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Modeling Inductive Switching Characteristics
of High-Speed Buffer Layer IGBT

Peng Xue, Guicui Fu, and Dong Zhang

Abstract—In this study, a physics-based compact model for
high-speed buffer layer insulated gate bipolar transistor (IGBT)
is proposed. The model utilizes the 1-D Fourier-based solution of
ambipolar diffusion equation (ADE) implemented in MATLAB
and Simulink. Based on the improved understanding on the in-
ductive switching behavior of a high-speed buffer layer IGBT, the
ADE is solved for all injection levels instead of high-level injection
only as usually done. Assuming high-level injection condition in
the buffer layer, the excess carrier transport, redistribution and
recombination in the buffer layer are redescribed. Moreover, some
physical characteristics such as the low conductivity of N-base at
turn-on transient and free holes appeared in the depletion layer
during turn-off process are also considered in the model. Finally,
the double-pulse switching tests for a commercial field stop IGBT
and a light punch-through carrier-stored trench bipolar transistor
are used to validate the proposed model. The simulation results are
compared with experiment results and good agreement is obtained.

Index Terms—Field stop (FS) IGBT, insulated gate bipolar tran-
sistor (IGBT), light punch-through (LPT), carrier-stored trench
bipolar transistor (CSTBT), physics-based IGBT model, power
semiconductor modeling.

I. INTRODUCTION

IN recent years, the improvements of the insulated gate bipo-
lar transistor (IGBT) technology are mainly to reduce switch-

ing losses while maintaining a low forward voltage drop [1]–[4].
In order to achieve this technical goal, many similar concepts
like “field stop (FS)” [1], “soft punch-through (PT)” [2], “light
punch-through (LPT)” [3] and “thin wafer PT” [4] are intro-
duced. In these design concepts, an optimized N+ buffer layer
is introduced. With the buffer layer, the new kinds of IGBTs can
provide better tradeoff relationship between the forward volt-
age drop and switching losses compared to the conventional PT
IGBT and non-punch-through (NPT) IGBT [1], [3]. Since these
design concepts have been widely used in the high-speed IGBT
nowadays, it is necessary to develop a unified IGBT compact
model with these concepts taken into account.

Review the previous literature on compact IGBT modeling
[5]–[23], most of the works focus on modeling the NPT IGBT
[8]–[18] or PT IGBT [5]–[7]. The high-speed buffer layer IGBT,
so far, has received relatively scare attention and only a few
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compact models are available to date [19]–[23]. Among these
works, the models proposed in [19]–[21] focus on characteriz-
ing the IGBT turn-off transient while the works [22], [23] are
presented for IGBT turn-on modeling. In [19] and [20], the PT
IGBT model proposed in [6] is directly used to characterize
the inductive turn-off behavior of FS IGBT and LPT carrier
stored trench bipolar transistor (CSTBT). This fails to consider
the fabrication characteristics of FS layer and LPT buffer layer.
Compared to the conventional PT buffer layer, the new kinds of
buffer layers are optimized to be lighter and thinner [1], [24].
The low-level injection assumption for PT buffer layer is not
valid any more. Therefore, the carrier transport, redistribution,
and recombination in the buffer layer should be reconsidered.
In [21], the high-level injection assumption is adopted for the
FS layer to model the unclamped inductive turn-off behavior
of FS IGBT. However, the model has few main disadvantages.
First, since the unclamped inductive switching is not utilized in
the industrial converter applications, this model may be inca-
pable to be used in the converter simulation. Second, the model
utilizes the analytical solution of ambipolar diffusion equation
(ADE) proposed by Hefner [5], [12], which can only approxi-
mately describe the excess carrier dynamics in N-base. Finally,
the relatively high doping concentration in the FS layer is not
considered in the buffer layer modeling. For the turn-on model-
ing, the models proposed in [22] and [23] assume the high-level
injection condition in the N-base at turn-on transient. Since the
low-level injection in the N-base is not included, these models
may be incapable to accurately model the conductivity modula-
tion process during turn-on process.

In the industrial applications, the IGBTs usually operate un-
der clamped inductive switching conditions. Nowadays, with
the introduction of the optimized N+ buffer layer, the turn-
off losses is significantly reduced. On the other hand, duo to
the freewheel diode reverse recovery, the IGBT turn-on losses
are also considerable, and may be comparable to the turn-off
losses [23]. Therefore, the inductive turn-on behavior should
also be considered in the buffer layer IGBT modeling method.
In this study, based on the improved understanding on the in-
ductive switching behavior of fast buffer layer IGBT, a com-
pact IGBT model is presented to model both of the inductive
turn-on and turn-off behaviors. The Fourier-based method [13],
[20], which can provide fast and accurate simulation, is uti-
lized to solve the ADE. Unlike the previous attempts, the so-
lution includes both the high-level and low-level injection con-
ditions. Moreover, based on the design concept of buffer layer
in the high-speed IGBT, the excess carrier transport, redistribu-
tion, and recombination in the buffer layer are redescribed. The
low conductivity of N-base at turn-on transient and free holes
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Fig. 1. Buffer layer IGBT structure with geometry definition and capacitance
distribution.

presented in the depletion layer during turn-off process are also
considered in the model.

The paper is organized as follows. In Section II, the character-
istics of buffer layer IGBT and their influences on the inductive
switching behaviors are discussed. In Section III, the physics-
based model for the high-speed buffer layer IGBT is presented.
In Section IV, the implementation of the proposed model using
MATLAB and Simulink is given in details. In Section V, the
results of double-pulse tests on a commercial FS IGBT and an
LPT CSTBT are presented. The proposed model is then vali-
dated by the comparison between the experiment and simulation
results.

II. INDUCTIVE SWITCHING BEHAVIOR OF HIGH-SPEED BUFFER

LAYER IGBT

The description of the switching transient of the NPT and
PT IGBTs have already been reported in [25], [26], and [23].
In this section, the various design concepts of the buffer layer
in high-speed IGBTs are briefly reviewed at first. Based on the
buffer layer design concepts, the inductive turn-on and turn-off
processes are extensively discussed. The aim is to find out the
physical characteristics of the buffer layer IGBT that influence
the inductive switching behavior, which is presented in the end
of this section.

During switching transient, the stray capacitances in the IGBT
play an important role in determining the inductive switching
behavior. The capacitance distribution of buffer layer IGBT is
shown in Fig. 1. In the switching transient, the variation of deple-
tion layer width results in two branches of displacement current,
the collector–gate displacement current Icg, and the collector–
emitter displacement current Idisp. The Idisp flows through the
capacitance Cce. The Icg flows through the gate-side Miller ca-
pacitance Cgc, which is the series combination of gate-oxide

Fig. 2. Waveforms of buffer layer IGBT inductive turn-on and diode reverse
recovery behaviors.

capacitance Cox and the depletion capacitance Cdep. Another
gate-side stray capacitance is the gate–emitter capacitance Cge,
which is in parallel with the Miller capacitance Cgc.

A. Concepts of Buffer Layer in High-Speed IGBTs

In a high-speed IGBT, the buffer layer design concepts like
“FS,” “soft PT,” “LPT,” and “thin wafer PT” share a same tech-
nical goal, which is to provide the best tradeoff relationship
between the forward voltage drop and switching losses [1], [2],
[4], [24]. In order to achieve this goal, the buffer layer in high-
speed IGBT is optimized to be thin and lightly doped. Typically,
the doping concentration of the buffer layer is approximately
1015 − 1016cm−3 [1], [27].

The buffer layer excess carrier injection conditions in these
high-speed IGBTs are different from that of the conventional
PT IGBT. In static condition, the excess carrier concentration
in buffer layer can exceed 1016cm−3 [3], [27]. During turn-off
transient, the excess carrier concentration in buffer layer is fur-
ther increased since all the excess holes in N-base are swept
into the buffer layer [21]. The injected excess carrier concentra-
tion approaches or exceeds the doping concentration of buffer
layer at all time. Therefore, the conventional low-level injection
assumption for PT buffer layer is not validated anymore, it is
necessary to adopt the high-level injection assumption in the
new kinds of buffer layers.

B. Inductive Turn-On Behavior

In the inductive turn-on switching, there is a strong interaction
between IGBT that is turning ON and the freewheel diode that
is undertaking reverse recovery [23]. The typical waveforms of
buffer layer IGBT inductive turn-on and diode reverse recovery



XUE et al.: MODELING INDUCTIVE SWITCHING CHARACTERISTICS OF HIGH-SPEED BUFFER LAYER IGBT 3077

are given in Fig. 2. The turn-on process can be divided into six
phases, which are as follows.

Phase 1). In phase 1, the IGBT is OFF and gate–emitter volt-
age Vge is below the threshold voltage Vth. Since the depletion
layer is very wide, the depletion capacitance Cdep is very small.
The Miller capacitance Cgc is thereby much smaller than the
capacitance Cge. During this phase, only the capacitance Cge is
charging, which results in the increasing of Vge.

Phase 2). Once Vge exceeds Vth, the phase 2 starts. In this
phase, the metal-oxide semiconductor (MOS) channel begins to
form, the electrons are allowed to inject into the N-base. The
carrier levels start to build up, but the undepleted N-base is still
under low-level injection condition. At this period, the output
current IL begins to transfer from the freewheel diode to the
IGBT, and the IGBT collector current Ic starts to increase ac-
cordingly. Meanwhile, due to the increasing of collector current
Ic , a voltage drop appears across the stray inductance Ls . This
results in the decreasing of collector–emitter voltage Vce. The
current increases in a constant rate set by [23]

dIc

dt
=

Vdc − Vce

Ls
(1)

where Vdc is the source supply voltage. At this period, since
the freewheel diode is still in forward conduction, the voltage
across the diode remains at its forward conduction level.

Phase 3). When IGBT collector current Ic reaches to the
output current IL , the phase 3 starts. At this time, the freewheel
diode current Ia reaches to zero, the diode then starts to reverse
recover. After that, the diode current Ia decreases from zero to
the peak reverse current IRR. Meanwhile, the collector current
Ic increases toward the peak value IL + IRR.

In this phase, the diode needs time to reverse recover and
cannot support large reverse voltage immediately. Therefore,
the diode voltage decreases slowly toward −Vdc. Since the un-
depleted N-base has low conductivity due to the low-level in-
jection condition at this time, the great rising of Ic causes a
significant overshoot of voltage drop across the N-base [26]. A
voltage bump of Vce is thereby formed, as shown in Fig. 2.

Phase 4). Once Ic reaches to the maximum value of IL + IRR,
the phase 4 starts. At this period, the quick rising in diode re-
verse voltage results in a rapid fall of Vce. Meanwhile, the diode
current returns back to zero, the collector current Ic decreases
accordingly. Since Ic is very large, the carrier levels in unde-
pleted N-base are quickly built up, which results in a signif-
icant reduction of voltage drop across the undepleted N-base.
However, during this period, the N-base is still under low-level
injection, and the conductivity modulation is not achieved yet.

Phase 5). When the depletion layer adjacent to the MOS
channel comes out of depletion, the depletion capacitance Cdep

greatly increases. The Miller capacitance Cgc becomes much
larger and starts to be charged. A plateau zone of the gate–
emitter voltage Vge is then generated by the well-known Miller
effect [26].

In the beginning of the phase, most of the N-base is conduc-
tivity modulated except the region closed to the MOS-end. As
the region is under high-level injection at the end of this phase,
the N-base is fully conductivity modulated and the Vce drops to

Fig. 3. Waveforms of buffer layer IGBT inductive turn-off process.

its steady-state value. In this phase, some voltage and current
oscillations may develop due to the stray elements of the test
circuit [25].

Phase 6). In phase 6, the depletion capacitance Cdep becomes
very large. The Miller capacitance Cgc can be considered equal
to Cox. Therefore, the gate drive current charges the capacitance
Cox and Cge, and Vge rises to the gate drive voltage Vgg(on) . In
this phase, the Vce and Ic approximately remain constant at their
steady-state values.

C. Inductive Turn-Off Behavior

Unlike the inductive turn-on behavior, the inductive turn-
off behavior of buffer layer IGBT is determined by its internal
characteristics. The inductive turn-off waveforms of buffer layer
IGBT are shown in Fig. 3. The turn-off process can be divided
into five phases, which are as follows.

Phase 1). In this phase, the Vge starts to decrease, discharging
the capacitances Cox and Cge. Meanwhile, the Vce and Ic remain
at their steady-state values.

Phase 2). When the Vge reduces to a value that is just sufficient
to support the collector current Ic , the phase 2 starts. During this
phase, the depletion layer starts to undertake a slightly extension,
which results in a slow rising of Vce. The depletion capacitance
Cdep is charging and the charging current serves as a feedback
current flowing through Cgc. Due to the feedback action, the Vge

stays nearly constant at this stage [25]. On the other hand, since
the freewheel diode is still reverse biased, the output current IL

cannot transfer into the diode and Ic still remains unchanged
during this period.

Phase 3). As the collector–emitter voltage Vce increases few
volts, the phase 3 starts. Since the excess charge under the
accumulation layer has been removed, the depletion capacitance
Cdep greatly decreases, which significantly reduces the feedback
current. The Vge then decreases toward the gate off voltage
Vgg(off) while the Vce increases rapidly toward Vdc.

During this period, the depletion capacitances Cce is charged.
The charging current greatly compensates the collector current
reduction due to the shrinking of the MOS electron current. The
collector current Ic then undertakes a slow decreasing.

Phase 4). Once Vce reaches Vdc, the phase 4 starts. At this
time, the freewheel diode begins to forward recover, the output
current then starts to transfer into the diode. Since Vge is under
the threshold voltage Vth, the MOS electron current and the
hole drift current associated with it are removed. This results
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in an initial rapid fall of collector current Ic . Since the N-base
depletion width greatly increases, a large amount of excess holes
are swept into the buffer layer. The excess carriers in the buffer
layer and undepleted N-base then have to spend a short period
of time to redistribute [12], a current bump of Ic may form
accordingly at the end of this phase, as shown in Fig. 3.

Phase 5). When the Vce falls back to Vdc, the phase 5 starts.
In this period, the Vce approximately remains constant, while
the collector current Ic undertakes a slow decaying mainly due
to the remaining excess carrier recombination in the undepleted
N-base and buffer layer. However, thanks to the low lifetime in
the buffer layer due to its relatively high doping level, the decay
of collector current is much faster than the conventional NPT
IGBT.

D. Influences of the Device Physical Characteristics

From the previous section, the physical characteristics of the
buffer layer IGBT that critically influence the inductive switch-
ing behavior can be summarized. For the turn-on process, the
physical characteristics are as follows.

1). The excess carrier dynamics in the low-level injected N-
base: At turn-on transient, the N-base is always under
the low-level injection condition except for the end of the
phase 5. Therefore, in order to model the turn-on process,
it is essential to characterize the N-base carrier dynamics
under low-level injection condition. The low-level injec-
tion condition should be included in the solution of ADE.

2). The low conductivity of N-base: During turn-on process,
the N-base is not fully conductive modulated until the end
of phase 5. The low conductivity due to the low-level in-
jection condition should be considered in the calculation
of N-base voltage drop.

3). Freewheel diode reverse recovery: Since the IGBT collec-
tor current strongly depends on the diode reverse recovery
current, the characterization of reverse recovery behavior
of freewheel diode is very important. In the high-speed
IGBT module, the fast p-i-n diode is often utilized as the
freewheel diode. Some new design concepts like local
lifetime control [28], emitter control [29], and deep FS
[29] are adopted to perform a fast and soft reverse re-
covery. In order to accurately model the reverse recovery
behavior of the fast p-i-n diode, a physics-based model
is developed. The details of the model are presented in
[30].

For the turn-off process, the device physical characteristics
are as follows.

1) The excess carrier dynamics in the high-level injected
buffer layer: During the first three phases of the turn-off
transient, the excess carrier concentration in buffer layer
approaches or exceeds the doping concentration. During
phases 4 and 5, the buffer layer excess carrier density is
further increased since all the excess holes in N-base are
swept into the buffer layer. Therefore, the buffer layer
is under high-level injection at all time during the turn-
off transient. The high-level injection condition should
be included to describe the excess carrier dynamics in

the buffer layer. Moreover, since the buffer layer doping
concentration is still comparable to the excess carrier
concentration during the turn-off transient, the relatively
high buffer layer doping concentration should also be
considered in the modeling method.

2). Free holes in the depletion layer: During phases 3 and 4
of the turn-off transient, the MOS electron current shrinks
and most of the collector current is carried by holes. Due
to the collector current flowing through the device, a large
amount of free holes are presented in the depletion layer.
When the device conducts high current, the concentration
of the free holes will be very closed to the N-base doping
concentration [31]. This must be taken into account in the
model.

Including all the physical characteristics presented above, a
physics-based IGBT model is built. All the details of the model
will be presented in the next section.

III. IGBT MODEL

A. N-Base Modeling

In the N-base region, the dynamics of the excess carrier dis-
tribution is governed by ADE

D
∂2p(x, t)

∂x2 =
p(x, t)
τSRH

+
p(x, t)

t
(2)

where D is the ambipolar diffusion coefficient. τSRH is the ex-
cess carrier lifetime in the N-base. p(x, t) is the N-base excess
carrier concentration. Assuming M coefficients are required,
the Fourier series solution of p(x, t) can be written as

p(x, t) = p0(t) +
M −1∑

k=1

pk (t)cos
[
kπ(x − x1)

x2 − x1

]
(3)

where

p0(t) =
1

(x2 − x1)

∫ x2

x1

p(x, t)dx (4)

pk (t) =
2

(x2 − x1)

∫ x2

x1

p(x, t)cos
[
kπ(x − x1)

x2 − x1

]
dx (5)

x1 at x = 0 and x2 at x = WL are the left and right boundaries
of the N-base, as shown in Fig. 4. The undepleted N-base region
width WL is given by

WL = WB − Wd (6)

where WB is the N-base width. Wd is the depletion region width.
In order to describe both the high-level and low-level injection

condition in N-base, the carrier lifetime τSRH is written on the
basis of Shockley–Read–Hall model [26]

τSRH =
pτH + NB τL

p + NB
(7)

where τH and τL are high-level and low-level carrier lifetimes
in N-base, respectively. NB is the N-base doping concentration.

The ambipolar diffusion coefficient D is

D = Dn
2p + NB

(1 + b)p + bNB
(8)
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Fig. 4. Coordinate diagram of buffer layer IGBT with boundary condition
definition.

where b = μn/μp = Dn/Dp is the mobility ratio. μn and μp

are the electron and hole mobility, Dp and Dn are the hole and
electron diffusion coefficients, respectively.

In order to get the solution of ADE with varied injection
conditions, the lifetime τSRH and ambipolar diffusion coefficient
D are expressed as

1
τSRH(x, t)

= R(x, t) =
M −1∑

n=0

Rn (t)cos
[
nπ(x − x1)

x2 − x1

]
(9)

D(x, t) =
M −1∑

n=0

Dn (t)cos
[
nπ(x − x1)

x2 − x1

]
(10)

where Rn (t) and Dn (t) are the Fourier coefficients which only
vary in time.

Including (9) and (10) in the ADE (2), integrate the two side
of the ADE, substitute (4) into the equation, then the solution of
ADE for k = 0 case is given by

For k = 0
M −1∑

n=0

Dn

[
(−1)n ∂p

∂x

∣∣∣∣
x2

− ∂p

∂x

∣∣∣∣
x1

]
= (x2 − x1)

dp0

dt

+
x2 − x1

2

{
2R0p0 +

M −1∑

n=1

pn

[
Rn + Dn

(
nπ

x2 − x1

)2
]}

−
M −1∑

n=1

pn

[
(−1)n dx2

dt

]
. (11)

For k > 0 case, including (9) and (10) in the ADE (2), inte-
grate the two sides of the ADE multiplied by the cos[ kπ (x−x1 )

x2 −x1
].

Substitute (4) and (5) into the equation, then the solution of
ADE is given by

For 0 < k < M − 1
M −1∑

n=0

Dn

[
(−1)n+k ∂p

∂x

∣∣∣∣
x2

− ∂p

∂x

∣∣∣∣
x1

]
=

x2 − x1

2
dpk

dt

+
x2 − x1

2

{
M −1∑

n=0

pI (n+k)

[
Dn

2

(
πI(n + k)
x2 − x1

)2

+
Rn

2

]}

+
x2 − x1

2

×

⎧
⎪⎨

⎪⎩

M −1∑

n = 0
n �= k

pI (n−k)

[
Dn

2

(
πI(n − k)
x2 − x1

)2

+
Rn

2

]
+ Rkp0

⎫
⎪⎬

⎪⎭

−dx2

dt

⎡

⎢⎣
pk

4
+

M −1∑

n = 1
n �= k

(−1)n+kpn
n2

n2 − k2

⎤

⎥⎦ . (12)

For k = M − 1:

M −1∑

n=0

Dn

[
(−1)n+k ∂p

∂x

∣∣∣∣
x2

− ∂p

∂x

∣∣∣∣
x1

]
=

x2 − x1

2
dpk

dt

+
x2 − x1

2

×
{

M −2∑

n=0

pI (n+k)

[
Dn

2

(
πI(n + k)
x2 − x1

)2

+
Rn

2

]
+ Rkp0

}

+
x2 − x1

2

×
{

M −2∑

n=0

pI (n−k)

[
Dn

2

(
πI(n − k)
x2 − x1

)2

+
Rn

2

]
+ Rkp0

}

−dx2

dt

⎡

⎢⎣
pk

4
+

M −1∑

n = 1
n �= k

(−1)n+kpn
n2

n2 − k2

⎤

⎥⎦ (13)

with x ∈ [−(M − 1), 2M − 2], I(x) is defined as

I(x) =

⎧
⎪⎨

⎪⎩

2(M − 1) − x x > M − 1

x 0 ≤ x ≤ M − 1

−x x < 0.

(14)

In (9) and (10), the cosine Fourier series are used. Since the
coefficients of the cosine Fourier series are even, any value of
the indices n − k or n + k that less than zero or greater than
M − 1 should be obtained by reflecting the coefficients about
the end indices 0 and M − 1, as shown in (14).

The coefficients Rn (t) and Dn (t) in (11), (12), and (13) are
obtained by calculating the inverse transform of (9) and (10)

⎡

⎢⎢⎢⎣

R0(t)
R1(t)
R2(t)

...

⎤

⎥⎥⎥⎦ =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 · · ·
1 cos

(
π

M −1

)
cos

( 2π
M −1

) · · ·
1 cos

( 2π
M −1

)
cos

( 4π
M −1

) · · ·
...

...
...

. . .

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

−1



3080 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017

×

⎡

⎢⎢⎢⎣

R(x1 , t)
R(x1 + Δx, t)
R(x1 + 2Δx, t)

...

⎤

⎥⎥⎥⎦ (15)

⎡

⎢⎢⎢⎣

D0(t)
D1(t)
D2(t)

...

⎤

⎥⎥⎥⎦ =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 · · ·
1 cos( π

M −1 ) cos( 2π
M −1 ) · · ·

1 cos( 2π
M −1 ) cos( 4π

M −1 ) · · ·
...

...
...

. . .

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

−1

×

⎡

⎢⎢⎢⎣

D(x1 , t)
D(x1 + Δx, t)
D(x1 + 2Δx, t)

...

⎤

⎥⎥⎥⎦ . (16)

The boundary conditions needed to solve the ADE are the
gradients of the carrier concentration at x1 and x2 , which are
given by

∂p

∂x

∣∣∣∣
x1

=
1

2qA

(
In1

Dn
− Ip1

Dp

)
(17)

∂p

∂x

∣∣∣∣
x2

=
1

2qA

(
In2

Dn
− Ip2

Dp

)
(18)

where A is the device active area. In1 and Ip1 are electron and
hole currents at x1 . In2 and Ip2 are electron and hole currents
at x2 .

The current continuity requires

Ic = Ip1 + In1 = Ip2 + In2 + Idisp + Icg . (19)

In this paper, to achieve the best tradeoff between the simu-
lation speed and accuracy, M = 7. Combining (17), (18), and
(19), the solutions on the left-hand side of (11), (12), and (13)
are obtained. For even and odd numbers of k, the solutions are
given by

Leven =
[
I0 I1 I0 I1 I0 I1 I0

]×

⎡

⎢⎣
D0
D1

...

⎤

⎥⎦ (20)

Lodd =
[
I1 I0 I1 I0 I1 I0 I1

]×

⎡

⎢⎣
D0
D1

...

⎤

⎥⎦ (21)

with

I0 =
1

2qAD

[
−2 2 0 D

Dp

D
Dp

]
×

⎡

⎢⎢⎢⎢⎣

In1
In2
Ic

Idisp
Icg

⎤

⎥⎥⎥⎥⎦
(22)

I1 =
1

2qAD

[
−2 −2 2D

Dp
− D

Dp
− D

Dp

]

×

⎡

⎢⎢⎢⎢⎣

In1
In2
Ic

Idisp
Icg

⎤

⎥⎥⎥⎥⎦
. (23)

Assuming quasi-neutrality (n = p + NB ) valid in the N-base,
the expression of electric field can be written as [32]

E(x) =
JD /q − (Dn − Dp)(dp/dx)

(μp + μn )p + μnNB
. (24)

Then, the voltage drop across the undepleted N-base is
obtained by

Vb =
∫ x2

x1

E(x) =
Ic

qA(μp + μn )
x2 − x1

M − 1

×
M −1∑

k=0

[
1

pTk
− pTk −1

ln

(
pTk

pTk −1

)]

+ VT

(
b − 1
b + 1

)
ln

(
pT0

pTM −1

)
(25)

where the carrier concentration pTk
is

pTk
= p

(
x1 +

k(x2 − x1)
M − 1

, t

)
+

NB

1 + b
. (26)

The N-base voltage Vb is comprised of two components, the
first term on the right of (25) is resistive voltage drop component
due to the resistivity of the lightly doped N-base, whereas the
second term corresponds to the Dember voltage drop associates
with the asymmetrical carrier gradient produced by the differ-
ence in the mobility of electrons and holes. Since the N-base is
under low-level injection condition during turn-on transient, the
N-base doping concentration is considered, as shown in (26).

B. Buffer Layer Modeling

In buffer layer, the time-dependent ADE is given by

∂2δp

∂x2 =
δp

L2
H

+
1

Da

∂δp

∂t
(27)

where LH =
√

DaτBF is the ambipolar diffusion length. Da =
2Dn Dp

Dn +Dp
is the ambipolar diffusion coefficient. τBF is the excess

carrier lifetime in the buffer layer.
Solving ADE (27) with the boundary conditions of p(0, t) =

PH 0 and p(WH , t) = PHW , the excess carrier concentration in
steady state is [5]

δp(x∗) =
PH 0sinh

(
WH −x∗

LH

)
− PHW sinh

(
x∗
LH

)

sinh
(

WH

LH

) (28)

where PH 0 , PHW are excess hole concentrations at x∗ = 0 and
x∗ = WH , respectively, as shown in Fig. 4. WH is the buffer
layer width.

In high-speed IGBT, the buffer layer is optimized to be very
light and thin [24], LH > WH can thereby be assumed. Notice
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sinh(x) ≈ x when x < 1, (28) is thereby modified as

δp(x∗) = PH 0 − PH 0 − PHW

WH
x∗. (29)

Equation (29) can only describe the steady-state excess carrier
distribution. In transient condition, the equation is not accurate
enough, since the excess carrier recombination and redistribu-
tion are not taken into account. Substitute (29) into ADE, (27)
and (30) can be obtained

∂2δp

∂x2 =
δp

L2
H

+
1
D

[
(WH − x∗)

WH

dPH 0

dt
+

x∗

WH

dPHW

dt

]
.

(30)
Integrating (30) twice with the boundary conditions of p(0, t) =
PH 0 and p(WH , t) = PHW , the excess hole distribution at tran-
sient state in buffer layer is obtained as follows:

δp(x∗, t) =
[
PH 0 − PH 0 − PHW

WH
x∗
]

+
1

L2
H

[
PH 0

2
x∗2

− (PH 0 − PHW )
WH

x∗3

6
− (2PH 0WH + PHW WH )

6
x∗
]

+
1
D

[
dPH 0

dt

x∗2

2
−
(

dPH 0

dt
− dPHW

dt

)
x∗3

6WH

−
(

dPH 0

dt

WH

3
+

dPHW

dt

WH

6

)
x∗
]

(31)

where the first term is the linear charge control component, the
second term corresponds to the carrier recombination and the
third term denotes the carrier redistribution. In the PT IGBT
model proposed in [6] and [20], the second term is always
neglected without the buffer layer carrier recombination taken
into account.

In general, the electron and hole current are given by

In = qμnAnE + qADn
dn

dx
(32)

Ip = qμpApE − qADp
dp

dx
. (33)

Assuming quasi-neutrality (n = p + NH ) valid in the buffer
layer, combine (32) and (33), the hole current transmission equa-
tion in the buffer layer is obtained to be

Ip =
pIc

p(1 + b) + bNH
− qADp

(2p + NH )b
p(1 + b) + bNH

dp

dx
(34)

where NH is the buffer layer doping concentration. Since NH

is comparable to the buffer layer excess carrier concentration, it
is included in (34).

Substituting (31) into (34) with x∗ = 0 and x∗ = WH , the
hole currents Ip0 at x∗ = 0 and Ip1 at x∗ = WH are obtained,
as shown in

Ip0 = qADp
(2PH 0 + NH )b

PH 0(1 + b) + bNH

[
PH 0 − PHW

WH

+
WH

6DτH
(2PH 0 + PHW )

+
WH

D

(
1
3

dPH 0

dt
+

1
6

dPHW

dt

)]

+
IcPH 0

PH 0(1 + b) + bNH
(35)

Ip1 = qADp
(2PHW + NH )b

PHW (1 + b) + bNH

[
PH 0 − PHW

WH

− WH

6DτH
(PH 0 + 2PHW )

− WH

D

(
1
6

dPH 0

dt
+

1
3

dPHW

dt

)]

+
IcPHW

PHW (1 + b) + bNH
. (36)

The terms contain dPHW /dt and dPH 0/dt in (35) and (36)
are the capacitive current due to the carrier redistribution in the
buffer layer. In the PT IGBT model in [6] and [20], the capacitive
current is assumed to only contribute the hole current Ip1 . In
(35) and (36), based on the carrier redistribution component
represented in (31), the capacitive currents in Ip0 and Ip1 are
redescribed.

Using the quasi-equilibrium simplification at the J1 junction

PHW (PHW + NH ) = PL0(PL0 + NB ). (37)

Since PHW can approaches or exceeds NH in buffer layer,
PHW is included in (37) instead of neglected as usually done in
[6] and [20].

The electron current In0 at the J0 junction is [13]

Ino = qAhpNH PH 0 (38)

where hp is hole recombination coefficient in emitter.
The voltage across J0 junction is [26]

Vj0 = VT ln

(
PH 0NH

n2
i

)
(39)

and the voltage across J1 junction is [26]

Vj1 = VT ln

(
1 +

PL0

NB

)
. (40)

C. MOS-Side Modeling

The MOS structure supplies the MOS-side electron current
In2 , therefore

In2 = IMOS. (41)

IMOS is the MOS current, which can be obtained by Shockley
equations [6].

In the linear region (Vge ≥ Vth, Vge − Vth ≥ Vd ), IMOS is given
by

IMOS = Kp

[
Vd(Vge − Vth) − V 2

d

2

]
. (42)

In the saturated region (Vge ≥ Vth, Vge − Vth < Vd ), the MOS
current is

IMOS =
Kp

2
(Vge − Vth)2(1 + λVd) (43)
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where Kp is the MOS transconductance. Vth is the MOS thresh-
old voltage. Vge is the gate–emitter voltage. λ is the MOS short-
channel coefficient. Vd is the MOS voltage.

The MOS-side displacement current Idisp corresponds to the
depletion capacitance Cce, as shown in Fig. 1. Idisp is given by

Idisp =
εsiA(1 − ai)

Wd

dVd

dt
(44)

where ai is intercell area ratio. Vd is the MOS voltage. Wd is
the depletion region width. With the cell width L and intercell
width lm defined in Fig. 1, ai is expressed as

ai =
(L − lm )

L
. (45)

Wd is given by [33]

Wd =

√√√√
2εsiVd

q
(
NB + |Ip 1 |

qv s a t A

) (46)

where vsat is the saturated drift velocity. In (46), the free holes
at depletion region due to the hole current Ip1 are included,
since the free hole concentration is comparable to NB during
the turn-off transient.

Vd can be calculated by a feedback from the boundary carrier
density px2

Vd =

{
0, for px2 > 0

−K · px2 , for px2 < 0
(47)

where K is a large gain. px2 is the excess carrier concentration
at x2 , as shown in Fig. 4.

The depletion capacitance Cdep under the gate is

Cdep =
εsiAai

Wd
. (48)

The Miller capacitance Cgc is given by the series combination
of gate-oxide capacitance Cox and the depletion capacitance
Cdep

Cgc =
CoxAai

1 + Cox
εs i

Wd

. (49)

The collector–gate displacement current due to the variation
of Miller capacitance is [33]

Icg = Cgac

(
dVd

dt
− dVge

dt

)
(50)

with

dVge

dt
=

1
Cgc + Cge

(
Ig + Cgc

dVd

dt

)
(51)

where Ig is the gate current.

IV. MODEL REALIZATION IN SIMULINK

The proposed model is implemented using MATLAB and
Simulink, as shown in Fig. 5. It has two inputs, collector cur-
rent Ic and gate current Ig , and two outputs, collector–emitter
voltage Vce and gate–emitter voltage Vge. The model contains

Fig. 5. Block diagram of buffer layer IGBT model in Simulink.

Fig. 6. Carrier storage region subsystem of the model.

the following subsystems: MOSFET, buffer layer, carrier stor-
age region, feedback, N-base voltage drop, Miller capacitance,
displacement current, and a sum of the total voltage drop Vce.

The MOSFET subsystem uses (42) and (43) to calculate the
MOS current IMOS. The buffer layer subsystem uses (35), (36),
(37), (38), and (19) to calculate In1 . The subsystem also utilizes
(39) and (40) to calculate Vj0 and Vj1 , respectively. The feed-
back subsystem uses (47) to calculate Vd , and uses (46) to calcu-
late Wd . In displacement current subsystem, (44) is utilized to
obtain Idisp. The Miller capacitance subsystem implements (49),
(50), and (51) to calculate Icg and Vge. The N-base voltage drop
subsystem uses (25) and (26) to calculate Vb . Finally, the total
voltage Vce is obtained by summing all the voltage component

Vce = Vj0 + Vj1 + Vb + Vd. (52)

The carrier storage region subsystem is the most important
and complicated subsystem in the model. The subsystem uses
(11), (12), (13), (14) to provide the solution of the ADE (2)
under all injection levels, as shown in Fig. 6. In the subsystem,
to avoid the poor convergence results from the direct calculation
of the dx2/dt, the transfer function G(s) given by

G(s) =
1

10−8s + 1
(53)

is used to calculate dx2/dt. The calculated dx2/dt is multiplied
by Fourier coefficient pk and matrix Ax2 to obtain the last terms
on the right side of (11), (12), and (13). The matrixes Apv,
K1, and K2 obtained from (3) are also multiplied by Fourier
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Fig. 7. Experiment platform circuit and equivalent circuit for the double-pulse test (a) Experiment platform (b) Equivalent circuit.

Fig. 8. Transistor and diode current and voltage characteristics during the
double-pulse test.

coefficient pk to calculate the carrier density profile in the N-base
and the boundary carrier densities Px1 and Px2 , respectively.

Three subsystems are also included in the carrier storage re-
gion subsystem. The subsystem Dn uses (8) and (16) to calculate
the Fourier series coefficient Dn . The subsystem TSRH uses (7)
and (15) to calculate the Fourier series coefficients Rn . The DnI
subsystem implements (20), (21), (22), and (23) to calculate the
terms on the left side of (11), (12), and (13). The An+k subsys-
tem obtains the second terms on the right side of (11), (12), and
(13), while An-k subsystem obtains the third terms on the right
side of (12) and (13).

V. MODEL VALIDATION

With an Infineon 600V/200A FS IGBT module and Mit-
subishi 600V/150A CSTBT module utilized, the double-pulse
tests are performed to obtain the inductive switching character-
istics. The experimental waveforms are directly compared with

TABLE I
PARAMETER ESTIMATION AND OPTIMIZATION

Parameters Initial Extraction method;
Waveforms fitting (bold)

A Open the package and measure.
Turn-off voltage and current

V th, Kp , λ From the I–V characteristic curve [34].
Gate waveforms

ai , Cg e , Cox From the input capacitance C ies and reverse
transfer capacitance C res given in datasheet
[34].
Gate waveforms, Miller plateau

hp ,hn The empirical range of hn and hp is
101 4 − 101 1 cm−3 [34].
hn : Turn-off dV/dt, hp : tail current

WB ,NB From breakdown voltage [34].
Turn-off dV/dt

NH , WH WH is about 4 − 10μ s, NH is about
101 5 − 101 6 cm−3 for high speed buffer
layer IGBT [1], [27].
Tail current

τH , τB F From decay rate of tail current [35].
Tail current

τL τL = τH in the initial estimation.
Turn-on voltage bunp

Ls From dIc /dt during turn-off transient[34].
Turn-off voltage overshoot

the simulation results for validation. All the experiment results
are measured at 300 K.

A. Test Step

The experiment platform and the equivalent test circuit of
the double-pulse test are shown in Figs. 7 a and 7 b, respec-
tively. In the circuit, a large inductor L0 is used to maintain a
nearly constant current throughout the switching cycle. L0 has
an equivalent series resistance R0 . Rg is the gate resistance. Ls

is the stray inductance of the test circuit.
In the double-pulse test, the transistor T2 is turned ON and

OFF twice, as shown in Fig. 8. The second turn-on at t2 is used
to measure the turn-on characteristics, while the second turn-off
at t3 is used to measure the turn-off characteristics.
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Fig. 9. Comparison between experiment and simulation turn-on waveforms of FS IGBT and CSTBT. (a) FS IGBT using Rg = 10 Ω and L0 = 500 μH , at
150 V/200 A. (b) FS IGBT using Rg = 10 Ω and L0 = 1 mH, at 300 V/100 A. (c) FS IGBT using Rg = 10 Ω and L0 = 1 mH, at 400 V/80 A. (d) CSTBT using
Rg = 10 Ω and L0 = 1 mH, at 150 V/100 A. (e) CSTBT using Rg = 10 Ω and L0 = 1 mH, at 300 V/100 A. (f) CSTBT using Rg = 10 Ω and L0 = 1 mH, at
400 V/100 A.
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Fig. 10. Comparison between experiment and simulation turn-off waveforms of FS IGBT and CSTBT. (a) FS IGBT using Rg = 10 Ω and L0 = 500 μH,
at 150 V/200 A. (b) FS IGBT using Rg = 10 Ω and L0 = 500 μH, at 300 V/100 A. (c) FS IGBT using Rg = 10 Ω and L0 = 1 mH, at 400 V/100 A. (d)
CSTBT using Rg = 10 Ω and L0 = 500 μH, at 150 V/150 A. (e) CSTBT using Rg = 20 Ω and L0 = 1 mH, at 300 V/150 A. (f) CSTBT using Rg = 20 Ω and
L0 = 2 mH, at 400 V/50 A.
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B. Model Parameters

Table I summarizes the initial extraction methods. The die
area A is obtained by direct measurement. The parameters ai

Vth, Kp , λ, hp , hn , Cge , WB , NB , Cox , and Ls are extracted
based on the method proposed in [34]. The lifetime parameters
τH and τBF are extracted by tail current decay rate following
the procedure presented in [35]. Based on the design concept
of buffer layer in high-speed IGBT, NH and WH are estimated
by their empirical value ranges. The low-level lifetime τL is
initially assumed to have the same value with τH . After the ini-
tial extraction, a parameter optimization procedure described in
[23] and [34] is performed to fit the experimental and simula-
tion waveforms by varying model parameters. The waveforms
utilized in the fitting procedure are given in bold in Table I.

C. Inductive Turn-On Characteristics

The turn-on experiments are performed at 150 V/200 A,
300 V/100 A, 400 V/80 A for FS IGBT, and 150 V/100 A,
300 V/100 A, 400 V/100 A for CSTBT. The experimental turn-
on waveforms are given in Fig. 9.

D. Inductive Turn-Off Characteristics

The turn-off experiments are performed at 150 V/200 A,
300 V/100 A, 400 V/100 A for FS IGBT, and 150 V/150 A,
300 V/150 A, 400 V/50 A for CSTBT. The experimental turn-
off waveforms are given in Fig. 10.

VI. DISCUSSION

The experimental and simulation results in Figs. 9 and 10
show excellent agreement. This demonstrates that both of the
inductive turn-on and turn-off processes can be well described
by the proposed model.

It should be noticed that significant oscillations appear in
the measured waveforms of Vce and Ic . The oscillations may be
the LC oscillation induced by the interaction between the device
junction capacitances and external parasitic inductances [36]. In
the proposed model, in order to improve the convergence of the
model, the transfer function (53) is used to calculate dx2/dt.
Therefore, some of the high-frequency oscillations cannot be
captured in the model.

VII. CONCLUSION

In this paper, a physics-based model implemented in MAT-
LAB and Simulink has been presented for buffer layer high-
speed IGBT. The model utilizes the Fourier-series solution of
ADE under all injection levels to characterize the excess carrier
transport in the N-base. This enables the model to provide more
accurate prediction on the IGBT turn-on behavior. Moreover,
the high-level injection assumption in the buffer layer is also
adopted. Based on the assumption, the ambipolar transport form
of hole current transition equation and quasi-equilibrium sim-
plification are used to characterize the excess carrier transport in
the buffer layer. The carrier recombination and redistribution in
the buffer layer are taken into account. The capacitive currents

due to the carrier redistribution are redescribed. In the end, The
accuracy of the model has been experimentally verified by the
good agreement of the experiment and simulation results.
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