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Compact Electro-Thermal Reliability Modelling and
Experimental Characterisation of Bipolar Latch-up
In SIC and CoolMOS Power MOSFETS

R. Bonyadi, Student Member, IEEE, O. Alatise, S. Jahdi, Student Member, IEEE, J. Hu, J. A. Ortiz-Gonzalez, L.
Ran, Senior Member, IEEE, P. A. Mawby, Senior Member IEEE.

Abstract— In this paper, a compact dynamic and fully-coupled
electro-thermal model for parasitic BJT latch-up is presented and
validated by measurements. The model can be used to enhance the
reliability of the latest generation of commercially available
power devices. BJT latch-up can be triggered by body-diode
reverse-recovery, hard commutation with high dV/dt or from
avalanche conduction during unclamped-inductive-switching. In
the case of body-diode reverse-recovery, the base current that
initiates BJT latch-up is calculated from the solution of the
ambipolar diffusion equation describing the minority carrier
distribution in the anti-parallel PiN body-diode. For hard
commutation with high dVv/dt, the displacement current of the
drain-body charging capacitance is critical for BJT latch-up
whereas for avalanche conduction, the base current is calculated
from impact ionization. The parasitic BJT is implemented in
Simulink using the Ebers-Moll model and the temperature is
calculated using a thermal network matched to the transient
thermal impedance characteristic of the devices. This model has
been applied to CoolMOS and SiC MOSFETs. Measurements
show that the model correctly predicts BJT latch-up during
reverse-recovery as a function of forward-current density and
temperature. The model presented, when calibrated correctly by
device manufacturers and applications engineers, is capable of
bench-marking the robustness of power-MOSFETS.

Index Terms— Body Diode, Compact Electro-thermal
Modelling, Inverter, MOSFET, PiN Diodes, Parasitic BJT
Latch-up, SiC MOSFET Reliability.

I. INTRODUCTION

ODY-DIODES can sometimes be used as the anti-parallel
diodes in power MOSFET circuits. Because of the voltage
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blocking drift layer between the p-body and the drain, the body
diode is effectively a PiN diode. Power MOSFET body diodes
can be used in applications such as DC-DC buck converters,
bridge topology switching circuits, high performance PV
converter cell and can also be employed in synchronous
rectified brushless DC motor drive inverter circuits [1-6]. In
such applications, diode snappiness and high reverse recovery
charge of the body diode can impose a significant amount of
electrical stress and power loss on the MOSFETs [7]. The
large reverse recovery charge is the result of an excessive
amount of carriers stored in the charge storage region (drift
layer) of the diode. Conventional lifetime control techniques
(gold or platinum doping as well as irradiation) are not
applicable in reducing the carrier lifetime as is the case with
discrete diodes, hence the body diode of the MOSFET can
suffer from significant reverse charge. One of the main
concerns regarding the usage of the body diode of power
MOSFETs is the robustness of the device under hard
commutation; e.g. in synchronous rectification, or in other
circuits such as motor drives or primary side switching of
switch mode power supplies [8, 9].

The high demand for high frequency and efficient power
converters has triggered research into SiC devices including
power MOSFETs [10]. SiC MOSFETs are more suitable for
high voltage and high speed applications due to their higher
breakdown voltage, lower on state resistance and faster
switching. SiC has a significantly smaller minority carrier
lifetime and as a result of the higher critical field, the thickness
of the voltage blocking drift layer is approximately 10 times
less than silicon devices. Consequently, they show smaller
reverse recovery with a higher breakdown voltage. The effect
of using SIC MOSFET in synchronous rectification was
studied in [2] which shows that the reverse recovery of SiC
body diode was negligible as well as an improvement in the
switching speed of the MOSFET. MOSFETSs have parasitic
NPN BJTs that can latch-up under the right conditions i.e.
when the emitter-base voltage is forward biased, the base-
collector voltage is reverse biased and there is sufficient body
current in the base [11, 12]. For the BJTs to latch, there must
be a body current sufficient to cause a voltage drop greater
than the emitter base junction voltage of the parasitic BJT. To
prevent this from happening, the source is usually grounded to
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the body by a high dose body implant and a common metal
contact. However, at high temperatures a non-zero body
resistance and a non-zero body current can cause BJT latch-
up. The high dV/dt of the body diode during reverse recovery
coupled with the parasitic drain-to-body capacitance within the
MOSFET can cause a body current (CdV/dt) sufficient to latch
the parasitic BJT. This is particularly pertinent to SiC
MOSFETs where dV/dt is high, minority carrier lifetime is low
and the body diode is snappy.

CoolMOS devices use the principle of the super-junction to
achieve high blocking voltages while delivering low
conduction losses. The alternate n and p columns in the drift
region means that the body diode is not a conventional PiN
diode and will therefore exhibit a different reverse recovery
characteristic. In this paper, the reliability of the SiC MOSFET
and CoolMOS body diode under reverse recovery is
investigated experimentally and by modelling. The body diode
of the MOSFET has been modelled using the Fourier series
solution to the ambipolar diffusion equation (ADE). This is
coupled with electro-thermal model of the parasitic BJT and is
used as a compact physics-based electro-thermal model for a
SiC MOSFET and Si-based CoolMOS device. The impact of
the temperature as well as current density on the diode
recovery characteristics and failure mechanism of the
MOSFET is investigated by the model and compared with
experimental measurements. The proposed model can be used
to investigate the conditions of device failure during
purposeful or inadvertent reverse recovery of device body
diode. The model is useful for estimating the reliability
performance and giving deeper physical insight to the nature
of bipolar latch-up. Section Il describes the development of
the Fourier series model for the body diode, section IlI
describes the BJT electro-thermal model, and section IV
discusses the results while section V concludes the paper.

Il. Boby DIODE MODEL DEVELOPMENT

There have been several publications that have detailed how
the minority carrier distribution profile in the drift region can
be modelled using the Fourier series solution to the ambipolar
diffusion equation (ADE) [9, 13-24]. The reverse recovery
characteristics of the PiN body diode in this paper have been
modelled using the same techniques developed for discrete
PiN diodes. The ADE can also be solved using the finite
difference and finite volume techniques however, the Fourier
series is the most computationally inexpensive way of solving
it without too much loss of accuracy. The model takes
conductivity modulation, Shockley-Read-Hall recombination,
Auger recombination, carrier-carrier scattering, drift, diffusion
and displacement currents, depletion layers behaviour and
local lifetime into account. Moreover, the model calculates the
drift region voltage drop based on the conductivity modulation
in the drift region. The ADE models the concentration of
carriers in the drift region which determines the behaviour of
the device during the reverse recovery and is reconstructed
using Fourier series in one dimension [19, 20]. In case of the

CoolMOS model, it has been assumed that there is negligible
carrier concentration gradient or electric field gradient across
the lateral cross-section of the device in comparison to the
vertical cross-section of the device. As a result, electrons flow
from the cathode (the drain of the MOSFET) into the drift
regions and holes flow from the anode (the p-body of the
MOSFET) into the drift regions. Based on this, the 1-D
solution of the Fourier series is applicable because of the
assumption that the vertical concentration gradients are much
higher than the lateral concentration gradients.

The model has been developed for a discrete PiN diode
initially and in this paper, has been extended to body-diodes
for SiC MOSFETSs and CoolMOS devices.

Conductivity modulation in the drift region is the
mechanism through which low conduction losses are enabled
in PiN diodes and depends on minority carrier injection into
the drift region. If the number of injected holes to the drift
region becomes much greater than the background doping of
the drift region, charge neutrality requires that the
concentration of electrons and holes be equal to each other in
that region: p(x)=n(x). Using the continuity equations for the
intrinsic region we have:

on n &%n o (1)
AL L +u =2 (nE
at THL n aXZ /’ln ax( )
op p o’p o (2)
P__ P D “ (pE
o, v ax? 4 o (PE)

where, v is the high level lifetime in the drift region (in
order of 1ps for silicon devices and 0.1 ns for SiC) and D, (for
Silicon 36.1798 cm?s and 34.3708 cm?s for SiC at room
temperature) and D, (11.6292 cm?/s for Silicon and 2.3258
cm?/s for SiC at room temperature) are the diffusion
coefficients for electron and holes respectively. Diffusion
coefficients in SiC is smaller in comparison with silicon. Using
charge neutrality equation and the continuity equations, ADE
is:

op(x.t) _ _ p(xt) | [ 24nHpVr | 0°p(X,1) ©)
ot ThL Hn + 1y ox?
Diffusivity in ADE is calculated using Einstein relationship
(p = KT, where k is Boltzmann constant 1.38x10% JK™ and

q
q is electron charge 1.602x10%° C) as below:
D= 2u,uN;  2D,D, 4)

My + 4, - D, + Dp

The Ambipolar Diffusion Length is the length that shows
how far electrons and holes can diffuse into the drift region
before they recombine and itisL, = /D, . This determines
the shape of the catenary in the drift region. The ADE models
the concentration of carriers in the drift region determines the

behaviour of the device during the reverse recovery. Each term
of the ADE in equation (3) is multiplied in

COS(MJ and then integrated with respect to x; and x»
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which are the edges of the depletion region in the drift region
from P side and N side respectively.
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where pi(t) are the Fourier series coefficients. Putting these
three terms in ADE, equation (3), gives the reconstruction of
the ADE using Fourier series [19, 20]:
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The boundary conditions of the equation above (x; and x;
and the rate of changing of carrier concentration and the rate
of formation of these depletion regions are discussed
exclusively in [19, 20, 24].

To validate the model using experimental measurements, a
clamped inductive switching test rig is used as shown in Fig. 1.
As can be seen in Fig. 1, the low side transistor is used to
commutate the current away from the high side free-wheeling
diode, which in this case is the body diode of the MOSFET.
The body diode of the MOSFETSs under test is stressed by
physically connecting the gate of the MOSFET to the source,

40, — !
...lnk (Experimental)

L, (F.S ADE)

- l’k (Silvaco)

20

WerES e

Current (A)

0 1 2 3 4 5 6
Time (us)

Voltage (V)

! Freewheel
; o [} Diode Model

[ MOSFET Model

Fig. 1. Chopper cell circuit used to model the switching dynamics of body
diode of a MOSFET and CoolMOS.

Fig. 2. Experimental setup. 1. The environmental chamber where the device
temperature can be changed between -75°C to 175°C, 2. Function generator
to produce double pulse, 3. Oscilloscope, 4. DC power supply for the gate
drive and gate input signal, 5. DC link capacitors, 6. Inductive load, 7. Gate
drive circuit.

thereby ensuring that the MOSFET never turns on and current
flows through the body diode in the reverse direction. By using
the double pulse method, the low side transistor is switched on
charging the inductor to a pre-defined current after which it is
switched off thereby commutating the current to the body
diode. When the low side transistor is switched on again, the
high side body diode goes into reverse recovery which can
trigger device destruction depending on the commutation rate,
temperature, forward current density etc. To validate the
model, the results from the Fourier Series ADE (FS-ADE)
solution are compared with experimental measurements on a

0

_L\"k (E:&pcrimcntal)
--V,, (FSADE)

'
wn
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250, i 2 3 4 5 6
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Fig. 3. Simulation validation: Diode reverse recovery current waveform (a) and voltage waveform (b) from the experimental results, Silvaco Finite Element
device simulation and Fourier Series ADE reconstruction simulation at the room temperature using 22 Q gate resistance.
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Fig. 4(a). PiN diode reverse recovery waveform for different IGBT gate resistances (different dl/dt) - Comparison between the experimental results and the
simulation results using the Fourier Series ADE reconstruction. Fig. 4(b). Measured and modeled reverse recovery characteristics of the SiC MOSFET body-

diode.
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Fig. 5(a). Measured reverse recovery current as a function of time for the CoolMOS body diode at different temperatures. Fig. 5(b). Measured reverse recovery
current as a function of time for the SiC MOSFET body diode at different temperatures.

discrete PiN diode as well as a finite element device modelled
using a simulator (Silvaco). A 1.2kV/45A IXYS PiN diode
(DSI45-12a) coupled with a low side transistor of suitable
rating was tested. All the terminal voltages and currents were
captured on a Tektronix oscilloscope. The semiconductor
devices were placed in a thermal chamber where the ambient
temperature was varied in order to analyse the temperature
dependencies of the switching transients [22, 23, 25, 26]. Fig.
2 shows the experiment setup including the test rig, chopper
cell, the environmental chamber and the oscilloscope used to
carry out the measurements on the power devices.

Fig. 3(a) shows a comparison of the diode turn-off current
for the experimental measurement, the FS-ADE model and a
finite element simulation from Silvaco while Fig. 3(b) shows a
comparison of the voltage across the device during turn-off.
Datasheet parameters were used together with known physical
constants to obtain matching and the dl/dt of the current was
varied by the gate resistance used to switch the low side
transistor. As can be seen from Fig. 3(a) and Fig. 3(b), the FS-
ADE model is capable of replicating the current and voltage
waveforms of both the experimental measurements as well as
finite element models.

Fig. 4(a) shows the different reverse recovery waveforms of
the discrete silicon PiN diode corresponding to different
commutation rates modulated by the gate resistance of the low
side transistor. The reverse recovery characteristic of the body
diode of a SiC MOSFET from Cree (C2M0160120D) is also
modelled using the FS-ADE solution and validated by
experimental measurements. Fig. 4(b) shows the results of the
FS-ADE model together with the measurements of the reverse

recovery characteristics of the SiC body diode. As can be seen
in Fig. 4(a) and Fig. 4(b), there is good matching between the
FS- ADE model and the experimental measurements. The
material parameters were changed to match with the known
material parameters of SiC and the size of the device was
changed accordingly using the existing data available on the
device datasheet. Fig. 5(a) shows the measured reverse
recovery characteristics of the CoolMOS body diode at
different temperatures whereas Fig. 5(b) shows that of the SiC
MOSFET body diode at different temperatures. As can be seen
from the experimental measurements in Fig. 5(b), there is very
little reverse recovery charge in the SiC body diode compared
with the CoolMOS body-diode shown in Fig. 5(a) and the
reverse characteristics of the SiC MOSFET body diode are
temperature invariant. This is due to the very low minority
carrier lifetime in SiC which means that the stored charge in
the drift region very quickly recombines during the turn-off of
the body diode. Furthermore, the epitaxial voltage blocking
drift layers in SiC are significantly thinner compared to that of
silicon or CoolMOS, hence, there is less charge to be extracted
during turn-off. The model developed for the silicon
CoolMOS body diodes also takes the temperature dependency
of the reverse recovery characteristics into account. As can be
seen in Fig 5(a), the CoolMOS device exhibits significant
reverse recovery charge that increases with temperature due to
increased  carrier  lifetime. For CoolMOS devices,
modifications have been made to the Fourier solution of the
ADE to account for the fact that it is not the conventional body
diode, but rather alternate PN'N and PP-N diodes due to the
super-junction architecture. Fig. 6(a) shows the structure of the
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Fig. 7. Carrier concentration profile in the drift region of a PP-N and PN-N body diodes of a CoolMOS (a) and the carrier concentration profile of a SiC
MOSFET body diode during the high level injection of these devices before switching off.

conventional power MOSFET while Fig. 6(b) shows the
structure of a CoolMOS device with the PP'N and PN'N
diodes along with the parasitic BJT, body resistance and
depletion capacitance. According to this structure, the device
consists of a PN'N and PPN diodes in parallel, due to the
super-junction architecture, i.e. the minority carriers in the PN-
N diodes are holes while the minority carriers in the PP'N
diodes are electrons. Consequently, the minority carrier
lifetime and mobility of these carriers are different in the drift
regions of the two different diodes. The electrons in the PP-N
diodes have a higher lifetime and larger diffusivity in
comparison to holes in the PN'N diodes. The model takes
account of the larger charge stored in the body diode of a
CoolMOS by utilising these two parallel diodes. Basically, in
order to model the PP"N diode structure in the body diode of a
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CooIMOS, the N type drift layer of a conventional PiN diode
is replaced with a P-type material with a different background
doping and the minority carriers are changed to electrons. This
means that the diffusion coefficient (related to the mobility of
carriers according to Einstein relationship for diffusion) and
the carrier lifetime are changed (i.e. u=1330 cm?Vs and
1p=450 cm?/Vs, 7, (P-type)=10us and z, (N-type)=1us) [18, 19,
24, 27, 28]. Equation (8) is solved for PN-N and PP-N diodes
keeping in mind that holes are the minority carriers in the
former and electrons are the minority carriers in the latter.
These modifications can account for a significantly higher
reverse recovery charge in CoolMOS which is necessary for
modelling the body diode failure during the reverse recovery.
The model is built in Matlab Simulink and is solved using
variable time steps. At the end of each time step, the carrier
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Fig. 8. (a) CoolMOS switching-off current and voltage waveform showing high dl/dt and dV/dt at the same instant of time (b) Instantaneous switching power of

CoolMOS during the switching-off.
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concentration in the drift region of the PiN diode, p(x,t), is
calculated using Fourier series reconstruction of the ADE in
(8). Moreover, the boundary conditions of this equation are
calculated at the end of each step and are fed back to the
equation to be used in the next time step. The boundary
conditions are the position of the depletion region at PN- and
NN- junctions (x; and x» respectively) and the rate of change of
the depletion width at these junctions (dpi/dt and dp2/dt).
Using the data at each time step, the carrier concentration
profile of the minority carriers in the drift region can be
reconstructed and is shown in Fig. 6.

Fig. 7(a) shows the simulated minority carrier concentration
profiles of the CoolMOS device PP'N and PN'N body diodes
in the drift region whereas Fig. 7(b) shows the minority carrier
concentration profile of the SiC PN'N body diode. The
minority carrier profile in the plasma region of the devices is
extracted right at the point before the devices are switched off
from high level injection mode during body diode conduction.
As can be seen, the carrier concentration profile for PP-N
diode is higher than PN'N diode and hence the reverse
recovery waveform of CoolMOS is higher than a normal
silicon or SiC based PiN diode. This is confirmed by the
experimental measurements on reverse recovery in the body
diodes shown in Fig. 5(a) and Fig. 5(b). The higher minority
carrier concentration in the PP-N relative to the PN'N diode is
due to increased electron lifetime and higher electron
diffusivity. Fig. 7(b) shows that the minority carrier
concentration in the SiC PiN body diode is an order of
magnitude lower than that in the CoolMOS.

I1l. BJT ELECTRO-THERMAL MODEL

The Fourier series solution to the ADE in PiN body diode
has been used to explore the physics of MOSFET failure
during the reverse recovery of the body diode. Fig. 6(a) shows
a typical vertical MOSFET illustrating the anti-parallel body

—dl/dt=125 Alps
-~ dI/dt=50 Alps

10.2 104 10.6 10.8 1.0 11.2 114
()
Time (ps)

Fig. 9. Fourier series ADE simulation of the SiC MOSFET body diode
displacement current, parasitic BJT base capacitance and electric field at
P+N- junction during turn-off.

diode and body resistance. Referring to Fig. 6(a), the p-well
resistance is shown as Ry, and the drain-base capacitance is
shown as Cg. The base current that triggers the BJT can come
from the displacement current of the drain-to-body depletion
capacitance during the body diode turn-off with high dv/dt. It
can also be triggered by high dV/dt across the body diode
during reverse recovery. As the reverse current reaches its
peak, the depletion widths start to form across the junctions of
the PiN diode and the remaining minority carriers in the drift
region have to be recombined since carrier extraction is no
longer possible. If the positive sloping recovery current (the
recombination current between the peak reverse current and
zero) is excessively high in the presence of parasitic
inductance, large voltage overshoots coinciding with high peak
reverse currents can cause very high instantaneous power
dissipation across the device. This high instantaneous power
causes high temperature excursions that can trigger the
parasitic BJT and destroy the device.

Fig. 8(a) shows the measured characteristics of a CoolMOS
body diode in reverse recovery showing high reverse recovery
current and simultaneously high peak voltage overshoot.
Excessively snappy body diodes are known to be a reliability
hazard under hard commutation [29]; hence, soft recovery
diodes have been developed to mitigate this effect. The
electro-thermal modelling of the BJT therefore requires an
accurate physics based modelling of the diode’s reverse
recovery characteristics. To accurately model the electro-
thermal BJT, the displacement current of the drain-to-body
capacitance as a function of dV/dt during turn-off must first be
calculated. Fig. 9(a) to 9(d) shows the results of the FS-ADE
simulations for 2 different switching rates (dl/dt). As the body
diode is switched off, the low carrier lifetime in SiC results in
a rapid extraction of the excess charge. The result of this is a
fast rising voltage with a high dV/dt across the diode that is
proportional to the switching rate. This can be seen in Fig. 9(b)
where the overshoot is due to stray inductance (approximately
between 100-200 nH). The peak overshoot increases with
increasing dl/dt. As the diode begins to block, the electric
fields at the junctions (PN and N'N*) cause the depletion
width to start extending into the drift region. The result is that
the drain-body capacitance decreases and there is a resulting
displacement current associated with the charging of the
capacitance. Fig. 9(c) shows the simulated drain-base
capacitance whereas Fig. 9(d) shows the calculated
displacement current. The depletion width (Wg1) and the drain-
base capacitance (Cg) can be calculated using (9) and (10)
below:

Wdl:_%(NIG+NND] 9)
C, =G (10)
Wdl

In (9) and (10), NA (SiC: 2x10Y" ¢cm™ and Si: 2x10%° cm®)
and ND (SiC: 1.5x10% cm™ and Si: 1x10% cm®) are the donor
and acceptor doping of the P and N- region respectively; q is
unit electron charge; ¢ is permittivity of SiC/Si (8.5845x1013
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F/cm and 1.05x107'? F/cm respectively); and Eo is the electric
field at the metallurgical junction. As the depletion region
widens, the base capacitance of the BJT decreases as shown in
Fig. 9(c). The displacement current at the PN- junction can
cause the parasitic BJT to latch-up if there is sufficient body
resistance to forward bias the parasitic BJT. This causes BJT
latch-up of the device by causing a voltage drop across the
emitter-base junction of the BJT greater than the in-built
voltage (@ge). The displacement current shown in Fig. 9(d) is
calculated using (11) below. In this equation, A represents die
area and a ratio between the cell size and the P-emitter of the
body diode is considered as the die area of the body diode
(SiC MOSFET die area is approximately 10.24 mm? and
CoolMOS is approximately 20 mm? and the body diode ratio is
assumed to be in the range of 10-20%). Neff is the effective
doping of the depletion region, Vce and Vps are BJT’s
collector-emitter and MOSFET’s drain-source voltages
respectively.

oA Vi _ {EA (12)

| =
disp w dt

2V | dt

It can be seen from Fig. 9(d) that the peak displacement
current increases with the switching rate. This means that
faster switching devices are more likely to undergo parasitic
BJT latch-up. That displacement current flows through the
body resistance (Rpp) of the MOSFET which is the resistance
between the p-body and the n-source. This p-body resistance
(Rpb) can be calculated using (12) where L is the length of the
base (0.9x10* cm), Ng is the base doping (2x10% cm3) and Ag
is the area of the base:

Ry=— - (12)
q,UpNBAB

The mobility of holes () in the base of the BJT is
temperature  dependent.  Consequently, increasing the
temperature reduces the hole mobility, hence increasing the
base resistance. This increases the base-emitter voltage of the
BJT. The temperature dependence of x, [30] is shown in (13).
The critical MOSFET parameter that contributes to avalanche
breakdown is the body resistance, which must be minimized
for a rugged MOSFET. In the equation below, index of i,
indicates holes or electrons. T is temperature of the device,
Npg: 7, @p, @nd Sy depends on type of the material and N is the
dopant concentration.

2
Bi(N)(ﬁjﬁi
T (fi+eq)
1+ Bi(N)(%)
1*(NJ
:up,max ] Npg

By, =
™ [ﬂp,nﬁx _lup,min

qN eff :l dVDS

(13)
M = Himax

T=300K

B,(4H —SiC) =05
a,(4H - SiC) =26
7,(4H ~SiC) =05

Hpmex (4H = SIC) =117cm?V “'s™
My in (AH = SIC) =30cm?V s~
N, (4H —SiC) =10"cm
N =N, =2x10"cm™
By multiplying the body-resistance in the displacement
current induced by the P*N™- junction of the PiN body diode,
the base-emitter voltage (Vee) of the BJT is calculated.
Ve = gy ¥Ry (14)
The built-in voltage ¢y of the parasitic BJT can be
calculated using (15) below:

o KT.(NNJ
q n;

where K is Boltzmann constant, Ng and Ng (1.2x10%° cm)
are the base and emitter doping respectively and n; is the
intrinsic carrier concentration which is also temperature
dependent and increases with temperature (T). Equation (16)
shows this temperature dependency [17].
n;(4H — SiC) = 1.7 x 10*°T ¥/2g (208407 (16)

If the voltage drop across the base-emitter of the BJT
becomes greater than the built-in voltage of the parasitic BJT,
then the BJT switches on and a current starts flowing from the
collector to the emitter of the BJT. In the proposed electro-
thermal model, the Ebers-Moll model is used to calculate the
collector current. In the equation below Vr is thermal voltage.
The applicability of Ebers-Moll model for large signal
modelling is shown in [31-34].

(Vee 04
le=aglele 7 -1

| _q Deni2 + Dbni2
= LENE WBNB

D. and Dy, are diffusion coefficients which are related to the
electron mobility in the emitter and base of the parasitic BJT
using Einstein relation (kinetic theory). L is emitter length, Ng
is emitter doping and Ws is the base width of the BJT. The
electron mobility can be calculated using (19) in which Np is
donor doping.

(15)

(17

(18)

KT 19
De = 71un‘E ( )
q
KT
D, _Tfun‘B

4.05x10™ +20x N2

3.55x10% + N2
e i Np =2x10"cm™
Hoe i Np =2x10%cm™

As the BJT turns on, the current passing through the device
generates heat and the device temperature starts rising which
increases the base resistance and the body voltage.
Consequently, the positive feedback loop increases the
parasitic BJT forward current. This continues to generate more
power until the temperature excursion due to the instantaneous
power causes the device to break down. The calculated power
is inserted into Cauer-network to model the junction

Mg (4H = SiC) =
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Fig. 11. Block diagram of the electro-thermal parasitic BJT latch-up coupled with the clamped inductive switching circuit model for a MOSFET body diode.

temperature of the chip. Fig. 10 illustrates the cross section
view of a basic hypothetical power device mounted on top of a
DBC and the equivalent Cauer-network of this power module.
The flow chart of the model developed in Simulink is shown in
Fig. 11. As can be seen in this figure, the temperature
calculated from the thermal network [35] is fed back in a
closed loop to recalculate the temperature dependent
parameters in the clamped inductive circuit, base resistance,
intrinsic carrier concentration and the BJT base and collector
currents. As can be seen in Fig. 11, if the BJT does not latch-
up, then the current continues to flow in the body diode until it
reaches zero and the simulation model works in Loopl showed
in the figure. The values of thermal resistors and capacitors
for the Cauer-network are calculated by taking these steps:

Step 1- finite sample points from the transient thermal
impedance curve (junction to case) obtained from a single
pulse power input of the power device was captured from the
device datasheet (Cree SiC MOSFET and Infineon CoolMOS
CE technology).

Step 2- Using curve fitting tool in MATLAB, a rational
fitting method is used to reconstruct the curve (Fig. 12). Here
Cauer-network impedance equation is considered to be the
base of curve fitting as it can give physical meaning to each
layer; however, Foster network may be used as well. Each
parameter in the curve fitting tool is set to have an upper and
lower limits based on the geometry, specific heat capacity,
density and thermal conductance of the material to achieve
reasonable values for thermal resistance and thermal
capacitance of the Cauer-network thermal chain. Note that
based on the Cauer-network impedance equation, the
numerator degree is one order smaller than the denominator
degree. It is critical for this study to have an accurate curve
fitting within the ps level as the transient occurs in ps.
Consequently, 5th order Cauer network is considered for both
SiC MOSFET and CoolMOS which in case of TO-247 may be
interpreted as the die, solder layer, adhesive layer, the copper
base plate, CTE-matched high flow EMC (epoxy moulding
compound) packaging. Equation (20) shows the reconstruction
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Fig. 14. (a) Parasitic BJT latch-up current at different temperatures (SiC MOSFET). (b) Parasitic BJT latch-up at different temperatures (CoolMOS)

of the thermal impedance using rational curve fitting for the
device:

PiS* + P,S° + PyS” + S + P
$°+0,5" +0,8° +0,8° +q,s" +0,

Step 3- The impedance from the junction to case of a
Cauer-network can be calculated using equation (21):

z (20)

th —

(21)

Cis+i

Step 4- Since the denominator of equation (20) is one order
higher than the numerator, by calculating the admittance of
equation (20), the value of C; can be calculated. By inverting
the remainder of this calculation, the impedance of the
remainder can be calculated which will result in the value of

Power Supply Voltage

R1. By continuing this process, Ri, Rz, Ci, and C, are
calculated. Table 1 shows the calculated values for SiC
MOSFET and CoolMOS devices. The differences between the
thermal parameters of the CoolMOS and SiC Power MOSFET
arises from the difference in die sizes primarily. As a result of
the wide bandgap and higher critical electric field, the SiC
MOSFET is a smaller die compared to the CoolMOS hence it

Table. 1. Thermal resistance and thermal capacitance for devices calculated
from the transient thermal impedance curve of devices

CoolMOS SiC MOSFET
R 0.03867 R 0.1164
R> 0.194 R> 0.08321
R3 0.3111 R3 0.2618
R4 0.4003 R4 0.2845
Rs 0.02277 Rs 0.2136
Cy 1.99x10 Cy 3.3381x10*
C 1.281x10% C 9.084x10
Cs 4.576x10° Cs 7.875x104
Cy4 8.694x10-3 Cy 5.281x10°8
Cs 3.187x101 Cs 5.874x1072
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has a higher thermal resistance and a smaller thermal
capacitance. The model with the Fourier series method of
reconstructing the charge storage region is described in [28,
36] where the parameters are defined and techniques for
extracting the values for these parameters are described in
detail. The wvalues for parameters come directly from
measurements and datasheets information. The parameters for
the electro-thermal model and parasitic BJT are obtained from
the measurements and datasheet information and by comparing
the simulation waveforms with the experimental results.

IV. RESULTS AND DISCUSSION

Using the clamped inductive switching circuit, two different
failure modes were captured on the oscilloscope. The devices
under test were a Si-based super-junction MOSFET (P/N: 726-
IPW9I0R340C3) from Infineon and a Cree SiC power
MOSFET (P/N: C2M0160120D). The gate and source of the
MOSFETs were clamped and their body diodes were used as
freewheeling diodes in the clamped inductive switching test
rig. By increasing the first pulse duration during the inductor
charging phase of the double pulse test, different forward
currents were passed through the body diodes and the
waveforms were captured. This current was increased until the
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Fig. 15. Parasitic BJT transient electro-thermal behavior.
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device failed. The maximum forward current that triggers a fail
during turn-off is defined as the latching current for each
technology. Fig. 13 (a) shows the reverse recovery current
waveform of the SiC MOSFET body diode at different
forward currents. SiC MOSFET has a very small carrier
lifetime in the intrinsic region in comparison to Si-based
devices and consequently, the reverse recovery of these
devices is significantly smaller than conventional devices. As
can be seen, the device failed at 42 A forward current as the
parasitic BJT latched up. Fig. 13 (b) illustrates the reverse
recovery waveform obtained from the CoolMOS device body
diode during the reverse recovery. As can be seen, by
increasing the forward current density, the reverse recovery
increases as a result of higher stored charge which is unlike the
silicon carbide MOSFET where the reverse recovery current of
the body diode was independent of the forward current. At the
forward current of 44 A, there is sufficient rise in the junction
temperature to cause failure in the device. It can also be
noticed that the CoolMOS device typically fails during reverse
recovery whereas the SiC device fails during the turn-off
transient and that the di/dt of the SiC body diode is higher than
that of the CoolMOS. The impact of temperature and the
supply voltage on the latching current was investigated for the
SiC and CoolMOS devices. The temperature was varied from -
75 °C to 175 °C and the supply voltage was also varied from
100 V to 300 V. Similar to the previous measurements, the
forward current was increased until the device failed during
reverse recovery of the body diode. Fig. 14 (a) shows the
parasitic latch-up current for SiC MOSFET at different
temperatures while Fig. 14 (b) shows the same graph for
CoolMOS power MOSFET. As the supply voltage and
temperature are increased, the latching current for device
failure decreases as is expected because both voltage and
temperature contribute to BJT latch-up. As explained earlier, if
the parasitic BJT latches up the device might fail. There are
different parameters that cause the parasitic BJT to latch up
during the reverse recovery of the body diode such as high
dv/dt, high current density and high temperature. Using the
introduced electro-thermal model for the parasitic BJT, the
impact of increasing the current density and temperature on the
SiC MOSFET and CoolMOS body diode can be investigated.
Fig. 15 shows how the electro-thermal BJT latch-up model of
the SiC MOSFET behaves under normal condition when there
is no thermal runaway (normal), as well as when the device
undergoes thermal runaway (latch-up). The condition that
triggers thermal runaway in this case, is a higher forward
current. As can be seen from Fig. 15, as the body diode
undergoes the switching transient in (a) for 2 different forward
currents, the instantaneous power dissipated across the diode
shown in (b) causes a temperature rise. The instantaneous
power dissipation increases with the forward current. This
temperature rise causes the in-built junction voltage (@ge) to
fall as shown in Fig. 15(c). It can be seen from Fig. 15(c), that
the device with the higher forward current experiences a
higher drop in ®@ge due to higher dissipated power. The fall in
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Fig. 17. (a) Simulation results showing reverse recovery waveform of CoolMOS body diode for varied forward current. (b) Temperature rise within the device
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Fig. 19. (a) Simulation results showing reverse recovery waveform of CoolMOS body diode for varied temperature. (b) Temperature rise within the device

during the body diode reverse recovery.

@pe is as a result of increased carrier concentration from
bandgap narrowing as shown in equation (15). Fig. 15(d)
shows the displacement current (lasip) caused by the charging
of the drain-body depletion capacitance and the impact of the

dissipated power on the p-body resistance (Reg) is shown in
Fig. 15(e). The rise in Reg is due to the increasing temperature
calculated from the thermal network and caused by the power
dissipated during the turn-off of the body diode. It can be seen
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that the device with the higher forward current has a higher
rise in Reg. Fig. 15(f) shows the body voltage (Ves) which is
lsisp % Rps and acts as the base-to-emitter voltage of the
parasitic BJT. At the point where VPB becomes greater than
®ge, the parasitic BJT turns on and produces a collector-to-
emitter current (Ice) calculated from the Ebers-Moll model in
equation (17). Fig. 15(g) shows the calculated Ice for the 2
parasitic BJTs where the device with the higher forward
current can be seen to exhibit a more rapid increase in Ice with
no corresponding decrease. It can also be seen from Fig. 15(g),
that although the device with the smaller forward current has a
parasitic BJT that turns on, however, the temperature rise is
such that does not allow the positive electro-thermal feedback
process to set in. Fig. 15(h) shows the respective temperature
plots for each device. The model developed in Fig. 15 has
been used to simulate the behaviour of the device under three
different forward currents. The results are shown in Fig. 16 for
the SiC MOSFETSs and Fig. 17 for the CoolIMOS MOSFETSs.
Fig. 16 and Fig. 17 explain the experimental observations of
Fig. 13 and Fig. 14 using the developed model. As can be seen
from the results of the model, the predicted rise in temperature
and the on-set of thermal runaway occurs at higher forward
currents for both technologies. The model correctly predicts
that the higher forward current causes higher instantaneous
power dissipation as well as higher body diode reverse
recovery charge (in the case of the CoolMQOS) which triggers
thermal runaway as a result of BJT latch-up. Fig. 16(a) shows
the SiC MOSFET body diode turn-off characteristics at
different forward currents whereas Fig. 16(b) shows the
calculated temperature from the flowchart shown in Fig. 11.
For the normal operation mode the temperature rise was
approximately estimated to rise around 1°C and 1.5°C for the
normal operation of the devices at 33A and 42A respectively
in the single switching event. This small temperature rise is
due to the small reverse recovery of SiC MOSFET and small
energy dissipation within the device for a single switching
event. Fig. 17(a) and Fig. 17(b) show similar plots for the
CoolMOS device where it can be seen that the model is
capable of predicting BJT latch-up at higher forward current
densities. The model can also be used to accurately predict the
impact of temperature on the thermal runaway during reverse
recovery. Simulations have therefore been performed at
different ambient temperatures to investigate how well the
model predicts latch-up at different temperatures. At higher
temperature, the mobility of the hole is reduced and
consequently, the p-body resistance increases. This brings
about higher base-emitter voltage and causes the parasitic
BJT’s high current. Fig. 18 (a) shows the body diode turn off
current characteristics for the SiC MOSFET at three different
temperatures (25°C, 75°C and 125°C). As can be seen, the
device fails at 125°C due to thermal runaway. The calculated
temperature is shown in Fig. 18(b) for the SiC MOSFET
where it can be seen that thermal runaway results in an
uncontrollable rise in temperature. Fig. 19(a) shows the body
diode current turn off characteristics for the CoolMOS device

at different temperatures similar to Fig. 18(a) for the SiC
MOSFET. Fig. 19(b) shows the simulated temperature of the
CoolMOS device corresponding to Fig. 19(a). By comparing
Fig. 19(b) to Fig. 18(b), it can be seen that the rate of
temperature rise for the SiC MOSFET is larger than the
CooIMOS. This is due to smaller thermal capacitance of the
SiC die in comparison to the CoolMOS. The differences
between the SiC MOSFET and the CoolMOS device arises
from the difference between the thermal resistances (which is
dependent on the die size), the semiconductor material and the
device architecture. The SiC MOSFET is able to sustain a
significantly larger avalanche current density in spite of having
a higher thermal resistance. This is due to the wide bandgap
which makes the device more temperature resilient. The SiC
device fails during turn-off before the zero crossing of the
current because of the combination of high dv/dt and the
drain-to-body depletion capacitance generating a displacement
current which flows through the body resistance and triggers
the parasitic BJT. The high thermal resistance of the MOSFET
coupled with the temperature sensitive body resistance means
that the device can fail during turn-off as a result of high
ambient temperature, high forward current density and higher
commutation rates. In case of the CoolMOS device, the
excessive reverse recovery charge causes high instantaneous
power dissipation which raises the temperature of the device
and triggers the parasitic BJT. Hence, the device fails in
reverse recovery after the zero crossing as opposed to the SiC
MOSFET where the failure is before the zero crossing.

V. CONCLUSIONS

This paper has introduced a computationally efficient and
accurate compact model that can be used to predict and
diagnose electro-thermal bipolar latch-up in power MOSFETS.
The model was used to investigate the reliability of SiC
MOSFET and super-junction MOSFET body diodes during
reverse recovery. SiC Cree MOSFETS and Infineon CoolMOS
were tested in a clamped inductive switching test rig and the
body diode of the upper switch was used as a free-wheeling
diode. Moreover, the SiC MOSFET PiN body diode and
CoolMOS were modelled using the Fourier series
reconstruction of the ambipolar diffusion equation to calculate
the excessive carrier stored in the drift region during the
switching transition. In the case of the CoolMOS device, the
ambipolar diffusion equation was modified to account for the
fact that electrons will also be minority carriers in the p-pillars
of the drift region. An electro-thermal model of the BJT was
developed alongside of the clamped inductive switching circuit
to simulate the thermal runaway of these devices under the
reverse recovery. The thermal resistance and capacitance for
the packaged devices from Cree and Infineon were calculated
and used in the Cauer thermal network. Moreover, the
temperature of the device at each step of the simulation was
fed back to the device and all the temperature dependent
parameters were calculated after each step. The reverse
recovery of the model was validated by comparing the results
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with the experiments. Experiments show that thermal runaway
is exacerbated by high current densities and temperatures
which is well predicted and replicated by the model.
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