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Abstract—Extracting gate-drain overlap oxide capacitance
(Coxa)is anecessary step for almost all kinds of insulated-gate bipo-
lar transistor (IGBT) compact models. There are two datasheet-
driven methods that are universally accepted, one is based on
reverse capacitance voltage characteristics (C-V method), and the
other uses gate charge characteristics (-V method). This letter
is to reveal the underlying mechanism of these two methods. It is
found that the C-V method has an inescapable shortcoming which
will mistake the turn-OFF delay time forecasted by IGBT models. In
this letter, the internal capacitance system of IGBT is modeled and
demonstrated completely. Based on this model, the accuracy and
feasibility of the C-V and Q-V methods are analyzed. Moreover,
the effect of C,xq on IGBT compact models is studied and further
verified by experiments and circuit simulations.

Index Terms—IGBT modeling, parameter extraction.

1. INTRODUCTION

HE datasheet-driven method is popular for power devices’

modeling [1]-[5]. Itis attractive that this method could help
users to quickly extract model parameters with the information
provided by manufacturer’s datasheet, avoiding supplementary
experiments. As for gate-control devices, the gate-drain overlap
oxide capacitance (C,xq) is a basic device parameter that exists
in almost all kinds of models. The incorrect extraction will cause
an inaccurate forecast of switching time, which further leads
to errors in switching loss estimation and dead time design
[5], [6]. Therefore, extracting Coxq correctly is essential for
compact models to guide the design of power electronic systems
effectively.

As far as we know, there are two universally accepted
datasheet-driven methods to extract Coyxq, wWhich are the C-V
and O-V methods. For C-V method, it is based on reverse
capacitance (Ciqs) voltage characteristics. As shown in Fig. 1(a),
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Fig. 1. Illustrations of (a) C-V method and (b) O—V method.

it regards the maximum point of the Cyeg as Coxq, i-€.,
Coxd(c-vy = max(Cre). (1)

This method is convenient and widely adopted by datasheet-
driven models of power MOSFET and IGBT [2]-[5]. For O-V
method, it uses gate charge characteristics for Cyyq extraction.
The gate charge characteristics is the gate-emitter/ gate-source
voltage waveform tested under a constant gate current Ig. As
shown in Fig. 1(b), the curve has three phases with different
slopes. Using the slopes in phase 1 and phase 3, Coxq is deduced
that

bt
slope3  slopel’

Coxd(Q-v) = 2)
This method was firstly proposed for parameter extraction of
Hefner IGBT model and has been packaged into commercial
simulation software [7], [8].

As for power MOSFET, the two methods are almost equivalent.
However, it is reported that C—V method might cause a signif-
icant error for IGBT. For example, Bryant er al. [9] used the
C-V method to extract C,yq and had to take a great effort for
parameter optimization. However, the optimization is not aimed
at Cyxq but all model parameters, so that other parameters would
also be adjusted and thereby diverged from their real values.
Further, owing to time and resource constraints, the proce-
dure can only be conducted under limited operating conditions,
consequently restricting the model accuracy in multicondition
simulation. Yang et al. [10] have noticed the inaccuracy of the
C-V method. They proposed a current-dependent correction
formula for miller capacitance, but the form of it is simply based
on assumption without any physical derivation. Moreover, its
parameter must be extracted by experiment waveforms, which
deviates from the original intention of datasheet-driven method.
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Fig. 2. Diagrams of a trench gate IGBT. (a) Vertical section and capacitance
distribution. (b) Simplified network of Cieg testing circuit. (c) AC network of
Fig. 2(b).

From the results of investigation, most papers directly applied
the capacitance distribution of power MOSFET to IGBT compact
models, ignoring the difference in internal structure between
them [6], [9], [11].

The motivation of this letter is to clear the underlying mecha-
nism of the two extraction methods and quest a general Coxq
datasheet-driven extraction process for IGBT modeling. In
Section II, the internal capacitance model of IGBT is established
completely. Based on this model, the inherent flaw of the C-V
method is revealed and the feasibility of the O—V method is
explained for the first time. In Section III, an expression is de-
rived relating Coxq and turn-OFF delay time to give a qualitative
description of the effect of the C—V method on IGBT modeling.
These findings provide not only a deeper understanding of the
mechanism of IGBT, but also a significant improvement for
IGBT modeling.

II. COMPARISON OF C-V AND Q—V METHOD

A. Internal Capacitance Model of IGBT

Fig. 2(a) shows the vertical section of an IGBT cell, the
equivalent circuit is superimposed on it. IGBT works like a
BJT driven by a MOSFET, and the distribution of capacitance
is directly related to these two parts. As for MOSFET, Cgs and
Cgp are MOS capacitances and Cpg is the junction capacitance
of J1. Cgp is composed of the gate oxide capacitance Coyxq in
series with the depletion capacitance Cgep.

Considering that J; is always reverse-biased, Cpg equals the
depletion capacitance. All of them have nonlinear features with
voltage [12]. According to the working mechanism of IGBT,
the injected holes from J5 produces the emitter current of P-N-P
BJT [13]. Among them, Cpg is the junction capacitance of
Jo which consists of two parts: the diffusion capacitance Cqa
and the depletion capacitance Cps [14]. The effect of these
two capacitances depends on the working state of IGBT, it is
approximate that

CBE = Cdg, ON —state (3)
Cgg = Cpo, OFF —state -
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Meanwhile, the BJT’s base-collector capacitance is composed
of the depletion capacitance Cp; of J; and the space-charge
capacitance Cy. due to injected charges [ 14]. Conceptually, Cp1
is equal to Cpg of the MOSFET part, so it need not be recounted.
Therefore, Cpc equals Cy.. The Cy, is defined by dQs./dVpc
and dQs. means the change of space charges driven by injected
holes. The theoretical expression of Cg. has been derived in [15],
named as charge extraction capacitance.

B. Analysis of C-V Method

The nonlinear feature of reverse transfer capacitance (Cieg) iS
displayed in datasheet of both IGBT and power MOSFET. Cis iS
tested with the increase of Vog/Vps, and Vagr/Vas is set to be
zero. The Cyes and Cgp when Veg/Vpg is zero are represented
by Ces(0) and Cgp(0). To be distinguished from IGBT, the
Cies of power MOSFET is represented by Cres(Mos). For power
MOSFET, it satisfies that [2]

C10)(d(C'7V) = Cres(MOS) (0) = Caop (O) = C(oxd(reaul) “4)

where Coxd(real) 18 the real value of Coyq. Therefore, Coxq can
be extracted from the C—V method for power MOSFET. However,
as for IGBT, Cis is not equal to Cgp. The C,es of IGBT is the
equivalent capacitance of the series-parallel connection of Cqp
and other capacitances, which leads to the inaccuracy of the C-V
method. Therefore, it is necessary to find the relation between
Ces and Cap to evaluate the error of the C-V method.

The C,.s curve is tested in OFF-state, where there is no excess
charge injected into base region. Considering that Cy. is injected-
charge-related, it is neglected in OFF-state because of no injected
charge. Thus, the equivalent circuit of internal capacitance can
be simplified into a four-capacitance system. On the other hand,
the C,..s curve in datasheet is obtained by power device analyzer
which is based on ac guard technique [16]. This procedure is
equivalent to applying a dc bias voltage and an ac small signal
to terminal C, then calculating the impedance by the ac voltage
applied to terminal C and the current flowing out of terminal G.
The simplified network of the testing circuit and the equivalent
circuit of the four-capacitance system are shown in Fig. 2(b). The
ac network is shown in Fig. 2(c). As it is seen, Cgg is shorted
in the ac network. Using the laplace transform to analyze the
network, there are

1
vy — T b2 v (5)
= 1 1 -
CarFCo) T 50 Can + Cos + 2
UB 1
— T . 6
i sCap ©

Combining (5) and (6), the relation between Ci.s and internal
capacitances is derived as

7 1
Cres = |—| = —5=——Cop- )
h L+ G2+

It implies that C,¢s is equal to Cgp multiplied by a coefficient
which is less than 1. The coefficient is associated with the
value of Cgp, Cps, and Cps. The depletion capacitance Cpo
is considered as a fixed value because J; is always in zero or
forward bias. Meanwhile, the nonlinear capacitances Cgp and
Cps decrease sharply with the rise of collector voltage V¢ [3].
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models in Fig. 2(a) Cres and (b) Cies.

Therefore, the coefficient in (7) reaches its minimum value when
V¢ is zero-bias and gradually approaches 1 with the increase of
collector voltage. It means that Coxq(c v) is much less than
Coxd(real)~

To verify the conclusion above, finite-element device sim-
ulations are adopted. An example of IGBT cell simulated in
Silvaco TCAD is illustrated in Fig. 3(a). It is based on a 1200 V
trench gate IGBT structure illustrated in [13]. For comparison,
a power MOSFET cell is constructed by removing P+ substrate
and FS layer of the IGBT structure above, as shown in Fig. 3(b).
By applying small-signal ac analysis, Cyes and Cies (i.€., input
capacitance) curves of both structures are obtained in Fig. 4.
Fig. 4(a) implies that C,s of IGBT (shorten to C,.s) is obviously
less than C;..s of MOSFET (shorten to Cres(vos)) When Ve /Vps
has a low voltage magnitude. Besides, C;es(0) is only 27.9% of
Cres(M05)(0).

From the theoretical analysis and simulation results, the rela-
tions between several capacitances of IGBT are concluded

Coxd(C—V) = Cres(o) < CYGD(O) = Coxd(real)' (3)

C. Analysis of Q—V Method

The gate charging curve provided by datasheet is vgr-O¢
tested under a constant gate current / ;. Fig. 5(a) shows the curve
with its corresponding i and vcg. The whole process can be
divided into three phases: 1, 2, and 3 (phase 1b is a transient
process whose time duration is much less than the other three,
so it is neglected here). The O—V method extracted Coxq by the
slopes of vgr-Q ¢ curve in phases 1 and 3. J5 is zero-bias during
phase 1, and forward-bias with a constant current during phase
3. Both of them are static states, so that there is no capacitance
effect of Jo during these two phases. Ignoring the voltage drop
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Fig. 5. (a) Waveforms of gate charging with a constant gate current /g and
(b) the equivalent circuit during (b) phase 1 and (c) phase 3.
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Fig. 6. (a) Waveforms of IGBT turn-OFF transient with inductance load and
the equivalent circuit model of IGBT during (b) phase I and (c) II.

on Jy (smaller than 0.7 V), the equivalent circuit during phases
1 and 3 are shown in Fig. 5(b) and (c). During phase 1, IGBT
is forward-blocking with Vg = Vpc. Consider the response of
e
dvGg

7 )]
Because Vpc is always set to be high, Cop(Vpe) is several

orders of magnitude smaller than Cgg, and the slope of the vgg-
Q¢ curve in phase 1 is approximate to

Iq = [Cgs + Cop(Vbe)]

1
lopel ~ —. 10
slope c (10)

GS

During phase 3, Cgp equals Coxq because the gate voltage is
higher than the collector voltage, so the response of [ is

dv
Ig = (Cos + Cona) =3 (1n
Thereby, the slope of vgr-Q ¢ curve in phase 3 is
1
sloped = ———. (12)
P Cas + Coxd

It is feasible to extract Coyxq from (2), (11), and (12).

III. INFLUENCE OF COXD ON IGBT MODELING

Incorrect Coxq causes errors in modeling of IGBT’s turn-OFF
delay time (f40g). The process of IGBT turn-OFF transient is
divided into four phases, as illustrated in Fig. 6(a). In this letter,
the turn-OFF delay time is defined as the time duration from
phases I to III. To establish the relation between Coxq and ¢ 4o,
it is necessary to identify the phases in which Coyq is active.

During phase I, the region under the gate involves a
high-concen tration accumulation layer because of the forward
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bias of V¢ (gate-collector voltage), so Cgp equals Coxq. Dur-
ing phase II, the accumulation layer gradually declines with the
decrease of Ve and disappears at #o. Because the depletion
layer does not form, Cgp is equal to Coxq too. On the other
hand, the collector current maintains /7, during phases I and
II, and J5 is in a static forward-bias state. Besides, there is no
extra high-frequency ac signal applied to Jo. Therefore, Jo has
no capacitance effect in phases I and II. The equivalent circuit
models of IGBT during phases I and II are shown in Fig. 6(b)
and (c), respectively. After 5, the depletion layer starts to grow
with the increase of collector voltage, and Cgp is the series
combination of Coyq and depletion capacitance Cqqp. In general,
Cgp is approximate to Cgepp in phase III for Coxq >> Cep-
Therefore, it is concluded that C,q works in phases I and II.
The expressions of gate delay duration of these two phases are
studied as follows.
The gate delay duration At;(t1-1g) is derived in [6], i.e.,

Aty = Ry(Coxa + Cog) In <VGVG“> (13)
Vap — Vot
where R, is the gate resistance, Vgp is the miller voltage given in
[17], Vgon and Vo are the gate driver’s turn-ON and turn-OFF
voltage, respectively.

In phase 1II, the collector voltage rises slightly. Meanwhile, a
negative feedback from V¢ to Vi is established which slows
down the reduction of gate voltage [15]. Assumed that in a
short period At, the gate-emitter voltage was reduced by AVgg
(AVgE < 0). According to the path of the negative feedback, it
is deduced that

AVeg = —gm/Co x AVgg
Vap — Vot 1
Ry CGE + (9m/Co + 1)Coxa

where Co is the charge extraction capacitance, it remains con-
stant with a fixed collector current [15]. In IGBT compact
models, the parameter Vp is the gate-drain overlap depletion
threshold voltage, When Vg reaches —Vrp, phase II ends.
Therefore, the gate delay duration Ato(f2-11) satisfies

A% 4V A% v
Vo +/ ¢k _ (VGP+/ GE) = —Vip. (16)
0 0

(14)

AVge = —

5)

dt dt

Taking limit and substituting (14) and (15) into (16) gives an
expression of At

Vop — Vip — Von (
Vap — Vgorr

Caee
gm/CO + 1

From (13) and (17), it is concluded that the simulated miller
platform would have a more significant voltage drop and Az be
shorter than the real value if the C—V method is used.

Atg = Rg + Coxd) . (17)

IV. VERIFICATION
A. Comparison of C=V and Q-V Methods

To verify the analysis of C-V and Q-V methods, four
different discrete IGBT devices (A: AUIRGP4062D, B:
DGTD65T60S2PT, C: IKW25N120H3, D: IXYK30N170CV1)
and a power MOSFET (E: IPA6ORO60P7) are selected as devices
under test (DUTs). In this letter, double pluse tests are set to
obtain standard Coxq [18]. As analyzed in Section III, Coyq is
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Fig. 7. (a) Equivalent circuit and (b) experimental waveforms used to extract
Coxa during phase II of turn-OFF transient.
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(b) Turn-OFF delay time (left y-axis) and the relative error of tqoff (¢ v) (right
y-axis) with different number of IGBT chips in parallel.

active during phase II in turn-OFF transient, which is used to
extract Coxq. The equivalent circuit and experimental waveforms
are shown in Fig. 7. Considering that vgg is maintained to Vgp,
the gate current i is a constant value (/gn)

ie = Ioy = Veorr — Vap
Rgex + Rgin

where Vo is the driver’s output voltage to turn the IGBT off.
Using Kirchhoff’s Current Law to node G, it satisfies that

(18)

) dvcg

—Iom = foxd = CoxdW~

In the experimental measurement, /gy; is transferred to the
voltage across the external gate resistance

VRG = Rgex IGM-

19)

(20)

A 5.1 © SMD resistance was chosen to be the external gate
resistance Rgcx, and vrg is measured by a 500 MHz differential
probe with the range of 42 V pk. Meanwhile, vcg is measured
by a 500 MHz voltage probe with a range of 300 V. Combining
(19) and (20), Coxq(std) 18 extracted by

ke 1
Rgex dUCE/dt '

Then, Coxq extracted by different methods are compared in
Fig. 8(a). It can be seen that Coxq( ¢ v) is significantly smaller
than Coxq(sta) While Coxa( g vy is close to Coxd(std) as for IGBT.
However, the extracted results of the three methods share similar
values as for power MOSFET.

Coxd(std) = (21

B. Effect of C,zq on Turn-off Delay Time

The IGBT model supported by PSpice library is chosen to
evaluate the influence of C,xq on IGBT modeling, the detailed
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TABLE I
PARAMETERS OF THE IGBT MODEL
Parameter  Value  Units Parameter Value Units
TAU 7.1u sec JSNE 3e-12 Alem?
KP 4 A/NV? | KF 45 none
AREA le-5 m’ VTD -10 \%
AGD Se-6 m? CGS 2.66¢-8 F/cm?
VT 6.2 \% 1.23e-8 (C-V) )
NB 214 tem® | COXP 9.8e-8 (Q-v) /oM
20 F‘ | —— Experiment
v —— Sim. (C-V)
> 10 ~— Sim. (Q-V)
£—,‘ ot ar
0 " . . .
1 1.005 1.01 1.015 1.02 1 1.005 1.01 1.015 1.02
Time (us) Time (us)

(a) (b)

Fig.9. Simulated and experiment turn-OFF waveforms of (a)Vcg and (b) VaE.
TABLE I
EXPERIMENT AND SIMULATION RESULT OF T4 opr
Aty(ns) Aty(ns) taotr () /relative error
Experient 29.5 38.0 86.0
Sim. (C=V) 9.0 10.2 39.4/54.2%
Sim. (Q-V) 24.8 42.8 84.0/2.3%

description of it is in [19]. The Infineon IGBT IKW25N120H3
is selected as DUT. Model parameters are extracted from its
characteristics curves in datasheet, as given in Table I. No extra
intelligent algorithm for parameter optimization is adopted. The
turn-OFF waveforms of simulation and experiment are shown
in Fig. 9. It is seen that the simulated turn-OFF waveform
with Coxa(cv) has a much shorter #4,¢ and a more evident
voltage drop (Vq,) during miller platform. The concrete value
and relative error are given in Table II. Moreover, simula-
tions with different numbers of devices in parallel are carried
out. The results are concluded in Fig. 8(b). It suggests that
the error of the C-V method augments with the rise in the
quantity of paralleled IGBT chips. The absolute error of 740
caused by the C-V method reaches 697 ns when 12 chips
are in parallel, which might misguide the design of dead time
significantly.

V. CONCLUSION

In this letter, two datasheet-driven methods to extract Coyq
of IGBT are analyzed and compared. It is found that Cgyxq
is underestimated seriously by the C-V method, and it will
cause a significant error in IGBT modeling. The Infineon IGBT
IKW25N120H3 was selected as an example. Results show that
the turn-OFF delay time is underestimated by 54.2% when the
C-V method is applied. Moreover, the error is more noticeable
with multi-chips connected in parallel. In the situation of 12
chips in parallel, the #4011 ¢ v) is 697 ns shorter than z g Q- v)-
The underestimated 74, Will lead to a shorter design margin
of dead time, which might cause reliability issues because of
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shoot-through problem. Consequently, it is encouraged to use
the O—V method rather than the C—V method to extract Cyyq in
IGBT modeling.

Furthermore, the conclusion of this letter might be suitable
for SiC IGBT too. It is expected that this would also be an im-
portant issue in SiC IGBT modeling, which needs to be studied
further.
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