuit configuration [10], [11].

As an example, consider the dynamic behavior of the IGBT
for the series resistor-inductor load circuit and the resistive drive
circuit shown in Fig. 5. The load circuit state equation for the

circuit of Fig. 5 is
dl 1
TIL:L_L(VAA — R — V), 9)

where I = I, for this load. The gate current for the circuit of
Fig. 5 is given by

I = (Vg = V) /Ry, (10a)
where the gate pulse generator voltage is given by
0 fort < t,,
Ve = Veon Tt < 1 < tog. (10b)

0 fort = ty

The pulse generator rise and fall times are also included in the
simulations below but are not indicated in (10b) for simplicity.
The initial conditions of the state variables before the initiation
of the gate pulse are V,, =0, Q0 =0, V,. =V, ,and I, =0
To simulate the dynamic operation of the IGBT in different cir-
cuits, only the circuit state equations need to be changed. The
IGBT model itself is contained within two subroutines to sim-
plify the implementation of different circuits [10], [11]; the first
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Fig. 5. Circuit configuration of IGBT with series resistor-inductor load and
resistive gate drive.

subroutine evaluates the emitter-base junction voltage and the
conductivity-modulated base resistance (8), and the second
subroutine evaluates the IGBT state equations ((4)-(6) and
Table I).

Other second-order effects that are incorporated into the IGBT
model but are not described in detail -in this paper are: mobility
reduction due to high free carrier levels, velocity saturation in
the base-collector depletion region, and carrier multiplication
within the base-collector depletion region. The mobility reduc-
tion due to high free carrier levels has a second-order effect
upon the on-state emitter-base voltage and is implemented it-
eratively within the emitter-base voltage subroutine [1]. The
space charge concentration due to the velocity saturation within
the base-collector depletion region has a second-order effect on
the time rate-of-change of the base-collector voltage and is im-
plemented iteratively within the IGBT state equation subrou-
tine. Carrier multiplication within the base-collector depletion
region results in additional components of collector and base
currents that increase exponentially with anode voltage near the
open-base, collector-emitter breakdown voltage. The carrier
multiplication is included in the derivation of the IGBT state
equations by including additional components of base current
in (3) that are proportional to the electron and hole currents
entering the depletion region, I,(W) and I,,,,, and that are pro-
portional to the multiplication factor (M — 1) [12].

III. COMPARISON OF THEORY AND EXPERIMENT

In this section, the predictions of the theoretical model de-
scribed in the last section are compared with experimental re-
sults for IGBT’s with the parameters listed in Tables II and III
and for devices with different base lifetimes (an exception to
Table II is that the base width of the 0.3-us device is 110 um).
The simulations and measurements are made for load circuit
parameters similar to those used in reference [3], but for gate
drive resistances that range from 10 Q through 10 kQ. It is shown
in this section that the gate drive resistance does not influence
the anode voltage rate-of-rise at turn-off for gate resistances
smaller than 1 kQ for the 7.1-us device, 500 Q for the 2.5-us
device, and 25 Q for the 0.3-us device, whereas the voltage
rate-of-rise at turn-off is influenced by resistances as low as
2 (1 for the structurally equivalent power MOSFET. However, the
turn-on speed is as rapid as that of the structurally equivalent
power MOSFET for all of the different base lifetime IGBT’s and
is limited by the dynamic saturation effect. Thus, the gate drive

TABLE II
DEVICE PARAMETERS
Ng 2 x 10 em™?
A 0.1 cm?
Wy 93 um
Lone 6.0 X 10714 A
K, 036 A/V?
vy 5.0V
Agu 0.05 cm?
Cpra 1.6 nF’
o 0.6 nF
Vg ~0V
TABLE III
PHYsICAL CONSTANTS AT ST AT T =
25°C
n; 1.45 X 10 cm ™3
Pon - 1500 cm*/V —s
p 450 cm’/V — s
€ 1.05 X 1072 F/cm

requirements of the IGBT are inherently asymmetrical and the
degree of asymmetry depends upon the device base lifetime.
This is consistent with the data summary in Table I of [13].

Extraction Of MOSFET Dynamic Parameters

The first six parameters listed in Table II were extracted as
described in [1] and [11]. The remaining four model parameters
describe the IGBT dynamic input and internal feedback char-
acteristics and are extracted from turn-on gate and anode volt-
age waveforms for a nearly constant gate current and for a load
that results in a low anode current, R, = 1 kQ through 10 kQ.
For the low anode current, O = 0 and the gate charging char-
acteristics are similar to those of the structurally equivalent
power MOSFET {4]-[7], with the exception of the addition of the
emitter-base junction capacitance. The nearly constant gate cur-
rent pulse /, ~ 20 mA is obtained by using a large gate voltage
pulse amplitude ¥, ., = 100 V and a large gate resistance R, =
5 kQ2, where a short gate current pulse width <2 us is used to
prevent the gate voltage from exceeding its rated maximum
value.

The measured IGBT gate charging characteristics for V,, =
20 V are shown in Fig. 6(a) and those for V,, = 300 V are
shown in Fig. 6(b). The gate voltage waveforms consist of three
phases as indicated on Fig. 6(a). During the first phase, V, rises
with a constant slope as the constant gate current charges the
constant gate-source capacitance and the small high voltage
gate-drain depletion capacitance. During the second phase, V,,
remains virtually constant and V, falls as the gate current
charges the voltage-dependent gate-drain feedback capacitance.
The gate voltage remains virtually constant because only a small
increase of V,, above V7 is necessary for the MOSFET channel to
supply the small load current and the small output capacitance
displacement current. Fig. 6(a) emphasizes the range of V, for
which C,, is equal to the gate-drain overlap oxide capacitance
Vi < Vg — Vg, and Fig. 6(b) emphasizes the range for which
C,, is inversely proportional to the square-root of the gate-drain
voltage. During the third phase of the gate voltage waveform,
V, remains relatively constant at its on-state value and V; rises
with a constant slope (different slope than that during the first
phase) as the gate current charges the sum of the gate-drain
overlap oxide capacitance and the gate-source capacitance.
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Fig. 6. Measured gate charging characteristics for low anode current and
relatively constant ~20 mA gate current pulse where (a) is for V,, = 20
V and (b) is for V,, = 300 V. .

Fig. 7 shows the measured input capacitance versus gate-
source voltage for V,, = 300 V. These characteristics are ob-
tained from-the first and third phases of the measured turn-on
waveforms by dividing the digitized gate current waveform by
the time rate-of-change of gate voltage. The time rate-of-change
of gate voltage is obtained numerically from the digitized gate
voltage waveform. Because the gate-drain capacitance at V, =
300 V is much smaller than the gate-source capacitance, the
input capacitance during the first phase is used to extract the
value of C,, in Table H. Because the gate-drain voltage is larger
than V;, during the third phase, the input capacitance during the
third phase is equal to the sum of the gate-source capacitance
and gate-drain overlap oxide capacitance. Thus, the value of
C,.q in Table II is extracted by subtracting the value of the input
capacitance during the first phase from that during the third
phase.

Fig. 8 shows the measured gate-drain feedback capacitance
versus anode-gate voltage obtained from three different values
of V4. These characteristics are obtained from the second phase
of the measured turn-on waveforms by dividing the digitized
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V.4 = 300 V obtained from digitized gate current and gate voltage wave-
forms similar to those in Fig. 6.
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Fig. 8. Measured gate-drain feedback capacitance versus anode-gate volt-
age obtained from digitized gate current, gate voltage, and anode voltage
waveforms similar to those in Fig. 6 for anode supply voltages of 30 V,
100 V, and 300 V.

gate current waveform by the time rate-of-change of anode volt-
age. The time rate-of-change of anode voltage is obtained nu-
merically from the digitized anode voltage waveform, and the
anode-gate voltage is obtained by subtracting the gate voltage
waveform from the anode voltage waveform. For V,, >> V,,
— Vg4 the gate-drain capacitance is inversely proportional to
the square-root of the gate-drain voltage because Cpy; << C,py
(Table I). This is evidenced by the slope of negative one-half
on the. log-log plot of Fig. 8 (dashed line). The deviation from
this slope at low anode voltages is primarily due to the emitter-
base voltage offset (7) and hence the offset due to Vy, is ap-
proximately zero. The value of A4,, in Table Il is extracted form
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Fig. 9. Comparison of measured and simulated, gate and anode, current and voltage turn-off waveforms for the circuit of Fig.
5 with different values of gate resistance, where (a) is for 7.1-us device, (b) is for 2.5-us device, and (c) is for 0.3-us device.

the expression for C,,; in Table I by fitting the line with slope
of negative one-half (dashed line in Fig. 8) to the high voltage
gate-drain capacitance data. For V,, < Ves V54, the gate-
drain capacitance is constant as is evident from Fig. 6(a) and
C,.4 can also be extracted from the second phase of the turn-on
waveforms.

Turn-Off Transient

Fig. 9(a)-(c) show the measured and simulated, gate and an-
ode, current and voltage turn-off waveforms for the circuit of
Fig. 5 with different values of gate resistance, where Fig. 9(a)-
(c) are each for a diferent device base lifetime and load induc-
tance. The load inductances are chosen for each device so that
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the anode voltage overshoot will not exceed the device voltage
rating of 500 V [3]. The simulations are performed as described
in Section II using the parameters in Tables II and III. The gate
voltage pulse amplitude of V,,, = 20 V is chosen so that the
plateau in gate current occurs at approximately the same mag-
nitude for turn-on as for turn-off. The 15-ns fall time of the gate
pulse generator is also included in the simulations. The gate
voltage pulse widths for the simulations and measurements are
chosen so that a steady-state condition is reached before the
devices are switched off. The load resistance of 30 Q results in
a steady-state current of 10 A for the anode supply voltage of
300 V.

The turn-off sequence of Fig. 9(a)-(c) begins when V,, is
switched rapidly to zero. Initially, V,, begins to fall as the gate
capacitance is discharged through the gate resistance, and V
rises a few volts so that the current through the MOsFET channel
(linear region of /,,,, in Table I) remains relatively constant.
Once V,, has fallen and V,, has risen to the point where the
MOSFET enters the current saturation region V,, = V,; — V7, the
gate voltage remains constant at V,; = Vi + V21, /Kp and the
gate current charges the large gate-drain overlap oxide capaci-
tance as V), rises slightly faster. This plateau in V,, continues
until V, rises to the point where the gate-drain overlap capac-
itance becomes depleted, V,, = V,, — Vr,. Beyond this point,
the gate-drain feedback capacitance is reduced by about two
orders of magnitude and the anode voltage rate-of-rise increases
sharply. Because V, rises only slightly during the first two
phases (from the on-state voltage to about 10 V), they are per-

ceived as a delay in the turn-off where the delay time is nearly

proportional to the gate resistance.

After the turn-off delay, the anode voltage rate-of-rise is de-
termined by the effective output capacitance C,,, (denominator
of (5)) if I,/ Cpy; >> Ir/ Coy; otherwise, the anode voltage rate-
of-rise is limited by the gate current that charges the high-volt-
age gate-drain feedback capacitance Cy; as described in the dis-
cussion of (4) and (5). For a power MOSFET with a structure
similar to that of the IGBT in Fig. 1, C,, is on the same order
of magnitude as C,,; because 4,, = A, and the gate current
limits the anode voltage rate-of-rise for I, < I, i.e., for R, >
2 ). However, as mentioned above, the effective output capac-
itance of the IGBT is several orders of magnitude larger than
that of the structurally equivalent power MOSFET and depends
upon the device base lifetime. Thus, the rate-of-rise of anode
voltage and the anode voltage overshoot are not affected by gate
resistances below 1 kQ for the 7.1-us IGBT of Fig. 9(a), below
500 Q for the 2.5-us IGBT of Fig. 9(b), or below 25 Q for the
0.3-us IGBT of Fig. 9(c). For gate resistances larger than these
values, though, the anode voltage rate-of-rise and the voltage
overshoot are reduced (active snubbing).

Turn-On Transient

Fig. 10 shows the measured and simulated, gate and anode,
current and voltage turn-on waveforms for the circuit of Fig. §
with different values of gate resistance. The disagreement be-
tween the simulated and measured gate current and gate voltage
waveforms is due to the source lead inductance which is not
included in the simulations for simplicity. The small value of
load inductances is chosen for this example to show that both
the anode current and anode voltage can change rapidly at turn-
on. Because the turn-on waveforms are relatively independent
of device base lifetime, they are only shown for the 2.5-us de-
vice. The simulations are performed as described in Section II
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Fig. 10. Comparison of measured and simulated, gate and anode, current

and voltage turn-on waveforms for circuit of Fig. 5 with different values

of gate resistance.

using the parameters in Tables II and III. The gate voltage pulse
amplitude of V,,, = 20 V is the same as for the turn-off results
and the rise time of the gate pulse generator is also 15 ns.

The turn-on sequence of Fig. 10 begins when V,, is switched
rapidly to V,,,. Initially, V,, rises as the gate capacitance is
charged through the gate resistance and V, remains relatively
constant at V,, while V,; < V7. This phase appears as a short
turn-on delay that is proportional to the gate resistance. Once
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Vs exceeds Vr, the MOSFET enters its saturation region and the
anode current increases as V, continues to increase. During this
phase, the gate current charges the gate-source capacitance and
discharges the gate-drain capacitance as V, decreases rapidly.
Once V,, has risen and V,, has fallen to the point where the gate-
drain overlap depletion region vanishes, V,, < V,, — Vg, the
gate-drain capacitance increases by approximately two orders
of magnitude, so V,, remains relatively constant at V,, = V, +
~21,,/K, and the gate current charges the large gate-drain
overlap oxide capacitance as ¥V, falls slowly. Once V,, is re-
duced to the point where the MOSFET enters the linear region
Vis = Vo — Vi, the gate voltage begins to rise again and V
continues to fall slowly so that the current through the MOSFET
channel (linear region of I, in Table I) remains relatively con-
stant.

Comparing Figs. 9 and 10, it is evident that the anode voltage
rate-of-fall at turn-on is influenced by much smaller gate resis-
tances than those that influence the anode voltage rate-of-rise at
turn-off. This occurs because Q is zero at the beginning of the
turn-on sequence and the effective output capacitance depends
upon Q (denominator of (5)). Thus, the anode voltage rate-of-
fall at turn-on is as rapid for the IGBT as it is for the structurally
equivalent power MOSFET. The speed of the low anode voltage
portion of the IGBT turn-on waveform (lower than the MOSFET
on-state voltage) is limited, though, for R, < 30 Q by the finite
time required to supply the base charge that modulates the base
resistance (dynamic saturation). For R, > 30 (, the turn-on
speed at low anode voltages is limited by the time required for
the gate current to discharge the gate-drain overlap oxide ca-
pacitance. :

Fig. 11 shows the instantaneous emitter-base voltage and base
charge for the same turn-on conditions as the R, = 10 Q wave-
form of Fig. 10 and for two different device base lifetimes. For
small load inductances and small gate resistances, the anode
current can rise much faster than the base charge so that the
base resistance is not conductivity-modulated and the emitter-
base voltage may initially be as large as that for the structurally
equivalent power MOSFET ~ 15 V. But, the base resistance rap-
idly becomes modulated, because [, is initially hearly as large
as the total current ~ 10 A and thus Q approaches ten times the
background base charge (Q5 ~ 30 nC ) in approximately 30 ns
(see (6) and the time rate-of-change of Q on Fig. 11). The turn-
on speed is relatively independent of the device base lifetime
because the time required to modulate the base resistance de-
pends primarily upon the MOSFET current and the base transit
time.

Active Snubbing

It has been proposed by others (e.g., [14]) that the gate re-
sistance can be used to control the voltage rate-of-rise at turn-
off for the IGBT (active snubbing). However, as can be seen
from Fig. 9, a large value of gate resistance is required to have
an influence on the voltage rate-of-rise at turn-off for the
IGBT’s. Therefore, it is beneficial to use a polarized gate drive
resistance in this instance so that the turn-on time is not also
increased. In addition, a very long, possibly unacceptable turn-
off delay time results for gate resistances large enough to have
an influence on the IGBT anode voltage rate-of-rise at turn-off
(e.g., 30-ps turn-off delay for the R, = 9 kQ waveform in Fig.
9(a)). This occurs because the gate-drain overlap oxide capac-
itance is much larger than the high voltage gate-drain overlap
depletion capacitance. ‘
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Fig. 11. Emitter-base voltage and base charge for same turn-on conditions
as R, = 10 @ waveform of Fig. 10 and for two different device base life-
times.

It has been suggested by others [15], though, that the time
rate-of-change of drain voltage for power VDMOSFET’s can be
controlled independently of the delay time by inserting a small
capacitor from gate-to-drain. This occurs because the ratio of
the net gate-to-drain feedback capacitance at high voltages to
that at low voltages is increased by inserting the external feed-
back capacitor. This technique is especially beneficial for the
IGBT due to the excessively long delay times incurred. It is also
proposed here, that a large gate-to-anode feedback resistor be
placed in series with the external gate-to-anode feedback ca-
pacitor when used with the polarized gate resistance, so that the
turn-on speed is not significantly reduced by the feedback net-
work for a given turn-on gate resistance. A minimal value of
series feedback resistance is also necessary to suppress high fre-
quency oscillations [16].

Fig. 12 shows the circuit configuration for the IGBT with a
series resistor-inductor load, a polarized gate drive resistance,
and a series resistor-capacitor external feedback circuit. To
simulate the operation of this circuit, an additional state equa-
tion for the potential across the external feedback capacitor V,,
is necessary: '

av, I
-2 (11)
dt Cr
where the feedback current is given by
L= (V,— Vy— Vy)/Ry (12)

For this circuit, the IGBT anode current is given by I, = I, —
I, and the anode voltage is obtained in terms of the state vari-
ables by combining this expression with (7), (8), and (12). The
expression for the gate current (10a) is replaced by

I+ (Ve
I =9 L+ (V,

= Vi) /Ry, for Ve < Vo + 0.7V
= Ve ) /Ry + (Vg = Ve = 0.7) /R,
forV,, = V,, + 0.7V

(13)
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Fig. 12. Circuit configuration of IGBT with series resistor-inductor load,
polarized gate drive resistance, and series resistor-capacitor feedback cir-
cuit.
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Fig. 13. Comparison of measured and simulated anode voltage turn-off
waveforms for the circuit of Fig. 12 with different values of gate resistance,
external gate-to-anode feedback capacitances, and different series feedback
resistances.

where the diode is modeled as a 0.7-V offset and a 1-Q effective
series resistance that is included in R,,,. The initial condition
for the feedback capacitor voltage before the initiation of the
gate voltage pulse is V,, = V,,,.

As an example, Fig. 13 compares the simulated and mea-
sured turn-off anode voltage waveforms for circuit conditions
similar to those of Fig. 9(a) with the exception that the external
feedback circuit components of Fig. 12 are included in two of
the waveforms. The R, = 1-kQ and 9-kQ waveforms of Fig.
9(a) (i.e., C; = 0) are repeated on Fig. 13 for comparison. It
is evident from this figure that if a 0.2-nF external gate-to-an-
ode capacitor is inserted, the 1-k§ gate resistor results in a time
rate-of-change of anode voltage and voltage overshoot similar
to the 9-kQ waveform of Fig. 9(a), but with a turn-off delay
similar to that of the 1-kQ waveform of Fig. 9(a). It is also
evident from Fig. 13 that values of series feedback resistance
as large as R, = 10 k@ do not diminish the effect of the feedback
capacitor for the 1-kQ gate resistor.

However, the effect of the feedback capacitor at turn-on is
diminished by a series feedback resistance of ‘10 kQ, because
the turn-on gate current is larger than the turn-off gate current
for the polarized gate resistance, and the feedback current be-
comes negligible if V, /R, is much less than the gate current.
For example, Fig. 14 compares the simulated and measured
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Fig. 14. Comparison of measured and simulated, anode voltage turn-on
waveforms for circuit of Fig. 12 with different values of series feedback
resistances.

turn-on anode voltage waveforms for the same circuit condi-
tions as for Fig. 13 and for a turn-on gate resistance of R,,,, =
100 Q. For R; = 100 Q, the anode voltage rate-of-fall is deter-
mined by the gate current charging the external gate-to-anode
feedback capacitor. However, for R, = 10 k{2, the turn-on an-
ode voltage waveform is similar to the R, = 100 @ waveform
of Fig. 10 (i.e., C; = 0). Thus, the rate-of-rise of anode volt-
age at turn-off is contrelled independently of the turn-off delay
time and independently of the rate-of-fall of anode voltage at
turn-on without increasing the drive circuit current require-
ments; i.e., it is not necessary to reduce R,,, to compensate for
the addition of the external gate-to-anode feedback capacitor.

IV. CONCLUSION

An analytical model is developed for the IGBT that can be
used to describe the turn-on and turn-off, gate and anode, cur-
rent and voltage waveforms for general external drive, load,
and feedback circuits. The IGBT model incorporates the input
and internal feedback capacitance of the structurally equivalent
power MOSFET into the previously developed non-quasi-static
model for the IGBT bipolar transistor output characteristics. The
bipolar transistor model includes the charge-dependent non-
quasi-static collector-emitter redistribution capacitance that is
important for the IGBT because the neutral base width changes
faster than the base transit speed for excess carriers during typ-
ical IGBT transient operation. The bipolar transistor model also
includes the charge-dependent conductivity-modulated base re-
sistance independently of the device current, and thus describes
the dynamic saturation of base-emitter voltage due to the finite
time required to supply the base charge that modulates the con-
ductivity of the base.

The effective output capacitance of the IGBT at turn-off is
several orders of magnitude larger than that of the structurally
equivalent power MOSFET and depends upon the device base
lifetime because the base charge at turn-off depends upon the
device base lifetime. However, the gate-drain feedback capac-
itance is unchanged from the value for the structurally equiva-
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lent power MOSFET. Thus, the minimum gate resistance that
influences the anode voltage rate-of-rise at turn-off is several
orders of magnitude larger than that for the power MOSFET and
varies with device base lifetime. Because the base charge is zero
at the initiation of turn-on, the IGBT output capacitance is much
smaller at turn-on than at turn-off and the anode voltage rate-
of-fall at turn-on is influenced by gate resistance as small as
those that influence the structurally equivalent power MOSFET.
The IGBT turmn-on speed is limited at low anode voltages,
though, by the time required to supply the charge that modu-
lates the conductivity of the base and is relatively independent
of device base lifetime.

The IGBT gate drive requirements are inherently asymmet-
rical, and the degree of asymmetry depends upon the device
base lifetime. Therefore, it is beneficial to use a polarized gate
drive resistance for the IGBT. Because the turn-off delay time
is excessively long for gate resistances large enough to control
the IGBT voltage rate-of-rise at turn-off, it is beneficial to insert
an external anode-to-gate feedback capacitor so that the anode
voltage rate-of-rise at turn-off is controlled independently of the
turn-off delay. It is also beneficial to insert a large resistance in
series with the external feedback capacitor when used with the
polarized gate drive resistance, so that the turn-on speed is not
influenced by the feedback capacitor. Thus, the anode voltage
rate-of-rise at turn-off can be controlled independently of the
turn-off delay time and independently of the anode voltage rate-
of-fall at turn-on, without increasing the current capability of
the drive circuit for turn-on.

NOMENCLATURE
A Device active area (cm?).
Ay, Body region area (cm?).
Aga Gate-drain overlap area (cm?).
b = p,/n, Ambipolar mobility ratio.
Coej Base-collector depletion capacitance (F).
Cy Drain-source depletion capacitance (F).
Coj Emitter-base depletion capacitance (F).
Coba Emitter-base diffusion capacitance (F).
C; External feedback capacitor (F).
Coa Gate-drain capacitance (F).
Couj Gate-drain overlap depletion capacitance (F).
Cys Gate-source capacitance (F).
Cou Effective output capacitance (F).
Cora Gate-drain overlap oxide capacitance (F).
D,, D, Electron, hole diffusivity (cm?/s).
I Feedback current (A).
I Gate current (A).
I Load inductor current (A).
Lnos MOSFET channel current (A).
L, 1, Electron, hole current (A).
I,. Emitter electron saturation current (A).
Ir Anode current (A).
K, MOSFET transconductance parameter (A /V?).
L, Series load inductance (H).
n; Intrinsic carrier concentration (cm ).
Ng Base doping concentration (c¢m™>).
q Electronic charge (1.6 x 107'° C).
Q Instantaneous excess carrier base charge (C).
Qs Background mobile carrier base charge (C).

R, Conductivity modulated base resistance ().

R, Series feedback resistance ().

R, Gate drive resistance ().

R;on Turn-on gate resistance ({2).

R, Series load resistance ({2).

V, Device anode voltage (V).

V4a Anode supply voltage (V).

Ve Applied base-collector voltage (V).

Ve External feedback capacitor voltage (V).

Vs Applied drain-source voltage (V).

Ve Applied emitter-base voltage (V).

Vesa Emitter-base diffusion potential (V).

Vee Gate pulse generator voltage (V).

Veon Gate pulse voltage amplitude (V).

Vs Gate-source voltage (V).

Vy MOSFET channel threshold voltage (V).

Via Gate-drain overlap depletion threshold (V).

W Quasi-neutral base width (cm).

Wy Metallurgical base width (cm).

Wi Base-collector depletion width (cm).

Wi Drain-source depletion width (cm).

odi Gate-drain overlap depletion width (cm).

X Distance in base from emitter (cm).

€ Dielectric constant of silicon (F/cm).

tons By Electron, hole mobility (cm?/V - s).

THL Base high-level lifetime (s).
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