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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 an-
ode 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 life-
times.

I INTRODUCTION

A schematic of the structure of two of the many thou-
sand cells of an n-channel IGBT (Insulated Gate Bipolar
Transistor) is shown in Fig. 1. The IGBT functions as a
bipolar transistor that is supplied base current by a MOS-
FET (Fig. 2), where the regions of each of these components
are labeled on the right half of Fig. 1. The bipolar tran-
sistor of the IGBT consists of a low-doped wide base with
the base virtual contact at the collector 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 tran-
sistor cannot be described in traditional ways [1,2]. The
MOSFET portion of the IGBT behaves similarly to the
structurally equivalent power VDMOSFET (Vertical dou-
ble Diffused MOSFET), with the exception that the resis-
tance of the lightly doped epitaxial layer is accounted for as
the conductivity-modulated base resistance of the bipolar
transistor.

It was shown in reference [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 switch-
ing waveform for general loading conditions. In this pa-
per, the input and internal feedback capacitances similar
to those for the structurally equivalent power MOSFET [4-
7] are incorporated into the previously developed analyti-
cal IGBT bipolar transistor model of references [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
waveforms for general external drive, load, and feedback
circuits. The extended model is used to explain the influ-
ence of the drive circuit on the switching behavior and to
examine different circuit configurations for active snubbing
of the IGBT.
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Fig. 1. A diagram of two of the diffused cells of an n-channel
IGBT.
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Fig. 2. The basic equivalent circuit model of the IGBT.

The effective output capacitance of the IGBT is much
larger than the output capacitance of the structurally equiv-
alent 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 base transit speed during typical an-
ode voltage transitions. It is shown in this paper that the
additional component of output capacitance is coupled to
the cathode and that the gate-drain feedback capacitance
is unchanged from the value of a structurally equivalent
power MOSFET. Because the IGBT output capacitance is
much larger than the feedback capacitance and depends
upon the instantaneous base charge, the relationship be-
tween the gate drive resistance and the time rate-of-change
of anode voltage is significantly different for IGBTs than it
is for the structurally equivalent power MOSFET.
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II. IGBT DYNAMIC MODEL

In this section, an analytical model is presented that
describes the dynamic behavior of the IGBT including the
input characteristics and drive circuit dependence as well
as the load circuit dependence. The IGBT model consists
of three state equations that describe the evolution of the
state of the base-collector voltage Vi, the base charge @,
and the gate-source voltage Vg,. 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 1 and the functions of the
external circuit state variables, I7 and Iy, depend upon the
external circuit configuration as described below.

MOSFET Input Characteristics

Figure 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 portion 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, Rp. 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 deseribing the equivalent circuit MOS-
FET of the IGBTs studied in this work are listed among
the functions of the IGBT state variables in Table 1. To de-
scribe IGBTs made with power MOSFET structures other
than the VDMOSFET structure, the expressions in Table
1 can be replaced with the expressions for the appropri-
ate structurally equivalent power MOSFET. The current
through the MOSFET channel I, is well described by
the expression in Table 1 for the 3-um channel length IG-
BTs studied in this work [1]. Velocity saturation in the
MOSFET channel [5,7] is neglected in this paper for sim-
plicity, but can be included for short channel lengths or
high currents.

The dominant components of the VDMOSFET gate-
source capacitance Cy, are due to the gate oxide capaci-
tance of the source overlap C,z, and due to the source met-
allization capacitance Cy, indicated on Fig. 3. The dom-
inant component of the MOSFET gate-drain capacitance
Cy4 is the gate oxide capacitance of the drain overlap Cozq
for Vi, < Vga — Vzq or the series combination of the gate-
drain overlap oxide capacitance and the gate-drain overlap
depletion capacitance Cgq; for Vu, > Vgs — Vra. The gate-
to-channel and gate-to-body capacitances are neglected in
this paper for simplicity [7].

The gate-drain overlap depletion capacitance Cyq; and
the drain-source depletion capacitance Cq,; are voltage de-
pendent due to the voltage dependencies of the respective
depletion widths. The drain-source depletion width Wy,;
is proportional to the square-root of the drain-source volt-
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TABLE 1
FUNCTIONS OF IGBT STATE VARIABLES

Voe = Vs

Wedi = +/2€4i(Vas — Vga + V1a)/aNB
Wasi = v/2€i(Vas +0.6)/qNB

Wiej = v/2¢0i(Voe + 0.6)/aNB

W = Wpg — Wi

Qe =9¢AWNB

Cycj = A€yi/ Wies

Cauj = (A — Aga)esi/Wasj

Cyaj = Agacsi/ Wdj

Cozd for le S V‘;u - VTd
Cga =
Co2dCydj/(Cozd + Cgaj) for Va, > Vg, — Vra
Vi,
I~ Kp(Vgs — Vr)Va, — K, 5 for Vi, <Vp —Vr
Kp(Vgs — Vr)?/2 for Vg, > V3 —Vr
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Fig. 3. The configuration of the MOSFET and bipolar
equivalent circuit components superimposed on a schematic
of one-half of the symmetric IGBT cell.

age plus the built-in potential of the junction ~ 0.6 V, and
the gate-drain depletion width Wyq; is proportional to the
square-root of the gate-drain voltage where the threshold
voltage for the depletion of the epitaxial layer Vzq is ap-
proximately zero due to the low doping concentration of
the epitaxial layer. The gate-drain capacitance is also pro-
portional to the area of the gate-drain overlap Agq, and the
drain-source capacitance is proportional to the area of the
body region Ag, (Fig. 3), where the sum of 444 and Ag, is
the active area of the chip A.



Bipolar Output Characteristics

The transient behavior of the lightly doped wide base
bipolar transistor of the IGBT (and other conductivity-
modulated devices) was analyzed in reference [2]. The
transient carrier distribution and currents in the base are
obtained by solving the ambipolar transport equations for
the boundary conditions of the bipolar transistor. Figure
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-
collector 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
reference [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 condition to ob-
tain the non-quasi-static transient carrier distribution and
collector current.
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Fig. 4. The coordinate system used to develop the IGBT
bipolar transistor model. The emitter, base, and collector
regions correspond to those indicated on the right half of
Fig. 1.

As mentioned above, the base-collector depletion re-
gion coincides with the drain-source and gate-drain deple-
tion regions. For the large values of base-collector volt-
age where the anode voltage changes rapidly during typical
IGBT transient operation, the expressions for the depletion
widths of the gate-drain overlap and the drain-source junc-
tion are approximately equal to one another, and equal to
the expression for the effective base-collector junction de-
pletion width Wp; given in Table 1. Using this expression
for Wi.;, the time rate-of-change of base width W is given
in terms of the time rate-of-change of base-collector voltage
by:

dW  —Cy; dVi
at gNgA T

(1)

where Cpj = Ae,i/ Wy is approximately equal to the sum
of Cgq4; and Cy,; for high base-collector voltages. It should
be emphasized that Cy.; in eq 1 is used to describe the time
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rate-of-change of base width, but is not used to describe the
displacement current through the base-collector junction
depletion capacitance 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 (collector current of Fig. 2) for the moving boundary
condition is given in reference [1] by:

= (52 ()

where b = pn/pp. The first term on the right-hand side
of eq 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 condition. Because the third term
is proportional to the time rate-of-change of base-collector
voltage, it can be construed as a capacitive term where the
capacitance is proportional to the instantaneous charge in
the base @ [1-3]. This is indicated by the charge-dependent
collector-emitter redistribution capacitance Cce, in Fig. 3.

4D,

w2 3

IGBT State Equations

The expression for bipolar transistor collector current
(eq 2) was previously used to describe the IGBT turn-off
transient for a rapid gate voltage transition where the MOS-
FET channel current is eliminated rapidly and the base
current during turn-off is equal to the displacement cur-
rent through the base-collector junction depletion capaci-
tance. 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:

dle

dt

In(W) = Imos + (Cdaj + ng)

where I, is given in terms of the state variables of the
IGBT (e.g., see Table 1). Next, the gate current I, is
equated to the sum of the gate-source and gate-drain dis-
placement currents, resulting in an expression for the time
rate-of-change of the gate-source voltage:

dvg,
dt

IQ
Cga + ng

ng d‘/bc
Cg, + Cyd dt ’

(4)

where Vg, = Vi 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 ob-
tained by equating the total anode current Iz to the sum
of the electron and hole components at z = W (egs 2 and
3), by substituting eq 4 for dV,/dt, and by then solving
for the time rate-of-change of base-collector voltage:



4D, 1 Cyd
ave w9t (1+3) [t 1o
dt 1 C,5Cod Cre; @ !
1+ =) [Cgps + =22278C Lo A~
(+b)[dj+cgs+cyd 3 QB}
(8)

where Vy, = V; has been used. In the model, the factor of
(1 +1/b) is replaced by the expression (1+ Q/b{Q + @s})
so that this factor reduces to unity for low-level injection
and to (1 + 1/b) for high-level injection. Thus, eqs 4 and 5
reduce to those for the structurally equivalent power MOS-
FET for @ = 0. The remaining IGBT state equation is
obtained from the conservation of excess majority carrier
base charge:

d dVic dv,,
“Q =Imol + (Cdsj + ng)—b' - ng g
dt dt dt
Q _ @ N (®)
- T__ - 72 "—2_ snes
HL B n3

where Q is supplied by the electron current at z = W (eq
3), and is depleted by recombination in the base (fourth
term on the right-hand side of eq 6) and by the injection of
electrons into the emitter [1] (fifth term on the right-hand
side of eq 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 eq 5 reduces to the state equation previ-
ously presented for this condition [1-3], by eliminating I,
between egs 4 and 5 and by then solving for dV;./dt where
Cycj ~ Cyq + Cq,; is assumed. For this turn-off condition,
the difference between the total current and the charge con-
trol component of collector current (first two terms in the
numerator of eq 5) is supplied by the current of the effective
output capacitance Coy: (denominator of eq 5). As shown
in references [1-3], the moving boundary redistribution ca-
pacitance (last term in the brackets in the denominator
of eq 5) dominates 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 charge in the base Q/Qp
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 determined by the charging of the gate-drain feed-
back capacitance as described by eq 4. This occurs when
the second term on the right-hand side of eq 4 cancels with
the first term so that the time rate-of-change of gate-source
voltage is reduced as the gate current charges the gate-drain
feedback capacitance. The second term on the right-hand
side of eq 4 can cancel with the first term during turn-off
only if Ij/Cgq < IT/Cout. For low-level injection or for the
power VDMOSFET, Cyq; is on the same order of magnitude
as Coyy 50 the time rate-of-change of base-collector voltage
is determined by the gate current if I; < I7. However, for
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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 = Vep + Vi, (1)
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 reference [1]. Because Vo3 is a
small component of V4 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 dy-
namic saturation effect discussed below [8].

The emitter-base voltage consists of three components
as indicated in Fig. 3: the potential drop across the conduct-
ivity-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]:

Veb = Vesa(Voc, Q) + It - Rp(Ves, Q), (8)
where the conductivity-modulated base resistance R and
the potential drop across the emitter-base diffusion capaci-
tance V.34 are obtained in terms of the instantaneous values
of Vi and @ from eqs 10 and 11 of reference [3]. These ex-
pressions are formulated differently than those in reference
[3] so that they describe the non-conductivity-modulated
base resistance for low-level injection Q@ < @, but for high-
level injection they reduce to those in reference [3)].

In the dynamic model, the expression for Ves (eq 8)
depends upon the instantaneous values of both @ and Ir
independently of one another. This becomes important for
rapid turn-on conditions where the MOSFET portion of
the device is switched on rapidly and the total load current
Ir flows through the base before sufficient excess carrier
charge @ 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 equivalent power
MOSFET, because Q is zero at the initiation of the turn-on
and Rp is equal to the non-conductivity-modulated epitax-
ial layer resistance for @ < 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 Ce;
indicated on Fig. 3 is important when the emitter-base junc-
tion is reverse biased or has a small forward bias, but for
larger forward biases the emitter-base diffusion capacitance
Cepa is dominant. In the model, Cep; is accounted for using
the same state variable Q that accounts for Cepq. For nega-
tive values of @, 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, Vep is given by the sum of the potential across the
non-conductivity-modulated epitaxial layer resistance and
the potential across the emitter-base junction depletion ca-
pacitance. In the model, a continuous transition between
Cebj and Cepq 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 ex-
ternal drive, load, and feedback circuits, the state equations
of the IGBT (eqs 4-6 using Table 1) are integrated simul-
taneously with the state equations of the external circuit
where the expressions for It and I depend upon the ex-
ternal circuit configuration and where V} is given in terms
of the state variables by eqs 7 and 8. The simultaneous
integration of the state equations is performed using the
readily available RKF45 subroutine [9] in a FORTRAN
program where the initial conditions are used for a known
steady-state condition. The RKF45 subroutine uses an au-
tomatic Runge-Kutta-Fehlberg method to iteratively eval-
uate a user-defined subroutine that contains the state equa-
tions of the IGBT and the state equations of the external
circuit. The FORTRAN program simulates the dynamic
operation of multiple IGBTs in any external drive, load,
and feedback circuit configuration.

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:

dr 1
-ﬁ = ——(Vaa — Ry I — Vi),

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

Iy = (Vog — V4s)/ Ry, (10a)
where the gate pulse generator voltage is given by:
0 for t<ton
Vag = Vgon for ton <t <tofs. (108)
0 for t2>1,45

The pulse generator rise and fall times are also included
in the simulations below but are not indicated in eq 10(b)
for simplicity. The initial conditions of the state variables
before the initiation of the gate pulse are Vi, =0, @ =0,
Vie = Vaa, and I 0. To simulate the dynamic op-
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Fig. 5. The circuit configuration of an IGBT with a series
resistor-inductor load and a resistive gate drive.

eration of the IGBT in different circuits, only the circuit
state equations need to be changed. The IGBT model it-
self is contained within two subroutines to simplify the im-
plementation of different circuits; the first subroutine evalu-
ates the emitter-base junction voltage and the conductivity-
modulated base resistance (eq 8), and the second subrou-
tine evaluates the IGBT state equations (egs 4-6 and Table

1).

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 lev-
els, velocity saturation in the base-collector depletion re-
gion, and carrier multiplication within the base-collector
depletion region. The mobility reduction due to high free
carrier levels has a second-order effect upon the on-state
emitter-base voltage and is implemented iteratively 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 sub-
routine. Carrier multiplication within the base-collector
depletion region results in additional components of col-
lector and base currents that increase exponentially with
anode voltage near the open-base, collector-emitter break-
down voltage. The carrier multiplication is included in the
derivation of the IGBT state equations by including addi-
tional components of base current in eq 3 that are propor-
tional to the electron and hole currents entering the deple-
tion region, I,(W) and Inm,,, and that are proportional to
the multiplication factor (M — 1) [10].

III. COMPARISON OF THEORY AND EXPERIMENT

In this section, the predictions of the theoretical model
described in the last section are compared with experimen-
tal results for IGBTs with the parameters listed in Tables
2 and 3 and for devices with different base lifetimes (an
exception to Table 2 is that the base width of the 0.3-us
device is 110 pm). 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 © through 10 Q. It is shown in this section that the gate



TABLE 2
DEVICE PARAMETERS

Np 2 %x 104 em™3

A 0.1 cm?

Wpg 93 um

I ne 6.0 x 1071 4

K, 0.36 A/V?

Vr 50V

Aga 0.5 cm?

Cozd 1.6 nF

Cqs 0.6 nF

Vg ~0V
TABLE 3

Physical Constants of Si at T = 25°C

1.45 x 1010 ¢m—3

n;

fin 1500 ¢m?/V-s

Ly 450 em?/V-s

€ai 1.05 x 10712 F/cm

drive resistance does not influence the anode voltage rate-
of-rise at turn-off for gate resistances smaller than 1 k€ for
the 7.1-us device, 500 £ for the 2.5-pus 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 § for the strue-
turally 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 IGBTs and
is limited by the dynamic saturation effect. Thus, the gate
drive requirements of the IGBT are inherently asymmetri-
cal and the degree of asymmetry depends upon the device
base lifetime. This is consistent with the data summary in
Table 1 of reference [11].

Extraction Of MOSFET Dynamic Parameters

The first six parameters listed in Table 2 were ex-
tracted as described in reference {1]. The remaining four
model parameters describe the IGBT dynamic input and in-
ternal feedback characteristics and are extracted from turn-
on gate and anode voltage waveforms for a nearly constant
gate current and for a load that results in a low anode cur-
rent, R = 1 kQ through 10 k2. For the low anode current,
Q = 0 and the gate charging characteristics are similar to
those of the structurally equivalent power MOSFET [4-7],
with the exception of the addition of the emitter-base junc-
tion capacitance. The nearly constant gate current pulse
I, ~ 20 mA is obtained by using a large gate voltage
pulse amplitude Vyon = 100 V and a large gate resistance
R, = 5 kQ, 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
V44 = 20 V are shown in Fig. 6(a) and those for Va4 =
300 V are shown in Fig. 6(b). The gate voltage waveforms
consist of three phases as indicated on Fig. 6(a). Dur-
ing the first phase, V, rises with a constant slope as the
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Fig. 6. The measured gate charging characteristics for a
low anode current and a relatively constant ~ 20 mA gate
current pulse where (a) is for Vaq = 20 V and (b) is for
Via=300V.

constant gate current charges the constant gate-source ca-
pacitance and the small high voltage gate-drain depletion
capacitance. During the second phase, Vy, remains virtu-
ally constant and V4 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 Vr is necessary for the MOSFET
channel to supply the small load current and the small out-
put capacitance displacement current. Figure 6(a) empha-
sizes the range of V4 for which Cya is equal to the gate-drain
overlap oxide capacitance Vg, < Vg — V4, and Fig. 6(b)
emphasizes the range for which Cgq is inversely propor-
tional to the square-root of the gate-drain voltage. During
the third phase of the gate voltage waveform, V4 remains



relatively constant at its on-state value and Vj, 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.

Figure 7 shows the measured input capacitance versus
gate-source voltage for V44 = 300 V. These characteristics
are obtained 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 V4 = 300 V is much smaller than the
gate-source capacitance, the input capacitance during the
first phase is used to extract the value of Cy, in Table 2.
Because the gate-drain voltage is larger than Vg 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 2 is extracted by subtracting the value of the in-
put capacitance during the first phase from that during the
third phase.

Figure 8 shows the measured gate-drain feedback ca-
pacitance 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 gate current waveform by the time
rate-of-change of anode voltage. The time rate-of-change
of anode voltage is obtained numerically from the digitized
anode voltage waveform and the anode-gate voltage is ob-
tained by subtracting the gate voltage waveform from the
anode voltage waveform. For Vg, > V,, — Vg4, the gate-
drain capacitance is inversely proportional to the square-
root of the gate-drain voltage because Cyaj < Coza (Table
1). 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 (eq 7) and hence the offset due
to Vrq is approximately zero. The value of Agq in Table
2 is extracted form the expression for Cy4; in Table 1 by
fitting the line with slope of negative one-half (dashed line
in Fig. 8) to the high voltage gate-drain capacitance data.
For Vg, < Vg, — V4, 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

Figures 9(a) through 9(c) show the measured and sim-
ulated, gate and anode, current and voltage turn-off wave-
forms for the circuit of Fig. 5 with different values of gate
resistance, where Figs. 9(a), 9(b), and 9(c) are each for a
different device base lifetime and load inductance. The load
inductances are chosen for each device so that 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 2 and 3. The
gate voltage pulse amplitude of Vgon = 20 V' is chosen so
that the plateau in gate current occurs at approximately
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the same magnitude 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 simula-
tions and measurements are chosen so that a steady-state
condition is reached before the devices are switched off. The
load resistance of 30 € results in a steady-state current of
10 A for the anode supply voltage of 300 V.

The turn-off sequence of Figs. 9(a) through 9(c) begins
when Vg, is switched rapidly to zero. Initially, Vg, begins
to fall as the gate capacitance is discharged through the
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gate resistance, and Vy, rises a few volts so that the cur-
rent through the MOSFET channel (linear region of Imo,
in Table 1) remains relatively constant. Once Vg, has fallen
and Vy, has risen to the point where the MOSFET enters
the current saturation region Vy, > Vy, — Vr, the gate volt-
age remains constant at Vg, = Vr + 4/2Im.,/Kp and the
gate current charges the large gate-drain overlap oxide ca-
pacitance as Vg, rises slightly faster. This plateau in V,,
continues until Vy, rises to the point where the gate-drain
overlap capacitance becomes depleted, Va, > Vg, — Vra.
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 V4 rises only
slightly during the first two phases (from the on-state volt-
age to about 10 V), they are perceived 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 determined by the effective output capacitance Cout (de-
nominator of eq 5) if I;/Cga; > Ir/Cout; otherwise, the
anode voltage rate-of-rise is limited by the gate current
that charges the high-voltage gate-drain feedback capaci-
tance Cga; as described in the discussion of egs 4 and 5.
For a power MOSFET with a structure similar to that of
the IGBT in Fig. 1, Coyt is on the same order of magnitude
as Cgq; because Agq ~ Aq4, and the gate current limits the
anode voltage rate-of-rise for Iy < I, i.e., for By > 2 Q.
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 k() for the 7.1-
ps IGBT of Fig. 9(a), below 500 Q for the 2.5-pus IGBT of
Fig. 9(b), or below 25  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 re-
duced (active snubbing).

Turn—On Transient

Figure 10 shows the measured and simulated, gate and
anode, current and voltage turn-on waveforms for the cir-
cuit of Fig. 5 with different values of gate resistance. The
disagreement between 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 cho-
sen 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 device.
The simulations are performed as described in Section II
using the parameters in Tables 2 and 3. The gate voltage
pulse amplitude of Vyon = 20 V is the same as for the turn-
off results and the rise time of the gate pulse generator is
also 15 ns.

134

T T T T T T T T T T

———- Theory
300 Experiment
Ty=2.51s
250 - Ly =05uH
. RL=30Q
2 Vaa= 300V
w 200 i
[9]
=
= i
g 150
w
a
Q 100 i
b4
<
50 4
ot S 4
PR S TR WA SR S
T T T T T T T T
10H -
9k .
z 8 1
5 7 1
2 sl
g ]
o 5 u
a
o4 -
‘z( 3 ———- Theory
Experiment
2 Ty=25ps o
Ly =0.5uH
1 RL=30Q |
0 Vap=300V |
-1 P S N TR S S SR S R

20 h
18 1
16 b
S 14r -
w
g 1221 b
5 1o .
poor 1
< ———- Theory i
o 6 — Experiment
4 Ty=25us -
2 L =05pH |
RL=30Q
0 Vaa= 300V |
2 PR U S W SO SR SO S S
200 T T T T T T T
180 ——— Theory 1
——— Experiment
180 - Ty=250s
R L =050H |
= 140 1 RL=30Q
E 120 \\ Vaa=300V |
=
z |
w
x
c 4
>
5]
w i
<
o] E

-20

0 0.1 02 03 04 05 06 07 08 08 10
TIME (us)

Fig. 10. C:'ompan'son of the measured and simulated, gate

and anode, current and voltage turn-on waveforms for the

circuit of Fig. 5 with different values of gate resistance.



The turn-on sequence of Fig. 10 begins when Vg, is
switched rapidly to Vgon. Initially, V,, rises as the gate
capacitance is charged through the gate resistance and Vy4
remains relatively constant at V44 while Vy, < Vr. This
phase appears as a short turn-on delay that is proportional
to the gate resistance. Once V,, exceeds Vr, the MOSFET
enters its saturation region and the anode current increases
as Vg, continues to increase. During this phase, the gate
current charges the gate-source capacitance and discharges
the gate-drain capacitance as V4 decreases rapidly. Once
Vgs has risen and Vg, has fallen to the point where the gate-
drain overlap depletion region vanishes, Vy, < Vg, — Vrq,
the gate-drain capacitance increases by approximately two
orders of magnitude, so Vg, remains relatively constant at
Voo = V1 + v/2Im0,/ Kp and the gate current charges the
large gate-drain overlap oxide capacitance as V4 falls slowly.
Once Vg, is reduced to the point where the MOSFET enters
the linear region Vy, < Vy, — Vr, the gate voltage begins to
rise again and Vy, continues to fall slowly so that the cur-
rent through the MOSFET channel (linear region of I,
in Table 1) remains relatively constant.

Comparing Figs. 9 and 10, it is evident that the anode
voltage rate-of-fall at turn-on is influenced by much smaller
gate resistances than those that influence the anode volt-
age rate-of-rise at turn-off. This occurs because @ is zero
at the beginning of the turn-on sequence and the effective
output capacitance depends upon @ (denominator of eq 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 Ry < 30 {2 by the finite
time required to supply the base charge that modulates the
base resistance (dynamic saturation). For Ry > 30 £, the
turn-on speed at low anode voltages is limited by the time

BASE CHARGE (uC)

EMITTER - BASE VOLTAGE
w
T

Ty=7.1Us

! 1 ) Il L Il ] L [l i
0 01 02 03 0.4 05 06 0.7 0.8 0.9 1.0
TIME (ps)

Fig. 11. The emitter-base voltage and base charge for the
same turn-on conditions as the Ry = 10 Q waveform of
Fig. 10 and for two different device base lifetimes.
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required for the gate current to discharge the gate-drain
overlap oxide capacitance.

Figure 11 shows the instantaneous emitter-base volt-
age and base charge for the same turn-on conditions as the
Ry =10 Q waveform 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 MOS-
FET ~ 15 V. But, the base resistance rapidly becomes
modulated, because Ip,,, is initially nearly as large as the
total current ~ 10 A and Q approaches ten times the back-
ground base charge (@p ~ 30 nC) in approximately 30 ns
(see eq 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 re-
sistance depends primarily upon the MOSFET current and
the base transit time.

Active Snubbing

It has been proposed by others (e.g., reference [12])
that the gate resistance can be used to control the volt-
age 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 IGBTs. Therefore, it is ben-
eficial to use a polarized gate drive resistance in this in-
stance 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 in-
fluence on the IGBT anode voltage rate-of-rise at turn-off
(e.g., 30-pus turn-off delay for the Ry = 9 k2 waveform in
Fig. 9(a)). This occurs because the gate-drain overlap oxide
capacitance is much larger than the high voltage gate-drain
overlap depletion capacitance.

It has been suggested by others [13], though, that the
time rate-of-change of drain voltage for power VDMOS-
FETSs 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 capaci-
tance at high voltages to that at low voltages is increased by
inserting the external feedback 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 capacitor when
used with the polarized gate resistance, so that the turn-on
speed is not significantly reduced by the feedback network
for a given turn-on gate resistance. A minimal value of se-
ries feedback resistance is also necessary to suppress high
frequency oscillations [14].

Figure 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 addi-



tional state equation for the potential across the external
feedback capacitor Vs is necessary:

vy Iy
dt ~ oy’

(1)
where the feedback current is given by:

I = (Va = Ves = Voo )/ Ry (12)
For this circuit, the IGBT anode current is given by I1 =
I, — Iy, and the anode voltage is obtained in terms of the
state variables by combining this expression with eqs 7, 8,
and 12. The expression for the gate current eq 10(a) is
replaced by:

It + (Vyg — Via)/ Ry for Vg < Vg 407V

To = Is + (Vyy - Vy-)/Ry ’
+(Vgg — Vgs = 0.7)/Rgon for Vyg > Vg, +0.7V

(13)
where the diode is modeled as a 0.7-V offset and a 1-Q
effective series resistance that is included in Rgon,. The
initial condition for the feedback capacitor voltage before
the initiation of the gate voltage pulseis Vey = Vaa.

As an example, Fig. 13 compares the simulated and
measured turn-off anode voltage waveforms for circuit con-
ditions similar to those of Fig. 9(a) with the exception that
the external feedback circuit components of Fig. 12 are in-
cluded in two of the waveforms. The Ry = 1-kf2 and 9-k§)
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-anode capacitor is inserted, the 1-kQ
gate resistor results in a time rate-of-change of anode volt-
age 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 Ry = 10 k§) do not diminish the effect of the feedback
capacitor for the 1-k(} 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 feed-
back current becomes negligible if V4 /Ry is much less than
the gate current. For example, Fig. 14 compares the sim-
ulated and measured turn-on anode voltage waveforms for
the same circuit conditions as for Fig. 13 and for a turn-on
gate resistance of Rgon = 100 Q. For Ry <100 2, the anode
voltage rate-of-fall is determined by the gate current charg-
ing the external gate-to-anode feedback capacitor. How-
ever, for Ry > 10 k{2, the turn-on anode voltage waveform
is similar to the Ry = 100  waveform of Fig. 10 (i..,
C¢ = 0). Thus, the rate-of-rise of anode voltage at turn-off
is controlled 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 requirements;
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Rgon

Fig. 12. The circuit configuration of an IGBT with a series
resistor-inductor load, a polarized gate drive resistance, and
a series resistor-capacitor feedback circuit.
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i.e., it is not necessary to reduce Ry, 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, current and voltage waveforms for general external
drive, load, and feedback circuits. The IGBT model in-
corporates the input and internal feedback capacitance of
the structurally equivalent power MOSFET into the previ-
ously developed non-quasi-static model for the IGBT bipo-
lar transistor output characteristics. The bipolar transis-
tor model includes the charge-dependent non-quasi-static
collector-emitter redistribution capacitance that is impor-
tant for the IGBT because the neutral base width changes
faster than the base transit speed for excess carriers dur-
ing typical IGBT transient operation. The bipolar transis-
tor model also includes the charge-dependent conductivity-
modulated base resistance independently of the device cur-
rent, and thus describes the dynamic saturation of base-
emitter voltage due to the finite time required to supply the
base charge that modulates the conductivity 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 capacitance is unchanged from the value for
the structurally equivalent power MOSFET. Thus, the min-
imum 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 turn-on speed is limited at low anode voltages,
though, by the time required to supply the charge that
modulates the conductivity of the base and is relatively in-
dependent of device base lifetime.

The IGBT gate drive requirements are inherently asym-
metrical 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 polar-
ized gate drive resistance, so that the turn-on speed is not
influenced by the feedback capacitor. Thus, the anode volt-
age 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 cur-
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rent capability of the drive circuit for turn-on.
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