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First-principles calculations are carried out on models for the Z,/Z, defects in 4H-SiC which are
found in as-grown and irradiated n-type material. We show that an interstitial-nitrogen—interstitial-
carbon defect is exceptionally thermally stable, bistable, and has negative-U character with donor and
acceptor levels close to those attributed to the defect.
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SiC is a material that seems ideal for high-power,
high frequency, and high temperature electronic de-
vices. Recent advances in crystal growth make it possible
now to grow epitaxial and bulk SiC material of high
quality. However, rapid growth leads to a deterioration
in quality with an increase in electrically active grown
in defects [1,2]. Among these, the Z; and Z, defects
(denoted by Z,/Z,) are dominant in n-type 4H-SiC, as
well as material that has been exposed to radiation [3-6].
They are a pair of defects with closely spaced electrical
levels that possess unusual thermal stability — surviving
to 1700 °C [7]. In other polytypes such as 6H-SiC, the
E, and E, defects have similar properties [§—10]. These
four centers are negative-U [11] having inverted donor
(0/+) and acceptor (—/0) levels. The donor and acceptor
levels of Z; (Z,) in 4H-SiC occur at E, — 0.43(0.46) and
E. —0.67(0.71) eV, respectively, while the correspond-
ing levels of E; and E, in 6H-SiC are shallower by
~0.2-0.3 eV.

There has been much speculation about their origin.
They have been linked with the D; photoluminescence
band with zero phonon line at 2.901 eV in 4H-SiC which
also is thermally stable to high temperatures [3].
However, recent studies [7] show that the luminescence
arises from a bound exciton with a deep hole at E, +
0.34 eV probably arising from a complex containing Sic
[12]. This rules out a connection with Z; /Z, having levels
close to E.. More recently, Z, /Z, has been linked with a
silicon vacancy Vg; [13]. This connection was suggested
when it was shown that the annealing behavior of vacancy
centers observed by positron-annihilation is correlated
with the annealing of Z,/Z, in 4H-SiC [13] and E,/E,
in 6H-SiC [14]. However, in both cases the maximum in
the concentration of deep-level transient spectroscopy
(DLTS) centers was not directly linked to that of the
positron-annihilation signal. This allows the alternative
interpretation that the DLTS centers and vacancies an-
nealed together by mutual annihilation.

Recent work has shown that the Z,/Z, defect in as-
grown material increases in concentration both with ni-
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trogen doping and when growth proceeds under carbon
rich growth conditions [1]. Evidence was presented that
the defect contains a single N atom and possibly a carbon
interstitial. The presence of a single N atom in the defect
implies that the neutral defect would be paramagnetic in
its neutral charge state and that the negative-U behavior
arises from a different structural form for the positive
and negative charged defects. This is similar to many
other negative-U defects such as interstitial boron [15]
and hydrogen [16] in Si, and the DX center in AlGaAs
[17]. The alternative possibility is a defect with an even
number of electrons when neutral. There are very few
examples of such centers which display negative-U prop-
erties. One example is the vacancy in Si whose (+/ + +)
level lies above (0/+) [18]. However, the experimental
cross sections of the Z;/Z, centers rule out an assignment
of Z,/Z, to levels of a double donor, and thus we consider
the most likely model for Z, /Z, consists of a complex of a
single N atom together with an intrinsic center such as a
carbon interstitial or silicon vacancy. The concentrations
of both would then be expected to increase in C-rich
material.

We investigate candidates for these defects using spin-
polarized density functional theory (DFT) as imple-
mented in the AIMPRO code. Gaussian orbitals are used
as a basis set together with norm-conserving pseudopo-
tentials. The calculations were carried out in large 128
atom unit cells with a Monkhorst-Pack (MP) 23 sampling
scheme. Convergence tests were carried out using MP-4°
sampling for some structures. Differences in total energy
between the two schemes were generally less than 0.07 eV.
Each Si, C, and N atom has a basis consisting of s, p, and
d Gaussian orbitals with 28, 28, and 40 basis functions,
respectively. Details of the method have been given pre-
viously [19].

The formation energy (E;) of a defect is defined as

E; = E — ncpc — nsiftsi — NN — 9ER,

where E, is the total energy of the cell containing nc,
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ng;, and ny carbon, silicon, and nitrogen atoms, respec-
tively, and a defect with a net charge of ¢ electrons. ¢
and ug; are the chemical potentials of C and Si and Ef is
the Fermi energy relative to the valence band top (E,).
The chemical potentials satisfy the condition that wc +
Ms; 1s equal to the energy of a Si-C pair in bulk 4H-SiC
and that they are bounded above by the energies of a C or
Si atom in standard thermodynamic forms such as pure
diamond or Si. In C-rich conditions, therefore, wc is
taken from the energy of a C atom in diamond [20].
Since we are interested in C-rich material, all forma-
tion energies quoted are in C-rich material unless stated
otherwise. The chemical potential for nitrogen was taken
from the energy of an N atom in N,. Such a choice gives
the formation energy of the nitrogen donor, N¢, in the
neutral charge state to be quite small ~0.3 eV and con-
sistent with its high solubility. The energy levels for
defects were found from a comparison of the ionization
energies E(*+) — E(0) with similar quantities found for
bulk SiC in the same sized cells where systematic correc-
tions to the energies would be eliminated [21,22]. Here,
E(q) is the energy of a charged defect in a supercell. This
method when applied to the donor levels of chalcogen
centers in Si gave levels too deep, due in part to an
underestimate in the band gap found in DFT. However,
the relative donor levels for S, Se, and Te could be accu-
rately found by comparing their ionization energies. This
amounts to an upward rigid shift of about 0.3 eV of the
level for each defect. This appears also to be the case for
donors with levels in the upper half of the band gap in SiC.
Comparing the ionization energies of N [23] and Pg; [24]
at hexagonal sites with the ionization energy of bulk
4H-SiC gave (0/+) levels at E. — 0.52eV and E, —
0.54 eV, respectively. These require upward shifts of
~(0.5 eV to bring them into agreement with experimental
values of ~0.05 eV [25,26]. The donor levels of defects in
the upper part of the gap and given below have therefore
been shifted upwards by 0.5 eV.

The first candidate for Z,/Z, to be investigated is a
nitrogen impurity at a Si site denoted by Ng;. Its concen-
tration is expected to be enhanced under carbon rich
conditions and the center may be a negative-U one in
analogy with the Si donor in AlGaAs which forms the
well-known DX center. However, we find Ng; to be 5.2 eV
higher in formation energy than N and less stable by
3.4 eV when N is interchanged with one of its C neighbors.
The resulting N-Cg; pair has a low formation energy of
between 2.1 eV (C-rich) and 2.8 €V (Si rich) and (0/+)
and (—/0) levels at E. — 1.2 and E, — 0.6 eV, respec-
tively. Thus, this defect is a positive-U one with deep
levels and can be excluded as a model for Z,;/Z,.

We now consider models based on C;. The lowest en-
ergy form of C; is a split interstitial where two C atoms
share a carbon site [12]. The formation energy of the
neutral defect is ~6.6 eV. C; at a Si site also takes the
form of a split interstitial but has a slightly higher for-
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mation energy of ~7.2 eV. We then investigated the en-
ergy barrier, W, to the migration of C; from a C site to a Si
one finding W ~ 0.6 eV. There are small variations in
these energies due to the two different C and Si lattice
sites in 4H-SiC. This low barrier suggests that the neu-
tral defect is mobile around room temperature and is
similar to the low diffusion barrier of C; in Si (W ~
0.8 eV [27]) which also anneals at this temperature. The
low diffusion barrier is somewhat less than values
found for the carbon interstitial in diamond where W ~
1.8 eV [28,29]. Consequently, we expect C; to diffuse
easily until trapped by a majority defect such as nitro-
gen. The Nc-C; pair, which can also be described as a
nitrogen interstitial N;, is also a split-interstitial pair
where both N and C are located at a carbon site.
However, the binding energy, Ep, of the pair is only
2.2 eV and the complex would be expected to dissociate
at a temperature given by T ~ (W + Ep)/kg In(vy/v) or
~850°C when v, ~ 103 s7! —a typical atomic jump
frequency — and » ~ 1 s~! the number of diffusion steps
per second [30]. It possesses (0/+) and (—/0) levels at
~FE.— 1.5 and E, — 1.7 eV which, together with its low
thermal stability, exclude it as a model for Z;/Z,. The
deep character of these levels prevents easy detection but
the defect will compensate N¢. The defect should, how-
ever, be IR active and it has a calculated local vibrational
mode at 1324 cm™!.

Clearly, the Z,/Z, defects are much more stable and
there are unlikely to be any dangling bonds. Their pres-
ence would not only reduce the stability of the center
but lead to deep midgap levels. Now, it is possible to form
a defect without dangling bonds when C; traps a second
interstitial. This occurs when two C; are placed at the
centers of adjacent parallel bonds across one of the two
types of hexagons found in hexagonal SiC (see Fig. 1).
The interstitials can be bonded together not only as o
bonds but their p orbitals, parallel to [0001] in Fig. 1,
can form a 7 bond. The binding energy of the two
interstitials is 5.6 eV and such a defect would survive
anneals of 2100 °C according to the above equation for
the dissociation temperature using £, = 5.6 eV and W =
0.6 eV. This defect has a donor level at E,, + 0.5 eV and
does not possess an acceptor level. This form of the

o9
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FIG. 1. Left: The chair form of the basal plane hexagon.
Right: The C;-C; m-bonded pair where two additional C atoms
are added to the hexagon and bonded together. C (Si) atoms are
shown in black (white). All atoms are fully coordinated.
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dicarbon interstitial is also believed to occur in dia-
mond [31].

The defect of interest here is a dimer composed of N;
and C;. The lowest energy form of the complex is shown
in Fig. 2(a) in the positive charge state. The nitrogen
atom is not part of the 7 bond (this structure is
~(0.25 eV higher in energy) but one of the neighbors
to a 7-bonded C atom. Clearly, the defect is thermally
stable as these bonds have to be broken in order for it to
dissociate.

However, in the negative charge state a 7" orbital is
occupied and the defect structure is unstable and changes
spontaneously into the one shown in Fig. 2(b). Now the N
atom and one of the C; atoms become threefold coordi-
nated. On an electron counting argument, both of these
possess a dangling bond containing two electrons. Thus,
the structural relaxation can be thought of as turning
these into low energy lone pair orbitals which are filled.
It is this rearrangement which stabilizes the defect and
leads to negative-U behavior. The calculated (0/+) and
(—/0) levels lie at E, — 0.3 eV and E, — 0.6 €V, respec-
tively, and are in good agreement with the observed levels
of Z,/Z,. Thus, the exceptional thermal stability of N;-C;,
its bistability, electrical levels, and ease of formation, all
support the assignment to Z,;/Z,. We also note that the
two different types of hexagons found in 4H-SiC and
6H-SiC, namely the boat and chair configurations, would
lead to two types of N;-C; defects consistent with the
existence of Z, and Z, in 4H-SiC and E; and E, in
6H-SiC.

Finally, we investigate whether the Si vacancy, Vj;, can
be discounted as a candidate for Z,/Z,. We restrict our
calculation to Vg; at a hexagonal site since previous theory
has shown that the different lattice sites give quite similar
energies and level positions in the gap. In agreement with
this theory [32], we find Vg; to be stable with spin § = 1
when neutral, consistent with experiment [33], and S =
3/2 when negatively charged. The S = 0 neutral defect
and the § = 1/2 negatively charged centers are 0.13 and

b)

FIG. 2. (a) The N;-C; defect in the positive charge state and
(b) in the negative charge state. N, Si, C atoms are shown in
black, white, and gray. Note the 7 bond in (a) is broken in (b)
and N and one carbon atom possess a dangling bond. The
dashed line shows the bond which is switched between (a)
and (b).
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0.22 eV, respectively, higher in energy. A Mulliken bond-
population analysis shows that the spin density of the
neutral defect is mainly composed of p orbitals on the
four C atoms forming the vacancy cage with little s
contamination. Each nearest neighbor C atom is found
to have 13% of the total spin density compared with an
experimental estimate of 12.8% = 4% [34]. Its formation
energy is 8.1 eV. We find, also in agreement with previous
work [35], that it possesses a deep (—/0) level at E, +
1.1 eV. The defect is in fact less stable than interchang-
ing the vacancy and a C neighbor to form V-Cg; [36].
The resulting center is 1.6 eV lower in energy and pos-
sesses shallower (—/0) and (0/+) levels at E, — 0.7 and
E. — 1.0 eV, respectively. The instability of Vg may be
connected with disappearance of the EPR signal attrib-
uted to it above 750 °C [37]. N¢ binds to Vg with an
energy of 3.3 eV, and the resulting defect possesses (—/0)
and (0/+) levels at E, + 1.5eV and around E,. The
structure with the N atom along the ¢ axis is slightly
lower in energy (= 0.1 eV) than the structure with the N
atom and the vacancy in the basal plane. The N atom
stabilizes Vg; suppressing the transformation of the latter
into V-Cg; as this defect, with a neighboring N¢, is 0.3 eV
higher in energy than Vg;-Nc. The defect where N
neighbors V--Cg; has acceptor and donor levels at E, —
0.9 and E. — 1.4 eV. None of these levels are close to
those of Z, /Z,, and we can rule out a connection between
the centers.

In summary, we have investigated candidates for
the commonly observed Z,/Z, defects in 4H-SiC. We
find that the most likely model involves a thermally stable
m-bonded dicarbon interstitial complex next to a nitro-
gen atom. The di-interstitial does not possess any un-
paired electrons. The 77 bond is unstable in the negative
charge state but the presence of a single N atom in the
defect allows the formation of two atoms with lone
pairs. The calculated energy levels and thermal sta-
bility are in good agreement with observations. Finally,
it is to be noted that the defect would disappear
when trapping a mobile vacancy which offers an expla-
nation for the simultaneous disappearance of a positron-
annihilation signal due to vacancies and Z,/Z,
defects.
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