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15 Abstract
16 A study is presented aimed at describing phenomena involved in Single Event Burnout induced by heavy ion
17 irradiation in SiC Schottky diodes. On the basis of experimental data obtained for "*Br irradiation at different
18 energies, electro-thermal FEM is used to demonstrate that the failure is caused by a strong local increase of the
semiconductor temperature. With respect to previous studies the temperature dependent thermal material
19 properties were added. The critical ion energy calculated by this model is in agreement with literature
20 experimental results. The substrate doping dependence of the SEE robustness was analysed, proving the
g;— effectiveness of the developed model for device technological improvements.
23 1. Work motivation and purpose 2. Experimental results
24
25 Silicon Carbide is a promising substitute for The experimental data referred to in this paper are
26 Silicon in high-voltage, high-efficiency and high- essentially the same as presented in our previous
27 power density applications, thanks to its superior work [6]. Therefore, the data will be summarized
28 electrical and thermal properties [1]. The higher here only briefly. 1200 V commercially available
29 melting point and conductivity allow reduced energy Schottky diodes were irradiated with "’Br at 20, 60
30 losses, higher operating temperatures and the design and 240 MeV having LET= 43.5, 27.9 and 9.3
31 of a simpler heat sink. Thanks to its higher critical MeVem?/mg, respectively. The ionization energy
electric field, a SiC device is much thinner with a loss computed by SRIM [7], for the three cases, is
32 higher level of doping [2], leading to a lower on- reported in Fig. 1. The schematic of circuit used for
33 resistance. The higher saturation carrier velocity biasing and monitoring the Device Under Test, DUT,
34 allows higher speed and higher operating is reported in Fig. 2.
35 frequencies. The DUT, is reverse biased during each
36 The SiC Schottky diode is the first SiC power irradiation at a fixed voltage by the high voltage
37 device and, actually, the SiC technology permits to _
38 commercialize Schottky diodes rated up to 1200 V, a E 15 +—SiN, Meta
39 value not reachable with the silicon technology. 3 ( N\‘
40 Some works have been addressed to study the % '\\ — Br 240MeV
a1 sensitivity of these device, to Single Event Effects, §10 sic \\
42 SEE. Unfortunately, SiC Schottky diodes exhibit 3 \ — Br 60MeV
43 failure under proton [3] and heavy ion irradiations 8 \ — B
a4 [4, 5]. Their breakdown was first attributed to the s \\
45 displacement damage-induced current [4] and then to 2 \
a strong increase of the temperature, which causes a g \ \\
46 permanent damages to the structure [5]. 9 m 20 30 20 %0 50
47 In this work we present an electro-thermal Longitudinal Range [um]
48 analysis able to investigate the SEE sensitivity of Fig. 1. Ionization energy loss vs longitudinal range of the
49 SiC Schottky diodes. When an ion with sufficient o irradiated ion species.
50 energy penetrates through the whole epitaxial layer,
51 a high electri§ field is.developed ig proximity of the Cathode Bias i 1 rumentation BUS
52 Schottky barrier. The intense electric field combined e
53 with a high conduction current density causes a SUPPLY pe
54 power dissipation able to increase the lattice
55 tempergture f'ibove the SiC melting point leading to Cathode Signal  FAST
56 the device fallqre. . o GIIZING |
The analysis has been conducted by varying the
57 penetration depth of the ion, the volume of the
o8 simulated cell, thermal and electrical parameters of =
59 the simulated device. Fig. 2. Schematic of the circuit used during irradiation.
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Fig. 3: The collected mean charge vs anode voltage for irradiations

power supply. Each sample is subjected to several
irradiations at increasing biasing voltage.

A fixed number of 1500 impacting ions is used
for each irradiation. A fast digitizing oscilloscope is
used to acquire the current pulses associated with the
charge generated during each impact and collected at
the cathode terminal. The Ileakage current is
measured before and after each irradiation for
verifying if the DUT has been damaged by the
irradiation.

Fig. 3 reports the mean value of the charge
collected during the impact of "’Br ions at 240 MeV,
60 MeV and 20 MeV, as a function of the anode
voltage applied during the irradiation. The ordinates
represent the mean value of the charge computed, as
the integral of the current pulse collected at the
anode terminal, on a population of 1500 events (ions
impacting on the device active area). In Fig. 3, the
biasing voltage at which permanent damages are
observed in the DUT after the irradiation are marked
with a red circle. The damages are identified thanks
to the increase of at least 30 nA of the leakage
current measured after the irradiation. The voltages
at which damages are registered are 300 V and
900V for irradiations with ’Br at 240 MeV,
60 MeV, respectively. No damage was observed
after irradiations with "Br at 20 MeV.

3. Electrical simulations

We performed 3D finite elements ATLAS
simulations [8]. The circuit used for the simulations
is reported in Fig. 4. We simulate only a portion of
the active region of the device in order to reduce the
number of mesh points in the 3D structure. We take
into account the overall capacitance of the device by
means of Cgq in parallel to the structures. Lp
accounts for the stray inductance and Rp for the
input resistance of the oscilloscope. The power
supply Vp describes the coupling capacitors Cpg of
Fig. 2. The actual parameters of the DUT are not
supplied by the manufacturer so we have set the
values that are usually used in SiC Schottky diodes
with comparable voltage ratings, that is: Metal
thickness, Wyerar = 1 um, Epitaxial layer thickness,
Wepr =8 um, Epitaxial layer doping, Ngp;= 510"
cm”, and Substrate doping, Ngyp = 510" cm?.

The procedure used for the simulations, described
in [9], was adapted for the SiC material. To separate

+

Fig. 4: Schematic of the circuit used for ATLAS simulations.
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Fig. 5: Experimental and simulated current waveforms for
irradiation with ’Br at Vi, = 300 V. Experimental curves refer to
the event with maximum and medium collected charge.
Simulation refers to 23 pum penetration depth.

the effects of the range and LET of the impacting
particle, we used the same ionization energy at the
surface and changed the penetration depth. In
particular, for the Br at 240 MeV, we used the
charge deposited in SiC according to the ionization
energy losses computed by SRIM, Fig. 1. For "Br at
20 and 60 MeV we used the same surface charge
deposition and ranges reduced to 4 and 6 pm,
respectively.

The simulated waveforms of the current in Rp,
corresponding to the input resistance of the
oscilloscope, is reported as a dashed line in Fig. 5 for
Vp=300V and 23 um penetration depth. It is
compared with the experimental waveforms related
to the events for which we got the maximum and
medium values of the collected charge (red and
green curves, respectively). The figure reveals a
good agreement between simulation and experiment.

The waveforms of the current in the simulated
portion of the Schottky diode are reported in Fig. 6,
for the three values of the penetration depth and for
Vp=300V. The current peaks become very high
and increase with the range of the impacting ion.

The electric field and the current density along
the ion track at the instant of the current peak are
reported in Figs. 7 a) and b), respectively. Green,
blue, and red curves refer to the penetration depths 4,
6, and 23 pm, respectively. For comparison the
electric field before the ion strike is reported in
black, too. Because of the very large current density,
large space charge regions are originated by the
carriers moving through current path. These space
charge sustain large electric field along the ion track.

Let us consider the case of 23 um penetration
depth for which a current peak of about 1 A is

Page 2 of 8
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Fig. 6: Current waveforms in the simulated portion of the
Schottky diode at Vi, =300 V, for three penetration depths of
impacting ions.
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Fig. 7: The electric field a) and the conduction current density
b) along the ion track in the Schottky diode, at the instant of
the current peak, for Vi, =300 V and for three penetration

depths of impacting ions.
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observed. Because of the very high conduction
current density and electric field, a very large power
density is dissipated in the structure, particularly at
the Schottky junctions where causes a strong local
increase of the temperature, leading to the device
failure. The proposed mechanism is very different
from the one used to describe the SEB in high
voltage Si power PiN diodes [10, 11].

This model applies when the range of the
impacting particle is smaller than the thickness of the
low-doped region of the device. In this case, the
charge deposited by the ion is enough to trigger a
time evolution during which a large electric field
develops at the N-N" interface. When the biasing
voltage is large enough, the peak of the electric field
becomes larger than the avalanche field and the

FPower Density [VWcm
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Fig. 8: Power density obtained by ATLAS simulation for
Vp=300 V and 23 um penetration depth.
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Fig. 9: Power density obtained by ATLAS simulation for
Vp=300 V and 6 um penetration depth.

conditions for an electric instability are formed
causing the device failure.

For obvious reasons, the failure mechanism
described in [11] does not apply when the range is
larger than the base thickness. But this model does
not apply also to the cases when the penetration
depths is 4 and 6 um. In fact, due to the small charge
deposited by the particle, the local current density is
not enough to cause the electric field at the N-N"
interface to become larger than the avalanche field in
SiC, which is much larger than in Si. Because of
that, we attribute all the failures of Schottky diodes
to damages induced to the junction due to its over-
heating caused by the local large power dissipation.

The power density along the ion track, at Vp =
300 V, is reported in Figs. 8 and 9 for 23 pm and
6 um penetration depths, respectively. These data are
used as the input of the thermal simulations
described in the next section.

4. Thermal simulations

In principle, the ATLAS simulator could be used
also for performing electro-thermal simulations. But
such a simulation would require very high
computational capability and very long execution
time. In fact, we have to simulate volumes larger
than that used for the electrical simulation, including
the temperature dependence of the thermal materials
properties, to get the proper accuracy. Consequently,
to study the thermal behavior for longer time, taking
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Fig. 10: Rectangle used for generating the cylindrical
structure used in the thermal simulations. The base of the
cylinder is equivalent to the area of the chip.
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Fig. 11: A detail of the mesh used in thermal simulations.
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Fig. 12: Comparison between results obtained by ATLAS
electro-thermal simulation and COSOL thermal simulation.
Simulations refer to 23 um penetration depth and Vp= 300
V[15].

into account the whole 3D chip structure, the thermal
connection with the package, and temperature
dependent material properties, we built a numerical
thermal model using COMSOL Multiphysics [12],
exploiting the cylindrical symmetry condition. The
rectangle used for generating the cylindrical structure
and a detail of the mesh employed in the thermal
simulations are reported in Figs. 10 and 11,
respectively.

In this model, following a procedure similar to
that used in [13, 14], the volumetric heat generation
calculated by ATLAS in the first time transient of
35 ps was inserted as a heat flux source, using a two-
dimensional time function: Fig. 12 [15] reports the
good match obtained with the thermal behavior
calculated in the first 35 ps by ATLAS. Fig. 13
shows the 3D thermal map calculated inside the SiC
at the time of maximum temperature (26 ps). More

time = 26 ps
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Fig. 13: 3D temperature distribution at the instant when the
maximum temperature is reached for 23 um penetration depth

and Vp=300 V.
400
©1000
g3'3000 = 1
— B
e "=2000
S ©
'©2000 e ]
@ 1
[=% (5} 0
E =0 50 100
—1000F Time [ps] |
OO 1 2 3 4 5
Time [ns]

Fig. 14: Evolution of the maximum temperature obtained by
COMSOL thermal simulation for 23 um penetration dept
(E =240 MeV) and Vp =300 V.
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Fig. 15: Evolution of the maximum temperature obtained by
COMSOL thermal simulation for 6 um penetration depth
(E=60MeV) and Vp=300 V.

details about the model setting procedure can be
found in [15].

From Fig. 13 it can be observed that only a very
thin portion (about 50 nm) of the 2 mm thick Al
layer is interested by heating.

Figs. 14 and 15 show the evolutions of the
maximum temperature, for Vp = 300 V, in the cases
of ion impacts with energy of 240 MeV and 60 MeV,
respectively. It is worth to note that, in the first case,
where damages were experimentally observed at the
DUT (Fig. 3), the temperature becomes larger than
the SiC melting point (3100 K) for about 40 ps. In
the second case, the temperature is always lower
than that limit.

Page 4 of 8
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Fig. 16: Comparison between thermal transient in the origin
of the cylinder (see Fig. 13, same conditions) obtained by
using as simulation domain the whole diode structure and a
reduced cylindrical volume with radius » = 2.5 um.
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Fig. 17: Comparison between the thermal transient

simulated (in the same condition of Fig. 12) for 4H
and 6H SiC.

4.1. Analysis on thermally critical volume

Once the ATLAS simulation was reproduced by
COMSOL, the analysis of the thermally critical
volume to be simulated was conducted, in order to
find the minimum portion of the device which has to
be simulated to account for the non-adiabatic
boundary conditions.

The thermal simulation of the whole SiC
Schottky diode structure was preformed, at the same
conditions previously described. As can be observed
in Fig. 16, a very small difference appears with
respect to the cylindrical domain with » = 2.5 pm,
only in the cooling phase, after the temperature
maximum is reached. This result allows to consider
only such a small reduced volume in the following
thermal simulation, since the target of the work is to
study the time range in which the temperature
approaches values close to the semiconductor
melting point.

4.2. Comparison between 6H and 4H SiC behavior

The models matching reported in Fig. 12 was
related to 6H SiC, which has a thermal conductivity
k =490 W/mK [16]. Since the experimental results
reported in Fig. 3 were related to devices made on
4H SiC (k = 370 W/mK [16]), the thermal transient

250

=-171 —18

N

Q

o
T

150

=

Q

o
T

Thermal conductivity [W/(m-K)]

-
e e

0 1000 2000 3000 4000
Temperature [K]

Fig. 18: Thermal behavior of SiC thermal conductivity
from [17, 18].
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0 1 1 ]
0 1000 2000 3000 4000
Temperature [K]

Fig. 19: Thermal behavior of SiC heat capacity from [17, 18]
linearly extrapolated above the SiC Debye temperature.

was calculated also with this new value of k. The
comparison between the two simulations obtained
with COMSOL is reported in Fig. 17, which shows
an increase of about 400 K of the maximum
temperature in the second case.

4.3. Material parameters thermal dependence

The model considered up to now uses constant
thermal conductivity k£ and heat capacity c,. The
inclusion of the thermal dependence of these two
parameters is not an obvious task, since a few data
are reported in literature for SiC above 900 K.

Fig. 18 shows the thermal behavior of k for from
two research groups (measured for SiC with different
crystalline structure and with different techniques)
calculated by the formulas reported in [17, 18]. It is
important to notice that Wei et al. [17] extracted the
formula by interpolating data up to about 900 K on
4H SiC, while Munro et al. [18] performed
measurement up to 2200 K, but using semiconductor
with different crystal structure.

In both cases k rapidly decreases, reaching values
lower than one order of magnitude at the melting
point. Similarly, the same authors report formulas for
the thermal dependence of the SiC heat capacity, by
measurements in the same range as described above.



©CoO~NOUTA,WNPE

e
[Ny

el
w N

U OO AR DMBEMDIAMDIMBAEADIAMDMDNWOWWWWWWWWWWNDNNDNNNNNNNRERPRRERERER
QUOWONOUPRRWNRPOOO~NOUOPRWNRPOOONOUAWNRPOOONOOODURAWNRPEPOOOLONO O

Transactions on Nuclear Science - Copy for Review

7000 -
pOOO000000000000000
o

(=)
6000 | =t
DD
DD
5000 F oo xxxxl*‘****"*“*""*xxxx
= o QQQU“OOOO% o0,
£ 4000 o 0% °oc°°°°
2 B O 00,
g o 02X 0000,
83000 F----- B s s s s s mm -
£ 0 0 X
2 0o 0% o k=370 W/(mK); cp=1200 J/(kgK)
2000 | Doy
D;ﬁ* o [18]
1000 ~ BS' - =SiC melting point
we® * [17]
0
0 10 20 30 40 50
Time [ps]

Fig. 20: Comparison between the thermal transient simulated
(in the same condition of Fig. 12) with different parameters’
models.
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Fig. 21: Comparison between the thermal transient simulated

(in the same condition of Fig. 12, but with E = 60 MeV) with
different parameters’ models.

In this case, as it happens in other semiconductors,
we supposed a linear behavior after the Debye
temperature [19]. Fig. 19 illustrates these behaviors.
In the case of data from [17], due to lack of
information, a constant value extrapolation was
adopted (worst case for semiconductor heating).

Even though the behavior suggested by [17] is
related to 4H SiC, the one from [18] seems to be
more effective for our purposes, since it is based on
experimental data up to 2200 K. In both cases ¢,
increases  with  temperature, then partially
compensating the effect of the reduction in .

By inserting these parameters thermal
dependence in the thermal transient simulations,
significant variation were observed (Fig. 20), but in
all cases the SiC melting point is reached, so
confirming the previously obtained results.

Moreover, also the thermal simulation with
temperature dependent parameters performed for the
case of ion energy of 60 MeV (Fig. 21), confirmed
the previous results (maximum temperature much
lower than the melting point), in agreement with
experimental data.

4.4. Estimation of the melted region dimension

Referring to the device with substrate doping
Nsug = 510" em™, E = 240 MeV, Vp, = 300 V, the
volume where the temperature reaches values larger

2524050051 225 ypm
METAL B
3800
3300
2800
2300
1800
1300
800
300
Time = 28 ps [K]
13000
12500
‘ 12000
g 1500
1000
500 [K]

Fig. 22: 2D temperature distribution at the instant of the maximum
temperature for 23 um penetration depth and Vp=300 V (top); 3D
enlargement showing the melted volume (bottom).

28

Fig. 23: TEM picture of the damaged areas in a Schottky diode [5].

than SiC melting point in the transient simulations
(see Fig. 22) is of the same order of magnitude (100
nm) of the volume where damages were
experimentally observed, as shown in Fig. 23, which
reports the TEM picture of a SiC Schottky diode
after the irradiation, taken from [5]. Such a
comparison can be done only qualitatively since,
once the melting point is reached, in the fused region
the physical properties of the semiconductor are lost
and no exact behavior can be evaluated.

4.5. Thermal modeling for diode SEE robustness
optimization

The electro-thermal model described above can
be exploited to study the dependence of the SiC
Schottky diode robustness to SEE by the device
structure. Even if the simulated thermal behavior has
a large incertitude, it can supply important
information by comparing structures with different

Page 6 of 8
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Fig. 24. Comparison between the thermal transient simulated
(in the same condition of Fig. 12) with different parameters’
models in the case of substrate doping Nsyg = 2.5-10" cm”.
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Fig. 25. Conduction current density in the epitaxial layer
along the ion track at t = 6.5 ps for Ngyp = 2.5-10"® cm™ and
Ngug = 510" em™ (E = 240 MeV, Vp =300 V).

technological parameters.

As an example in [15] the influence of the
substrate doping was studied, finding a strong
reduction of the maximum temperature in the
thermal transient following the ion impact, by
reducing the substrate doping by a factor two. This
analysis was repeated here by the improved model
with thermally dependent parameters k& and ¢, and
the result was partially confirmed, as shown in
Fig. 24 (which has to be compared with Fig. 20).

One of the models indicates a maximum
temperature above the melting point but, anyway it is
reduced to almost half with respect to the case
Nsus = 510" cm”.

The temperature reduction can be explained by
looking at the conduction current density (Fig. 25) at
the instant of the maximum power dissipation
(t=6.5 ps, E = 240 MeV and Vp = 300 V) for
Nsup = 5-10" em™ and 2.5-10'" cm™. The substrate
doping reduction induces a decrease of the
conduction current density, since the portion of
substrate not covered by the particle range behaves
like a resistor in series with the ion track and the
reduction of its doping causes a proportional increase
of its resistance. Hence, the current flowing through
it is strongly reduced being the applied voltage the
same for the two cases. The reduction of this current
causes a significant reduction of the conduction
current in the ion track being the other components,
mainly displacement currents, unchanged.

This result is important, because it highlights the
possibility, for the manufacturer of SiC components,
to improve the SEE robustness by a proper design
the doping profile.

Similarly, other analyses are possible by
exploiting the electro-thermal model described in
this paper, in order to study the SEE robustness
dependence by different technological parameters.

5. Conclusions

An experimental and simulation study about the
damages induced by heavy ion irradiation in SiC
Schottky diodes has been presented. It is based on
electro-thermal and thermal finite element
simulations.

The study has demonstrated that, as a
consequence of the ion penetrating through the
device, the temperature at the Schottky barrier can
become bigger than the SiC melting point for a time
large enough to cause permanent damages to the SiC
lattice.

The analysis has been conducted by varying the
penetration depth of the ion, the volume of the
simulated cell, thermal and electrical parameters of
the simulated device.

The proposed simulation methodology can be
very useful for the manufacturer of SiC components,
since it can supply indications useful to improve the
SEE robustness of these devices.
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