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A Temperature-Dependent dVp/dt and dio/dt
Model for Field-Stop IGBT at Turn-on Transient

Peng Xue, Member, IEEE and Pooya Davari, Senior Member, IEEE

Abstract—In this paper, a complete expression for dVcg/dt
and dIc/dt at turn-on transient of field-stop (FS) insulated gate
bipolar transistor (IGBT) is proposed. With numerical simulation
utilized, the critical stray elements and internal physics which
have a significant impact on turn-on behaviour of FS IGBT are
identified. Based on the improved understanding on the turn-
on behaviour, the turn-on transient is divided into two phases
and the equivalent circuits of each phase are obtained. The
analytical expressions of dVcg/dt and dlc/dt during the turn-
on transient are thereby derived based on the equivalent circuits.
The temperature dependency on the turn-on characteristics of FS
IGBT is identified by the experimental data. The temperature-
dependent models of various device parameters are proposed to
describe the temperature dependency. In the end, the double-
pulse test is performed on a 650V FS IGBT and a 1200V FS
IGBT. The good agreement between the test and analytically
derived results validates that the proposed FS IGBT model can
accurately predict the dVcog/dt and dIc/dt during the turn-on
transient.

Index Terms—field-stop (FS) IGBT, collector-emitter voltage
falling rate, collector current rising rate, IGBT modeling, turn-
on.

I. INTRODUCTION

HE high-efficiency power conversion application requires

the power switch to operate with high switching fre-
quency. To meet the requirement, miscellaneous designs [1]-
[4] are proposed to improve the performance of the insulated
gate bipolar transistor (IGBT). As one of the most popular
solutions, the field stop (FS) concept is proposed in [3], [4]. In
the FS IGBT, a thin and lightly doped FS layer is introduced,
as shown in Fig. 1. The FS IGBT can just stop the electrical
field without reducing the emitter efficiently [3]. With the FS
layer utilized, the FS IGBT can achieve a better trade-off
relationship between the on-state voltage and switching losses
than the punch-through (PT) IGBT and non-punch-through
(NPT) IGBT [3]. Due to its merits, the FS IGBT quickly
becomes a mainstay among the mass IGBT market in recent
years.

With the FS layer utilized, the fast switching of the FS
IGBT generates a high collector-emitter voltage falling slope
(dVeg/dt) and collector current rising slope (dIc/dt) on
the device. Recently, the dVog/dt and dlc/dt of the FS
IGBT arise great concern in industry and academia due to
the following reasons. Firstly, the high dViog/dt and dic/dt
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Fig. 1. Schematic structure of FS IGBT

give rise to high levels of electromagnetic interference (EMI)
for power converters. The dVeog/dt is the major source
of common mode EMI, whereas the dIo/dt is the main
source of differential-mode EMI [5]. The EMI noise induces
electromagnetic compatibility (EMC) problems for the power
converters [5]-[7] and can disrupt the converter operation in
the worst-case scenario. Secondly, the turn-on losses of the
device is a function of dVeg/dt and dlc/dt. The dVog/dt
and dIc/dt are thereby very critical for the turn-on losses
estimation. Last but not least, the dVog/dt and dIc/dt are
also found to be good thermo-sensitive electrical parameters
which reflect junction temperature of the IGBT [8]-[10]. The
dVeg/dt and dlc/dt are thereby the key for the junction
temperature measurement of IGBT [8]-[10].

Looking into the previous research on dVeog/dt and dI¢/dt
modeling, most studies focus on the turn-off transient [9]-
[13]. Only a few research investigate the Vg /dt and dI¢/dt
during turn-on transient. The [14] proposed dVog/dt and
dIc/dt models for IGBT during the turn-on transient. The
model is widely used for turn-on losses calculation [15]
and EMI modeling [5] for FS IGBT. In [16], a dVog/dt
and dIc/dt model is also proposed for the turn-on transient
of IGBT. The model is used in [17]-[19] to calculate the
switching losses of IGBT.

The current dVeog/dt models proposed in [5], [14]-[19]
have a major drawback. In the models, the IGBT is considered
as a unipolar device during the turn-on transient. The impact
of excess carrier dynamics in the N-base on the dV g /dt are
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Fig. 2. TCAD simulation during clamped inductive turn-on transient of FS IGBT: (a) Simulated turn-on waveforms with the definition of time Ty — 73 and

phases 1-3; (b) Simulated hole density profiles in the N-base at time Ty — 7%.

not included. During the turn-on transient, the excess carrier
starts to build up in the N-base, which has a strong impact on
the voltage-falling process of IGBT [20], [21]. To accurately
predict the dVog/dt during the turn-on transient, the excess
carrier dynamics must be included.

For the dIx/dt modeling, the current models [5], [14]-[19]
neglect a lot of circuit stray elements to simplify the model.
This can induce significant errors in the prediction since some
circuit stray elements can have a huge impact on the turn-on
behaviour. To derive accurate dIc/dt model, all the circuit
stray elements which have a significant impact on the dI¢ /dt
should be identified and included.

The goal of this paper is to derive a complete expression for
dVeg/dt and dIo /dt during the turn-on transient of FS IGBT.
The remainder of this paper is given as follows. In section I,
the turn-on behaviour of FS IGBT is analysed. The analysis
reveals the equivalent circuit of the two phases during the turn-
on transient. Based on the equivalent circuit, the analytical
dVeg/dt and dIc/dt model of FS IGBT is derived in section
III. In section IV, the temperature dependence on the turn-
on characteristics is identified. Various temperature-dependent
device parameters are used to model the temperature depen-
dency. In section V, the parameter extraction methods of the
proposed model are presented. In section VI, the double-pulse
test is performed to validate the proposed model.

II. CLAMPED INDUCTIVE TURN-ON BEHAVIOUR OF FS
IGBT

To derive the FS IGBT turn-on model, the internal and
external device operation during the turn-on transient should
be investigated. To achieve this, technology computer-aided
design (TCAD) numerical simulation is performed. Fig. 1
shows the structure of FS IGBT utilized, which defines the cell
width L, intercell width [,,, N-base width Wp and FS layer
width Wy, In the TCAD model, L = 18um, l,,, = 12um,

Wp = 63um and Wy = 6um. The doping concentration of
N-base and FS layer is 9 x 103e¢m ™2 and 5 x 10%em =3,
respectively.

Fig. 2a shows TCAD simulated clamped inductive turn-on
waveforms of gate-emitter voltage Vg, collector-emitter volt-
age Vo and collector current /. In the simulated waveforms,
the time T{y — Ty are selected to investigate the excess carrier
dynamics. The excess carrier density in N-base and FS layer at
Ty —Ty is presented in Fig. 2b. In Fig. 2a, the turn-on transient
is divided into phase 1 (starts at ¢1) and phase 2 (starts at ¢5).
The two phases are described as follows.

Phase 1) When Vgg surpasses the Vy;, at tg, the phase 1
intimates. In this phase, the IGBT operates in the unipolar
mode since the excess carrier in the N-base is still depleted,
as shown in the excess carrier profile at Ty, 71 and 75 in Fig.
2b. The increase of collector current I is mainly supported
by the MOS channel electron current Iog. The IGBT can
thereby be modelled as a unipolar device in this phase. The
impact of excess carrier dynamics in the N-base on the turn-on
behaviour can be neglected.

Phase 2) The phase 2 starts at ¢; when Io reaches to its
peak value I, +1,.,., as shown in Fig. 2a. I}, is the load current.
I, is the peak reverse current of the high-side freewheeling
diode. In phase 2, the freewheeling diode starts to support
reverse voltage, which gives rise to the abrupt reduction of
Vee. In this phase, the excess carrier starts to build up in the
undepleted N-base, and the excess carrier profile at T5-73 is
shown in Fig. 2b. The IGBT operate in the bipolar mode and
the excess carrier dynamics in the N-base should be considered
in the model.

Fig. 3a shows the typical half-bridge test circuit. In the
circuit, 77 and D1 are active IGBT and freewheeling diode. 75
and D, are synchronous IGBT and freewheeling diode. R¢g
is the gate resistance. Lp is the power loop stray inductance.
Lg is the common emitter stray inductance. The equivalent
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Fig. 3. Typical half-bridge test circuit. (a) Half-bridge test circuit with stray inductances. (b) Equivalent circuit during phase 1. (c) Equivalent circuit during

phase 2.

circuits in phase 1 and phase 2 are derived and are given as
follows.

In phase 1, the IGBT T} operates in unipolar mode and is
thereby modelled as a unipolar transistor. Fig. 3b shows the
equivalent circuit in phase 1. The capacitances Cco g1, Cacol
and Ce g1 are collector-emitter, gate-collector and gate-emitter
stray capacitances of T7. The collector-emitter Cc g and gate-
collector Cz¢ are modelled by (1) and (2), respectively.

GSiA(l — ai)
2€siVCE
qNp

GsiAai

Cee(Ver) = )

Cac(Ver) = 2

2e¢5VoE
qNB

where €g; is the dielectric coefficient of silicon. A is the active
die area. Np is the doping concentration in the N-base. g is
the electron charge. a, is the area factor. With cell width L
and intercell width [,,, defined in Fig. 1, a; is expressed as:

(L—=1n)
L

In Fig. 3b, the MOS channel electron current Iy is mod-
elled as a voltage-controlled current source. In this phase, the
MOS channel has to support high voltage and thereby operates
in the saturation region. Iz can thereby be expressed as [22]:

Icy = Gn(Var — Vin) €]

Where G,, is the MOS transconductance and V;;, is the
threshold voltage.

In phase 2, the dI¢/dt generates a very high voltage Vi on
the common emitter stray inductance L, as shown in Fig. 3b.
The Vg counteract a part of gate drive voltage V4, which in
return slows down the dI¢/dt. As a result, a negative feedback
process is achieved. To include the negative feedback action,
L is included in the model. The dI/dt also creates a voltage
on the power loop inductance Lp, which give rise to the Vo g
reduction in this phase. To model the dVog/dt, Lp should
also be considered.

P =

3)

Fig. 3c shows the equivalent circuit in phase 2. In this
phase, the excess carrier starts to build up in the undepleted
N-base and the IGBT is considered as the bipolar device.
As shown in Fig. 3c, the abrupt reduction of Vg generates
the displacement current Icg and Ig45, on Coc and Cepg,
respectively. Due to excess carrier built-up, excess charge @)
in the undepleted N-base and FS layer increases. A capacitive
current /g is thereby generated to support excess charge () to
increase. The current components Icqa, Iqisp and Ig are very
critical and should be included in the model.

In phase 2, high dVg/dt couples on the capacitance Cog
induce the displacement current /g flowing through the gate
circuit, as shown in Fig. 3c. The I generates a voltage Vi
on the gate resistor R, which counteracts the gate driving
voltage V. This slows down the gate turn-on process, which
in return gives rise to a lower dVe g /dt. As a result, a negative
feedback process is achieved. The negative feedback action
has a huge impact on dVg g /dt and should be included in the
model.

In this model, the gate inductance is neglected. This is
because the gate loop inductance mainly affects the delay
time of the switching process [23]. The impact of gate loop
inductance on the dIc/dt and dVeog/dt is very minor [24].

Based on the equivalent circuits presented in Figs. 3b and
3c, the dVog/dt and dIc/dt in phases 1 and 2 can be
obtained, which are presented in section III.

III. TURN-ON MODELING

A. Phases 1

Based on the equivalent circuit presented in Fig. 3b. the
circuit equations of phase 1 can be derived. According to
Kirchhoff’s voltage law (KVL), (5) can be derived for power

loop.
dlc

Voe =Ver + (Le + LP)W )

In this phase, I- is mainly supported by the MOS channel
current Io g, then:

Ic=Ica =Gn(Vae — Vi) (6)



The gate current is supported by the displacement current
on the stray capacitances Cgp and Cgc, thereby:
dVor d(Voe —Ver)

dt dt

+ Cect @)

Ie = Cerr
According to the KVL, (8) can be obtained for gate loop.

dl,
Voo = Ralg + Vor + LEd—f (8)

Where R is the gate resistor.

Combining the equations (5)-(8), the following equations
can be obtained:
d*Ic

9

O )

With o = (Lg + Lp)RcCicGm, B = Ra(Cac + Car) +
LEGnL-

To solve the (9), following initial conditions are needed.

dl,
+ Bd—f + 1o = G (Vae — Vin)

Ic(t=19) =0 (10)
dle|
=< =0 a1

t=to
where tg is the time in the beginning of phase 1, as shown
Fig. 2a.

With (10) and (11) utilized, (9) can be solved. The solution
of (9) depends on the relationship between Ly and a threshold
value Lgp) given by:

Re(Cac—Car)+2vRcCac(GmLp—RaCar)

Lggn =

G
m (12)
When Lg > Lgn), the solutions of I¢ is given by:
Gm Gnm _
Io=(Vag — Vin) (=2 (t=to) 4 TmTL pra(i—to))
L — T2 T2 —T1
+Gm(Vaa — Vin) (13)

Where the coefficient 7, = (=8 + /8% — 4a)/2a. The
coefficient 7o =(—f — /B2 — 4a) /2cv.
The dIc/dt is thereby given by:
d]c G T172 _ G T172 _
2O vV m T1(t—to) m T2(t—t0)
dt ( 99 th)( T —T2 € + To—T1 € )

(14)

When Lg < Lg), the solutions of I¢ is:

Ic=e"'G(Vag — Vth)(:}—asin(w(t —tg)) — cos(w(t — tg)))
+Gm(Vae — Vin) 15)

where 7, = —3/2a, and w = \/4a — 52 /2a.
The dIc/dt is expressed as:

dl, . -
dTC = G (Vae — Vin)sin(w(t — o)) (w + %) (16)

When Lg = Lg), the solutions of I¢ is:

IC:GT“tGm(ng - V;th)(Ta(t - tO) - 1)

+Gm(Vaa — Vin) (17)

Fig. 4. Reverse recovery current waveform.

The dIc/dt is given by:

dl
TtC = Tme(VGG — V;gh)te‘r“(tit(’)

(18)

In this phase, the dI¢c/dt generates a voltage on the stray
inductances Lg + Lp, which give rise to the Vg reduction.
The Vog and dVeg/dt can thereby be obtained by:

dl,
Vor = Vpe — (Lg + LP)dTC (19)
dVer 21
= —(L Lp)——= 20
dt (Le+Le)on 20)

The phase 1 ends when I reaches its peak value Iy, + I,
as shown in Fig. 2a. The peak reverse recovery current I,
can be expressed by:

I _\/QerdIc/dﬂIC:IL
Tr — 1 + S

Qrr is the reverse recovery charge. S = ty/t, is the softness
factor. @y, t¢ and ¢, are defined in Fig. 4.

21

B. Phase 2

In phase 2, the collector current I of the low-side IGBT
is mainly determined by the reverse recovery behaviour of the
high-side freewheeling diode. Since the FS IGBT often use a
silicon p-i-n diode as its freewheeling diode, I~ can thereby
be express by [25]:

t—t
Tr ) (22)

Ic =1y + Irrexp(—

Where T'r is the reverse recovery time constant [25].
The diIc/dt can thereby be obtained by:

dl C 1 RR e ( t—1t1 )
20 _ _ZBR (-
dt Tr OV Ty
As shown in Fig. 3c, the load current I, is supported by
I and the displacement current on the output capacitance of
high-side IGBT Cpgs2. I;, can thereby be expressed as:
dVpa
dt

(23)

It=Ic+ Cossa2
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dVee
dt

The output capacitance Cpggo = Coga + Cgoz. The Copa
and Cgc2 can be obtained by (1) and (2), respectively.

In (24), dVpa/dt = dVeog/dt is assumed. In phase 2, the
freewheeling diode starts to support reverse voltage, its voltage
Vpo thereby increases reversely, which causes the reduction
of Vog. Therefore, dVog /dt &= dVps/dt can be assumed.

~Ic + Coss2 (24)

As shown in Fig. 3c, the collector current I can be
expressed as:

I
dt Q

Ic =Icu + (Cop + Cacr) (25)

Where I is the capacitive current due to the increase of excess
charge () in the N-base and FS layer.

To calculate the I, the excess carrier dynamic in the N-base
and FS layer should be obtained. In phase 2, the excess carrier
flood in the undepleted N-base and FS layer. As shown in Fig.
2b, the excess carrier density in the FS layer at T5-Tg in phase
2 is 2 x 10'% — 2 x 10'6 ¢m =3, which is in the same order or
surpasses FS layer doping concentration (1015 — 106 ¢m=3)
[3], [4]. Therefore, high-level injection assumption should be
adopted for the FS layer in the FS IGBT modeling [10], [20],
[26]-[28]. Fig. 5 defines the excess carrier density Py at x =
Wi in the N-base and excess carrier density Py atx = Wy
in the FS layer. Due to the high-level injection condition, the
Py becomes very close to Pgyy, as shown in Fig. 2b. Py =~
Py can be assumed to simplify the model [10].

During the turn-on transient, the excess carrier in the N-
base and FS layer can be assumed to be linearly distributed
[29], as shown in Fig. 5. With Pyw =~ Py, the excess carrier
p(z,t) in the N-base and FS layer can be expressed as:

x
p(r,t) = Pgo(1 — m) (26)

Where Ppy is the excess carrier density at z = 0. W =
Wp — Wy is the undepleted N-base width. Wp is the N-
base width. Wy is the depletion region width, which can be

Fig. 6.

Double-pulse test fixture.

calculated by [30]:

2eVeE

W, =
4 qNB

27

As shown in Fig. 5, the excess charge () in the N-base and
FS layer can be derived:

W+Wy A P
Q=qA / b, 1y = LA W) P
0

(28)

The capacitive current I can thereby be calculated by (27)

and (28):
_dQ _ gAPpo dW

dt 2 dt
 AesiPro dVep

ZWdNB dt

(29)

Where the C, is the equivalent capacitance due to the excess
charge build up, which can be expressed as:

Ae€siPro

Co = OW,Ng

(30)

To obtain the capacitance Cg, the Ppg should be obtained.
Due to the hole injection at FS layer/P+ emitter junction, the
Pr achieves its static-state level and approximately maintains
constant in phase 2, as shown in Fig. 2b at T5-T5. The static-
state value of Pryo can thereby be used in (30) to model the
Cq. The solution of Pprg is presented in the Appendix.

To include the I induced negative feedback action, the
(31) is utilized.

Vee

Ver = Voo + RaCao1—— o7

€Y
Combing the (24), (25), (29) and (31), then dVeg/dt can

be obtained by:
I — _
dVor _ L — Gn(Voe — Vin) (32)

dt Cce1+Cqo + Coss2 + Caci(1 + G Ra)
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IV. TEMPERATURE DEPENDENCY ON THE TURN-ON
BEHAVIOUR

To identify the impact of temperature on the IGBT,
the double-pulse test is performed on a 1200V FS IGBT
IKW40N120CS6 and a 650V FS IGBT IKW40N65ET7. Fig. 6
shows the double-pulse test fixture. The corresponding circuit
schematic is given in Fig. 3a. In the test, a clamp is used
to attach the device to a heater, which is used to heat up
the junction temperature 7'y, of low-side IGBT T; and the
junction temperature 7yo of high-side IGBT 7T5. The heater
is integrated with a thermocouple, which can monitor the
junction temperature of the devices.

The double-pulse test is first performed to identify the
impact of junction temperature 7'y; on the turn-on behaviour
of FS IGBT. In the test, the T'y5 of the high-side IGBT is kept
at 30°C, while the T';; of low-side IGBT is heated to various
temperatures (30°C, 50°C, 70°C, 90°C, 110°C and 130°C).
Figs. 7 and 8 show the experimental turn-on waveforms of
IKW40N120CS6 and IKW40N65ET7, respectively. It can be
noticed that T'y; does not have a significant impact on the
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dIc/dt. With the increase in Ty, dVog/dt also does not
significantly change except for the stage when Vg drops to
tens of volts. This is because the excess carrier cannot fully
build up in the entire N-Base until Vg drops to tens of volts,
as shown in the excess carrier density profile in Fig. 2b at T
- Tg. In the stage when excess carrier built-up is achieved, the
Ty can affect the dVog/dt since excess carrier lifetime is
temperature dependent. However, the impact is still relatively
minor and the impact of T;; on the turn-on behaviour is
neglected in this research.

The double-pulse test is also performed to identify the
impact of junction temperature 772 on the turn-on behaviour
of FS IGBT. In the test, Tj; is set to 30°C, while the Ty
is heated to various temperatures range from 30°C to 130°.
Figs. 9 and 10 show the test results of IKW40N120CS6 and
IKW40N65ET7, respectively. With the increase of T2, the
excess charge in the N-base of the anti-paralleled pin diode
increases, which affects the reverse recovery behaviour of
the diode. As a result, the dI¢/dt strongly depends on the
Ty, in phase 2 when Io recovers from its peak value to
Ir,. The temperature dependency of dIx/dt on Tjy should



be considered. It should be noticed that T'j5 also has an
insignificant impact on dVgg/dt. As shown in Figs. 9 and
10, the dVeg/dt slightly reduces with the increase of T'js.
However, since the reduction is relatively tiny, the temperature
dependency of dVeg/dt on Ty is thereby neglected.

To include the temperature dependency of dI¢/dt on Ty in
phase 2, the temperature-dependent model of reverse recovery
charge Qrr and softness factor S are utilized. The Qrr
increase with the increase of junction temperature and can
be described by (33) [31].

Qur(T)) = ero(%)a (33)

Where « is the temperature-dependent coefficient. Q..o is
reverse recovery charge at Tj.

With the increase of junction temperature, the softness

factor also increases. In this study, the softness factor S is
described by:
Ty
Ty
Where (5 is the temperature-dependent coefficient. Sy is the
softness factor at 1.

S(Ty) = So(=)° (34)

V. PARAMETER EXTRACTION

In order to use the proposed model, the model parameters
should be extracted. Table I shows the parameter extraction
methods. In this study, the die area A is obtained by direct
measurement. The IGBT parameters h,, Wg, Vi, G, ai,
Wpg, Np and 7, are extracted based on the method presented
in [32]-[34]. The diode parameters Tg, @0, So, @ and 3
are extracted from the reverse recovery waveforms of the
antiparallel diode [25], [35], [36]. The stray inductances Lg
and Lp are extracted based on the methods proposed in [32],
[37], [38].

VI. EXPERIMENTAL VALIDATION

In this section, the double-pulse test is performed on
a 1200V/40A FS IGBT IKW40N120CS6 and a 650V/40A
FS IGBT IKW40N65ET7. The double-pulse test fixture and
equivalent schematic circuit utilized are presented in Figs. 6
and 3a, respectively. The low-side gate drives V41 switches
with 15V/0, whereas the high-side gate drives V4o is set to
0V. A 500 MHz high voltage probe 10076C is used to measure
the collector-emitter voltage Vo g. The collector current I is
measured by a 400 MHz coaxial shunt resistor SSDN-414-01.
In the test, various values of DC-bus voltage, load current and
junction temperature are utilized to obtain the experimental
waveforms of Vo and I . Based on the proposed model, the
Ver, 1o, dVeog/dt and dlc/dt are also analytically derived
and compared with the experimental data.

A. Comparison on Turn-on Transient Characteristics at 30 °C

At first, the double-pulse test is performed on the FS
IGBT IKW40N120CS6 at 30°C. In the test, the gate resistor
Re = 1012, the DC-bus voltage Vpe = 600V and the
load current I, is set to 20A, 30A and 40A. Based on the
proposed FS IGBT turn-on model, the turn-on waveforms of

TABLE I
PARAMETER EXTRACTION

Parameters Extraction method
A Open the package and measure.
Vin, Gm From I-V characteristic curves [32].
o From the reverse transfer capacitance Clres
¢ and output capacitance Coss [32].
The empirical range of hyg is
L 107 — 107 2em*s™ [33].
P Accurate values can be extracted
by tail current [32]
Wpg and Np From breakdown voltage [32].
W is about 4 — 10us [3], [4].
Ng Accurate values can be
extracted by tail current [32]
From decay rate of
i tail current [32], [34].
Tr, Qrro, So, From the reverse
«a and recovery waveforms [25], [35], [36].
Typical value of L is presented
Lg in [37]. Accurate values can be extracted
by the methods proposed in [32], [38].
Lp From dI¢ /dt and overshoot voltage
at turn-off transient [32].

IKW40N120CS6 at 600V/20A, 600V/30A and 600V/40A at
30°C are obtained. Fig. 11 compares the experimental and
analytical derived waveforms and good agreement is obtained.

At 30°C, the double-pulse test is also performed on the
FS IGBT IKW40N65ET7 with Vpc = 300V and Iy, set to
20A, 30A and 40A. The experimental and analytical derived
waveforms of IKW40N65ET7 are compared in Fig. 12 and
good agreement is obtained. In Figs. 11 and 12, the good
match between analytically derived results and test data proves
that the proposed FS IGBT model can provide reasonable
prediction on the turn-on behaviour of FS IGBT.

B. Comparison on Turn-on Transient Characteristics at Vari-
ous Temperatures

To validate the temperature dependency of the proposed
model, the double-pulse test is also performed with the various
junction temperatures utilized. Fig. 13 compare the analyti-
cal derived and experimental waveforms of IKW40N120CS6
when T'jo is set to 80 °C and 130°C. The analytical derived
results agree with the experimental turn-on waveforms of
IKW40N120CS6.

Fig. 14 shows the experimental and analytical derived turn-
on waveforms of IKW40N65ET7 with various 7T';o utilized.
The experimental data of IKW40N65ET7 agree with the ana-
lytical derived results. The good agreements of the analytical
and test results validate the proposed FS IGBT model can
capture the temperature dependency on the turn-on behaviour
of FS IGBT.

In Figs. 11-14, an oscillation occur when the I snaps back
from its peak value to Ir. The oscillation is related to the
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resonance of circuit stray elements and residual excess charge
redistribution in the N-base of the freewheeling diode. During
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Fig. 12. Comparison of experimental and analytical derived waveforms

of IKW40N65ET7 with Rg = 1092 at (a) 300V/20A. (b) 300V/30A. (c)
300V/40A.

the turn-on transient, the high-side freewheeling diode has
to support reverse voltage and its depletion region in the N-
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base extends. The residual excess charge in the N-base has to
redistribute, which generates strong effective damping on the
oscillation. Due to the damping effect, the oscillation quickly
attenuates and thereby has a relatively minor impact on the
switching behaviour. As a result, the oscillation is neglected
in this research.

C. Comparison on dVeg/dt and dIc/dt

Figs. 15 and 16 compared the experimental and calculated
dVeg/dt of IKW40N120CS6 and IKW40N65ET7. In Fig.
15, the dVog/dt is extracted from the test waveforms of
IKW40N120CS6 presented in Figs. 11 when Vopg equals
100V, 200V, 300V and 400V. With the test waveforms of
IKW40N65ET7 presented in Fig. 12 utilized, the dVog/dt
is extracted when Vg equals 50V, 100V, 150V and 200V,
as shown in Fig. 16. At each Vog level, the dVeog/dt is
also calculated based on the proposed model. The error of
the proposed model can be obtained by (35).
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Fig. 14. The experimental and analytical derived 300V/20A turn-on wave-
forms of IKW40N65ET7 with R = 1092 when Tjo sets to (a) 80°C. (b)
130°C.
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35
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As shown in Figs. 15 and 16, the errors of calculated

dVeg/dt are within 9% for IKW40N120CS6 and 14% for

IKW40N65ET7. The test results agree with the calculated
values of dVog/dt.

Figs. 17 and 18 compares the experimental and analytical
calculated dIc/dt of IKW40N120CS6 and IKW40N65ET7.
The dIc/dt is extracted at different I levels depending
on the load current Ij,. When I;, = 20A, the dIo/dt is
extracted at 5A, 10A, 15A and 20A. When I;, = 30A4,
the dlc/dt is extracted at 7A, 14A, 21A and 28A. When
I, = 404, the dIc/dt is extracted at 10A, 20A, 30A and
40A. At each I level, the dI/dt is also calculated based
on the proposed model. The comparison shows the errors of
calculated dI/dt are within 5% for IKW40N120CS6 and 9%
for IKW40N65ET7. The calculated values of dlc/dt agree
with the test data.
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D. Comparison on Turn-on losses

Based on the experimental and analytical derived turn-on
waveforms, turn-on losses E,, are calculated by the time
integration on the products of Vo and Ic. The error of the

calculated results are also obtained.

Figs. 19 and 20 show the experimental and analytical
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calculated turn-on losses of IKW40N120CS6 utilizing various
Vbe (400V, 600V and 800V) and Rg (1092 and 2092). It
can be noticed that the calculated FE,, is very close to the
experimental data. The difference between the experimental
and calculated F,,, is within 9%.

Figs. 21 and 22 show the experimental and analytical
calculated turn-on losses of IKW40N65ET?7 utilizing various
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Vbe (200V, 300V and 400V) and R (1092 and 2052).The
difference between the experimental and calculated E,, is
within 10%.

Fig. 23 compares experimental and analytical calculated
turn-on losses of IKW40N120CS6 when Ty, is 30°C, 80°C
and 130°C with Vpe = 600V and Rg = 10€2. In Fig. 24,
the experimental and analytical calculated turn-on losses of
IKW40N65SET7 when Tjo is 30°C, 80°C and 130°C with
Vpe = 300V and Rg = 1082 are presented. The difference
between the experimental and calculated E,,, is within 9%.
The turn-on losses comparison shown in Figs. 19 - 24 validate
that the proposed model can make an accurate prediction on
the turn-on losses of FS IGBT.

In Fig. 21, the calculated turn-on losses of IKW40N65ET7
has maximum error (9%) at 300V/20A. To show the origin of
the error, the related power waveform (/o X Vog) is plotted,
as shown in Fig. 25. In the power waveform, errors occur in
the regions Al, A2 and A3. The error in region Al is due
to the discrepancy between the calculated and experimental
dIc/dt and I,.. in the region. The oscillation of Io in the
experimental waveforms gives rise to the error in region A2.
In region A3, the error is induced by the discrepancy between
the calculated and experimental dV¢ g /dt. Despite the errors,
the calculated power waveform agrees with the test result in
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the other phases of the turn-on transient.

E. Comparison of the proposed and previous IGBT models

With various critical internal and external device physics
included, the proposed model should have better accuracy
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compared to the previously proposed IGBT models. To vali-
date this, the proposed model is compared with the previous
IGBT models. In the previous research [5], [14]-[19], (36) is
widely utilized to model the dVog/dt at turn-on transient.
dVer __Vog = Vin — I.,/Gy, (36)
dt CacRa

Fig. 26 compares this dVig/dt model with the proposed
model. It can be noticed that the proposed model is much
more accurate than the previous model. The dV¢ g /dt derived
by (36) is much steeper than the test data. This is mainly
because the previous model does not include capacitive current
I generated by the excess carrier built-up in the N-base and
FS layer. The lack of considering the displacement current on
the Cpogg2 and Co g also contribute to the error.

In the previous research, two dIc/dt models are widely
utilized for IGBT turn-on modeling. The model #1 proposed
in [16]-[19] is expressed as:

dIC Vgg - ‘/th - IP/2Gm

=G 37
dt (Coc + Coe)Ra ©7

The model #2 proposed in [5], [14], [15] is given by:

e _a, Yaa = it (38)
dt (Cec+Cqr)Ra + GnLEg

Fig. 27 compares the proposed model, model #1 and model
#2. It can be noticed that model #1 is very inaccurate. This is
because the model #1 does not consider the negative feedback
action induced by the Lg. With Lg included, the model #2
can provide a much more accurate result than that of the model
#1. However, compared with the proposed model, the model
#2 still has a significant error. This is because the proposed
model includes all the stray elements which have a significant
impact on the dlc/dt.

VII. CONCLUSION

The contribution of this paper is the introduction of a
complete expression of dVeg/dt and dIc/dt at the turn-on
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Fig. 27. Comparison between previous and proposed dIc /dt model at turn-
on transient.

transient of FS IGBT. The proposed FS IGBT model considers
the internal device physics like the excess carrier built-up in
the N-base and FS layer. All the critical external stray elements
are also considered in the model. Based on the double-pulse
test, the reverse recovery charges Qrr and softness factor .S
are identified to be pivotal temperate-dependent parameters.
The temperature-dependent model of Qrr and S are thereby
proposed to include the temperature-dependent effect.

In the end, the proposed model is validated by the double-
pulse test performed under a wide range of test conditions. The
comparison of the analytical derived and experimental results
verifies the accuracy of the proposed model. The proposed
model is also compared with the currently available IGBT
model, which demonstrates the proposed model can provide a
much more accurate prediction than the previous models.

APPENDIX
FS LAYER EXCESS CARRIER DENSITY Ppgg

Under static state, the excess carrier p(x,t) in the N-base
and FS layer can be expressed as [10]:

sinh[(Wg + Wy — 2)/L]
sinh(Wg +Wy)/L)
Where L = v/ D7. 7 is the carrier lifetime in the N-base. D is

the ambipolar diffusion coefficient. The electron current I,
is expressed as:

p(xvt) = PHO

(39)

by, op(z,t)
L= AD
T T4 +a or |,
N bIL qADPHO WB + WH
=T1s 7 coth( 7 ) (40)

Where b = p,/ptp. pn and p, are the election and hole
mobilities of silicon.
The electron current I, is generated due to the minority
carriers recombination and can also be expressed as [39]:

Lo = qAh,P¥, 41)



Where h,, is the recombination parameter at the P+ emitter.
Combining equations (40) and (41), the Py can be solved

as:

4bh,I7,
Pro = — B S— 42
Ho 2hp( (1+b)gAK? ) (42)

Where

D %% W,

K= fcoth($) (43)
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