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As-grown and pre-oxidized silicon carbide (SiC) samples of polytype 4H have been annealed at
temperatures up to 1950°C for 10 min duration using inductive heating, or at 2000 °C for 30s
using microwave heating. The samples consisted of a n-type high-purity epitaxial layer grown on
4° off-axis (0001) n™-substrate and the evolution of the carbon vacancy (V¢) concentration in the
epitaxial layer was monitored by deep level transient spectroscopy via the characteristic Z,,, peak.
Z,, appears at ~0.7eV below the conduction band edge and arises from the doubly negative
charge state of Vc. The concentration of Ve increases strongly after treatment at
temperatures > 1600 °C and it reaches almost 10> cm ™ after the inductive heating at 1950 °C. A
formation enthalpy of ~5.0eV is deduced for V¢, in close agreement with recent theoretical
predictions in the literature, and the entropy factor is found to be ~5 k (k denotes Boltzmann’s
constant). The latter value indicates substantial lattice relaxation around V¢, consistent with V¢ being
a negative-U system exhibiting considerable Jahn-Teller distortion. The microwave heated samples
show evidence of non-equilibrium conditions due to the short duration used and display a lower
content of Vc than the inductively heated ones. Finally, concentration-versus-depth profiles of V¢
favour formation in the “bulk” of the epitaxial layer as the prevailing process and not a Schottky type

process at the surface. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4837996]

. INTRODUCTION

Silicon carbide (SiC) is a wide bandgap semiconductor
material with more than 200 different polytypes reported in
the literature of which the most commonly studies ones are
4H-SiC, 6H-SiC, and 3C-SiC. The material quality of SiC
has been gradually improved during the past ~20 years uti-
lizing novel techniques like chemical vapor deposition
(CVD) for growth of high-purity epitaxial layers on bulk SiC
substrates.' These layers are worthy for realization of
advanced power electronic devices operating at high voltage,
high temperature, and high frequency and exploiting the full
potential of the attractive inherent properties of SiC. This
holds especially for the 4H polytype where wafers with
diameter of 6 in. are becoming commercially available.

A fundamental limit of a semiconductors electrical per-
formance is the presence of intrinsic point defects acting as
traps and/or recombination centers for charge carriers; in
4H-SiC, the dominant electrically active defects are the so-
called Z,,, and EH; centers. Z,,, and EH; occur with a typi-
cal concentration in the 10'>~10"*cm > range in as-grown
epitaxial layers and are enhanced by irradiation with ener-
getic electrons and ions>® but suppressed by thermal oxida-
tion of the layer surface.”® Further, both centers display a
high thermal stability, persisting up to 2000 °C after electron
irradiation,” and they can even start to increase in concentra-
tion at sufficiently high temperature.'®

The Z,,, center is known to exhibit negative-U charac-

5 and the identity of Z,, and EH; have been a
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long-lasting issue in the literature. However, in a recent
study Son et al.'' used electron paramagnetic resonance
(EPR) measurements together with photo-excitation to deter-
mine the energy levels of the carbon vacancy (V¢) and to
study its negative-U properties, and combining these results
with those from deep level transient spectroscopy (DLTS),
Z,,, and EH; were firmly identified as different charge states
of V. We will adopt this identification and unambiguously
show that Z,, originates from a double-acceptor state
(Vc(2—/0); Vc is neutral when the state is empty and doubly
negatively charged when filled) and EH; from a single donor
state (V(0/4)). Moreover, the evolution of [V] (brackets
denote concentration) during high-temperature treatment
will be studied by monitoring the Z;,, peak using DLTS.
Device processing using 4H-SiC wafers requires typi-
cally temperatures in excess of ~1600°C and this is espe-
cially true for selective area doping where ion implantation
is the prevailing technique.'>'? In particular, p-type doping
is demanding since suitable group-III elements, like B and
Al, display rather deep acceptor levels in the bandgap with
positions of ~0.15 to ~0.30eV above the valence band edge
(EV)lz_]5 and they have also a limited solid solubility in the
low 10*°cm ™ range.'® Despite a higher defect generation,
because of its heavier mass, Al is generally the preferred ele-
ment since its acceptor states are more shallow and diffusion
is less during post-implantation annealing than for B.'>!"’
Hence, in order to realize low-resistivity p-type layers
required for efficient bipolar power devices, the trend has
been to increase the implanted Al content per unit volume

© 2014 AIP Publishing LLC
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and to increase the post-implant annealing temperature, the for-
mer up to the low 10*'cm™ range and the latter up to
1800°C."*" Recently, a state-of-the-art p-type resistivity in the
low 1072 Qcm range, at room temperature (RT), was reported
using a content of 8 x 10 Al/cm’® and microwave furnace
annealing (MWA) at >2000°C for 30 s.13 Similar results were
also very recently obtained employing more conventional anneal-
ing (CA) in an inductively heated furnace at 1950 °C for 5 min."?
On the other hand, high-temperature processing of 4H-
SiC may have an adverse effect on the concentration of
intrinsic point defects and this concerns particularly Vg,
which is a prime life-time-controlling defect through its Z,,,
state.'® In this study, we show that [V] is, indeed, enhanced
by CA above 1600 °C whilst the effect is somewhat less pro-
nounced for MWA, reflecting non-equilibrium conditions in
the latter case. Further, the formation enthalpy is determined
for V¢, showing excellent agreement with recent theoretical
predictions in the literature, and a bulk mechanism appears
to dominate the formation process rather than a surface
(Schottky) one.

Il. EXPERIMENTAL

N-type (nitrogen doped) 4H-SiC wafers were purchased
from Cree Inc. and consisted of a CVD-grown epitaxial layer
with a thickness of ~10 um on Si-face highly doped bulk
substrate (bulk net carrier concentration ~10'® cm™2). The
growth direction was 4° off the c-axis and the epitaxial layer
had a net carrier concentration of ~2.4 x 10" cm™>, as
determined by capacitance-voltage (CV) measurements. The
wafers were cut into samples with a size of 5 x 7 mm?, and
these samples were divided into three groups (A, B, and C).

The group A samples were implanted at RT by 4.3 MeV
28Si ions to fluences between (1-4) x 108 ¢cm 2. The
implants were performed in a direction close to the sample
normal in order to suppress channelling effects.'”
Subsequently, annealing was undertaken at 1150 °C for 3.5 h
in flowing nitrogen atmosphere to reduce the concentration
of other defects less stable than V.

The group B samples were protected by a pyrolyzed
resist film (C-cap) after native oxide etching, where the resist
pyrolysis took place in forming gas at 900°C for 2min.
Then, isochronal heat treatment (10 min) was performed at
1600, 1800, and 1950 °C in high purity Ar ambient by using
an inductively heated furnace where the samples were hosted
in a graphite box with glassy carbon coated surfaces. During
this so-called CA, an optical pyrometer reads the tempera-
ture of the sample holder, and the treatment features a heat-
ing rate of 40°C/s and an almost exponential cooling with
about 50s time constant. The temperature overshoot is
<15°C with a duration of <20s. In addition, one sample
was annealed at 2000 °C for 30's in a microwave heated sys-
tem®” having forming gas ambient. In this MWA system, a
cup of refractory material hosts the sample and an optical py-
rometer reads the sample temperature, featuring a ~200 °C/s
heating ramp and an almost exponential cooling with about
20 s time constant, and a null temperature overshoot.

The group C samples were first annealed in dry O,
atmosphere at 1150°C for 6.5h yielding a ~700 A thick
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layer of SiO,. After removal of the SiO, layer in diluted
hydrofluoric (HF) acid, the group C samples were identically
treated as the group B ones, i.e., the two sets of samples
were pyrolyzed and annealed together at all the temperatures
employed (1600, 1800, 1950, and 2000 °C).

After a standard cleaning procedure, circular Schottky
barrier (SB) diodes were formed by electron beam evapora-
tion of nickel through a shadow mask at a base pressure of
~2 x 1077 Torr. As Ohmic back-side contact, coating with
silver paste was used. Characterization of the samples was
performed by CV-profiling and DLTS using an upgraded
version of the setup described in Ref. 21, equipped with a
HP4280A capacitance meter and a high temperature cryostat.
The measurements were conducted at sample temperatures
from 50K to 700 K. For the CV scans, a probe (oscillating)
voltage AV, =30mV with a frequency w,s. =1 MHz was
used together with a voltage increment AV g, = 500mV and
sweep rate wgep,=1Hz for the reverse bias voltage. For
DLTS, six spectra with rate windows between (100 ms) '
and (3200ms)”' (or (20ms)"' and (640ms)”') were
acquired simultaneously during one temperature scan. The
quiescent reverse bias voltage applied ranged from —5V to
—14 'V with a corresponding filling pulse voltage of +5V to
414V such that defect levels were monitored at depths rang-
ing from ~0.5 ym to ~3.0 um. The filling pulse duration was
50 ms to ensure saturation trapping of the Z,, and EH; lev-
els. Concentration-versus-depth profiles of Z,, and EH;
were obtained by selecting one rate window and holding the
temperature constant at the maximum of the studied peak.
The steady-state reverse bias voltage was kept constant while
gradually increasing the amplitude of the filling pulse. The
depth profile was then extracted from the dependence of the
recorded signal on the pulse amplitude, where the voltages
used were converted into depth according to the conven-
tional relations for a SB diode and accounting for the
so-called A-effect.

lll. RESULTS AND DISCUSSION
A. Charge state transitions of V¢; Z,,, and EH,

Figure 1 shows DLTS spectra of an as grown sample
and one group A sample implanted with a fluence of 3 x 10®
Si*/cm? and then annealed at 1150°C (3.5 h). Both spectra
are dominated by the Z;, and EH,; peaks while other
peaks are of minor importance having more than one order
of magnitude lower intensity. Z;,, and EH)7 are located at
~0.70eV and ~1.5eV below the conduction band edge
(Ec), respectively, where EH); is somewhat broad with
two contributions, EHg and EH;. High-energy resolution
studies, including Laplace transform DLTS,** > have shown
that EH; prevails over EHg by a factor of typically 3 to 4,
and in the following we will refer to EH; only. In the implan-
ted/annealed sample, Z,,, and EH; are enhanced by a factor
of almost 40 relative to the as grown sample which has a uni-
form concentration of Z, and EH; of ~4 x 10? em™?
(accounting for that the Z,,, peak is due to emission of two
electrons). Within the experimental accuracy, the amplitudes
of Z,,, and EH5 increase linearly with ion fluence in the stud-
ied range, and for fluences >1 X 10% cm 2 the background
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FIG. 1. DLTS spectra of an as grown sample and one group A sample
implanted with 4.3 MeV Si ions to a fluence of 3 x 10° cm 2 and then
annealed at 1150 °C in flowing nitrogen. The spectra are dominated by the
Zyp peak at ~Ec—0.70eV and the EH; peak at ~Ec—1.5eV (rate
window = (3200ms) ).

concentration of Z;,, and EH; can be neglected. The genera-
tion rate of Z,, and EH; at the peak of the defect-versus-
depth profile is ~4% of that of V, as estimated by compari-
son with  Monte Carlo calculations of the
implantation-induced  defect  distribution using the
TRIM-code (SRIM version 2006.02)*° and energy threshold
values of 20 and 35eV for the displacement of C and Si,
respectively. Effects of dynamic annealing are omitted in the
calculations and the generation rate value of ~4% is in the
range anticipated for a fundamental (first-order) defect like
Ve

In Fig. 2, experimental and numerically simulated car-
rier concentration profiles obtained at 190, 300, and 645K
are compared for an implanted/annealed group A sample
subjected to a fluence of 4 x 10% cm ™2 In the simulations,
only Z,,, and EH; are accounted for whereas the contribution
from other defects is neglected since they exhibit more than
one order of magnitude lower concentration, see Fig. 1. The
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FIG. 2. Comparison between measured and simulated carrier concentration
profiles at temperatures of 190, 300, and 645K for a group A sample
implanted with an ion fluence of 4 x 10® cm™2. In the simulations, Z, 2 and
EH; are ascribed to a double acceptor and a single donor, respectively.
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simulations utilize a refined version of the model originally
developed by Kimerling in Ref. 28 and details are provided
elsewhere.?’ At 190 K, the emission rate of electrons from
Zip, €n(Z)2), is negligible compared to both wes. and wgep,
and the recorded data yield the true profile of responding
electrons, i.e., the difference between the profile of shallow
(effective) nitrogen donors and that of electrons trapped by
Zyip. At 300K, wgep < €4(Z12) < Wose and an anomalous
peak occurs at ~2.4 um. The appearance of such a peak is a
unique feature of deep acceptor-like traps with non-uniform
depth distribution.”® No evidence is found for a donor-like
behaviour of Z,, as originally suggested by Hemmingsson
et al.® Further, at 645K e,(Z, 12) exceeds both wgep and wose
and the data at this temperature unambiguously rule out Z;,
as a donor since the electron concentration at the maximum
position of the implantation-induced defect profile
(~1.8 um) is essentially equal to the effective concentration
of shallow nitrogen donors. Moreover, EH; starts to respond
above ~500K and the intermediate case of wye, < en(EH7)
< o5 holds at 645K; the peak emerging at large depth
(~2.6 um), together with no loss of conduction electrons at
the defect profile peak (~1.8 um), is an unambiguous evi-
dence for the donor nature of EH7.28’29 Indeed, as illustrated
in Fig. 2, the experimental data at the three different temper-
atures are all closely reproduced by treating Z;,, as a double
acceptor and EH; as a single donor in the simulations. In
addition, Z,, and EH; exhibit identical concentration-ver-
sus-depth profiles except for a two-to-one ratio, consistent
with their double acceptor and single donor character.
Hence, these data corroborate fully the identification of Z,,,
and EH; as Vc(2—/0) and V(0/+), respectively, made in
Ref. 11. In the following Sec. III B, the Z,,, peak will be uti-
lized to monitor the evolution of V¢ during CA and MWA of
the group B and C samples.

B. Thermal formation of V¢

Figure 3 shows DLTS spectra from 90 to 350K of the
group B and C samples undergone CA at 1950 °C, together
with the spectra of the corresponding control samples. In all
the samples, the V(2—/0) (or Z,,;) peak dominates and the
amplitude is drastically enhanced by a factor of ~30 and
~200 in the group B and group C samples, respectively, after
the heat treatment. The resulting concentration of trapped/e-
mitted electrons by V¢ exceeds 20% of the dopant concen-
tration, and a close inspection of the spectra in Fig. 3 unveils
a shift in the peak position by ~5-7 K towards low tempera-
tures in the annealed samples compared to the control ones.
At such high relative trap concentrations, which are not fully
ideal for detailed DLTS analysis, the peak broadens and
shifts towards low temperatures because of carrier freeze
out, as discussed in Ref. 30. The stronger relative increase of
[Vc] in the group C samples is due to a lower initial concen-
tration whilst the absolute peak amplitudes after the anneal-
ing are almost identical. Thermal oxidation of the Si face at
comparatively modest temperatures (~1100 °C) has recently
been shown to reduce the concentration of V¢ (Z,,) by
orders of magnitude,7’8 and effectively, a deep “free of V¢~
layer forms extending several tens of pum into the sample.
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FIG. 3. DLTS spectra of as grown (group B) and as oxidized (group C) sam-
ples subjected to CA at 1950 °C. Spectra of the corresponding control (refer-
ence) samples are also included for comparison. The V(2—/0) peak (or
Z,p) is strongly predominant in the studied temperature range (90-350K)
(rate window = (640 ms) Y.

The reduction in [V] is attributed to injection of interstitial
carbon atoms (C;’s) from the SiO,/SiC interface and subse-
quent annihilation of V. The fact that [V] is essentially
identical in the group B and C samples after the 1950°C
annealing, despite the large difference in initial concentra-
tion, implies that steady-state conditions are reached where
formation (and not annihilation/annealing of V’s persisting
after growth) prevails. In Fig. 4, data for the amplitude of the
Vc(2—/0) peak versus annealing temperature are displayed
for all the group B and C samples subjected to CA. V¢ grows
rapidly between 1600 and 1950 °C, especially in the group C
samples because of their low initial concentration. Below
1600 °C, the increase is small and in particular, this is true
for the group B samples where [V ] remains almost constant
relative to the control sample. However, in absolute values
the DLTS signal (AC/C) increases by ~1 x 107> in the B
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FIG. 4. Amplitude of the V(2—/0) peak as a function of annealing tempera-
ture for the as grown (group B) and as oxidized (group C) samples subjected
to CA.
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sample at 1600 °C which is close to the total signal in the C
sample. This indicates that the formation rate of Vo domi-
nates also at 1600 °C compared to the rate of annealing/anni-
hilation of the V(’s present after growth; hence, the latter
rate is slow and the signal in the B samples after the 1600 °C
treatment does not reflect steady-state (or equilibrium) con-
ditions which are more appropriately represented by the sig-
nal in the C samples. After 1800 °C (and 1950 °C), the B and
C samples yield identical values, within the experimental ac-
curacy, and steady-state conditions can be assumed for both
groups of samples.

In Fig. 5, the amplitude of the V(2—/0) peak is
depicted versus the reciprocal absolute annealing tempera-
ture for the group B and C samples subjected to CA. The
data obey an Arrhenius behaviour with a high degree of cor-
relation (correlation coefficient >0.9978) and an energy of
~5.0eV is deduced for the formation of V- assuming the
following relation:

EForm
Ve| = Ncsites - ) 1
Vel =Ne suserp( 22 m

where N¢_ .5 18 the concentration of available C sites in the
SiC lattice, Epyy is the formation energy of Ve, k is
Boltzmann’s constant and 7 is the absolute annealing tem-
perature. In the data analysis, the value measured for the
group B sample at 1600 °C is omitted as it does not represent
steady-state conditions, as discussed above. Equation (1) is
valid in the dilute limit,>' which applies since [V¢] <
10 em™ and Ne_gies & 102 cm ™. The pre-exponential
factor extracted from the data in Fig. 5 is on the order of
10%° cm >, with an uncertainty of less than one order of mag-
nitude. The accuracy of the [V] data is ~10% and the value
deduced for Ef,,,, is estimated to be valid within less than
*0.2eV. The value obtained for the pre-exponential factor
exceeds N¢_sies Dy more than two orders of magnitude and
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FIG. 5. The carbon vacancy concentration normalized to the dopant concen-
tration versus the reciprocal absolute annealing temperature for the as grown
(group B) and as oxidized (group C) samples subjected to CA. Omitting the
value for the group B sample at 1600 °C, as outlined in the text, a formation
enthalpy of V¢ of ~5.0eV is extracted from the slope of the data (correla-
tion coefficient > 0.9978).
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TABLE I. Survey of the amplitudes of the V(2—/0) peak in the group B
and C samples after CA and MWA.

Sample Heat treatment AC(Ve(2 - /0))/C
0.0032
CA: 1600°C 0.0041
As grown (Group B) CA: 1800°C 0.0158
CA: 1950°C 0.1313
MWA: 2000°C 0.0719
0.0005
As oxidized (Group C) CA:1600°C 0.0011
CA: 1800°C 0.0138
CA: 1950°C 0.1215
MWA: 2000°C 0.0485

this may indicate a considerable increase of the crystal en-
tropy, AS, during Ve formation. In Eq. (1), AS is not
accounted for and it enters as a factor exp % in the
pre-exponent (and Eg,,, represents now the enthalpy of for-
mation). Assuming Ne_gires = 5 X 10%> cm >, one obtains
AS ~ 5k which is rather substantial and implies that atomic
re-arrangement occurs around V. Indeed, this is expected
since the negative-U behaviour of V¢ shows that the defect
is prone to large lattice relaxation; the dangling bonds of the
surrounding Si atoms have an extended character leading to
formation of re-constructed bonds giving rise to symmetry
lowering and considerable Jahn-Teller distortion of V.32
In contrast, for Vg; no such distortion is predicted since the
dangling bonds of the surrounding C atoms are strongly
localized and instead formation of a non-degenerate
high-spin state dominates.>*

During the CA (as well as during the MWA), carbon-
rich conditions are anticipated because of the C-cap used and
hosting of the samples in a graphite box; for such conditions
calculations based on density-functional-theory employing
the local-density approximation for the exchange-correlation
functional predict a formation energy of V¢ in 4H-SiC of
~4.4-45 eV.3>3 This is slightly lower than the value
extracted in Fig. 5 but recent large scale and gap error free
calculations utilizing the Heyd-Scuseria-Ernserhof hybrid
functional (HSE06) give a value of ~5.0 eV, which is iden-
tical to our experimental one. Here, it should also be men-
tioned that Zippelius et al.'® have reported a somewhat
higher experimental value of 5.7-6.6eV for Ep,,, but the
data in Ref. 10 were of preliminary character.*®

In Table I, the amplitudes of the V(2—/0) peak in the
CA samples are compared with those in the samples treated
by MWA. Despite the higher temperature, the latter ones ex-
hibit lower concentration of V¢ than the former ones
annealed at 1950°C, which is presumably due to
non-equilibrium conditions during the MWA with a duration
of only 30s. Extrapolation of the data in Fig. 5 to an anneal-
ing temperature of 2000 °C gives [V] values about a factor
of 4-5 higher than those reached in the MWA samples. This
suppressed formation of V¢ for MWA translates into a corre-
sponding longer minority carrier life-time,'® which is highly
desirable for optimum performance of bipolar SiC devices.
Thus, considering that MWA at temperatures > 2000 °C

J. Appl. Phys. 115, 012005 (2014)

yield similar (or superior) electrical activation of
high-fluence Al-implanted layers as CA at 1950 °C, reaching
a resistivity at RT in the low 102 Qcm range,'>'* MWA
may perhaps be regarded as superior to CA in conjunction
with heavy p*-doping by ion implantation.

However, no definite conclusion on the use of MWA
versus CA can be made at this stage and further understand-
ing of the mechanism(s) of Vc formation needs to be
acquired. We have, therefore, also undertaken concentra-
tion-versus-depth measurements of V¢ and the results are
depicted in Figs. 6(a) and 6(b) for samples undergone CA
and MWA, respectively. For clarity, in Fig. 6(a) only the
results for the group B samples are included since the group
C samples display identical behaviour (except for lower
absolute values after the 1600 °C anneal). In the as grown
state as well as after oxidation, V¢ exhibits a uniform distri-
bution in the studied depth interval (~0.6 to ~1.8 um) and
the same holds after CA at 1600 °C. In contrast, the 1800 °C
profile indicates a small increase with depth and this trend is
strongly enhanced in the 1950°C sample where [V(]
increases by almost a factor of two between 0.6 and 1.8 um.
Also the MWA samples show an increase of [Vc] with
depth, Fig. 6(b), although substantially weaker than for the
CA ones at 1950°C. These data favour V¢ formation in the
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FIG. 6. Concentration-versus-depth profiles of V¢ in (a) the as grown (group
B) samples subjected to CA at different temperatures, and (b) the as grown
(group B) and as oxidized (group C) samples subjected to MWA at 2000 °C.



012005-6 Ayedh et al.

bulk as the prevailing process and not Schottky formation at
the surface with subsequent in-diffusion of V. The surface
appears to act as a sink for migrating V¢’s and/or to promote
enhanced annihilation through reaction with C;’s. In addi-
tion, despite a rapid cooling rate uniform quenching of the
samples may not hold fully and [V(] in the proximity of the
surface may reflect a lower temperature than the annealing
one, especially when approaching 2000 °C. Further studies
are in progress to unveil the influence of the cooling rate on
the depth distribution of [V] and in fact, this rate may play
a key role for optimizing the charge carrier lifetime, con-
trolled by V¢, while maintaining a high efficiency of dopant
activation during CA and MWA of ion-implanted layers.

IV. CONCLUSIONS

V¢ in 4H-SiC is shown to have a single donor state (the
EHj; level) and a double acceptor state (the Z;,, level) in the
upper part of the bandgap. [V¢] increases rapidly with temper-
ature after CA in the range 1600—1950 °C and for as oxidized
samples (group C), which have a low initial concentration of
V¢, the increase approaches three orders of magnitude. The
data obey a close Arrhenius behaviour yielding a formation en-
thalpy of 5.0 £ 0.2eV and an entropy factor AS of ~5 k. The
AS value implies substantial lattice relaxation around V¢, cor-
roborating theoretical results in the literature showing that the
surrounding Si atoms form re-constructed bonds causing sym-
metry lowering of V. MWA gives rise to lower [V] than CA
for comparable temperatures around 2000 °C, most likely due
to the difference in duration (30 s versus 10 min) and indicating
that steady-state conditions do not apply for the MWA. Hence,
MWA may possibly be regarded as superior to CA for
high-temperature device processing, resulting in longer minor-
ity charge carrier lifetime because of the lower [V] and simi-
lar (or better) efficiency for dopant activation of high-fluence
ion-implanted layers. However, no definite conclusion on CA
versus MWA can be made at this stage and deeper understand-
ing of the mechanism(s) controlling the V formation needs to
be developed. Depth profiles of [V¢] suggest formation in the
bulk as the predominant process with a decreasing concentra-
tion in the proximity of the surface, and further studies are
being pursued to unveil the role of different processing condi-
tions, e.g., the cooling rate, on the distribution of [V].
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