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Carbon vacancy control in p+-n silicon carbide diodes
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Controlling the carbon vacancy (VC) in silicon carbide (SiC) is one of the major remaining bottleneck in
manufacturing of high voltage SiC bipolar devices, because VC provokes recombination levels in the bandgap,
offensively reducing the charge carrier lifetime. In literature, prominent VC evolutions have been measured
by capacitance spectroscopy employing Schottky diodes, however the trade-offs occurring in the p+-n diodes
received much less attention. In the present work, applying similar methodology, we showed that VC is
re-generated to its unacceptably high equilibrium level at ∼2×1013 VC/cm3 by 1800 ◦C anneals required
for the implanted acceptor activation in the p+-n components. Nevertheless, we have also demonstrated
that the VC eliminating by thermodynamic equilibrium anneals at 1500 ◦C employing carbon-cap can be
readily integrated into the p+-n components fabrication resulting in ≤1011 VC/cm3, potentially paving the
way towards the realization of the high voltage SiC bipolar devices.

Keywords: Silicon carbide (SiC), Carbon Vacancy, High voltage bipolar devices, Thermodynamic equilibrium,
DLTS

I. INTRODUCTION

Silicon carbide (SiC) unipolar power devices, such as
Schottky diodes and MOSFETs, are nowadays commer-
cially available. These devices feature lower losses, less
cooling needs and improved reliability as compared to the
silicon (Si) power devices. Thus, SiC Schottky diodes and
MOSFETs, in particular based on 4H SiC polytype, are
now viable alternatives to Si p-n diodes and IGBTs in
the voltage range of 1-3 kV, but are also taking increas-
ing market shares below 1 kV. For extreme higher volt-
age devices, 5-10 kV and beyond, used e.g. for traction
and high voltage direct current applications, Si bipolar
devices are still dominating, because of two SiC limita-
tions: the bipolar degradation issues and insufficiently
long charge carrier lifetimes. The bipolar degradation is-
sues, have gradually been resolved; both on behalf of the
improved substrates quality and using more advanced de-
vice architectures, e.g. by introducing buffer layers be-
tween the substrate and the low doped voltage support-
ing drift layer, preventing the basal plane dislocations to
protrude into the drift layer. Thus, the remaining hurdle
for manufacturing of high voltage SiC bipolar devices is
the control of point defects that give rise to the recombi-
nation levels in the bandgap, reducing the charge carrier
lifetimes. In this context, much of the research attention
was attracted to the carbon vacancy (VC), known as the
prime carrier lifetime killer in SiC1–3.
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The dominant electrically active defects in n-type 4H-
SiC are conventionally labelled as Z1/2 and EH7, rep-

resenting two different charge states of the VC
4. Z1/2

is located at ∼0.7 eV below the conduction band edge
(EC) and is attributed to a double acceptor state, i.e.
VC(2-/0); notably, (2-/0) index means that VC is neu-
tral when the state is empty and negative doubly-charged
when filled. EH7 is a single donor state of VC at ∼EC-1.5
eV, i.e. VC(0/+); it is neutral when the state is filled and
positively charged when empty. Typically, the VC con-
centration ([VC]) in the state-of-the-art epitaxial 4H-SiC
wafers remains in the order of ∼5×1012 cm−3 hindering
charge carrier lifetime in excess of∼5 µs. Thus, dedicated
efforts were undertaken to reduce the [VC] in 4H-SiC by
post-growth processing of the epi-wafers, based on in-
jecting highly mobile carbon interstitials (Ci’s) from the
surface or the near surface region, to recombine with VC’s
in the “bulk” of the epi-layer resulting in the VC’s an-
nihilation, (VC + Ci → ∅). Three different approaches
are commonly used: (i) near surface ion implantation fol-
lowed by high temperature annealing5–7, (ii) thermal ox-
idation of the Si-terminated 4H-SiC surface8–12 and (iii)
annealing the 4H-SiC wafers at moderate temperature
≤1500 ◦C under C-rich surface conditions (carbon cap) to
establish a thermodynamic equilibrium of VC

13–16. The
target was to keep the [VC] ≤ 1011 cm−3 which could
enable sufficiently long lifetimes. However, most of the
literature data correlating the VC with electrical perfor-
mance were collected using Schottky diodes, while the
trade-offs occurring in the p+-n diodes received much
less attention.

Indeed, anneals at ∼1800 ◦C are inevitable for suf-
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TABLE I. Samples and corresponding annealing steps. Notably, annealing step (1) is inevitable thermal treatment to activate
ion implanted acceptors in the p+-n diodes; additional thermal treatments, i.e. annealing steps (2) and (3), were applied to
monitor the evolution of the [VC].

Label (Sample type)
Annealing Step (1) Annealing Step (2) Annealing Step (3)

T(◦C) / time T(◦C) / time T(◦C) / time

A (Schottky diode) - - -

B (p+-n diode) 1800 ◦C / 30 min. - -

C (p+-n diode) 1800 ◦C / 30 min. 1500 ◦C / 3 hr -

D (p+-n diode) 1800 ◦C / 30 min. 1500 ◦C / 3 hr 1800 ◦C / 30 min.

E (p+-n diode) 1800 ◦C / 30 min. 1600 ◦C / 40 min. -

ficient electrical activation of the ion-implanted accep-
tors in order to realize low-resistivity p-type layers17,
even though one can try playing with such parameters
like the implantation temperature and dose rate18. Pre-
vious studies on the evolution of [VC] in 4H-SiC epi-
wafers showed that VC’s can be formed easily and sharply
during high temperature device processing19,20. Indeed,
the formation enthalpy of ∼4.8 eV for VC in its neu-
tral charge state under the carbon-rich ambient was de-
duced theoretically and experimentally20–22. These as-
pects make the initial mastering of [VC] ≤ 1011 cm−3

in the epi-wafers dedicated for the bipolar device man-
ufacturing not practical. Thus, even though the [VC]
≤ 1011 cm−3 criterion has been demonstrated in the epi-
wafers employing one of the methods mentioned above,
there is a serious remaining question related to the VC

re-generation during the p+-n diode fabrication. More-
over, there is no data whether the Al doped p+-layer may
influence the transportation of Ci’s from the surface into
the bulk of the epi-layer.

In the present paper, we clearly demonstrate that the
VC indeed re-generates during the p+-n diode manufac-
turing in spite of the initial VC elimination in the epi-
wafers applying thermodynamic equilibrium anneals at
1500 ◦C under C-rich ambient (C-cap). Nevertheless, we
also show that this C-rich ambient anneals at moderate
temperatures ∼ 1500 ◦C can be readily integrated as cru-
cial steps of the p+-n fabrication process. The instructive
message of this paper is that, the processing recipes might
be extended with a finishing carbon-cap annealing step
at 1500-1600 ◦C intended to remove the VC’s generated
in 4H-SiC by high temperature.

II. EXPERIMENTAL

The starting material in this work was an n-type (ni-
trogen doped) 100 mm diameter 4H-SiC wafer purchased
from Cree Inc., with ∼10 µm thick epi-layer. The epi-
layer was grown by chemical vapour deposition (CVD)
4◦-off the c-axis on top of the (0001) Si-terminated sur-
face of a heavily doped n-type 4H-SiC substrate (≥
1018 cm−3). The net carrier (electron) concentration
of the epi-layer was ∼1×1015 cm−3 as determined by
capacitance-voltage (CV) measurements undertaken at

room temperature (RT) with a 1 MHz probe frequency.

A set of p+n diodes were prepared on 4 identical sam-
ples with a size of 6×6 mm2 that were laser-cut from
the epi-wafer. After the standard RCA cleaning, ∼220
nm thick SiO2 films were deposited on all samples using
plasma enhanced chemical vapour deposition (PECVD).
Further, conventional photolithography was then applied
to make circular 500 µm in diameter openings for sub-
sequent fabrication of the p+ regions by 36 keV Al+ ion
implants using the dose of ∼1×1015 cm−2 at 500 ◦C. No-
tably, before subsequent dopant-activation anneal, the
remaining lithography pattern was etched away and the
samples were protected by a pyrolized resist film (called
carbon-cap in the rest of the paper), where the pyroly-
sis was performed in forming gas at 900 ◦C for ∼5 min.
Then all four samples were annealed at 1800 ◦C for 30
min in a high-purity argon atmosphere employing an RF
inductively heated furnace. The carbon-cap was then
removed by dry thermal oxidation at 900 ◦C for 30 min
(we clarify here that these oxidation conditions are insuf-
ficient to affect VC engineering that needs much higher
thermal budgets, see Refs.[8–12]).

The Al concentration versus depth profiles in the fabri-
cated p+n diodes were measured by secondary ion mass
spectrometry (SIMS), confirming Al maximum concen-
tration of ∼3×1019 cm−3 at the depth of ∼100 nm.
Ohmic contacts to the p+ areas of the diodes were de-
posited by electron beam evaporation of Al into self-
aligned 400 µm in diameter openings determined by the
second lithography step. Ohmic contacts to the back
side, i.e. n-area of the diodes were Al evaporated too.
The contacts were then annealed in a tube furnace with
nitrogen flow at 350 ◦C for 30 min. In term of electri-
cal performance of the diodes at the conditions of our
measurements – we envisage no negative effects of using
Al as an Ohmic contact, however, for better and more
practical Ohmic contacts one can use the recipe stated
in Ref. [23]. The diodes were labelled as B, C, D and
E so that the first 1800 ◦C acceptor activation anneal
was common for all of the p+n diodes used in this study.
In addition, a similarly shaped Schottky diode was fabri-
cated on a piece of the epi-wafer not subjected to thermal
treatments; this sample was labelled “A”, benchmarking
the [VC] in the as-grown epi-wafer.

The A-E diodes were characterized by current-voltage
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(IV), CV, and deep level transient spectroscopy (DLTS)
to check the diodes quality and to monitor the [VC]. In
particular, for DLTS we used the setup and [VC] extrac-
tion methodology described elsewhere7,20,24. In short,
the reverse bias voltage was kept at -10 V, pulsing it to 0
V using a filling pulse width of 50 ms. The DLTS signal
(∆C/C), the capacitance change as carriers are emitted
from defect states relative to the reverse bias capacitance,
was extracted applying a lock-in weighting function hav-
ing rate windows in the range of (20 - 640 ms)−1. For
clarity, the [VC] was monitored via the VC(2-/0) level
(known as the Z1/2 level) located at ∼EC-0.7 eV and
having a peak position of ∼285 K in DLTS spectra with
a rate window of (640 ms)−1. Upon accomplishing the
first round of the characterization, some of the samples
were subjected to additional anneals in accordance with
the data in Table I. Notably, prior to these additional
anneals all metallic contacts were removed, samples were
cleaned and carbon-caps were re-fabricated. After the
additional anneals – referred as “annealing step (2) and
(3)” in Table I – the contacts were re-fabricated to enable
the next steps of the IV, CV, and DLTS measurements.
Notably, the 1500-1600 ◦C anneals were performed in a
high-purity Ar ambient employing a tube furnace, apply-
ing the Ci ambient (carbon-cap) thermodynamic equilib-
rium annealing method known to reduce the [VC]13–16.

III. RESULTS AND DISCUSSION

Figure 1 displays a portion of DLTS spectra for sam-
ples A and C, highlighting the intensity of the VC(2-/0)
signature having a peak position at ∼285 K for the rate
window (640 ms)−1. The activation energy of VC(2-/0)
thermal ionization is deduced from the DLTS measure-
ments and found to be 0.7 eV below the conduction band
edge (∼EC-0.7 eV); while the intensity of this peak is di-
rectly proportional to the VC concentration. Thus, the
peak in the A sample represents the initial [VC], which
is relatively low and is characteristic of the state-of-the-
art 4H SiC epi-wafers. However, the p+-n diode fabrica-
tion (see sample C after 1800 ◦C in Fig. 1) is associated
with a dramatic increase of the VC(2-/0) signal. Appar-
ently, low VC contents in the initial epi-wafers dedicated
for high voltage bipolar device processing is insufficient,
since the VC regenerates during the acceptor activation
anneals in p+-n diodes, see Fig. 1. Nevertheless, the ad-
ditional annealing step (see sample C after 1800 + 1500
◦C in Fig. 1) results in the VC(2-/0) intensity falling be-
low the DLTS detection limit. Thus, the data in Fig. 1
supports the validity of thermodynamic equilibrium an-
neals employing carbon-caps for controlling the [VC] in
4H-SiC p+n diodes, consistently with the literature data
measured using Schottky diodes in thermally treated epi-
wafers5–16. Notably, the annealing step (2) applied for
sample C in Fig. 1 was sufficient for eliminating the
VC’s in the present ∼10 µm thick epi-layer, however cus-
tomized anneals might be applied as a function of the
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FIG. 1. DLTS spectra of the VC(2-/0) (Z1/2) level in sample
A (as grown) and in sample C; first after post-implantation
annealing at 1800 ◦C for 30 min and then after an extra heat
treatment at 1500 ◦C for 3 h. Spectra are recorded with lock-
in weighting function for the rate window (640 ms)−1.

layer thickness in accordance with the simulation results
in Ref.14 for thicker samples. Importantly, samples B -
E behaved identically after the first annealing step.

At this point, Ci-ambient annealing methods known
from the literature may be compared for the applicabil-
ity of controlling the [VC] in p+-n diodes. Systematically
speaking, the three approaches (i-iii) mentioned in the in-
troduction part of this paper and examined in literature
for eliminating the [VC] in SiC epi-layers have a common
conceptual principle in terms of injecting the Ci’s towards
the bulk to recombine with the VC’s. However, the ex-
cess Ci originates from different locations, where Ci’s in
(i-ii) are released from the carbon sublattice inside the
sample - either by oxygen interaction with Si atoms or
kicking-out of C atoms by energetic ions. In either case, if
applying (i-ii) to a p+-n diode, it will consume or modify
at least the p+ region of the device. In contrast, while
applying (iii), Ci’s are introduced from the carbon-cap
via the surface, not disturbing the sample structure.

Importantly, approach (iii) employing carbon-cap an-
neals at moderate temperatures can be readily applied
several times and if needed at different steps of the device
fabrication to remove the VC’s without a negative impact
on the top layers of the device. Indeed, we demonstrated
it by selecting several identical p+-n diodes (see samples
B-E in Table I) and monitoring the [VC] upon different
thermal treatment steps during the device fabrication, as
shown in Fig. 2. It should be mentioned here that the
dotted lines/arrows in Fig. 2 are to indicate the trends
for the [VC] change between two different annealing steps,
and they do not represent linear relations between [VC]
and annealing temperatures. The data in Fig. 2 confirm
that VC in 4H-SiC is a refractory point defect and will



Carbon vacancy control in p+-n silicon carbide diodes 4

1500 1600 1700 1800

1011

1012

1013

1014

-10 -8 -6 -4 -2 0 2

10-9

10-7

10-5

10-3

10-1

 C
ur

re
nt

 (A
)

Voltage (V)

   Sample D
         2nd 1800 C Anneal

[V
C
] (

cm
-3

)

Annealing Temperature (°C)

 1800 °C Anneal

 D:1500 °C
 Anneal

D: 2
nd  1800 °C

 Anneal

E: 1
600 °C

 Anneal

FIG. 2. VC concentration versus annealing temperature un-
der C-rich ambient conditions for p+n 4H-SiC diodes. The
displayed data are for the samples D and E after different
annealing stages; starting from as grown level before the fab-
rication processes of the p+n 4H-SiC diodes, and then after
the post-implantation anneal at 1800 ◦C for 30 min. The
data include the [VC] in sample D after 1500 ◦C anneal for 3
h and then after another round of re-annealing at 1800 ◦C for
30 min. It shows also VC content in sample E after 1600 ◦C
anneal for 40 min following the ion-activating anneal at 1800
◦C. The as grown [VC] level measured in sample A was as-
signed to correspond heat treatment at around 1650 ◦C with
a margin of ±25 ◦C, according to the equilibrium line of VC

formation. The inset plots the IV data in sample D after sev-
eral consequent anneals, illustrating the high quality of the
p+n diodes.

not be eliminated permanently during the first run of VC

elimination by the Ci ambient annealing. Moreover the
[VC] is practically controlled by the last annealing run
that plays a crucial role for determining the [VC], and
consequently the carrier lifetime. Indeed, the re-anneal
of sample D at 1800 ◦C for the second time, returns the
[VC] back to it’s unacceptably high equilibrium level at
∼2×1013 VC/cm3, see Fig. 2.

The inset in Fig. 2 provides an example of the IV
characteristics for the diodes in Table I, specifically for
sample D after the 3rd annealing step. In addition, the IV
data for a separate batch of identical samples processed
under conditions identical to that for samples B, C, D,
and E in Table I are presented in the supplementary ma-
terial. It could be deduced as a preliminary conclusion
that the trend for the leakage current variations in these
samples are consistent with the VC evolutions, indicating
good repeatability of the phenomena under investigation.
Notably, the detailed analysis of the IV curves as a func-
tion of the [VC] is beyond the direct scope of the present
study. Overall, the IV data re-confirm the quality of the
p+-n diodes used in the present study, as an added value
for the DLTS data credibility; since the applicability of

the DLTS measurements relies on the high diode quality.
Notably, the major physical processes occurring dur-

ing the thermodynamic equilibration of the VC under
Ci ambient anneals are:14,15 thermal generation of VC’s,
injection of Ci’s from the carbon-cap followed by recom-
bination with VC’s in the bulk, and out-diffusion of VC’s
towards the surface. Thermal generation of VC competes
with the injection of Ci’s at each specific temperature. In
practice, the VC generation dominates at high tempera-
tures and Ci injection prevails at moderate temperatures
leading to the VC annihilation.

Thus, the initial elimination of VC’s in 4H-SiC epi-
wafers employing one of the Ci ambient methods5–16 will
not keep the epi-layer free of VC permanently – as shown
in Fig. 2 – since it can be readily re-generated during
any further annealing step at high temperature required
for the fabrication of the bipolar devices. Therefore, in
order to control the [VC] and, consequently, the minority
carrier lifetime, the processing recipes might be extended
with an extra Ci ambient annealing step at 1500-1600 ◦C
intended to remove the VC’s generated in 4H-SiC by high
temperature. At this end, thermodynamics equilibrium
anneals with C-cap at moderate temperatures demon-
strated effective control of the VC in 4H-SiC devices and
can be readily integrated in the fabrication process cus-
tomizing the specific annealing conditions in accordance
with the thickness of the epi-layer to treat.

IV. CONCLUSIONS

We have clearly demonstrated that extra high temper-
ature processing during the fabrication steps of the p+-n
diodes will enhance the [VC] to its thermodynamic equi-
librium value at the applied temperature. Therefore, for
effective control of the [VC] and for corresponding mi-
nority carrier lifetime control, the p+-n fabrication pro-
cess recipe might involve a finishing Ci ambient anneal-
ing step, for eliminating the re-generated VC’s. At this
end, all carbon ambient annealing methods known from
literature – with exception of the carbon cap anneals –
will consume and/or modify the near surface part of the
device, which is unacceptable for typical device architec-
tures. In contrast, our data demonstrate that the carbon
cap anneals at moderate temperature can be readily inte-
grated into the p+-n components fabrication, potentially
paving the way towards the realization of the high voltage
SiC bipolar devices.
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