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Analytical Transient Model of Field-Stop IGBT
Accounting for Temperature Dependence

Peng Xue

Abstract—The field-stop (FS) insulated gate bipolar transistors
(IGBTs) (FS IGBTSs) become a mainstay in the IGBT market for
medium and high-power applications nowadays. The wide appli-
cation of FS IGBTs led to a great desire for fast and accurate sim-
ulation of the device. In this article, an analytical transient model
is proposed for FS IGBT. Based on the improved understanding of
the switching behavior of FS IGBT, complete analytical expressions
of V.. and I at switching transient are derived. The pivotal device
characteristics depending on the junction temperature T, of low-
side IGBT and T}, of high-side IGBT are identified and modeled.
To extract model parameters, experimental and datasheet-driven
parameter extraction methods are proposed. Double-pulse tests are
performed on 600 V and 1200 V-rated FS IGBTs under various test
conditions. The simulated and experimental results are compared
and good agreement is obtained.

Index Terms—Field-stop (FS) insulated gate bipolar transistor
(IGBT), IGBT analytical modeling, switching transient,
temperature-dependent model.

I. INTRODUCTION

IELD-STOP insulated gate bipolar transistors (FS IGBTs)

F are widely used for medium and high-voltage power con-
verters. With a thin and lightly doped field-stop (FS) layer
utilized, the FS IGBT can achieve an improved tradeoff be-
tween the on-state voltage and switching loss compared to tradi-
tional nonpunch-through (NPT) IGBTSs and punch through (PT)
IGBTs [1]. Due to the merits, the FS IGBTs dominate the
medium and high voltage IGBT market nowadays. To design
the FS IGBT-based power conversion system, a fast and accurate
model is required. In the past, various IGBT models under dif-
ferent levels are presented [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11]. The models can be roughly categorized into three kinds:
behavior models, analytical models, and physics-based models.
The behavior IGBT models only reflect the basic device
properties of IGBT [2], [3]. The models can not include the
variation of model parameters when different load and junction
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temperature conditions are applied [2], [3]. As a result, the
behavior IGBT models provide rough and fast system-level
simulation. The analytical models simplify the IGBT as a phys-
ical property-based system [4], [5], [6], [7], which is used to
obtain analytical expressions on the switching characteristics
of IGBT. The analytical models provide fast simulation. The
parameter extraction for the models is also relatively easy.
The physics-based IGBT models describe the excess carrier
dynamics in the N-base by solving the ambipolar diffusion
equation (ADE) [8], [9], [10], [11]. Therefore, the models can
include the internal semiconductor physics of IGBT [8], [9],
[10], [11]. The physics-based IGBT models have good accuracy.
However, the models are often time-consuming and require
complex parameter extraction procedures.

Looking into the previous research on the IGBT models [2],
[31, [4], [5], [6], [7], [8], [9], [10], [11], the behavior models
provide fast simulation. However, the poor accuracy makes them
only suitable for basic system-level modeling. The physics-
based models are much more accurate since ADE is used to
model excess carrier dynamic in the N-base. However, the sim-
ulation speed of the models is extremely slow. The requirement
of the massive device parameters also hinders its applications.

Compared to other models, the analytical IGBT models can
achieve a tradeoff between accuracy and simulation speed.
The parameter extraction is also relatively easy. However, the
previous proposed analytical IGBT models [4], [5], [6], [7]
have a few major drawbacks, which greatly hinder their ap-
plication. First, since the ADE cannot be solved analytically,
previous proposed analytical models often neglect excess carrier
dynamics in the N-base of the IGBT. This greatly reduces the
accuracy of the models. Second, the turn-ON behavior of IGBT
is greatly affected by the reverse recovery of the freewheeling
p—i—n diode in the high side. Since the reverse recovery-induced
excess charge extraction of the diode is often neglected, the
previous analytical models cannot precisely predict the turn-ON
behavior of IGBT. Finally, the temperature dependency of the
switching behavior is dominated by the temperature-dependent
excess carrier dynamics of the IGBT and its freewheeling p—i—n
diode. Since the excess carrier dynamics are not considered, the
previous proposed analytical models cannot precisely predict
the temperature-dependent switching behavior.

To tackle these problems, a transient analytical FS IGBT
model is proposed in this study. In Section II, the switching
behavior of FS IGBTs is analyzed. The pivotal devices’ physics,
including excess carrier dynamics of FS IGBT and p—i—n diode,
are identified. Based on the improved understanding of the
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Fig. 1. (a) Structure, stray capacitances, and electric field distribution of FS
IGBT when V), and V4, are applied. (b) IGBT-based half-bridge test circuit.

switching characteristics of FS IGBT, a complete analytical
model is proposed in Section IV. In Section V, the dominant
temperature-dependent physical characteristics and their de-
pendency on the junction temperature 7}, for low-side IGBT
and T for high-side IGBT are identified and included in the
proposed model. Section VI proposes the experimental and
datasheet-driven parameter extraction methods. In Section VII,
the experimental validation is performed. Finally, Section VIII
concludes this article.

II. SWITCHING BEHAVIOR OF FS IGBT

Fig. 1(a) presents the structure and the stray capacitance of the
FS IGBT. The electric fields of critical voltages V), and V4, are
also presented. V), is the voltage, which can deplete the N-base.
When V), is applied, a triangular electric field distribution is
achieved in the N-base and F,,, is the maximum electric field at
X = 0. When the breakdown voltage V4, is applied, a trapezoidal
electric field distribution is generated and FE,, becomes .,
which is critical electrical field of silicon. Due to the trapezoidal
electric field distribution, the N-base region is much thinner
than the NPT IGBTs under the same voltage rating [1]. The
FS IGBT thereby can achieve the improved tradeoff between
the on-state voltage and switching losses. Fig. 1(a) shows the
gate-emitter capacitance Cj, gate-collector capacitance Cgc,
and collector-emitter capacitance C¢. of FS IGBT. C con-
sists of series-connected junction capacitance C; and depletion
capacitance Cyep1. Cye consists of series-connected gate oxide
capacitance Coy and depletion capacitance Cyep2. The Coy, Cj,
and Cg are constant capacitances. Cyep1 and Cyep2 are generated
by the depletion region and thereby depends on V..

Fig. 1(b) shows IGBT-based half-bridge test circuit. 77 and
D, are the low-side active IGBT and its freewheeling p—i—n
diode. T and D- are the high-side synchronous IGBT and its
freewheeling p—i—n diode. L is load inductor, which support
load current /. R, is gate resistance. L. is common emitter stray
inductance. L, is the stray inductance of the power loop. V. is
dc-bus voltage. Cy. represent dc-bus capacitor. Vy, is gate drive
voltage, which drives 7T to switch. With off-state gate voltage
Vee(otr) applied, the diode Dy is utilized as a freewheeling diode.
The gate loop stray inductance is neglected since it only affects
the turn-ON/OFF delay time and does not have significant impact
on switching behavior [12].
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Fig. 2. Switching transient of FS IGBT. (a) Phases 1-4 of turn-OFF transient

and (b) phases 5 and 6 of turn-ON transient.

A. Turn-Off Behavior

Fig. 2(a) shows the turn-OFF waveforms of FS IGBT, which
is divided into phases 1-4. Fig. 3(a)—(d) shows the equivalent
circuits of each phase. The four phases are given as follows.

Phase 1 [t; —t2, see Fig. 3(a)]: Phase 1 starts when the
Vee reduces to its miller voltage Viiier for I7. In phase 1, Vee
increases to generate displacement current on Ce. and Cy to
compensate the reduction of channel current /.. As shown in
Fig. 3(a), CycdVee/dt induced displacement current I, gener-
ates voltage V;, which greatly hider the gate voltage Vi to turn-
OFF [13]. With Cy. = Cl, the large Cy induce a small dV;./dt
in phase 1. Since the C'dV//dt induced displacement current on
T is very small, the I. reduction neglected. Phase 2 [ty — t3,
see Fig. 3(b)]: Phase 2 initiates when V., rises above V (around
tens of volts [14]). In phase 2, the depletion region extends to
generate the Ceeps, which induces abrupt reduction of Cy, as
shown in Fig. 1(a). The Cy.dV/dt induced feedback becomes
much weaker, which causes a high dV,. /dt. The depletion region
extension extracts the excess charge QQcx in the IV-base, which
generates current /.y, as shown in Fig. 4(a). A charge extraction
capacitance Ce is used to represent the capacitive behavior
and Iy = CexdVee/dt, as shown in Fig. 3(b). Cey, is expressed

APyes;

by [15]
2( W
N, sech <2L> (1)

where L = /Dy, is the diffusion length. D is the ambipolar
diffusivity. 77, is the excess carrier lifetime in the N-base. A is
the device’s active area. e; is the dielectric coefficient of silicon.
Ny, is the N-base doping concentration. As shown in Fig. 4(a),
Py is the excess carrier density at z = 0. W = W, — Wy is the
undepleted N-base width. W, is the IN-base width. Wy is the
depletion region width given by [16]

Oext =

2€4i Vee
Wy = 2)
! qNy

where ¢ is the electronic charge. In phase 2, the high dV./dt
induces a large displacement current on 75, which give rise to
the reduction of /., as shown in Fig. 2(a).

Phase 3 [ts3 — t4, see Fig. 3(c)]: When V. reaches Vg, I1,
can divert from the 77 to Dy and phase 3 starts. In this phase,
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Fig. 3. Equivalent circuit of (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4, (e) phase 5, and (f) phase 6.
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Fig.4. Charge equivalent capacitance. (a) Cex, generated by excess charge extraction at turn-OFF of low-side IGBT. (b) C, generated by excess charge build up

at turn-ON of low-side IGBT. (c) C. due to excess charge extraction at reverse recovery transient of high-side p—i—n diode.

I quickly vanishes, which causes initial reduction of I.. The
dI./dt generates a voltage on the inductance L, + L., which
supports the V. to overshoot and reaches its peak voltage V. +
V, at t3,, as shown in Fig. 2(a). V,, is the overshoot voltage. As
shown in Fig. 3(c), the high dI./dt generates voltage V. on the
common emitter inductance L., which slow down gate voltage
turn-OFF and hinders the dI../dt to increases.

Phase 4 [t4 — t5, see Fig. 3(d)]: In the beginning of phase 4,
1. = el;. I; is the I. at the initial of phase 3. ¢ is a constant ratio
depends on the properties of IGBT [17]. In this phase, /. slowly
decays due to the recombination of residual excess charge Q);
in the N-base and buffer layer, as shown in Fig. 3(d). A tail
current of I, is thereby generated, as shown in Fig. 2(a). Due
to the decay of the tail current, the voltage dI./dt(L, + L.) on
the inductance L, + L. reduces. The V.. thereby slowly returns
to Vg in this phase.

B. Turn-On Behavior

Fig. 2(b) shows the turn-ON waveforms of FS IGBT. The turn-
ON transient is divided into two phases, their equivalent circuits
are given in Figs. 3(e) and ().

Phase 5 [t — t7, see Fig. 3(e)]: When Vi reaches Vi, phase 5
starts. In phase 5, MOS channel starts to conduct /., which
supports I, to increase. With high dI../dt, the L.dI../dt induces
feedback mechanism presented in phase 3 also occurs. Due
to the feedback action, a constant dI./dt is achieved, which
plateaued V.. when t > tg + T}, as shown in Fig. 2(b). Phase 5
ends when I, reaches its maximum current /7, + I, [18], where
peak reverse recovery current I;; is

I V/2Q”d10/dt|1-6=h 3

T 1+8

where dI./dt|; 1, isthe currentslope when I, = I;. As shown
in Fig. 2(b), Q) is the reverse recovery charge. S =t /t, is the
softness factor of the body diode.

Phase 6 [t; — ts, see Fig. 3(f)]: The phase 6 initiates when /.
reaches I, + Iy;. In this phase, the high-side diode D5 starts to
support reverse voltage and V.. reduces. The depletion region
thereby shrinks and excess charge @), in the N-base and buffer
layer starts to build up, as shown in Fig. 4(b). The build-up of Q,
generates capacitive current I,. In Fig. 3(f), a capacitance Cj is
used to represent the capacitive behavior with I, = C,dV,./dt.
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Fig.5. (a)l. — Vgeand Iy — Ve curves of IKW40N120CS6S6 (Vee = 20 V)
and (b) log(Cgc)—log(Vee) curves of a 650 V and 1200 V FS IGBTs.

C; can be expressed as [18]

Ae€si Pro

c,=—2=
7 2WyN,

(4)
where Pp is the excess carrier density at x = 0, as shown
in Fig. 4(b). As shown in Fig. 4(c), the depletion region of
diode D5 extends and extract excess charge (), in N-base in
phase 6, which is similar to the charge extraction in phase 2 to
generates the Cey. As shown in 3(f), the (), extraction generates
a capacitive current /,. and a capacitance C,. (I,, = C,.dV,./dt) is
used to represent the capacitive behavior. The total diode capac-
itance Cyo = C 4+ Ciss2, Where Clgo i the output capacitance
of high-side switch.

After tg, the depletion region vanishes. However, since con-
ductive modulation is not achieved in N-base, V.. is higher
than on-state voltage. From tg to t9, the conductive modulation
gradually builds up and V. slowly reduces to on-state level, as
shown in Fig. 2(b). Since the voltage reduction is very small, the
conductive modulation process is neglected.

III. MODELING OF PIVOTAL DEVICE CHARACTERISTICS
A. MOS Channel Transfer Characteristics

Fig. 5(a) shows I. — Vi curve. The MOS channel current I,
is a part of the collector current /. and is given by [19]

b

Iy~ ——1I.
)

4)
where b = 1,,/11, is the ratio of electron and hole mobilities.
With (5) used, I, — Ve curves is obtained in Fig. 5(a). In
Fig. 5(a), a linear relationship between I, and Vg is approx-
imately obtained and I, is thereby expressed as

Iy = Gm(‘/ge_v;h)~ (6)

As shown in Fig. 5(a), the transconductance G, is the slope
of the I, — Ve curve. The threshold voltage Vi, can be obtained
by extrapolating the linear part of the I, — Vi, curve to z-axis.
Combining (5) and (6), Viiyer for I, is

bl

“—~ + V. (7

Vmiller = m
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TABLE I
COEFFICIENTS OF VARIOUS FS IGBTS

Part number Vor mi mo Vp p
IKW40N65ET7 650V 047 0.16 79V 0.20
FGHL75T65MQDTL4 650V 0.58 0.17 62V 0.21
FGZ75XS65C 650V 048 0.31 90V 0.14
FGH4L40T120LQD 1200V 049 0.17 330V  0.17
TIKW40N120CS6S6 1200V 045 0.19 375V  0.16
IKW50N120CS7 1200V 044 0.17 270V 0.18

B. Capacitances Cy. and Cg,

Due to the CydV/dt induced feedback, Cl is critical for the
IGBT switching behavior. Fig. 5(b) shows log(Cyc)—log(Vee)
curves for 650 V and 1200 V rated FS IGBTs. In Fig. 5(b),
the critical voltages V. and V), are marked. When V. <V,
the depletion region is not formed and Cy. =~ Cx, as shown in
Fig. 1(a). When V. > V, the depletion region is formed, which
generate Cepp. Since Cepr K Cox, Coe & Cyepa. Cuepa can be
expressed as [16]

2551’%6) 05
qNy

where Ag. is the gate-collector overlap area, as shown in
Fig. 1(a). The slope of log(Cyc)—log(Vce) curve is thereby close
to —0.5 when V. > V., as shown in Fig. 5(b). When V. >V,
the depletion region reaches through the FS layer, as shown in
Fig. 1(a). The relatively highly doped FS layer hinders the ex-
tension of the depletion region. The slope of log(Cyc)—log(Vee)
curve thereby becomes much gentler, as shown in Fig. 5(b). Cyc
in phases 2, 3, 5, and 6 is expressed by

CdepZ = 657214,gc< (8)

Cye
o Ve <V <V,
— ce
Cee =1 & ©)
Ve Ve Ve

where Cgq is the Cge when Voo = V. Cye1 = Cgeo V™2 ™.
The values of coefficients m; and mq for various devices are
shown in Table I. The m; is around 0.5 and agrees with (8).
The my is around 0.2, which is used as a default value. Fig. 1(a)
shows the triangular shape distribution of electric field when V,,
is applied. The V), can be expressed by

gN, W

b= e (10)

Asshown in Fig. 1(a), when V4, is applied, the maximum electric
field becomes E.. Vi, can thereby be expressed as

N, W2
Vi = B, — 5000 (11)
2631‘
Combining (10) and (11), the expression of V), is
si 2N, Ver |
V,=—"(E,— /B2 - =222 . 12
p 2qNb< ¢ e > (12

V), is thereby a function of V;;. Table I summaries the V), of
FS IGBTs with various V4. For 650 V IGBTs, V), is around
80 V. The V,, is around 300 V for 1200 V IGBTs.In phase 2,
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the dV,./dt on the output capacitance Cosso of high-side IGBT
induces displacement current, which causes the reduction of /...
The output capacitance Cygs can be approximately expressed
as [20]

9!

C . oss0
oss ~

Vee
where Clygp 1S the Cogg at Ve = V.

13)

C. Capacitances Cey, Cy, and Cgo and Charge Q.

In this study, the minority carrier dynamics is described by
capacitances Cey, Cy, and Cyo, which greatly simplified the
modeling approach. Assuming 2L > W, (1) can be simplified
as

APQE 57 w AP06 57
Cont = *sech?( — | ~ 14
R VA <2L) NoWy (4
The expression of excess carrier density P is [18], [21]
K 4bh, I,
Py=— 1+ —2>F= 1 15
TS (\/ T T 0)gAKR? > (1%

where h,, is the emitter recombination coefficient. K is a con-
stant coefficient [18], [21]. Equation (15) can be approximately
further simplified as [21]

bl P
P | —m"ii—rn | . 16
’ (thp(1+b)> 1o
Using (2), (14), and (16), Ce, is obtained
CeO KeILp
Cext = = 17
Ve Ve an

where Cg = K I z .pand K are constant coefficient. Similarly,
(4) for Cy can also be expressed as

_ Cp K
Ve Ve

where K is a constant coefficient. Table I shows the p extracted
for various FS IGBT. p is around 0.2, which is used as the default
value.

As showninFig. 6, Qp(saic) 1S the excess charge in the N-base
at on-state, which is extracted at turn-OFF transient to support
Cext- Qp(on)» Which generates the C, is the excess charge at
t9 when the depletion region just vanishes. The relationship

C, (18)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

TABLE II
COEFFICIENT a FOR VARIOUS COPACKAGED SILICON P—I-N DIODES

Part number Ratings a
IKW40N65ET7 650 V/40 A 0.34
FGZ75XS65C 650 V/75 A 0.55
FGHL75T65MQDTL4 650 V/75 A 0.39
FGHL50T65SMQDTL4 650 V/5S0 A 0.35
IKW40N120CS6S6 1200 V/40 A 0.20
IKW50N120CS7 1200 V/50 A 0.24
FGH4L40T120LQD 1200 V/40 A 0.22
IKZA40N120CH7 1200 V/40 A 0.39

between K, and K. is obtained as

V;ic
o CydVie K
Qb(on) _ (‘)/ a77% 9~ 0.5, (19)
Qb(static) “ CextdVee Ke

0

In FS IGBT, the trench gate is often used, which makes the
MOS-side excess carrier density Py at X = W), is very close
to the carrier density Py at X = 0 [18], [21], as shown in Fig. 6.
Q B(suaiic) = 2Q B(on) 18 thereby assumed in (19).

The charge extraction that generated capacitance C,. for diode
is similar to that generates capacitance Cey at turn-OFF [22]. In
Fig. 4(c), the excess carrier density P4 and P at the boundaries
of N-base is very close at on-state [23]. Assuming Py ~ Pc,
C, has the same expression as (1) with Py replaced as P4 and
Vee replaced as V.. The C,. can thereby be expressed by

Cr 0
Vs

where C'( is a constant coefficient. Combing (13) and (20), the
capacitance Cyo = Cygs2 + C). is obtained as

Cr =

(20)

ey

At reverse recovery transient, V,. increases from 0 V to V,
which extracts the excess carrier stored in N-base and charges
Coss2 to generate (), (22) is thereby obtained

‘/dc
| cwiv. ~an. 22)
0
With (22) and (21) used, the Cyq in (21) is obtained as
Qrr
Cyo = . (23)
2v/Vae

The reverse recovery charge @ depends on I, and has

Qe ~ K (I1)" (24)

where a and K, are constant coefficients. Table II shows the
extracted a for copackaged p—i—n diodes of various IGBTs. The
coefficient a ranges from 0.2 to 0.55 depending on their lifetime
control technique.

IV. ANALYTICAL MODEL OF FS IGBT

With the equivalent circuits in Fig. 3 utilized, the analytical
models of FS IGBT in phases 1-6 are obtained as follows.
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1) Phase 1: Fig. 3(a) shows the equivalent circuit in phase 1.
Due to Cy.dV/dt induced feedback, Vi is clamped at miller
voltage in phases 1 and 2. I is thereby expressed as

dVee
I, = —Cq .
g & dt
In phase 1, Cyc = Cox. Due to the turn-OFF of V., the MOS
channel current I, reduces. I, can be expressed as

bIy,
1+0b

where Viiner i the miller voltage at Iy, which is obtained by
(7). In (26), the first term is the MOS channel electron current
at on-state [15]. The second term is the MOS channel electron
current reduction due to the turn-OFF of V.. In Fig. 3(a), the gate
circuit has

(25)

Ich =

+ Gm(v:ge - Vmiller) (26)

Vag(oit) = Rglg + Vee- @7
As shown in Fig. 3(a), the load current I, is expressed as
AVie
IL - Ich + (Cgc + Cce) dt . (28)
Combining (25)-(28), (29) can be obtained
I
— G (Vs — Vhniller)
d‘/;e m\ Vgg(off) miller

dt Cox(14+ GmRy) + Cee

In (29), C. can be neglected since Cox (1 + G, Ry) > Cee. In
phase 1, I. = I, due to the low dV./dLt.
2) Phase 2: In Fig. 3(b), I, is expressed as
AVee
dt

dv;.

- Coss2 E

IL - Ich + (Ogc+cce+cext)

dV¢e
= Ich + (ng + Cce + Cexl + Coss2) dt . (30)

Since the reduction of V. is mainly caused by the increase of V.,
dV,./dt =~ dV,./dt is assumed in (30). Combining (25)—(27) and
(30), (31) is obtained

I,
dVee  1+4b Gim (Vegcom — Vimilter)

dt o Cgc(1+Gng)+Cce+Cext+COSSQ -

The Cee and Cogo are much smaller than Cy. (14 G, Ry) and
Cext and can be neglected. In phase 2, I. reduces due to the
displacement current on the Cygo, then

dIc Cos%(avg) d‘/ce

dt T, dt |, 2

€1y

where T, is the duration of phase 2, as shown in Fig. 2(a).
dVee/dt|s, is the dVi./dt at t3. Cossave) 18 charge equivalent
capacitances of Cyg, Which is obtained using (13)

f v C(oss 200550
Clossiave) = =2 = . 33
oss(avg) Vdc V:jc ( )
3) Phase 3: As shown in Fig. 3(c), the gate current is
AVe A(Vge — Vee)
I, = Cye df + Cge—E o : (34)
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In this phase, I.. abruptly deduces mainly due to the turn-OFF of
MOS channel current. I, can be expressed as

I, = Is + G (Vee — Viniliers)

where I3 = I.(t = t3). Viiners is the Miller voltage at I5. As
shown in Fig. 3(c), the gate loop has

(35)

dl.
Vastom = Ryl + Vo + L2 (36)
In the power loop, (37) is obtained
dl,
Vie = Vee + (Le +L)dt (37
Combining (34)—(37), (38) is obtained
d2I
dt2 Gm(v:gg(oﬁ) - Vmillerl) + Id (38)

where o = (Le + Ly)RyCocGy, and = Ry(Cyc + Coe) +
L.G,,. The initial condition of phase 3 is

I(t=t3) =14 (39)
dl,

e — A
at |y, S3 (40)

where S3 is the current slope at ¢3, which is obtained by (32).
The solution of (38) is

S5 + GmT2(Vag(otty — Viniller1) o (t=t3)
T — T2
+ SS + GmTl(‘/gg(off) - Vmillerl)
To — T1

+ I3 + G (Vegcotty — Vimitter1 ) (41)

where the coefficients 7 =(—3 + /5% — 4)/2a, and T =
— /8% — 4a))/2c. The dI./dt is obtained by

% (SB+GmT2( gg(off) — Vmillerl))Tl e-,—l(t_tg)
dt T — T2

I. =

67'2 (t*tg)

n (S3+Gm 71 (Vagotty — Vimiller1 ) ) T2 oralt—ts)
T2 —T1
In this phase, V. can still be obtained by (31). As shown in
Fig. 2(a), V. increases in this phase until it researches V,, + Vj
atts, = ts + Tjp. V, is obtained by
dl,
dt

(42)

V, = (L + L) =< (43)

t=t3+T}

At ts + Ty, maximum dI../dt is achieved. T}, thereby has
d?1,
dt? =T

With (42) and (44) used, T} is obtained as
In < (S3+GmT1 (Vag(ofn) —Vminer1))7'22)
T

=0 (44)

(S3+Gp12(V, 2g(off) Vmillerl))712

T — T2

(45)

4) Phase 4: As shown in Fig. 7, in phase 4, electron current
I,1 and I,» turns OFF, I, is supported by the hole diffusion
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Fig. 7. Excess carrier dynamics in phase 4 at turn-OFF transient.

current I,,1[24]. Since N-base and FS layer are under high-level
injection conditions [8], [15], (46) is obtained [24]

Pro — Paw
Wgy ’

As shown in Fig. 7, Pyw, Pro, and P, are the carrier density

atz* =0, 2" = Wpy, and z = 0. Wy is the FS layer width. In

Fig. 7, the charge ()1, in the N-base and charge @)z in FS layer
can be expressed as

P,
I=1I, = 2qADpWO = 2¢ADp (46)

APW
Q= 47)
O = qA(Pro + PHW)WH' 48)

2

With Prw ~ Py assumed [18], [25], combining (47) and (48),
the total charge Q7 is obtained as

w W2
Qr =Qu +Qr = AqFy <+WH+H>~ (49)

2 2W
Substitute (49) and (47) into (46), I. is expressed as
4DpQr 4DpQy
I. = = 50
(W + WH)2 w2 (50)

In phase 4, Q7 decays mainly due to the excess carrier recombi-
nation. Neglecting the carrier injection into the P+ emitter, (51)
is obtained [24]

WQr_ Q Qu_ Q

dt TL TH TL TH

QL

(Qr — QL)

D

where 7 carrier lifetime in FS layer. Combining (47), (49),
(50), and (51), the current decay rate can be expressed

dl.  dl, dQr I,

= — = 2
dt dQT ddt Teff (5 )
where the effective carrier lifetime 7. is expressed as
1 1 (W2 (2W+WH)WH) (53)
Tt (W +Wg)? \ 71 TH '

With initial condition I..(t4) = €I;, the solution of (52) is

t—14
Teff )

As shown in Fig. 2(a), after t3,, Ve slowly decay from its peak

value to Vg.. With initial condition is Vie(t34) = Ve + Vo, Vee

I. = el;exp (— (54)
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can be obtained using (37) and (54)

Vee = Vac + Voexp <_ (55)

t— t3a>
Teff .
V, is obtained by (42) and (43). In Fig. 2(a), a short gap may
appear between t3, and t4 due to the excess carrier redistribution.
In this model, the gap is neglected and t3, ~ t4.
5) Phase 5: In phase 5, I, is mainly supported by MOS current
due to the forward conduction of high-side diode, then

o= Ien =G (Ve — Vi) (56)

The turn-ON behavior in phase 5 is close to that of turn-OFF in
phase 3 and (34), (36) and (36) are valid with Vg (o) modified as
Veg(on)- Combining (34), (36), (37), and (56), the same methods
utilized in phase 3 is applied with following initial conditions:

I.(t=1t) =0 57
dl,
=0. (58)
dt t=to
The solution of I is obtained as
I. = (Vo — Vin) < GmTz’eTl(t’tﬁ) + G €T2(tt6))
1T — T2 T2 —T1
+ G (Voo — Vin)- (59)
The dI./dt can be obtained using (59)
d.[c _ GmTlT2(VGG - V;h) (e-,—l(tftﬁ) o erz(tftﬁ)). (60)

dt T — T2

As shown in Fig. 2(b), in phase 4, the V.. reduces in the
beginning and plateaued at tg + Ty. With d*1./dt?|,—, = 0,
T, can thereby be obtained as

lm‘l — ZTLTQ

Ty = (61)
To — T1
In this phase, dV./dt is expressed as
dl
(L + LS) <
AVee " dt iy, 2
dt Ty
where dI./dt|;—,+7, is obtained using (60) and (61).
6) Phase 6: As shown in Fig. 3(f), I, is expressed as
AVee dv,
I, =1, c e e -
L h + (Coc + Cee +Cy) e Cao =
dV.
= len + (Cgc + Cce + Cq + Cd?) = (63)

dt -~
In this phase, (25) and (27) are valid with Vi (ofr) modified as
Veg(on) in (27). Combining (25), (27) and (6) and (63), the Ve,
can be obtained as
dvée _ IL - Gm(‘/gg(on) - ‘/1h)

dt Cq + Cce + Cd2 + Cgc(l + Gng) .
Ce is much smaller than other terms in the denominator and can
be neglected. In phase 6, I. is expressed as [26]

t—1tr
Tr

(64)

I.=1Ip+ I;exp (— (65)
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Fig. 8. Double-pulse test fixture.

where Ty, is the reverse recovery time constant. The peak reverse
recovery current [, can be obtained by (3).

V. TEMPERATURE-DEPENDENT MODELING OF FS IGBT

With the double-pulse test fixture presented in Fig. 8 utilized,
the impacts of junction temperature T%; of high-side 77 and
junction temperature 7)o of low-side 7% on switching behavior
of FS IGBT are investigated. The device under test is attached
to a device heater with a thermocouple integrated. The heater
can heat T)j; and T, to preset temperatures.

Fig. 9 shows the T); and T}, dependencies of switching
behavior for FS IGBT. As shown in Fig. 9(a), the T}j; has a
negligible impact on the dI./dt during turn-ON at phase 5 and
turn-OFF at phase 4. This is because the V4, and transconductance
of IGBT has negative temperature coefficient. With higher T},
the reduced V4, generates stronger gate driving force, whereas as
the reduction of transconductance makes the gate driving force
weaker. The two impacts counteract, which generates the neg-
ligible T};; dependency of dI./dt. The temperature dependency
of Vi and transconductance can thereby be neglected to simplify
the model.

The turn-ON V. only shows relatively significant temperature
dependency when V. drops to tens of volts. In this phase, the
excess carrier builds up in the entire /N-Base, which induces
temperature dependency [18]. However, since the high-level
injection is not achieved until the end of the turn-ON transient,
the temperature dependency is weak and can be neglected [18].

As shown in Fig. 9(b), the turn-OFF dV,./dt greatly reduces
with the increase of 7. The reduction of dV,./dt is mainly due
to the increased Clx,, Which is expressed by (17). In (17), the K,
can be obtained using (2), (14), and (16)

geai \*° b P
K.=A e _— ] . 66
(2Nb> (thp(1+b)) ©0
In (66), h,, is temperature-dependent parameters [20]
300
J

hpo 1s Dy, at room temperature (27 °C). The typical value of
coefficient ¢ is 2.5 [20]. With (17), (66), and (67) used, the
temperature-dependent Cey is

Cex(Tj1) = K

v 1\’
0= Tin (68)
vV Vee \ 300
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where K .o and § are constant coefficients. Withp = 0.2,5 = 1.2
is obtained as the default value.

In Fig. 9(b), the tail current of turn-OFF [. becomes larger with
the increase of T}1, which is due to the increased e, lifetime 7
and 7. The temperature-dependent model of ¢ is

T \"
e(Tj1) = eo (Eﬁ;)>

where ¢ is the ratio € at room temperature. 7 is constant
coefficient. The temperature-dependent 7 and 7, are [27]

(69)

T

L Cr(L)
Ty (Ti1) = TrHo(Lo) <3030) .

THo and 77,9 are lifetime at room temperature. Coefficients (g
and (z, range from 0.57 to 1.77 depending on the injection level
of excess carrier [28]. The typical value of (7 and (7, is 1.5 [27],
which is used as the default value in this model.

As shown in Fig. 9(c), with the increase of T}j», the reverse
recovery charge Qrr and softness factor S increases, which
induces the temperature dependency of the snap-back current.
The increased @) also induces a larger Cyo, which causes
reduction of turn-ON dV,./dt. The temperature-dependent @,
is given by (71) [33]

Tin \©
T T2) = T ~I=
QnlTy2) = G (335
where Qg is Qrr at room temperature. « is the coefficient.
Assuming a =~ (g [33], @ = 1.2 is used as default value. The
temperature-dependent C 5 is obtained using (23) and (71)

(70)

(71)

Qo (Tj > “
Ca2 = —_— ] . 72
a2 = 5 7=\ 300 (72)
The temperature-dependent softness factor .S is [18]
T \”
S(Tje) = So | =2= 73
(T2) 0 (30()) (73)

where [ is the temperature-dependent coefficient. Sy is the
softness factor at room temperature.

The turn-OFF behavior of IGBT is determined by low-side
IGBT T'[15]. The T} of T’ thereby has no impact on turn-OFF
behavior of 77, as shown in Fig. 9(d).

VI. APPLICATION OF THE FS IGBT MODEL
A. Parameter Extraction

In this section, the experimental and datasheet-driven param-
eter extraction methods. The experimental approach can provide
accurate parameter extraction but various tests are required.
Utilizing the limited information provided in datasheet, the
parameters can also be roughly estimated using the datasheet-
driven methods. Table III summarizes the experimental and
datasheet-driven parameter extraction methods.

1) Experimental Approach: The Vi, and G, are extracted
from I. — Vj curves, as shown in Fig. 5(a). The capacitance Cle
has Cye ~ Ciss When Ve > V.. The capacitance Cegco, Cosso, and
V), are extracted from Ve — Chgs and Vie — Cogs waveforms. Cox
isextracted dV,. /dt at phase 1 using (29). V} and g are extracted
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Fig. 9.

T)j1 and T)j2 dependent switching waveforms of IKW40N65ET7 using various 71 or T)j2 ranging from 27 °C to 130 °C. (a) Turn-ON and (b) turn-OFF
waveforms using various 7’1 while Tj2 = 27°C. (c) Turn-ON and (d) turn-OFF waveforms using various T2 while T} = 27°C.

TABLE III
PARAMETER EXTRACTION

Parameters Experimental based parameter extraction Datasheet-based parameter estimation
Vin and G, Extract from . — Ve curves.
Cye, Cyeoand Cogso Extract from Vee — Ciss, Vee — Crss and Ve — Coss waveforms.
Vy From turn-orr V.. waveforms. Vi =~ 10V [14].
Coz From the dV,./dt at phase 1 using (29). From the V.. — Cis waveforms [29].
Vo Extract from V.. — C'.ss waveforms. Use the (12).
Th. So. Qwo. Tr, So and Q.m): From reverse recovery waveforms. Qrro: From datasheet. Sy and Tr: Use
a o and § a: Fit (24) using extracted Qrro. o and S: fit (71) (74) and (75) based on the extracted Q0.
and (73) using extracted @, and S. a, o and (3: Same as the experimental approach.
€o: From turn-oFF current.
€o and 77 n: Fit (69) using the extracted e. 0 =0.25 and n =2
Wy and Ny Extract from breakdown voltage V3, [29].
Ny and Wy Extract from tail current [29]. Ng: 10" —10%em ™. Wg: 4 — 10m [1], [30].
THO, TLO, Tro and Tro: Extract from tail current [29]. (i THo = 1us, Tpo = 0.1us,
Cm and and (r: Fit (70) using extracted 7#, TL. (o =¢L =15
Koo K, and § Keo: Use (17) and (31). K,: Use (18) and (64). Keo: Extract from 24(, ) using (76) - (79).
P §: Fit extracted K. using (68). Kq~ 05K and 6 = 1.2.
Le Using methods proposed in [29], [31]. Typical value of L. is presented in [32].
Ly, From turn-orr dI. /dt and overshoot voltage [29]. Extracted from PCB design file.

from the turn-OFF V.. waveform, as shown in Fig. 2(a). Ty,
@0, and S are obtained from reverse recovery waveforms [4],
[13], [26]. Tz and 77 are extracted using the decay rate of tail
current [29], [34]. The temperature coefficients ), (7, (1., v, and
[ are obtained using (69), (70), (71), and (73) to fit the related
parameters obtained at various temperature. a can be extracted
by fitting (24) using the @), extracted at various load current.
The K, is extracted by turn-OFF dV,./dt using (17) and (31).
The K, is extracted by turn-ON dV,. /dt using (18) and (64). The
stray inductance L. and L, are extracted using methods in [29]
and [31]. The Wy, Ny, Wi, and Ny are extracted using the
method in [29].

2) Datasheet-Driven Method: With datasheet used, the pa-
rameters Vin, G, Coes Coco, Cosso, @rro» @, and a can be directly
obtained using experimental approach since the related data
are provided in the datasheet. The datasheet-driven parameter
extraction approach for the other parameters are discussed as
follows.

The V), is calculated by (12) using E.., Vi and Ny. E. = 2.5 X
10°V -em~ ! and N, = 1 x 10™cem™! can be used as default
value. The V4, is the rated breakdown voltage plus 100 V of

typical voltage margin [29]. V; ~ 10 V[14]. Cy can be roughly
estimated by V. — Cyss waveforms [29]. The softness factor S
is extracted by

2, dlp

~ 20, dt

(74)

where t,, reverse recovery time. dI /dt is the forward current
slop to obtain the @Q,,. The Sy and /3 can thereby be extracted by
using the temperature-dependent @, provided in the datasheet.
With (65) utilized, T'r is obtained as
ty

Tr =
7 T log(0.1)

(75)
wheret; ~ t,5/(1 + S). K. is extracted by turn-OFF delay time
Ta(ofr)- As shownin Fig. 2(a), Tq(ofry = Tae + T, Tte is turn-OFF
delay time and 7T}, is voltage rise time. With the increase of I, T},
reduces while Ty, is constant. When [y, is very large, Ty, > T,
and T}y equals to minimum Td(off) (Td(off) (min)) in Iy, _Td(off)
curve in datasheet. T, at Iy, is

To(Iz) = Tygofr)(I1) — Taa(oft) (min) (76)
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Experimental and simulated waveforms at room temperature. (a) 300 V/30 A turn-ON of IKW40N65ET?7. (b) 400 V/20 A turn-ON of IKW40N65ET7.

(c) 600 V/30 A turn-ON of IKW40N120CS6S. (d) 800 V/20 A turn-ON of IKW40N120CS6S6. (e) 300 V/30 A turn-OFF of IKW40N65ET?7. (f) 400 V/20 A
turn-OFF of IKW40N65ET7. (g) 600 V/30 A turn-OFF of IKW40N120CS6S6. (h) 800 V/20 A turn-OFF of IKW40N120CS6S6.

Eqs.(59)
=

gs
Egs.(18)
Egs.(64)
Eqs.(21)

Egs.(54) Eqs.(60) Egs.(62)

Flowchart for calculate the V. and I at turn-ON and turn-OFF.

Turn-off V/,,

Fig. 11.

where Ty ofr) (1) is Ty(ofr) at 1. With (31) utilized, T, is
_ Vdc (Cgc(avg) (1 +Gng) +Oext(avg))

T, 77
¢ It — G (Vag(omr) — Vin)
where charge equivalent capacitance Cey(ayg) for Cey is
‘/.dC
Cexx 2K I?
Cext(avg) = fo = = L (78)
Ve Vite
The charge equivalent capacitance Cly(ayg) for Cy is
‘/dc
Coe  2Cse0
Cgc(avg) — f;) & ~ gc ) (79)

Vae Vae

With (76)—(79) utilized, Ko is roughly estimated. K, ~
0.5Kcq. L, can be extracted using a PCB design file. The typical
values of L. are provided in [32].

Since the related experimental data are not provided in the
datasheet, the following parameters can not be extracted based
on the datasheet. The empirical values are thereby used. ¢
is around 0.1-0.5 [4], [5], [8], [35]. 6 = 1.2, g = 0.25, and
n =2.Tgo = lus and 7o = 0.1us are typical values of life-
time according [8], [29], [35]. (i and (, are 1.5 [27].

When the parameters are extracted, the parameter optimiza-
tion method proposed in [29] can be used to fine-tune the
extracted parameters to obtain an optimized parameter set.

However, the inclusion of parameter optimization can make the
parameter extraction complex and time-consuming.

B. Model Implementation

With the parameters utilized, the proposed model can be
implemented following the routine of calculation presented in
Fig. 11. First, use (53) and (14) to obtain Teg and Cey. Then,
use (29), (31), and (55) to calculate turn-OFF V., use (32), (41),
and (54) to calculate turn-OFF I.. Second, use (3) to calculate
I+, then the turn-ON /.. is obtained by (59) and (65). In the end,
use (18) and (21) to obtain Cy; and Cyo. Use (61) to obtain
Ty. The turn-ON V.. is obtained by (60), (62), and (64). The
temperature-dependent parameters can be calculatedly using
(68)—(73).

VII. EXPERIMENTAL VALIDATION

Figs. 8 and 1(b) show the test fixture and its equivalent circuit.
In the test, R, = 102, Vg switches at 15 V/0 while Vigorr) =
0V. The V.. and I. are measured by a high voltage probe
10076C and a current shunt SSDN-414-01, respectively. The
experimental validation is performed on a 1200 V/40 AFS IGBT
IKW40N120CS6S6 and a 650V/40A FS IGBT IKW40N65ET?7.
Their parameters are extracted using the experimental approach
provided in Section VI.

A. Comparison on Switching Waveforms

1) Turn-On Waveforms at Room Temperature: Fig. 10(a)—(d)
compares the experimental and simulated turn-ON waveforms of
IKW40N65ET7 and IKW40N120CS6S6 at room temperature
(27 °C). The simulated turn-ON current waveforms agree with
experimental data except for the phase when /. snaps back to its
peak current to load current. In the test waveforms, the snaps-
back current oscillates due to redistribution of residual excess
charge in the N -base of diode D5, which causes oscillation [18].
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Experimental and simulated turn-OFF waveforms of IKW40N65ET7 (300 V/20 A) and IKW40N120CS6S6 (600 V/20 A) of (a) IKW40N65ET7 at

Tj1 = 70°C. (b) IKW40N65SET7 at T)j1 = 130°C. (c) IKW40N120CS6S6 at T;j; = 70 °C and (d) IKW40N120CS6S6 at T%;1 = 130 °C, while T}j2 = 27°C.

Since the excess charge redistribution is not included in the
proposed model, the oscillation is not captured.

In Fig. 10(a)—(d), simulated and experimental turn-ON V.
waveforms matches except for the phase when V. drops to below
around 10 V. In this phase, conductive modulation builds up,
which causes the slow reduction of experimental V... Since the
conductive modulation process is not included, the simulated
Vee quickly drops to zero.

2) Turn-Off Waveforms at Room Temperature: Fig. 10(e)—(h)
compares the experimental and simulated turn-OFF waveforms
of IKW40N65ET7 and IKW40N120CS6S6 at room tempera-
ture. The simulated waveforms agree with experimental data.

3) Turn-On Waveforms Using Various T)j5: Fig. 12 shows
the experimental and simulated turn-ON waveforms of
IKW40N65ET7 and IKW40N120CS6S6 using various Tjo.
Thanks to the temperature-dependent model of reverse recovery
charge Qrr and softness factor S, the T2 dependency of I is cap-
tured by the proposed model. Due to the temperature-dependent
model of Cyy, the T)j> dependency of V(. is also captured by the
simulated turn-ON waveforms.

4) Turn-Off Waveforms Using Various T);: Fig. 13 shows
300 V/20 A experimental and simulated turn-OFF waveforms
of IKW40N65ET7 and 600 V/20 A turn-OFF waveforms
of IKW40N120CS6S6 using various 7%;. With temperature-
dependent model of capacitance Cley included, the 7)j; de-
pendency turn-OFF V.. is captured. Due to the temperature-
dependent models of 74, 77, and ¢, the T’;; dependent turn-OFF
1. is accurately predicted.

B. Comparison on Switching Losses

The turn-ON loss E,, and turn-OFF loss Ey are calculated by
the time integration on the products of V. and I.. The error £

of simulated switching losses is calculated by

_|Simulated Ej oss — Experimental Eos]

E
Experimental Ej o

(80)

Fig. 14(a)—(d) compares the simulated and simulated and exper-
imental E,, and E.g at room temperature for IKW40N120CS6
and IKW40N65ET7 using various Vg, and Ir. Under each
Vye condition, the average error Ea = E is calculated. For
IKW40N120CS6, the E is within 5.4% for simulated E,, and
E.¢. For IKW40N65ET7, E is within 7% and 6% for simulated
Eon and Eoff.

Fig. 15 compares the simulated FE,, and FE. for
IKW40N65SET7 and IKW40N120CS6 with various T}, and
Ty utilized. For IKW40N65ET7, the average error of the
temperature-dependent E,, and FEu are 2.3% and 2%. For
IKW40N120CS6S6, the average error of the temperature-
dependent E,, and Ey are 1.3% and 3.3%.

C. Comparison on Proposed and Established Spice Models

The proposed model is compared with the established Spice
model provided by the manufacturer. With LTspice spice uti-
lized, the simulation is performed using the same circuit param-
eters as that used in the test. Fig. 16 compares the turn-ON and
turn-OFF waveforms obtained by proposed and Spice models for
IKW40N120CS6S6 at 600 V/20 A. At the turn-OFF transient,
the Spice model can make reasonable predictions on dI../dt of
initial current falling phase, but the tail current and turn-OFF V.
have big errors. At turn-ON transient, the Spice simulated current
rising phase of /. matches with the test data. But the overshoot
of 1. and turn-ON V. is not accurate.

The errors of the Spice model on dV,. /dt are mainly due to the
lack of consideration of excess carrier dynamics in the N-base.
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Fig. 14.

Experimental and calculated switching losses of IKW40N120CS6 (Vg is 400-800 V, I7, is 10-30A) and IKW40N65ET7 (Vg is 200400 V, Iy, is

10-40 A) at room temperature. (a) Eo, of IKW40N120CS6. (b) Eofr of IKW40N120CS6. (c) Eop of IKW40N65ET7. (d) Eofr of IKW40N65SET7.
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Fig. 15.  Experimental and calculated 7’1 dependent Eyf and T)j2 dependent
Eop. (a) IKW40N65ET7 and (b) IKW40N120CS6S6.
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Fig. 16. Comparison of waveforms obtained by proposed and Spice models
for IKW40N120CS6S6 with R, = 102 at 600 V/20A at room temperature.
(a) Turn-OFF waveforms. (b) Turn-ON waveforms.

The lack of consideration on residual charge recombination of
IGBT at turn-OFF and excess charge extraction of p—i—n diode
at turn-ON also contribute to the errors.

D. Experimental and Datasheet-Driven Parameter Estimation

Fig. 17 shows the simulated switching waveforms using
datasheet-based parameter extraction methods. In datasheet-
based approach, some important parameters, like the excess
carrier lifetime 75, 77, and ratio €, cannot be extracted and
typical values are used. This induced significant errors in tail
current. Moreover, the simplifications in the approach also in-
troduce some errors in the extracted parameters. Due to errors
of extracted G,, and @, the turn-OFF and turn-ON current
show minor discrepancies compared to the experimental data.
Despite the discrepancies, datasheet-driven parameter extraction
is still a decent option since it still more accurate than the Spice
simulation, as shown in Fig. 16.
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Fig. 17. Experimental and simulated 600 V/20 A switching waveforms for
IKW40N120CS6S6 at room temperature using datasheet-driven parameter es-
timation. (a) Turn-OFF waveforms. (b) Turn-ON waveforms.

VIII. CONCLUSION

This article present a novel transient model for FS IGBTs.
To describe the excess carrier dynamics, the models of charge
equivalent capacitances Cey, C; are proposed to describe the
excess carrier extraction and build up processes at switching
transient of FS IGBT. The capacitance Cy is used to represent the
excess carrier extraction at reverse recovery transient of p—i—n
diode. With the capacitances utilized, complete expressions
of V.. and I. are derived, which includes the pivotal device
physics, like excess carrier dynamics, nonlinear stray capac-
itances induced by FS layer, L.dI./dt and Cg.dV/dt induced
feedback. To model the temperature dependency of FS IGBT, the
key parameters depends on temperature 7’;; for low-side IGBT
and temperature T}, for high-side p—i—n diode are identified.
The analytical models of temperature-dependent parameters are
included.

In the end, the comparison of experimental and simulated
waveforms validates the proposed model can accurately predict
the switching behaviors and its temperature dependency. Com-
pared with established Spice models, the proposed model can
make much more accurate predictions on switching behavior.
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