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A Temperature-Dependent dV/dt model for
Field-Stop IGBT at Turn-off Transient

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

Abstract—In this paper, an analytical model is proposed to
model collector-emitter voltage rising slope (dVcg/dt) of field-
stop (FS) IGBT during turn-off transient. Thanks to TCAD
simulation, the internal physics of the FS IGBT during V¢ g rise
transient is investigated. Based on the improved understanding of
the Vo rise transient, an analytical solution of the excess carrier
distribution in the N-base region and FS layer is derived. An
analytical model for dVcg/dt of FS IGBT is also proposed. The
temperature dependency of various silicon material and device
parameters are included in the model. In the end, the double-
pulse tests are performed on 650V/40A and 1200V/40A FS IGBTs.
The test results are compared with the analytical predictions and
good agreement is obtained.

Index Terms—field-stop (FS) IGBT, collector-emitter voltage
rising slope, IGBT modeling, turn-off transient.

I. INTRODUCTION

He recent development of power conversion technol-

ogy requires the power switches to operate under high
switching frequency while maintaining a low on-state voltage
drop. To achieve the goal, the field-stop insulated gate bipolar
transistors (FS IGBTs) are proposed [1], [2]. With a thin and
lightly doped FS layer utilized, the FS IGBTs can achieve
a better trade-off relationship between the on-state voltage
drop and switching loss than the conventional punch-through
(PT) IGBTs and non-punch-through (NPT) IGBTs [1]. After
commercial roll-out, the FS IGBTs quickly become a mainstay
among the mass IGBT market and are widely used in power
conversion applications.

When the FS IGBTSs turn off under clamped inductive load
conditions, a high dVcog/dt is applied on their collector-
emitter. The dVog/dt acts as an intrinsic source to generate
the common mode electromagnetic interference (EMI) [3].
The generated common mode EMI noise can give rise to
very severe electromagnetic compatibility (EMC) problems
for the power electronic systems [3]-[5]. Moreover, the steep
dVeog/dt can capacitively couple into the gate through the
gate-collector stray capacitances, which induces a displace-
ment current. The displacement current generates a voltage
on gate loop impedance, which drive the gate to increase [6],
[7]. When the dVg/dt is high enough, the gate voltage can
surpass the threshold voltage and causes unwanted false turn-
on. This false triggering turn-on can cause shoot-through faults
[8]. Recently, the dVepg/dt is found to be a good junction
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temperature indicator [9], [10]. Many studies are proposed to
use dVep/dt to monitor the junction temperature of IGBT
during converter operation [9], [10]. Last but not least, the
dVeog/dt is also a very critical parameter for the power loss
estimation. Therefore, an accurate model of the dVi g /dt for
FS IGBT is highly required to optimize the performance of
power converter.

Unfortunately, the dVog/dt modeling of IGBT at turn-off
transient did not receive proper attention it deserves, only a
few papers are proposed to discuss this topic. In [11], a simple
dVeg/dt model is proposed for NPT IGBT. The model can
only make a very rough estimation on dVg g /dt of NPT IGBT
at turn-off transient. In [12], [13], an analytical expression is
used to describe of dVog/dt of IGBT at turn-off transient.
The dVe g /dt model is widely used for power loss calculation
[14]-[16] for FS IGBT. Based upon the initial steady-state
minority carrier distribution, an analytical dVog/dt model
of FS IGBT at turn-off transient is proposed in [10]. The
model is utilized for power loss modelling [17] and junction
temperature monitoring [9] of FS IGBT.

Looking into the previous studies presented above, the two
models proposed in [12], [13] and in [10] are widely used
for the dV g /dt modeling of FS IGBT. The model proposed
n [12], [13] considers the IGBT as a unipolar device. The
excess carrier dynamics in the N-base of in the FS IGBT is
not included in the model. This can give rise to huge error
in the prediction. With the impact of junction temperature,
internal device operation, and external gate circuit on the
dVeg/dt included, a closed-form expression of dVeg/dt is
proposed in [10] for FS IGBT. However, the proposed FS
IGBT model has a few major drawbacks. Firstly, the model
directly uses the Hefner PT IGBT model [18] to model the
FS IGBT and low-level injection is assumed on the FS layer.
Since the FS layer is optimized to be thin and lightly doped,
the excess carrier in the FS layer can surpass FS layer doping
concentration and high-level injection assumption is required
[19]-[23]. Secondly, the model assumes excess carrier in N-
base linearly distributed in N-base, which is not accurate and
can give rise errors on the prediction. Last but not least, some
physical operations at turn-off transient, like the dependency of
V.. on the MOS transconductance, the MOS-side hole current
reduction and displacement currents generated by the depletion
region extension, are not considered in the model.

The goal of this paper is to derive an analytical model to
describe the dVeg/dt of the FS IGBTs during the turn-off
transient. Thanks to the TCAD simulation, the physic of the FS
IGBTs during the turn-off transient is analyzed in section II,
which clarify the basic assumptions to simplify the dVeog/dt
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Fig. 1. TCAD simulation during clamped inductive turn-off transient of FS IGBT: (a)Simulated turn-off waveforms with the definition of time 7y — 73 and
phases 1-2 of turn-off transient; (b) Simulated hole density profiles in the N-base at time Tp — T%.

modeling. Based on the assumptions, the excess carrier density
in N-base and FS layer is derived in section III. In section 1V,
a temperature-dependent dVo g /dt model of the FS IGBTSs is
proposed. In section V, double pulse tests are performed to
validate the proposed model.

II. IMPROVED UNDERSTANDING ON Vo g RISE TRANSIENT
OF FS IGBT

In order to model the dVig/dt at turn-off transient, it is
necessary to have an overview on the Vo g rise process. To
achieve this, the TCAD simulation is used to investigate the
excess carrier dynamics in the N-base. Fig. 1a shows TCAD
simulated clamped inductive turn-off waveforms of FS IGBT.
The excess carrier density in N-base at time 7y — 73 (defined in
Fig. 1a) are presented in Fig. 1b. The FS IGBT operates under
the static on-state and off-state at Ty and T§g, respectively.
From T to 7%, the IGBT operates at turn-off transient. Fig.
2 shows the structure of FS IGBT utilized, which defines
the cell width L, intercell width [,,, N-base width Wy and
FS layer width Wy. Based on the TCAD simulation results,
the physical operations of the FS IGBT during the Vg rise
transient are discussed in this section.

A. Ve Rise Process at clamped inductive Turn-off transient

As shown in Fig. la, the Vo g rise transient can be divided
into two phases. The physical operations of the FS IGBT at
phases 1 and 2 are described as follows:

Phase 1) Phase 1 initiates when Vg achieves its Miller
voltage Virier that is just sufficient to support the I.. In this
phase, the MOS channel of the IGBT starts to work in satu-
ration region. Due to the reduction of Vg, the MOS electron
current decreases. The corresponding hole current induced by
ambipolar transportation also reduces. To maintain a constant
1., the Vo rises to generate displacement current [y, on
the collector-emitter stray capacitance Cc g and displacement
current Iog on the gate-collector stray capacitance Cgc, as
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Fig. 2. Schematic structure of FS IGBT with definitions of the current
components generated during the turn-off transient.

shown in Fig. 2. In this phase, the depletion region is not
formed, as shown in Fig. 1b at time 7;. The stray capacitances
Ccr and Cge are very large, which give rise to a small
dVeg/dt in this phase.

Phase 2) When the Vg increases to tens of volts, the
depletion region starts to form in the N-base and the phase
2 starts, as shown in Fig. 1b at time 75. In this phase, the
stray capacitances Cc g and Cge greatly decrease, which give
rise to the abrupt increase in Vog. The Vog rising induces
the extension of depletion region, as shown in Fig. 1b at time
T, —T%. The depletion region extension extracts excess charge
in the N-base, which generates charge extraction current I,
as shown in Fig. 2. The sum of the I.y, lgisp and Icq
supports I, to remain constant in this phase.

During the phase 1 and phase 2, the dVopg/dt induces
collector-gate displacement current ¢ in the stray capaci-
tance Cgc. As shown in Fig. 3, the Io¢ flows to the gate



Fig. 3. The gate negative feedback during turn-off transient.

circuit, which generates a voltage Vi on the gate resistor.
The Vs support the gate voltage Vo, which greatly reduce
the gate turn-off speed. As a result, the MOS channel current
reduction greatly slows down, which in return induces a lower
dVeog/dt. As a result, a negative feedback action is achieved,
which has a significant impact on the dVog/dt during the
turn-off transient.

B. Pivotal current components for the dVeog/dt modeling

During phases 1 and 2, the MOS-side electron and hole
current reduces. To maintain a constant /., the Vg is forced
to rise so that various current components can be generated to
compensate for the MOS-side current reduction. Therefore,
it is necessary to identify pivotal current components for
dVe g /dt modeling, which are discussed as follows.

1) The displacement current /oG on the stray capacitance
Cec: As shown in Fig. 3, the displacement current [og
induces negative feedback action, which has significant impact
on the dV g /dt. The displacement current /¢ is thereby very
critical for the dVe g /dt modeling.

2) The charge extraction current I.,;: During phase 2, the
charge extraction current I.,; can be very large due to the
high-level injection in the N-base. Therefore, the charge ex-
traction current I, is very critical for the dV g /dt modeling
in the phase 2.

3) The displacement current /g4, on the stray capacitance
Ccg: During the turn-off transient, the dVg/dt induces dis-
placement current on the stray capacitance Cc g, which greatly
compensate the MOS-side current reduction. Therefore, the
impact of Iy, on the dVeg/dt should be considered.

C. Basic Assumptions

In order to simplify the dVeg/dt modeling, few basic
assumptions are made, which are presented as follows:

1) The collector current I, remains constant during the
phase 1 and 2: During the phases 1 and 2, the high-side
freewheeling diode cannot conduct forward current. I, thereby
slightly reduces due to the displacement current generated by
the dV/dt applied on the freewheeling diode, as shown in Fig.
la. The tiny reduction of I is typically neglected in the IGBT
turn-off modelling [10], [11], [24], [25]. The I. can thereby
assume to be constant.

2) The profile of excess carrier density in the undepleted
N-base and FS layer at turn-off transient is the same as
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Fig. 4. Coordinate diagram of FS IGBT under on-state with boundary
condition definition.

that under on-state: Due to the high excess carrier lifetime,
the excess carrier density in the undepleted N-base remains
constant during the voltage rising transient [10]. As shown in
Fig. 1b, the profile of hole density in the undepleted N-base
and FS layer at time 77 — 7% (turn-off transient) is almost
identical to that at time 7y (on-state). Therefore, the profile of
excess carrier density under on-state is utilized in the dVo g /dt
modeling.

3) The excess carrier densities at the two ends of the N-
base are approximately identical under on-state: Nowadays,
the technologies like trench gate [26] and carrier storage layer
[27] are widely utilized in the FS IGBT. These technologies
greatly enhance the MOS-side excess carrier density Py to a
level very close to excess carrier density P at the anode nn+
junction, as shown in Fig. 1b. Therefore, the excess carrier
densities at two ends of the N-base are assumed to be identical
in this study.

4) The FS layer is under high-level injection conditions:
During turn-off transient, the excess carrier density in the
FS layer approaches or exceeds the doping concentration of
FS layer [19], [20]. Therefore, high-level injection condition
should be assumed for the FS layer [19]-[22].

III. STATIC ON-STATE MODELING

In this section, excess carrier density under static on-state
is derived, which will be utilized for the dV g /dt modeling
based on assumption 2 proposed in the previous section. Fig.
4 shows the coordinate diagram of FS IGBT under on-state.
Jo is the junction between the P+ emitter and the FS layer.
J1 is the junction between the FS layer and N-base. I,,o and
I, are the electron and hole current at Jy. I,,; and I, are
the electron and hole current at J;. Under on-state, the excess
carrier distribution in the N-base is governed by ambipolar
diffusion equation (ADE) [28]:

L&) _ pla) 0

Ox? T
where 7 is the carrier lifetime in the N-base. p(z) is the
excess carrier density in N-base. D is the ambipolar diffusion




coefficient, which can be expressed as:

2D, D
D =_"-"""P 2
RN ©)

where D,, and D,, are the hole and electron diffusion coeffi-
cients, respectively.
The solution of the ADE (1) is :

Py - Sinh(i) + Py - sinh(WB — :c)

L
. Wg
sinh (L)

where Wpg is the N-base width. Py and Py, are the excess
carrier density at z = 0 and z = Wp, as shown in Fig. 4.
L = /Dt is the diffusion length.

Based on assumption 3 proposed in section II, Py ~ P is
assumed. The equation (3) is thereby simplified as:

sinh (2) + sinh(WBL_ x)
p(z) = Ry “4)

. Wpg
sinh (L)

With the equation (4) utilized, the electron current [,,; at
x = 0 is obtained:

p(z) = 3)

bI. Ip(z)
Iy = AD
e T e |,
_ bl qgADP, Wp
“1+b0 L mnh(QL) )

Where q is electronic charge. b is the ratio of electron mobility
{tn, and hole mobility p,,. A is the active die area.

With high-level injection assumed in the FS layer, the excess
carrier density op(x*) in the FS layer is governed by ADE:

9%6p  dp(z*)
D =— 6
Ox*2 TH ©
where 7 is the lifetime of excess carrier in the FS layer.
In the FS layer, a linear distribution of dp(z*) is assumed
for initial estimation of the dp(z*). dp(x*) can thereby be
expressed as:

(7

where Wy is the width of FS layer. As shown in Fig. 4,
Pro and Ppyw are the excess carrier density at x* = 0 and
x* = Wy, respectively.

Substituting (7) into (6), integrating the two side of the
equation twice. Utilizing the boundary conditions p(0) = Pgq
and p(Wpy) = Pgw, the excess carrier distribution in FS layer
can be obtained [20]:

Pro — Paw x*] 1 |:PH0 o

op(x™,t)= | Puo — —
Ple",1)= | Pro Wr 2" o
Pyo— P 2P, P,
><( no — Puw)  (2PuoWn + HWWH)x* )
W 6

where Ly = /DTy is the diffusion length in the FS layer.
With high-level injection assumed in the FS layer, the hole

and electron current can be expressed as [29]:

1. dp

I = _4AD®

r=11p P ©)
bl dp

I, = ADP 10
Ty TP (10

Substituting (8) into (9) and (10) with z* = 0 and z* = Wy,
the hole current Iy at z* = 0 and electron current [,; at
x* = Wy can be obtained:

1. Pyo— Pgw ~ Wg
Io= —— AD 2P, P,
0 1+b+q [ W +6L%I( o + HW):|
(11)
bl, Pyo— Paw  Wg
I,1= —qgAD — P 2P
Sy ¢ [ Wi orz, (Lo + HW)]

12)

Using quasi-equilibrium simplification at the J; junction,
(13) can be obtained [20].

P = (Ny + Puw)Puw (13)
In the FS layer, the excess carrier density is close to the FS

layer doping concentration [19]-[22]. Pgw ~ Np is thereby

assumed in this study. The (13) is further simplified to (14).

P§ = (Nu + Paw)Paw ~ 2Ny Pgw (14)
The electron current I,,¢ at the Jy junction is [30]:
Ino :thpNHPHO (15)
where h,, is hole recombination coefficient in emitter.
Combining (11) and (15), the P can be obtained:
bl P, P
i e - )
Pro = = L (16)

D Wy
Al — + — Ah, N
q (WH+3TH)+q piVH

Substituting (16) to the (12), the electron current I,,; can
be obtained:

I = Ky 2(?1[:{0[)) + qAK>Pyw (17)
where K7 and K, are
W2 + 2NgWih,ty
'~ 3Dry + W3 + 3NaWrhyth (1%)
Ky W3+12D7g (W +NpThy) +4ANgWih,mH (19)

4TH(3DTH + W12{ + 3NHWth7'H)

Combining the equations (5) , (13) and (17), the carrier
density P, can be obtained by:

POZ\/K2+

bI.Npy(2 — 3K;)

gAKy(1+0) K 20)
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where K is

21

IV. TEMPERATURE-DEPENDENT dV¢ g /dt MODELING AT
TURN-OFF TRANSIENT FOR FS IGBT

A. dVep/dt Modeling of the FS-IGBT

Fig. 5 shows the current components in the depletion region
of FS IGBT at turn-off transient. During the turn-off transient,
the collector current [ is supported by Inos, leat, Ldaisp
and Icg, as shown in Fig. 5. I,,,s is the MOS electron
current. I.;; is the charge extraction current. Iy, is the
collector-emitter displacement current. I is the collector-
gate displacement current. The equation (22) can thereby be
obtained.

IC = Text + Imos +Idisp+ICG
= Iext + Imos(on) + AIWLOS + Idisp + ICG (22)

where I,,,65(on) 15 the MOS current under on-state condition.
Al,0s is the MOS current reduction during the turn-off
transient.
The collector-emitter displacement current ;5 is given by
[31]:
dVer
dt
CcE is the collector-emitter depletion capacitance, which is
obtained by [31]:

Idisp = CCE (23)

€ SiA(l — ai)
Wy
where ¢g; is the dielectric coefficient of silicon. a; is the area

factor. With cell width L and intercell width [,,, defined in Fig.
2, a; is expressed as:

Ccr = (24)

(L—=1n)
L
W, is the depletion region width, which is given by [30]:

2e5;VoE
W p— —_—
4= N7,

(25)

a; =

(26)

Where N is the effective doping concentration, which can
be expressed as:
Ic

qAv, sqt(1+ D)
where blc/qAv, sqi(1+ D) is the free holes injected in the
depletion region. vy, sq¢ 18 the saturated drift velocity of hole.

The collector-gate displacement current /o is [31]:
dVee

dt

Cgc is the gate-collector depletion capacitance, which is
obtained by [31]:

Nj = Np + 27)

Icg = Cqc (28)

€siAa;
W

With the equation (4) utilized, the total excess charge @; in
the N-base is obtained:

Cac = (29)

w 144
Q= qA/ p(x)dx = 2¢APyL - tcmh(QL) (30)
0
where W = Wp — W, is undepleted N-base width.
As shown in Fig. 5, the extraction of @) is used to support
the charge extraction current I.,;. Therefore, I.,; is equal to
the decay rate of the Q;:

I o _L@ - A.Poési SeCh2 E dVCE . C dVCE
LT dt T NpWy oL) dt ' dt
(3D

where C.;; is equivalent capacitance for the N-base charge
extraction. C,,; is given by:
w
|
e (QL)

APyes;
The on-state MOS current I,,05(0n) Can be approximately

Cea: =
CTONpW
obtained by [31]:

(32)

blc
10 N — 33
mos(on) 1+0 (33)
The MOS current reduction Al is given by [32]:
AImos = Gm(VGE' - Vmiller) (34)

G, is the equivalent transconductance of the stray MOSFET
when Vor = Viier. Vinier 18 Miller voltage, which is
expressed as:

V. o 2Imos(on) V. 35
miller — Kp + Vin ( )
G, can be expressed as:
dImos m
G = ———" (36)
dVas VeE=Vmilier
Noting that the MOS current I,,,s is expressed as [33]:
K

Tinos = 7P(Vc;s — Vin)*(1+ A\Veg) (37)

where K, is the MOS transconductance coefficient. Vyy, is the
threshold voltage. X is the MOS short channel coefficient.

Combing the equations (36) and (37) with Vgr = Visiers
The G, can be obtained by:



TABLE I
EQUATIONS FOR TEMPERATURE-DEPENDENT PARAMETERS

Parameter Temperature-dependent equation
Vin Vin = Vino — 9 x 1073(T; — 300) [36]
Ky Ky, = KpO(3OO/TJ)O'8 [36]

T 7 = 70(T7/300)*® [36]
TH T = Tr0(T7/300)15 [36]
hp h, = hyo(300/T5)%® [35]
Ln pn = 1417 x (300/T7)?5 [34]
Lp pp = 470.5 x (300/T)2 [34]
Up sat Vpsat = 8.36 x 105(T;/300)°-5% [37]

Gm = Kp(Vmiller - ‘/Yrth)(l + AVCE) (38)

To include the gate feedback action presented in Fig. 3, the
gate circuit equation (39) is included.

Vagors) = Vae — loa Ry (39)

Combining the equations (22), (23), (28), (31), (33), (34),
and (39), the dVog/dt can be expressed as
Ic
dVerp Gm(vmiller - Vgg(off)) + m 40)
dt Cext + Cor + Cac(1+ G Re)

In the numerator, the term Gy, (Vinitier — Vgg(ofy)) denotes
the gate driving force. Vininier — Vgg(oyy) is the voltage bias on
the gate during the Vo rise transient. The term Ico /(1 + b)
denotes the MOS-side hole current reduction.

In the denominator, the term C¢,; relates to charge ex-
traction in the N-base, which generate the current I.,;. The
terms Ccg and Cge denote their corresponding displacement
currents Ig4;5, and Icq. The term Cgo Gy R is related to the

negative feedback presented in Fig. 3.

B. Temperature-dependent parameters of FS IGBT

To include the impact of junction temperature 7); on the
dVeg/dt, the temperature sensitivity of the silicon material
properties and device parameters should be considered. Table
I summarize all the temperature-dependent parameters and
their temperature dependency equations. The equations which
describe ji,, and p,, are proposed [34]. The governing equa-
tions for 7, 7, hy, K, and Vi, are presented in [35], [36].
The expression of vy, ¢4+ is proposed in [37]. In Table I, the
Vino, Kpos To, Tro and hyo are the corresponding parameters
measured at 300K. The accuracy of the temperature-dependent
models are validated in [34], [35], [35], [36].

C. Parameter Extraction

Table II shows the parameter of the proposed IGBT model.
The die area A is obtained by direct measurement. The a; can
be extracted by C-V curves [38]. The Vino, Kpo, A is extracted
from I-V characteristic curves [39].The 79, THo and hpo can

TABLE I
THE PARAMETERS OF IGBT MODEL

Parameters IKW40N65ET7  IKW40N120CS6
A(em?) 0.2 0.4
Vino(V) 53 5.55

Kpo(A-V72) 4.6 5.6
AV 0.0025 0.001

a; 0.38 0.6
Wa(um) 60 110
Np(em™2) 1x 10 1 x 10
Wa(um) 5 5
Ni(em™3) 9 x 915 1 x 1016
70(5) 0.8 1.3
THo(S) 0.2 0.1
hpo(em® - S71) 1x 10~ 1x 10

be extracted based on the proposed in [38], [40]. The Ng,
Wiy, Wp and Np can be obtained by the methods proposed
in [31], [39]. The parameters of two devices under test are
summarized in Table II.

V. EXPERIMENTAL VALIDATION
To wvalidate the model, a 650V/40A FS IGBT
IKW40N65ET7 and 1200V/40A FS IGBT IKW40N120CS6
are utilized in this study. The Vg waveforms of the devices
under test (DUTs) are obtained by double-pulse test. The

)
|
_771’

2™ e
,/.

Coaxial shunt

(b)

Fig. 6. Double-pulse test setup. (a) Test fixture. (b) Equivalent schematic
circuit.
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Fig. 7. Experimental turn-off waveforms of Vo g. (a) IKW40N65ET7 with I7, = 30A and Rg = 10€2. (b) IKW40N65ET7 with I;, = 30A and Rg = 3052.
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R = 309 (f) IKW40N120CS6 with I, = 10A and Rg = 109Q.

test is performed with various junction temperatures, gate
resistors and load currents utilized.

A. Double-pulse Test

The double-pulse test fixture and its corresponding
schematic circuit are shown in Fig. 6. In the test circuit, T}
at the low-side is the DUT. Dy is high-side freewheeling
diode with part number UJ3D1250K. Ly = 330uf is the
load inductor. R¢ is the gate resistance. Vp¢ is the DC-bus
voltage. V,, is the gate driver, which switches with 15V/0V.

To heat up the DUT, a device heater is attached to the
DUT by a clamp. A K-type thermocouple is integrated into the
device heater, which can monitor the junction temperature of
the DUT. The double-pulse test performs when the desired
junction temperature is achieved. The Vg waveforms are
measured by a high-voltage probe. The I~ waveforms are
measured by a coaxial shunt resistor.

The experimental turn-off waveforms of Vop using
IKW40N65ET7 and IKW40N120CS6 are presented in Fig.
7. The Vo waveforms are measured at six different junction
temperatures ranges from 30°C to 130°C. It can be noticed
that the dVopg/dt significantly decreases when the junction

temperature increases. When the Iy increases from 10A
to 30A, the dVog/dt significantly increases. The dVog/dt
greatly decreases when the R increase from 10€2 to 302.

In this study, the dVog/dt are extracted when Vog is
100V, 200V, 300V and 400V. The extracted dVog/dt at
various load currents, gate resistors and junction temperatures
are compared with the value derived by (40) to validate the
proposed analytical model.

B. Comparison of Experimental and Analytical Derived
dVeg/dt

Fig. 8 and Fig. 9 compare the experimental and analytical
derived dVe g /dt of the IKW40N65ET7 and IKW40N120CS6
with various junction temperatures (30°C, 50°C, 70°C, 90°C,
110°C and 130°C), load currents (10A, 20A and 30A) and gate
resistors (10€2, 2092 and 30£2). For the turn-off waveforms of
IKWA40N65ET7, the dVog/dt is extracted when Vo equals
to 100V, 200V, 300V and 400V, as shown in Fig. 8. For
the turn-off waveforms of IKW40N120CS6, the dVeg/dt is
extracted when Vg equals to 150V, 300V, 450V and 600V,
as shown in Fig. 9. The analytical derived dV¢g/dt is marked
in solid line and are labelled as S_n, where n is 100V, 200V,
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300V and 400V for IKW40N65ET7 and is 150V, 300V, 450V The analytical derived dVi g /dt thereby agree with the test

and 600V IKW40N120CS6. The experimental dVcog/dt is
marked in dot and are illustrated as 1T"_n.

With the increase of Vg, the equivalent transconductance
G, increases while the depletion capacitances C'cg and Cao
decreases. This gives rise to the increased dVe g /dt, as shown
in Fig. 8. In the proposed model, the impacts of Vog on
the transconductance G, is included in (37). (26) reflect the
influence of Vo g on the depletion capacitances Cop and Cge.

results with various Vg, as shown in Fig. 8 and Fig. 9.

As shown in Fig. 8 and Fig. 9, dVog/dt reduces with
the increase of junction temperature 7;. The reduction of
dVeg/dt is due to the increased charge extraction capacitance
Cezt and reduced transconductance G,,,. As shown in Table
I, the impact of T); on C¢y; is considered by the temperature-
dependent models of 7, 7¢7, hp, ptn and p,. The influence of
Ty on G, is considered by the temperature-dependent models
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of K, and V;;,. With these temperature-dependent models
included, the analytical derived dVg/dt accurately captures
the impact of 7'; on the experimental dVo g /dt, as shown in

Fig. 8 and Fig. 9.

The gate resistor Rg affects the dVeog/dt due to the
CecdVep/dt induced gate negative feedback action, as
shown in Fig. 3. With the increase of R, stronger negative
feedback action is achieved, the dVi g /dt thereby reduces, as
shown in Fig. 8 and Fig. 9. Since the gate negative feedback is

included in the equation (39), the analytical derived dVo g /dt
matches with the experimental results when the resistors with
102, 2092 and 3012 are utilized as Rg.

As shown in Fig. 8 and Fig. 9, with the increase of load
current I, the dVog/dt becomes larger. The Iy, has signif-
icant impact on the transconductance G,,, charge extraction
capacitance C.,; and MOS-side hole current, which affect the
dVeog/dt. In this model, the influence of I, on G, and Ce.
are included in the equations (35) and (20), respectively. In
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equation (40), the term I/(1 + b) reflects the MOS-side hole
current reduction. As a result, the analytical derived dVog/dt
agree with the experimental data when 10A, 20A and 30A of
Iy, are utilized.

In Figs. 8 and 9, the maximum relative error Em between
the analytical derived and experimental is calculated for each
test conditions. The E'm is up to 10% IKW40N65ET7 and up
to 9.6% for IKW40N120CS6. In this paper, it is assumed that
1. is constant and profile of excess carrier density is unchanged
during the turn-off transient. These assumptions simplified the
device physical and make the analytical dV,./d¢ modelling
feasible. However, the simplifications also gives rise to the
errors presented in Figs. 8 and 9.

C. Comparison of the proposed and previous dVe g /dt models

In this subsection, the proposed model is compared with the
model presented in [12], [13] and [10]. Fig. 10 shows the Vo g
waveforms calculated by the proposed and previous dVog/dt
models. The model given in [12], [13] is indicated as model
# 1 and the model proposed in [10] is marked as model # 2.

It can be noticed that the proposed model can provide a
far more accurate prediction. The dVo g /dt calculated by the
model # 1 is much steeper than the test results. This is mainly
because the model considers the IGBT as a unipolar device
and the excess carrier extraction in the N-base is neglected.
As a result, the model greatly overestimates the dVog/dt. In
model # 2, the PT IGBT model proposed in [18] is directly
used for FS IGBT modeling. The low-level injection is thereby
assumed on the FS layer, which causes the overestimation of
the excess carrier in the N-base. As a result, the dVopg/dt is
greatly underestimated by the model # 2, as shown in Fig. 10.
The lack of considering some device characteristics like the
dependency of V.. on MOS transconductance, the MOS-side
hole current reduction and displacement currents generated by
the depletion region extension also contribute to the error of
model # 2.

VI. CONCLUSION

This paper presents an analytical model on the temperature-
dependent dVop/dt at the turn-off transient of FS IGBT.
During the turn-off transient, the MOS-side electron and hole
current reduces. This forces the Vo to rise, which generates
the charge extraction current I.,, collector-emitter displace-
ment currents Ig., and collector-gate displacement Icg to
compensate the MOS-side current reduction. The Iog also
induced gate negative feedback action, which has a significant
impact on the dVepg/dt.

To provide accurate prediction on the dVeg/dt, all these
pivotal current components I..¢, Igisp, Ice and the gate
negative feedback are included. The temperature dependency
of various silicon material properties and device parameters
are also considered to capture the impact of the junction
temperature on the dVog/dt. The good agreement of the
experimental data and analytically derived results validate
the accuracy of the proposed dVeg/dt model for FS IGBT.
The comparison between the previous and proposed dVeo g /dt
models demonstrates that the proposed model can provide a
more accurate prediction than the previous models.

The proposed model can be used for EMI modeling of FS
IGBT-based power converters. With dVeg/dt utilized as a
junction temperature indicator, the model can also be used for
junction temperature detection of the FS IGBT.
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