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Abstract—In this paper, a temperature-dependent compact
SPICE model of reverse-conducting IGBTs (RC-IGBTs) is pre-
sented. The proposed solution is based on a quasi-two-dimensional
(2-D) approach, with the use of IGBT and p-i-n diode subcir-
cuits suitably connected to take into account the inner interac-
tions among the two devices. The resulting device model is derived
through physical considerations on the RC-IGBT internal behav-
ior, carried out by means of wide area TCAD 2-D simulations.
Transversal current path, localized lifetime control effects, and
turn-on dynamics are also included into the model. The model
shows good robustness properties, even in demanding numerical
conditions. Validation of the SPICE model with experiments per-
formed on a 1.2-kV 30-A commercial device, in both static and
dynamic conditions, demonstrates its remarkable correctness and
accuracy. To further confirm the applicability of the proposed
model in real-operating conditions, a quasi-resonant converter has
been realized and the measurements on the realized circuit have
been successfully compared with the results obtained with the pro-
posed model.

Index Terms—Electro-thermal, quasi-resonant converter,
reverse-conducting (RC) insulated gate bipolar transistor (IGBT),
SPICE model.

I. INTRODUCTION

ODAY reverse-conducting IGBTs (RC-IGBTs) represent
T an interesting solution to increase power density in IGBT
modules, to reduce packaging dimensions, bonding, and silicon
costs in fabrication. As a matter of fact, the design on the same
chip of the IGBT with a monolithically integrated body diode
requires less area for a given power rating. In addition, the tem-
perature swings of the chip are considerably reduced leading to
improved reliability of power modules. Nevertheless, due to dif-
ficulty to optimize the same silicon for both IGBT’s and diode’s
conduction modes, a large recovery current and switching losses
are responsible of reverse conductive RC-IGBT devices lim-
itation to low-voltage soft-switching applications. In the last
years, many papers have described the theory and design of
RC-IGBT [1]-[3] with particular focus on the initial snapback
phenomenon and secondary multiple snapbacks formation [4].
Different strategies and device layouts were successfully pro-
posed to reduce these problems [5]-[7]. Recently, a new device
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Fig. 1. Simplified internal structure for an RC-IGBT, with electron current
path on a resistive distributed network.

based on innovative design, the bi-mode insulated gate transis-
tor [8], has brought a significant improvement in the electrical
behavior in both soft and hard-switching conditions, ensuring
an increased diffusion in the applications [9]. Consequently, to
this recent trend, a useful and robust compact model for circuit
simulators becomes very attractive from the application point of
view. However, at present time, a SPICE model for RC-IGBT
is not present neither in PSPICE nor in other SPICE simulator.
Therefore, the only solution consists to simulate an IGBT with
antiparallel diode, neglecting their internal interaction. In this
work, we introduce, for the first time, a compact SPICE model
for the RC-IGBT including the lateral interaction between the
IGBT and the diode regions taking also into account self-heating
effects. The proposed model also includes the primary snapback
phenomenon and lateral turn-on dynamic that characterizes the
device. The modeling strategy has been chosen to maximize
the accuracy and yet to have robust convergence properties.
The paper is organized as follows: in Section II, an in-depth
analysis of the RC-IGBT physical behavior along with Tech-
nology Computer Aided Design, better known as Technology
CAD (TCAD) 2-D simulation are used to properly model the
device with a compact circuital approach. In Section III, the
results of model calibration on a commercial device are given
together with a validation in an electro-thermal application.

II. MODEL DESCRIPTION

The schematic structure of a basic RC-IGBT is shown in
Fig. 1. A resistive network, responsible of the initial snapback
phenomenon [10], is also depicted together with the correspond-
ing electron current path. Due to the intrinsic two-dimensional
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(2-D) device structure, the electrical behavior could not be
modeled with a mathematical one-dimensional approach. In
particular, the flowing of lateral currents between the IGBT
and the diode regions should not be neglected to obtain a cor-
rect model. However, the main drawback of 2-D mathematical
formulation for a SPICE model is the complexity growth in the
compact device description affecting the convergence properties
and simulation speed. Therefore, the approach proposed in this
paper is based on a quasi-2-D model, derived from a coupling
of properly modified IGBT and diode models.

The structure of the developed SPICE model is depicted in
Fig. 1(a). A subcircuit consisting of nonlinear-controlled current
and voltage sources and standard SPICE elements (MOSFET,
diode, etc.) is realized. The voltages of the input thermal nodes
correspond to the temperature increase for the IGBT and diode
sides due to self-heating effects [11]. All the physical quantities
used into the model are temperature dependent.

The RC-IGBT SPICE model was developed taking into ac-
count the lateral interaction between the IGBT and the diode
subcircuits by means of additional output nodes. An improved
version of the Kraus model [12], [13] was used for the IGBT
side [14]. Further enhancements were introduced to better de-
scribe Field-Stop (FS) Trench devices, improving both calcu-
lation speed and convergence properties. The diode part was
described with an electro-thermal version of the Strollo model
[15], [16], accounting for an effective carrier lifetime as a func-
tion of the device structure and carrier lifetime optimization
technique. For reader convenience, in the following we will
refer to the intrinsic IGBT terminals as collector, emitter, and
gate; while for the diode, anode and cathode will be used. It is
implied that the anode terminal coincides with the emitter and
the cathode with the collector. In principle, the strategy used to
model the RC-IGBT can be extended using any kind of SPICE
models for IGBT and diode regions. The only assumption is the
possibility to access to internal nodes and modify properly the
equation used to evaluate the IGBT current, as will be explained
in this section. As visible in the schematic of Fig. 2(a), the IGBT
and the diode subcircuit models were connected using their in-
ternal nodes to reproduce the physics structure of an RC-IGBT.
Referring to a structure with a buffer-layer at the collector side,
i.e., Punch-Through (PT), Soft-PT (SPT), FS, a resistor Rpyr
can be used to describe a lateral electron current flow [10]. The
resistor value can be approximated as [17]

R T) = 1
wur (T) nqNg AWE \ 1y M

Lp (Lp + LN) ( T > 15
where the factor A/(Lp + Ly ) is used to evaluate the dimension
Ly. A further connection is present between nodes D and J,
where a nonlinear resistor Ry;op takes into account a transversal
current path into the epi-layer. A function of the base charge
Qg is used to evaluate this resistor [18]. The longest transversal
current path (Lp ) has been assumed in order to take into account
the worst-case condition, as indicated in the following equation:
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Fig. 2. (a) Developed SPICE subcircuit, with electrical and thermal nodes.
(b) Charge-stored subcircuit for IGBT side, modified to take into account lateral
current path from the diode side.

being @), = gANpW the background mobile carriers base
charge. Its temperature dependence is implicit through the car-
rier mobility and Q5.

A. IGBT Model

The IGBT is described with an enhanced version of the model
presented in [14], in which the use of explicitly evaluated solu-
tion for steady-state carriers charge (0, linear-region transcon-
ductance gain factor K, and avalanche multiplication factor
M4y were introduced. In this work, the use of a linear-region
transconductance gain factor K [19] was optimized in order to
avoid the discontinuity that occurs at the transition between the
MOSFET linear and saturation regions. This guarantees a better
modeling of the transition region, improving at the same time
the model convergence. To this purpose, a smoothing function
was defined as follows:

1
Krer (Vys, Vas) = 5{(KF — 1) tanh [axr (Vas — Vin — Vas)]
+Kr + 1} 3)

where ok is a fitting parameter that defines the transition region
extension. K. 1S equal to Ky in linear region and gradually
approaches unity into the saturation region. The equation for
the MOSFET current in linear region becomes the following:

Kregt V2
KFefpr (V;,s - ‘/th)vds - %

2 [1 + 191 (‘/gq - Wh)] (1 + 792‘/(‘18)

In this case, the new boundary condition between the linear
and saturation region is defined with the relation shown

KFeffV;ls < Vg;s - Vvth (5)
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With this approach the reduced overall on-resistance of the
device, due to the p-i-n injection effect in conduction mode [13],
can be accounted in an effective way increasing the electron
current 1,,¢.

A further improvement to the modeling of the IGBT bipolar
part involves the introduction of an effective carrier lifetime
(7esr) that is function of the high-level injection lifetime in the
drift region (777 7,) and low-level injection lifetime in the buffer
layer (7gr ). The IGBT tail current evolution during the turn-
off phase is determined by recombination in the low-doped
epi-layer, recombination in the high-doped buffer layer, and
by injection of electrons into the collector. This means that
Tex depends on how wide is the depletion region and, as a
consequence, on the external voltage [20], [21]. The current
tail decay rate at different clamping voltage can be used to
extract the parameters 7577, and 7. To fit the dependence of
Tegr from the collector—emitter voltage, the following empirical
expression was introduced:

7ot (T, Vee) = [(Tu1, — Tor) exp (=8, Vee) + 7o1) (T/Tp) "

(6)
where ¢, is the decay rate of the effective carrier lifetime,
while the temperature dependence is accounted with a power
law through the model parameter (3;. In terms of device ca-
pacitances, in addition to the C4, other two voltage-dependent
capacitances were added to the IGBT model: Cys and Cys. A
constant gate—source capacitance was found to be a good ap-
proximation if the gate—source voltage is not driven negatively.
On the other hand, when a negative V. is applied, the capaci-
tance value increases to its maximum value equal to Cp x [23].
Since in most current applications the gate—driver circuit makes
use of a negative voltage to turn-off the device [24], C,s was
modeled with a novel expression suited to fit the high-frequency
MOS capacitance behavior, shown

1 Vs — Vin/2
Cas (Vas) = 3 (Casp — Casn) tanh <gv*ﬂ/>
+Casp + Casn] @)

The parameters Cgsp and Cg gy are the corresponding val-
ues for positive and negative gate—emitter voltage, while Vi
is a fitting parameter. The voltage-dependent behavior of the
Cys capacitance reported in [25] was modeled introducing
the following formula for Vs> 0, and it is kept constant for
negative Vg

Chso [g + arctan (— Vis )}

Cps (Vas) = /2 = ®)

<

In this expression, Cpgg is the maximum Cy value and V7,
is a fitting parameter.

The solutions that have been adopted so far in this section
aim to a better description of the device IGBT-part behavior. In
the following, the solutions referred to the RC-IGBT are consid-
ered. The significant difference between a common IGBT and
RC-IGBT is that the latter device behaves as a Power MOSFET for
low currents until the initially reverse-biased P

+
collector/Nbuﬁ'er

junction is turned ON when the voltage drop produced by the
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TABLE I
STRUCTURE PARAMETERS FOR THE RC-IGBT TCAD SIMULATION

Symbol Quantity Value

L Total length 400 pm
Lp IGBT length 345 pm
Ly Diode length 55 pm

w Epi-layer thickness 100 pm
Wp Buffer thickness 1.5 um
Nepi Epi-layer doping concentration 1 x 10" cm™
Np Buffer doping concentration 5% 10" cm™
i Cell pitch 5 pm
Wp Anode P-well depth 4 um

Np Anode P-well concentration 1.5 x 107 cm™
tox Oxide thickness 181 nm

tyq Trench depth 7.56 pm

electron current reaches a sufficient value. This behavior is ex-
perimentally evident on the /-V static characteristic that shows
a snapback on the collector voltage. However, also if the de-
sign of the device guarantees the absence of the snapback phe-
nomenon, the presence of the MOSFET parallel path influences
the dynamic turn-on performances. With particular reference
to the case of zero-voltage switching (ZVS) operation, when
an RC-IGBT turns ON, the forward recovery phenomenon that
commonly takes place in the IGBT is enhanced due to the alter-
native current path, therefore, producing an initial larger voltage
overshoot. To get a better insight, the turn-on behavior is inves-
tigated by means of 2-D multicellular TCAD simulations for
an RC-IGBT structure and for an IGBT structure in order to
compare the behavior of two devices. Then, the results are used
to properly modify the IGBT SPICE model, accounting these
additional phenomena. The RC-IGBT structure was designed
with reference values reported in literature and listed in Table I.
The IGBT structure was designed with same features of the
RC-IGBT without the diode part. The area factors have been
taken into account in order to have the same current density.
Simulations were performed for the analysis of turn-on behav-
ior, by means of mixed-mode approach in Synopsis Sentaurus
device simulator. Fig. 3(a) reports the collector—emitter voltage
and the hole current at the collector side either for the RC-IGBT
and for the IGBT. In both cases, the collector voltage presents
the characteristic forward recovery spike. As has been already
discussed in [26], this effect depends on the finite time that is
needed for the onset of conductivity modulation in the epitaxial
layer. The time needed for the voltage to reach the peak value
is the same for the two devices as it only depends on the rate
of rise of external current [27]. In the RC-IGBT, however, the
voltage spike is more evident because the electron current that
contributes to increase the charge concentration in the epitax-
ial layer is lower than in the IGBT, as a significant part flows
initially in the MOSFET region. As a confirmation, the hole cur-
rent measured at the collector contact is lower for the RC-IGBT
due to the lower conductivity modulation. Fig. 3(b) reports the
carriers’ densities along a horizontal cutline, taken at five time
instants of the analyzed turn-on transient, and normalized to the
total current density. At the beginning of the turn-on (100 ns),
the overall current is produced only by electron flow as the
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Fig. 3. (a) Simulated collector—emitter voltage and collector hole current

during ZVS turn-on for both RC-IGBT and IGBT. (b) Normalized electron and
hole current density of the RC-IGBT during ZVS turn-on transient.

P! leetor/ Nougrer /Nepi junction is not forward biased yet. At
700 ns, the hole current density is the indication that the con-
ductivity modulation has taken place only in half of the structure,
where potential is sufficient to trigger the injection of holes in
the epitaxial layer. Therefore, at this time, only half of the de-
vice shows a low resistivity but the electron current flow in the
unmodulated part is still significant and so is the voltage drop.
For larger times, the conductivity modulation spreads along the
overall device and the voltage drop reduces and approaches that
of the IGBT. These results have shown that, in order to replicate
the correct behavior of the RC-IGBT, additional modifications
must be included in the original base charge subcircuit [12]. To
describe the snapback phenomenon, referring to the circuit in
Fig. 2(a), the initial electron current, flowing into Rpyp and in
the MOSFET (I,,¢ ), should not contribute to the collected hole
current (I,c), and to the modulation of Rpgripr through the
base-charge 5. To take into account this effect, an additional
current generator, [, , was added to the base-charge subcircuit
as showed in the schematic of Fig. 2(b)

I, = Irur + IrvoD )

The static forward output characteristic of the RC-IGBT
SPICE model is reported for different operative temperatures
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Fig. 4. Forward output characteristics from RC-IGBT model (lines + scatter)
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Fig. 5. SPICE simulations of inductive turn-on for both an RC-IGBT and

IGBT: collector voltage and current waveforms.

in Fig. 4. The model parameters were set to standard reference
values, while the Rpyy resistance has been chosen in order
to have a nonsnapback-free device. As expected, the snapback
voltage reduces with temperature, as well as the snapback cur-
rent [1]. In the same picture, the results obtained with a standard
approach with IGBT and antiparallel diode, have been also de-
picted. In this case, the snapback phenomenon is not modeled,
and also the device behavior at low current differs due to the
absence of the additional electron current path.

The second modification in the model is needed to take into
account the forward recovery behavior. For this reason, the volt-
age drop V,,; on the conductivity-modulated epi-layer region of
the IGBT should not depend instantaneously on the base-charge
@p [28]. In the proposed model, the nonlinear resistors Rgpiy
and Ryop are functions of a quantity () 54 computed according
to the following equation:

dQB d
dt

In this way, the turn-on dynamic is modeled with the two
resistors, through the instantaneous time-dependent charge in
the base ((QQy¢) and the time constant 7. This allows a good

TF +Qpa = @n (10)
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modeling of the RC-IGBT turn-on in ZVS application, where
conductivity modulation does not take place immediately in the
drift region, resulting in sensible turn-on losses [29]. Fig. 5
shows the results of SPICE simulations during inductive turn-
on transients for both RC-IGBT and IGBT with antiparallel
diode. The model parameters were set to standard reference
values to obtain a snapback-free device. As expected, it can
be observed that increasing the 7 parameter the forward peak
voltage increases with a higher value in the case of RC-IGBT. In
the same picture, it is also shown the voltage curve obtained with
the standard IGBT Kraus model in which the forward recovery
phenomenon is not modeled.

B. Diode Model

The diode electric model used for the RC-IGBT is based on
the moment-matching approximation of the ambipolar diffusion
equation and follows the implementation proposed in [30].

However, in our case the model is improved and provided of
four terminals: anode, cathode, an internal node (into the epi-
layer, after the p™ n~ junction), and temperature increase. The
main improvement to this model involves the carrier lifetime
parameter into the epi-layer. Several SPICE models have been
proposed in literature for silicon power diodes [31]. All of them
make use of a constant parameter for the carrier lifetime in the
low-doped n region. In [32], a solution based on the equivalent
lossy transmission lines was introduced, which describes the
transport of the injected minority carrier through the quasi-
neutral drift region.

Despite a more accurate device description, the higher num-
ber of model parameters and the mandatory knowledge of de-
sign details (dimensions, doping profiles, etc.) impose a severe
limitation to the purely physical modeling of new generation
power diodes. Nowadays, the main targets of power diode de-
sign consist in achieving low-power losses, soft recovery char-
acteristics, and high reverse recovery safe operating area. To
this extent, the local lifetime-control technique is widely used
to obtain improved performance p-i-n diodes [33]. In [34], the
on state electron—hole distribution is controlled with a double
He™ " irradiation on both the anode and cathode sides, with-
out additional homogenous lifetime control in the n~-base. The
cathode-sided He™ " peak is used to control the tradeoff be-
tween diode losses and softness. It is also possible to relax the
tight restrictions imposed by the softness requirement, intro-
ducing Field Charge Extraction diode concept [35] based on
the presence of P* islands on the cathode side. Specifically,
at the end of the reverse recovery phase, the P islands start
to emit holes, which support the reverse recovery current and
prevent a snappy behavior. This last mechanism is particularly
present in RC devices, where the hole injection is provided by
the p* collector--n buffer junction. This allows a further reduc-
tion of the excess carrier concentration on the cathode side,
ensuring a faster reverse recovery phase [36]. To embed this
behavior in the diode SPICE model, our approach consists to
define an effective carrier lifetime function. During the turn-off
transient, as the voltage across the diode begins to increase, the
depletion region starts to form. Then, the reverse recovery tail
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current occurs sweeping out the remaining excess carriers from
the drift region. We introduce a 7.g function of the V, ;. voltage

1
Teit (Var) = 3 [(ThL — Tr0) tanh (Vo / VI + )

+7HL + TLO]

1)

In this way, when the diode operates in forward condition,
the model experience a carrier lifetime equal to 777, an inte-
gral value of the high-injection level carrier lifetime in the epi-
layer. During the inductive phase and reverse recovery phase
[36], when the depletion region increases (V,; < 0), the car-
rier extraction mechanism becomes faster with 7.g approaching
a lower value 77. The parameter V* is used to fit the change
rate of T.g. Fig. 6 shows the effect of 7.4 model on the current
waveforms derived from SPICE simulation during a diode turn-
off for different 7, values. As can be observed, the reverse
current peak does not changes, while the current dynamic when
the negative voltage increases can be modeled using the two
parameters 71,0 and V.

III. RESULTS

The complete RC-IGBT model consists of a SPICE netlist
which defines a subcircuit. It is provided of seven interface
nodes, namely Anode, Gate, Cathode, TigpT, Tpropr (IGBT,
diode temperatures), Piep1, Phiopr (IGBT, diode dissipated
electrical power). The diode part of the netlist is the same as
reported in [15, Appendix B], with the addition of the function
related to the effective carrier lifetime and temperature depen-
dence of the physical parameters. The core of the IGBT netlist
is obtained from schematic and analytical expressions reported
in [13]. All the improvements described in the previous section
have been added to this netlist by means of SPICE behavioral
functions. Also in this case, all the physical parameters have
been defined as nonlinear function of the junction temperature.
Finally, the RC-IGBT netlist is obtained following the connec-
tion depicted in Fig. 2. The final model was validated with
measurements on different RC-IGBTSs that are currently avail-
able in the market. As an example, the results obtained with a
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device from the third generation of RC-IGBT manu-
factured by Infineon Technologies are presented. It is
a 30-A 1.2-kV-rated device (IHW30ON120R3 [37]) de-
signed for resonant converters and soft-switching applica-
tions. It was characterized in both static and dynamic
conditions, for different operating temperatures. To avoid the
self-heating effect during the dc characterization an in-house de-
veloped current pulse circuit was used. The pulse width was set
to 80 pus with a repetition time of 1 s, while the backside temper-
ature was controlled by a temperature controller. The developed
SPICE model was calibrated on experimental data using a two-
step calibration procedure. At first stage, the IGBT and the diode
subcircuits were fitted separately to experimental data. For the
IGBT, a procedure presented in [21] was used for the main model
parameters. The effective lifetime carrier 7.4 was calibrated us-
ing the current tail decay rate at different clamping voltage (i.e.,
from 10 V to 2/3 VB eakdown )- In particular, the parameters 7z 1,
was extracted at low-clamping voltage, while 75 r is evaluated at
high-clamping voltage. For both values, the analytical approach
reported in [21] is used. Finally, the decay rate 0, is evaluated
to best-fit the 7. voltage behavior. Additional parameters were
obtained with an automatic multivariable optimization routine
implementing an iterative feedback with the PSPICE simulator
[22]. The Cy capacitance was fitted minimizing the distance
between experimental and SPICE waveforms of the V. during
inductive turn-on and turn-off transients, using a bipolar gate
driver circuit (15 V). Similarly, the Cy capacitance was fitted
on the V.. curve during the IGBT inductive turn-off. The diode
subcircuit was calibrated using the same approach described in
[16] and [38]. The new introduced parameters, used for 7.,
were obtained using experimental forward I-V curve and the
reverse recovery waveforms at different switching voltage. The
Tr 1 18 used to fit the /-V forward curve as indicated in [16],
while 71,0 and V. were evaluated to best-fit the reverse recovery
time for high supply voltage (i.e., 2/3VB eakdown)-

Due to the lateral interaction between the IGBT and the diode,
the second step consists to optimize the full RC-IGBT model
by means of a best-fitting procedure on the dc curves, start-
ing from the parameters obtained at the first step. In particular,
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in the second step are involved only a subset of parameters
affecting the on-voltage for IGBT (Ko ,Ise,Rarift,mrr,) and
diode (I,Rayit,N,mnr,). The Rpyr and Ryop resistances
are evaluated with the (1) and (2), respectively. The result-
ing values are optimized comparing experimental and numer-
ical static I —V g characteristics at low current. Finally, the
Tp parameter is obtained fitting the V.. waveform during an in-
ductive IGBT turn-on transient. The first step of the calibration
procedure, which involves the separated calibration of the IGBT
and diode subcircuit, is then repeated for a different operating
temperature (i.e., 400 K). Afterwards, the unknown temperature
coefficients are extracted, enabling calibrated electro-thermal
simulations.
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Fig. 9. Forward diode static curves depending on the junction temperature:
solid lines SPICE model, scattered lines experiments.

A. Comparison of Model Simulation and Measurement

Fig. 7 shows the experimental and simulated transfer char-
acteristics for different backside temperatures. The tempera-
ture compensation point on the Ic—Vgg curves occurs for
Vee = 9.15 V as correctly predicted by the model. Fig. 8 re-
ports the output characteristics at room temperature, 350 and
425 K, respectively. It can be seen the excellent agreement be-
tween SPICE model curves and experimental data. As an exam-
ple Ic —Vg curves for Vo= 9V are also reported disabling
the Kp.sy function, clarifying the relevance of the proposed
model for the transition between the linear and saturation re-
gion of the MOSFET. In Fig. 9, the SPICE forward diode -V
curves are compared with measurements, for different junction
temperatures. The results confirm that the model can correctly
predict the diode electrical dc behavior. The switching behavior
was investigated with a typical double-pulse test circuit. A high-
side device acts as a freewheeling diode, with gate and cathode
terminals shorted. The test voltage was set to Vparr= 500V,
and a load inductance Ly oap= 2 mH was used. The stray in-
ductance L, was estimated to be 300 nH. In the simulated
circuit, all the parasitic elements of the devices package and the
connections between the components are fitted to the experi-
mental waveforms. Fig. 10(a) and (b) report experimental and
numerical electrical waveforms resulting from a double-pulse
test operated at ambient temperature. Also in this case, the pro-
posed RC-IGBT model exhibits an excellent agreement with
measurements in terms of IGBT tail current and diode reverse
peak current. To perform a comparison with a standard model
(i.e., nonRCIGBT) the PSPICE Z-BreakN and D-Break models
[39] were fitted on the device under test (DUT) measured curves
(for both forward and reverse conduction mode).

Despite nearly sufficient results from the dc calibration, the
dynamic behavior gives not acceptable results. In particular, the
Z-BreakN standard model is not appropriate to describe PT/SPT
and FS IGBT neither trench structure. This implies wide oscil-
lations on current and voltage waveforms at turn-off, avoiding
correct evaluation of tail current and peak voltage overshoot. On
the other hand, the D-Break model does not take into account
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the reverse recovery phenomenon with a critical error in the
turn-off power dissipation evaluation. To further confirm the ef-
fectiveness of our developed model in dynamic condition, the
power dissipation for both IGBT and diode turn-off transitions
are shown in Fig. 10 (c¢) and (d). On the same pictures, the dif-
ference between numerical and experimental curves is reported.
The results confirm from a quantitative point of view the good
description of the device dynamics in both forward and reverse
operation. The same experiment was repeated for a different
operating temperature 7= 400 K and the comparison between
experimental and numerical waveforms is reported in Fig. 11(a)
and (b). The error plots shown in Fig. 11(c) and (d) confirm
that the model correctly predicts the temperature dependence
of the IGBT tail current and the diode reverse recovery current.
The only differences are due to a slight delay between numeri-
cal and experimental curves. The dynamic characterization was
completed with a turn-on transient showed in Fig. 12 for two
temperatures. In this picture, an inductive load turn-on exhibits
the forward recovery phenomenon discussed in the previous
section for the IGBT. The forward peak voltage was correctly
fitted using 7= 2 ps. Fig. 12(c) and (d) report also the SPICE
model error.

B. Quasi-Resonant Converter Application

In order to show that the proposed model can replicate the
electro-thermal behavior of the RC-IGBT in a real application,
a dc—ac converter has been realized using a quasi-resonant con-
verter topology. In this circuit, the device operates in a common
emitter configuration whilst an LC resonant network is the high-
side load, as depicted in Fig. 13(a). The circuit is fed either with
a dc voltage or with ac-rectified voltage. This topology is com-
monly used for induction cookers where the resonant inductance
is composed by a heating coil and a cookware which is made of
ferromagnetic material and which is heated due to an alternat-
ing electromagnetic field generated by the heating coil [40]. For
the reader convenience, the basic circuit operation is resumed
in the following. The converter action can be divided into three
phases [41]: in the first phase, IGBT is ON, and the current in the
inductor rises up to a desired peak value. When the IGBT turns
OFF, the energy stored into the inductor starts to commute to
the capacitor and the resonant phase occurs. Here, the collector
voltage evolution is dictated by the resonant capacitor and it
finally becomes negative, driving the diode of the RC-IGBT to
conduct. In this third phase, current starts to flow from the diode
to the inductor and it increases up to crossing zero and the diode
turns naturally OFF avoiding reverse recovery effects. At this
point, if the converter is designed to work in continuous current
mode, the current starts to flow into the IGBT that is naturally
turned ON at zero voltage with very low switching losses.

A 50-kHz switching frequency with a duty cycle of 70% was
chosen for the circuit prototype. The resulting waveforms, after
the initial transient, are shown in Fig. 14. Oscillations of the gate
voltage and the device current occur when diode turns ON, and
are produced by the stray inductance on the collector side. The
DUT steady-state temperature, measured with a thermocouple,
reaching about 372 K. In order to perform a reliable SPICE
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simulation, parasitic elements were considered in the simulated
circuit [see Fig. 13(a)]. What is more, the coil-cookware setup
was modeled with a series of an inductor and a resistance, as
reported in [42]. To perform a coupled electro-thermal simula-
tion, two equivalent thermal networks were used to simulate the
self-heating effect within the device as shown in Fig. 13(b). The
time-constant values for the thermal networks were obtained
from the DUT data-sheet [37]. A simple RC pair was also used
as a mutual thermal impedance. It was calibrated following the
approach reported in [43]. A TCAD electro-thermal simulation
was performed with a given electrical power dissipation in the
IGBT region. From the monitoring of the temperature increase
in the diode region, it was possible to evaluate the time constant
of the mutual impedance. A mutual thermal resistance of 2.15
mK/W was extracted from the steady-state temperature increase,
resulting in a 3.6 J/K mutual thermal capacitance. Results of the
electro-thermal simulation are shown in Fig. 14 (dashed lines)
and it is clearly visible how the simulated waveforms replicate
very accurately the experimental results. Simulation results also
show the steady-state temperature of the IGBT and diode along
the time.

The average device temperature over the ambient temperature
(Ty= 300 K) is about 367.5 K and, therefore, it is in good
accordance with the experimental data.

IV. CONCLUSION

A compact model of RC-IGBT with monolithically integrated
body diode has been developed which reproduces the device
behavior with good accuracy for the whole range of operating
temperatures. This has been achieved by taking into account
the physical phenomena involved into RC-IGBTs with a quasi-
2-D modeling approach. The optimization of IGBT and p-i-n
diode SPICE models has been deeply discussed. The obtained
improvements guarantee an effective modeling of modern de-
signs. Numerical simulations on 2-D TCAD structure have been
used to correctly describe interaction between IGBT and diode
regions inside the device. The resulting model is able to cor-
rectly describe the primary snapback phenomenon and the for-
ward recovery effect. In order to have low complex model and
to prevent convergence issues, empirical functions and fitting
parameters are used, to reproduce the physical involved phe-
nomena. Finally, the effectiveness of the model has been proved
with an electro-thermal application. A quasi-resonant converter
circuit has been realized and measurements are compared with
simulation, showing an excellent agreement.
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