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ABSTRACT

4H-SiC Schottky barrier diodes (SBDs) were exposed to 5.4 MeV alpha particles
with fluences of 2.55x 10" cm™, 5.11 x 10 em™ and 7.67 x 10! cm™, respectively.
Transmission electron microscopy (TEM) and energy dispersive spectroscopy
(EDS) was used to determine the structure and cross-sectional elemental com-
position of the device, while current-voltage and capacitance-voltage profiling
were used to determine the primary electrical device-characteristics before and
after irradiation. EDS revealed the presence of a <1 um Ti layer, covered by 5 pm
Al layer, in intimate contact with the SiC. Deep level transient spectroscopy
(DLTS), performed in the temperature range 15-310 K, revealed one dominant
peak around 50 K (E. - 0.07 eV) in the unirradiated samples. This peak showed
asymmetry suggesting that it may consist of more than one defect. Notably, Z, ,,
the carbon vacancy-related (V) defect commonly observed in as-grown n-type
4H-SiC, was not detected in the unirradiated reference sample. After irradiation,
a broad peak emerged around 280 K (at 80 Hz), most likely Z;, having a shoulder
around 180 K, was detected. Increasing the fluence resulted in a corresponding
decrease in the concentration of the electron trap observed around 50 K (E, -
0.07 eV), while the concentration increases for the defect detected around 280 K.
Notably, the concentration of Z;,, was found to be strongly fluence dependent
and linked to what we believe is a related to a silicon vacancy transition, labelled
Sy in literature. Laplace DLTS confirmed that the peak observed around 50 K is
composed of multiple defects.
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1 Introduction under extreme conditions are often not provided in

the manufacturer’s specifications. The purpose of this

In the absence of cost-effective diamond technology,
SiC remains the semiconductor of choice for high-
power electronic applications in extreme conditions.
Although many SiC devices are commercially availa-
ble, complete detail of their structure and performance
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study is to consider the effect of alpha particle radia-
tion of varying fluences on the degradation of com-
mercial SiC diodes.

Among the many SiC polytypes, 4H-, 6H-, and
3C-SiC (with bandgaps of 3.26 eV, 3.08 eV and 2.36 eV,
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respectively) are particularly significant for a wide
range of power electronic and quantum technol-
ogy applications. These polytypes due to their high
breakdown field (approximately 10 times better than
Si), thermal conductivity (at least double that of Si
or GaAs) and radiation hardness, are ideal for high-
power switching devices and UV-emitters and detec-
tors operating in extreme environments [1-4]. The
wide bandgap of 4H-5iC, roughly three times larger
than silicon (5i), is a key advantage for this material.
In addition to these extreme properties, 4H-SiC is pre-
ferred for bipolar devices [4], power electronics [5],
and quantum sensing [6] applications mainly due to
its high and isotropic mobility. Although other wide-
bandgap semiconductors like GaN, ZnO, and SiC have
also demonstrated potential for use in extreme envi-
ronments, the development of high-purity homoepi-
taxial SiC layers with thicknesses exceeding 100 um
at reasonably low cost, favours this material over its
competitors.

Crystal imperfections perturb the regular, peri-
odic potential that electrons experience in a perfect
crystal lattice. This disruption affects the solutions to
the Schrédinger equation, which in turn modifies the
energy states available to the electrons and therefore
directly determine the optical and electronic prop-
erties of materials and the performance of related
devices. These defects may be created intentionally or
unintentionally during crystal growth and/or device
fabrication processing. Additionally, doping by ion
implantation is known to introduce secondary, unin-
tended defects. In some cases, these defects can be ben-
eficial. For instance, in the case of photo emitters it is
desirable to have a high electron-hole recombination
rate (i.e. short lifetime) which may be substantially
enhance via deep-level centres. Conversely, these deep
levels can reduce the lifetime of minority carriers by
compensation effects leading to a decrease in the over-
all efficiency of detectors and solar cells, as it limits the
time available for carriers to contribute to the desired
electrical output. With regards to SiC, materials engi-
neering, including defect manipulation, can serve as
the basis for single-photon sources. Additionally, these
defects can also facilitate the detection and manipu-
lation of quantum states for quantum computing or
quantum communication. Understanding and control-
ling defects in semiconductors therefore remain vitally
important in our endeavour to advance materials and
device engineering. Concerning radiation detectors,
the study and characterizations of defects induced by
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alpha [7], proton [8], electrons [9] and neutrons irra-
diation damage in 4H-SiC are essential for the success-
ful use of SiC in this technology [10-14].

In this study, deep-level transient spectroscopy
(DLTS) and Laplace-DLTS were used to characterize
defects introduced by 5.4 MeV a-particles in commer-
cially available 4H-SiC Schottky diode. Current—volt-
age (I-V) and capacitance-voltage (C-V) measurements
were used to study the effect of this irradiation on the
primary diode characteristics.

2 Experimental details

4H-SiC Schottky barrier diode (SBD) chips, with
part number CPW3-0600s003B, supplied by Cree
Research Inc. (now trading as Wolfspeed), were used
in this study. The anode and cathode, according to
the supplier specifications, were Al (4 pm) and NiV/
Ag (1.5 um), respectively, while the dimensions of
the chip are listed as 1.07 mm x 0.92 mm with a total
SiC thickness of 377 pm. The zero-bias capacitance,
measured at room temperature, is 155 pF while the
DC blocking voltage is rated at 600 V. No additional
information on the structure and the contact prepara-
tion conditions are available. Four chips were used in
this study; a reference sample (Chip 1—no treatment)
while Chips 2—4 were irradiated with a-particles, at
room temperature, by positioning them directly on
topofa 241 Am source for 10, 20 and 30 h, respectively,
corresponding to fluences of 2.55 x 10" cm™, 5.11 x
10" cm™ and 7.67 x 10! cm™. An aside: americium-241
decays mainly via a-particle decay. Weak gamma rays
(of no significance to this study) are produced as a by-
product. The a-decay is shown as follows:

oa Am P22 BINp + Sa®* + y59.54keV

On average, 85% of the a-particles decay with an
energy of 5.486 MeV, 13% have energies of 5.433 MeV,
while the remaining 2% have an energy of 5.388 MeV.
After irradiation, all chips were mounted on pat-
terned ceramic contact pads. Conducting silver paste
was used to secure the ohmic contact (NiV/Ag) to the
plate. Contact to the Al was made by bonding 33 um
gold wire to the contact pad using a TPT HB05 wire
bonder. Figure 1. depicts the basic SBD structure and
a TRIM calculation of the He™-ion (a-particle) dis-
tribution. Incident high-energy particle may collide
with host lattice atoms and, provided that this energy
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Fig. 1 a A schematic of the Cree SiC SBD used in this study and
the 5.4 MeV americium-241 (,*a®*) irradiation to which it has
been exposed. b A TRIM simulation of the ion distribution, fol-

exceeds the threshold displacement energy, a series of
subsequent elastic collisions may result in a cascade
of atomic displacements. Radiation damage is most
frequently determined by calculating the number of
displacements per atom following such a displace-
ment cascade. Notably, in our experiment, the ion-
stopping range is ~18 um, substantially deeper that
the accessible depletion region of the material, even
with our extended bias capabilities available in our
laboratory. It was therefore not possible to access the
region where most of the vacancies would have been
created, but we could observe the a-particle-induced
near-surface damage.

3 Results and discussions
3.1 EDS TEM analysis

Figure 2 (a) depicts a cross-sectional energy-dispersive
spectroscopy (EDS) scan of all the elements in the Cree
SiC SBD (see inserted SEM cross section). The carbon
layer, present at the surface, is attributed to a conduc-
tive coating evaporated onto the sample to prevent
charging effects during the EDS measurement. Next,
an Al layer, approximately 5 pum thick is detected. This
is followed by a ~1 um thick Ti layer on top of the SiC
layer. No other metals are detected at the interface.
We therefore assume that the Ti serves as the Schottky
contact. A top view image of the SBD shows a ring
around the Al contact which most likely serves as a
guard ring, preventing side leakage between the anode
and the cathode, an important design consideration
especially in high power devices. Figure 2b depicts
the bright field transmission electron microscopy (BF
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Fig. 2 a Cross-sectional energy-dispersive spectroscopy (EDS)
scan of all the elements in the Cree SiC SBD. Notably, the Al
(top) layer is approximately 5 pm thick. The insert i) is an optical
image of the device while inset ii) shows a SEM cross-section of
the area over which the EDS line scan was performed. b A BF-
TEM image of the SiC/Ti/Al interface

TEM) image of the SiC/Ti/Al interface. A BF TEM
shows interface region where the Ti layer lies between
the SiC and the Al as seen by EDS (Fig. 2a).

Figure 3 shows cross-sectional, K-series EDS
elemental mapping of the Cree SiC SBD. The map
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Fig. 3 Cross-sectional EDS
elemental mapping of the
Cree SiC SBD. The map con-
firms, a the presence of a car-

a C K series

bon layer at the top surface,
followed by, b a 5 pm thick
Allayerand ca<1 um Ti
layer. Also evident in a and d
is the uniform distribution of

C and Si in the SiC layer 1 7
c TiKseries

confirms the presence of Al followed by a Ti layer in
intimate contact with SiC. Expectedly, the presence
of C (faint red spots), uniformly and stoichiometri-
cally distributed in the SiC layer, is also visible. It is
instructive to note that the work functions of Ti and
Al are 4.33 eV and 4.20 eV, respectively, while the
electron affinity of 4H-SiC is 3.10 eV. The theoretical
barrier height (¢, = ¢,, — x5), suggests that Ti will
be the better choice for metal-semiconductor barrier
formation. For this reason, we believe that Ti serves
as the Schottky barrier, while Al in addition to other
possible reasons, is added to “block” high-energy
irradiation.

3.2 Current-voltage (I-V) characteristics

The current-voltage characteristics of a SBD for
which the current across the barrier is predominantly
due to thermionic emission is described by the fol-
lowing Eq. [15, 16]:

v v
I(V) = Lexp <;’k—T> [l—exp <—Z—T>] (1)

where V is the applied voltage, #, is the ideality factor,
I, the saturation current, g, the elementary charge and
k, Boltzmann’s constant. For V >> S'kTT, which is the

case for all the I-V measurements presented here, Eq. 1
reduces to:
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%
(V) = Lexp (Ijk—T> @)

The saturation current, I, is expressed as:

I, = AA*T? exp <_‘7Z5%> 3)

where A is the cross-sectional area of the SBD, A*is
the effective Richard constant, and, ¢y, the zero bias
barrier height. The ideality factor, #, and the saturation
current, I, is obtained from the slope and y-intercept,
respectively, of a linearised plot using Eq. 2, while the
barrier height is extracted from Eq. 3.

Figure 4. depicts room temperature (RT =300 K)
[-V characteristics of the reference (unirradiated) and
5.4 MeV alpha particle irradiated SiC SBDs. Notably,
the exposure to radiation has little bearing on the
forward current response while the reverse current
decreases by approximately one order of magnitude.

Table 1 shows the primary I-V-derived SBD proper-
ties for both the reference and irradiated samples. The
ideality factor of the unirradiated sample is 1.09, close
to unity, implying that the current transport mechanism
in this device can reasonably be attributed to thermionic
emission. Following irradiation, no significant changes
in the value of n or ¢y, were observed. The reverse
bias current, measured at — 20 V, appears to decrease
marginally upon irradiation, with the difference being
approximately 1 order of magnitude between Chip 1
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Fig.4 RT (300 K) I-V characteristics of the reference and
5.4 MeV alpha particle irradiated SBDs for varying fluences

(unirradiated) and Chip 4 (irradiated for 30 h). The low
and stable reverse current, ranging between 10~ A and
1078 A, confirms the quality and radiation hardness of
the SBDs.

3.3 Capacitance-voltage (C-V) characteristics

The C-V relationship for a Schottky barrier diode is
expressed as [16]:

1 2 kT
= —= \lv. - _y
C2 <6squA2>[ g ] @)

where ¢, is the permittivity of 4H-SiC, and V,, the
applied voltage. The x-intercept of a évsV plot gives
Vo, which in turn is related to the built-in potential,
Vyi, by the equation V,; = Vy + kT /q, where T is the
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measurement temperature. The C-V-derived barrier
height, ¢y, is given by [16-18]:

kT
dcv =V +V, + r (5)

with V|, being related by Eq. 6 to the density of states
in the conduction band, N,, and the free donor con-
centration, N;.

V,=—In— (6)

The derivative of Eq. 4 allows the determination of
the free carrier depth profile [16]:

d (1 -
W(@) = =2(egNo?) )

Figure 5 depicts RT Mott-Schottky plots, performed
at 1 MHz, together with the carrier concentration pro-
files for the reference and the irradiated SiC SBDs.
Notably, in Fig. 5a, an increase in the alpha particle
fluence is accompanied by a decrease in the device
capacitance. This is most likely due to the formation
of Si and C vacancy-related defects acting as electron
traps [17, 19, 20]. The formation of these charge trap-
ping centres, proportionate with the fluences to which
the chips were exposed, is also evident in the free car-
rier depth profiles depicted in Fig. 5b, with the lowest
free carrier concentration observed for Chip 4, receiv-
ing the highest fluence [21]. The material and device
properties, derived from the C-V measurements, are
listed in Table 1.

The removal rate of the free carrier concentration (1)
due to compensation is determined by:

_AN
@

n ®)
Where AN and ¢, respectively, are the change in the
free carrier concentration before and after irradiation,
and the fluence at which the SiC SBDs were irradiated

Table 1 Primary /-V and C-V derived characteristics of the unirradiated and a-particle irradiated SiC diodes using varying fluences

SiC-SBDs I-V analysis C-V analysis

n ¢ B(I-V) (CV) Ireverse(A) at (_20 V) Nd (Cm_3) d) B(C-V) (eV) Vhi (V)
Chip 1 (unirradiated) 1.09 1.15 1.0 x 1077 1.7 x 10'° 1.81 1.64
Chip 2 (2.55 x 10'! cm ~2) 1.08 1.13 2.6 %1078 1.3 x 10'° 1.88 1.70
Chip 3 (5.11 x 10" cm ~2) 1.15 1.10 3.8x 1078 1.2 x 10'6 2.44 2.26
Chip 4 (7.67 x 10" cm ~?) 1.08 1.14 12 %107 8.0 x 10" 3.56 3.37
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Fig. 5 a RT Mott-Schottky plots, performed at 1 MHz, b subse-
quently calculated free carrier depth profiles of the reference and
irradiated SiC SBDs

[22-24]. Generally, the carrier removal rate decreases
with increasing a-particle fluence. Higher fluence nor-
mally increases the formation of point defects, but it
may also cause complex interactions among defects,
which might result in a decreased carrier removal rate
at very high fluences. For Chips 2-4, 1 were 2.3 x10*
cm™, 1.6 x10* cm™ and 1.3 x10* cm™, respectively.
The fluence-dependent free carrier removal rate in
our experiments is roughly one order of magnitude
higher than that reported for Ni/4H-SiC Schottky
diode devices also irradiated with 5.4 MeV alpha

particles in the fluence range 2.2 x1010-9.2x10" em

[19], [20]. The most likely explanation for this obser-
vation is that the thinner (Ni) metal layer [19],
resulted in lower concentrations of near-surface
damage, given that the ion range would extend
deeper into the material in this case.

The barrier height obtained from I-V measure-
ments are nearly constant for all fluences as is
that, although slightly higher, obtained from C-V
measurements (see Table 1). Figure 5b shows the
free carrier depth profiles of the unirradiated and
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a-particle irradiated SiC SBDs Chips, measured at
300 K employing a reverse bias of — 20 V. As is evi-
denced, the free carrier concentration decreased with
increasing a-particle fluences. As already stated,
this decrease is most likely due to the capture of free
charge by vacancy-related defects, mostly Frenkel
pairs caused by the irradiation.

3.4 Deep-level Transient Spectroscopy

Particle irradiation, in addition to creating point
defects, typically increases the concentration of native
defects and therefore enables a detailed study of their
formation dynamics, properties, and the effects on the
optical and electronic properties of semiconductors.
Two dominant recombination centres, labelled in lit-
erature as Z,,, and EHy/,, assigned to different charge
state transitions of the carbon vacancy (V), are com-
monly observed in as-grown n-type 4H-5iC by DLTS
[20, 22]. The Z,,, defect exhibits a negative-U behav-
iour, meaning it has a negative correlation energy.
This implies that the defect level captures two elec-
trons, and the energy required to capture the second
electron is larger than the energy required to capture
the first. In general, the concentration of these defects
depends on the growth temperature and the C/Si ratio.
It has been reported that carbon-rich conditions and
lower growth temperatures impede the formation of
these defects leading to the belief that they are likely
related to carbon vacancies. [23] Importantly, Z,, and
EH/; have been identified as non-radiative minority
carrier lifetime killing centres, which is critical for the
performance of electronic and optoelectronic devices
[24]. It is instructive to note that defects created by
a-particle irradiation may also be produced by high-
energy electron irradiation. Pastuovic et al. detected
EH,, EH;, EH, and EH; in 4H-SiC following 2 MeV
He?" and 600 keV H" irradiation [25]. Although EH, 5
were thought to be the same defect as S, ,, (labelled as
such following fast neutron irradiation), Alfieri and
Mihaila demonstrated that EH;/; and S;, are unre-
lated. Specifically, EH, ; is the same defect in different
charge states, related to the carbon interstitial (C;) in
SiC. These defects are introduced exclusively through
low-energy electron irradiation (<200 keV) where sili-
con atoms cannot be displaced, meaning the defects
are related to displacements or interactions involving
carbon atoms [17]. S;, have been identified as silicon-
vacancy related charge states and are therefore only
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Fig. 6 DLTS spectra of a the reference, and b—d, the a-particle
irradiated SiC SBDs receiving fluences of 2.55 x 10'! cm™
(10 h), 5.11 x 10" cm™ (20 h) and 7.67 x 10'' cm™ (30 h),
respectively. The inset figures show the asymmetry (top) of the
peak detected around 50 K for the reference sample, while the
separation of closely spaced defects similar but resolvable emis-
sion rates (bottom) is also evident

observed for electron irradiation energies >200 keV
[21].

Figure 6. depicts conventional DLTS spectra of the
reference and irradiated SiC SBDs. The measurements
were acquired in the 15-310 K range, using a reverse
bias of -20 V, a pulse width of 1 ms and a rate window
of 50 Hz.

As shown in Fig. 6, only one defect (E;,,) was
observed around 50 K in the unirradiated (reference)
SiC SBD. Conspicuously, no evidence for the pres-
ence of Z,,, was observed in the reference sample.
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Note that the peak around 50 K is asymmetric (top
inset figure), implying that it may be composed of
more than one defect with similar emission rates.
Following irradiation, two prominent defects at
approximately 180 K and 280 K emerged. Notably,
the intensity of both these peaks increased with an
increase in fluence. The formation rate of the peak
at ~280 K is the largest, suggesting that this specific
defect is being created more rapidly or abundantly
compared to other. This assertion is of course made
on the premise that optimal pulse conditions were
used to fill and subsequently detect these defects.
This increase implies that the defect concentra-
tion correlates with the incident particle fluence,
most likely due to the formation of vacancy-related
defects (24). It is instructive to note that the intensity
of the peak around 50 K in Chip 2, following 10 h
of irradiation, increased by a factor of ~2. The shift
was accompanied by an increase in the activation
energy from 0,07 eV to 0,12 eV. Increasing the flu-
ences further (Chips 3 and 4) resulted in a progres-
sive decrease in the capacitance signal, and hence
this (~50 K) defect’s concentration, with clear evi-
dence that this peak in Chip 3 (irradiated for 20 h)
has two constituents, as is depicted in Fig. 6¢ (insert
2). Interestingly, upon comparing curves (b), (c) and
(d) in Fig. 6, it is obvious that the intensity of the
peak at ~ 50 K is inversely correlated with the peak
observed around ~280 K. The anomalous increase
in the intensity of the peak ~50 K, following the first
irradiation, is tentatively attributed to the pinning of
the Fermi level related to surface damage. The acti-
vation energy of this defect, E, - 0.12 eV, compares
well with reported values for Ti. Recall, from the
EDS results, that the SBDs consisted of Tj, in intimate
contact with the SiC. We, therefore, speculate that the
increase may be attributed to the in-diffusion of the
Ti, aided by the impinging 5.4 MeV alpha particles.

Table 2 Electronic

) Defects E; (eV) G ramparen (€M) T (K) Defect ID References

properties of defects detected i
by conventional DLTS in E.07 spectrum (3) E.-0.07 4.14x 1079 44.85 N; [28, 29]
the reference and 5.4 MeV E 12 spectrum (b) E-—-0.12 3.50 x 107 45.46 Ti [26, 27]
a-particle irradiated SiC E 06 spectrum (©) E--0.06 225x 107 43.85 N [28,29]
SBD:s. Thé peak positions E0.10 spectrum (@) E-—0.10 4.86 x 1071 44.23 N; [28, 29]
W?TZ Obtalfnseg IL_‘IS”‘g arate Ep 11 spocrum ) E.-0.11 8.94 x 107! 49.50 Ti [30]
window o z Ey 57 spectrum ) Ec—0.57 4.85%x 107 277.42 V. (Z,/Z,) [31,32]

E9 55 spectrum (©) E--0.56 1.64 x 1071 283.40 V. (Z,/Z,) (31, 32]

E 54 spectrum (d) E--0.53 447 x 107 286.00 V. (Z,/Z,) (32)
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Table 2 presents the electronic properties, deter-
mined by conventional DLTS, of the defects detected
before and after alpha particle irradiation. The acti-
vation energy, E, and the apparent capture cross-
section, ¢, for these defects were obtained from the
slope and intercept, respectively, of a T?/e,, vs 1000/T
Arrhenius plot, using rate windows ranging between
5and 500 s7. Notably, we could not resolve the defect
signature of the peak around 180 K by either conven-
tional or Laplace DLTS because of the large emis-
sion rate overlap of a seemingly continuum of defect
states between ~180 K and 280 K. Paradzah et al. [26,
27] observed a similar defect when in their 4H-SiC
Schottky diodes irradiated with 5.4 MeV alpha parti-
cles and attributed the defect level to the presence of
titanium impurities.

Defect levels in 4H-SiC with activation energies
ranging between 0.06 eV and 0.10 eV have previously
been attributed to nitrogen occupying vacant carbon
sites in 4H-SiC [33, 34]. The defect levels E 55 57 pre-
sented in curves b—d in Fig. 4 are attributed to the well-
reported Z,/, defect in SiC, the double negative and
neutral, V.(=/0), charge states of the carbon vacancy
[31, 35, 36]. It is believed that these defect levels are
related to a “family” of closely spaced defects and are
similar to E; ¢, and E, 4, reported for Z;,, by Kimoto
et al. [34], with the dominant being the silicon inter-
stitial or a di-carbon pair complexed with a nitrogen
atom. A similar defect was observed in 6H-5iC by Pol-
yakov et al.[37] which these authors also attributed
to intrinsic carbon vacancies. It should be noted that
the defect energies reported for Z,,, (~285 K) in our
study were obtained using multi-rate window conven-
tional DLTS. The shift in peak position with fluence,
and therefore the defect energy, is attributed to the
neighbouring defect most likely S, appearing as a
shoulder on the low-temperature side of the spectrum.
Arrhenius plots of the defects observed are depicted
in Fig. 7.

3.5 Laplace -DLTS

The defects observed in Chip 3 and Chip 4, using
conventional DLTS, were further analysed using
high-resolution Laplace DLTS. Laplace DLTS, given a
signal-to-noise ratio > 1000 and a temperature stability
of £ 20 mK, can resolve defects with an emission rate
ratio (e;/e,) as low as 2. This translates to a ~2 meV
energy resolution at 100 K. Figure 8a shows Laplace-
DLTS spectra for Chip 3, measured between 50 and
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Fig. 7 Arrhenius plots of the unirradiated and alpha particle irra-
diated chips devices obtained from DLTS

52 K. While only two defects were resolved with con-
ventional DLTS, Laplace DLTS suggests that the peak
may consist of three components. The activation ener-
gies of the constituent are 0.08 eV, 0.10 eV and 0.14 eV,
in reasonable agreement with that obtained using con-
ventional DLTS.

Furthermore, the measured apparent capture cross-
sections o, for the defect levels, are 1 x 10713 cm?, 1 x
107'? cm? and 3 x 107 cm?, respectively. Figure 8b
shows Laplace-DLTS spectra for Chip 4, receiving the
highest fluence, obtained in the temperature range
47-49 K. We only observed two defects here, E; ;g and
Eg19 (see Fig. 4b), with an apparent capture cross-sec-
tion of 6.4 x 107 cm? and 2x 107% cm?, respectively.

Figure 9 depicts Arrhenius plots using LDLTS for
the defects observed in Chip 3 and Chip 4, irradiated
for 20 Hours and 30 h respectively. Clearly, three
defects with activation energies of 0.08 eV, 0.10 eV and
0.14 eV could be resolved. These activation energies
values are in close agreement with that obtained using
conventional DLTS. The measured apparent capture
cross sections o, for the defect levels E ;g Eg 19 and E 14
are1x10 B em? 1 x 102 cm? and 3 x 10~ cm?, respec-
tively. As suggested in Fig. 8b only two defects, E
and E ;, (see Fig. 8b), with apparent capture cross-sec-
tions of 6.4 x 107 cm? and 2 x 107® cm® were detected.

4 Conclusion

Commercially sourced 4H-SiC Schottky barrier
diodes were irradiated with 5.4 MeV a-particles
using varying fluences. The reverse bias current was
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Fig. 8 Laplace DLTS spectra T T

of a Chip 3 and b Chip 4 —_ g?ﬁ
performed in the temperature " 5ok
range 50-52 K and 47-50 K

respectively. Spectra were L a

— 47K
— 48K
Eo.m — 49K

acquired at a reveres bias

of —20 V. The filling pulse i Eoo |
was 20 V and the pulse oo /\

width, 1 ms
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Fig. 9 Arrhenius plots for the Laplace-DLTS-determined emis-
sion rates for the decomposed peak detected around 50 K

measured at -20 V before and after irradiation and
showed only a marginal decrease upon irradiation
suggesting a high degree of radiation hardness in
the Cree 4H-SiC SBDs. Capacitance-Voltage (C-V)
depth profiling confirms a reduction in free car-
rier concentration, consistent with the a-particle

10000 100 1000
Emission rate (s”)

fluence received. This reduction is attributed to the
formation of charge compensation deep-level cen-
tres introduced by the irradiation. Deep-Level Tran-
sient Spectroscopy (DLTS) revealed a single defect,
Eg o7 (~ 50 K), in the reference sample. Nitrogen is
a common dopant in SiC, and this defect is, there-
fore, likely related to nitrogen incorporation dur-
ing crystal growth as has been been reported. The
inverse correlation between the carrier removal
rate and fluence suggests that, in addition to simple
point defects being formed, complex defect interac-
tions should be expected. Indeed, following irradia-
tion, DLTS revealed the presence of several defects
following irradiation, among them Z;, (~280 K),
accompanied by the simultaneous emergence of a
defect around ~180 K. Unfortunately, the smearing
out of the defect and its “integration” with Z,, made
it difficult to extract its trap signatures with absolute
certainty. Given the energy (5.4 MeV) of the radia-
tion used in this study and the trap signatures pre-
sented in Table 2, we tentatively assign this defect
to silicon vacancies—specifically, the commonly
reports trap, Sy, attributed to Vg;(-3/=) and Vg;(=/-)
transitions. Pastuovic et al. following 2 MeV He*"
and 600 keV H" irradiation observed similar DLTS
results. Notably for both these defects the concen-
trations increased with the received a-particle flu-
ences. Both the E 55 5; and the suspected S, , defects

@ Springer
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show an increase in concentration with increase in
a-particle fluence, indicating a direct relationship
between irradiation dose and defect formation.

Following exposure for 10 h the concentration of
the defect around 50 K increased by a factor of ~2 and
shifted upward in energy from E, y, to E; ;, in agree-
ment with reported values for a Ti-related defect in
4H-SiC. This is not unexpected since the presented
EDS results confirmed Ti as the anode metal in these
devices.
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