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Vacancy-impurity complexes and limitations for implantation doping of diamond
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Many candidates have been proposed as shallow donors in diamond, but the small lattice constant means
that many substitutional impurities generate large strains and thus yield low solubilities. Strained impurities
favor complex formation with other defects and, in particular, the lattice vacancy. We report the results of
first-principles calculations regarding the geometry, electronic structure, and energetics of impurity-vacancy
complexes in diamond and show that such complexes explain the generally low doping efficiency for im-

planted material.
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I. INTRODUCTION

The optimization and manufacture of wide-gap semicon-
ductors for high-power devices and optoelectronics is a rap-
idly expanding area. Diamond has extremely favorable in-
trinsic properties, and p-type semiconducting material is
achievable via substitutional boron acceptors (B,). The ac-
ceptor level at E,+0.37 eV (Ref. 1) is close to effective
mass, and in heavily doped material conduction is metallic.?

However, the current n-type dopant of choice, substitu-
tional P (P,), has a relatively deep donor level [E,—0.6 eV
(Ref. 3)], and alternatives, such as sulfur*® and boron-
deuterium complexes,” remain to be understood. Impurity
complexes, such as S-vacancy-H, N-H-N, S-B, and Sis-N,
are theoretically competitive with phosphorus,®'# but the
feasibility of these dopant complexes is unproved.

Theory also suggests that As; and Sb, improve on
Indeed, pnictogen and chalcogen dopants yield progressively
shallower (0/+) levels as the atomic number Z increases.
Doping by substitutional donors has an advantage over im-
purity complexes [such as N,-H-N; (Ref. 9), sulfur-X com-
plexes (Refs. 8, 10-13, and 17), and SizN (Ref. 4)] in that
they do not rely on complex formation paths, either via
growth or post-growth processing. Then doping with As or
Sb may be achievable via ion implantation.

Implantation doping of diamond has a rather mixed
record. For instance, B-implanted p-type material has been
obtained'® and relatively shallow n-type conduction [typi-
cally 0.2—0.5 eV (Refs. 19-21)] is seen subsequent to donor-
impurity implantation. However, in the latter case the “donor
level” is weakly dependent on the implanted ion, with n-type
conduction being obtained using inert-gas and C* implants.??
The n-type character may be due to hopping conduction via
the implantation damage rather than from impurity doping,>
but it is not clear that this mechanism can be technologically
exploited due to the low carrier mobilities and high resistiv-
ities.

Additionally, there is evidence that the fraction of donors
on substitutional sites subsequent to implantation is typically
of the order of 50% or less.?#*> Among those on site, many
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have unannealed lattice damage close by, possibly compen-
sating the dopant. Therefore the formation of complexes with
lattice damage is of great importance.

Impurity-vacancy complexes (X-V) are often optically
and electrically active. N-V is probably the best character-
ized of these complexes, and its structure is shown schemati-
cally in Fig. 1(b). Optical transitions at 1.945 eV and
2.156 eV have been assigned to N-V in the negative- and
neutral-charge states, respectively,’®?® with the measured
(=/0) level at E,—2.583 eV.3° The difference between the
two charge states is thought to be primarily the occupancy of
the “dangling bond” (DB) orbitals on three (equivalent) car-
bon atoms.?® Indeed, (N-V)~ is seen in paramagnetic reso-
nance (labeled W15) with >70% of the unpaired spin lo-
cated on three carbon atoms.3' Due to the deep (~/0) level,
N-V compensates donors.

A second commonly observed X-V complex contains
Si.2632 Si-V gives rise to a characteristic 12-line optical sig-
nature around 1.682 eV, with the fine structure due to a tran-
sition between two electronic-doublets for the three naturally
occurring Si isotopes. Previous calculations?® suggest the op-
tical transition is associated with *E ground and excited
states of (Si-V)~, consistent with the (=/0) level in the lower
half of the band gap.'® However, experimental data appear to
contradict this view,?? although they remain to be confirmed.

Unlike N-V, Si-V adopts the split-vacancy structure [Fig.
1(c)]. However, the gap levels of Si-V are also strongly lo-

FIG. 1. Schematics of vacancy-impurity complexes in diamond.
Black and gray atoms represent the impurity and host atoms, re-
spectively, with the white circle in (b) indicating the vacancy. (b)
shows the impurity on a substitutional site neighboring the vacancy,
and (c) shows the split-vacancy configuration where an interstitial
impurity lies at the center of a divacancy. (a) shows the correspond-
ing section of bulk material for comparison.
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calized on the neighboring C atoms, in this case the six car-
bon atoms neighboring the silicon impurity, and it appears
that the electronic structure can then be understood rather
simply from the gap states of an ideal (D5, symmetry) diva-
cancy (V). (In fact, V, in diamond undergoes a complex
distortion to C,, symmetry in the neutral, S=1 state,>* but
at elevated temperatures the distortion is lost and an effective
D5, symmetry is seen.’*)

P-V and In-V also theoretically adopt the split-vacancy
structure,®” and S-V, I-V, and Xe-V complexes have been
examined theoretically previously. I-V is of particular inter-
est as Anderson et al., using empirical molecular orbital
methods, suggested it has a shallow donor behavior.® They
found that I-V distorts to C,;, symmetry, yielding I-C inter-
nuclear distances of 2 2.001 and 4 X 2.085 A. However, it
should be noted that in the same study the (0/+) levels for
N, and P, were in poor agreement with experiment, and the
shallow donor level of I-V remains to be confirmed. Al-
though a number of publications report S-V,'®!! there are
few data concerning its structure or properties, with greater
emphasis being paid to more complex donor systems such as
S-V-H;. Xe (Ref. 8) was predicted to adopt a Cs, structure.

Since at least some of the Si and N grown into diamond
are incorporated with a vacancy and considering the likeli-
hood of forming such defects in implantation-doped material
following an anneal stage, X-V complexes are important for
doping. Two critical factors are the binding energy of the
vacancy to the dopant and the subsequent electronic proper-
ties of the vacancy-impurity complex. Therefore, in this pa-
per we present the results of first-principles calculations for
the structure, energetics, and electronic structure of X-V
complexes with X being group-III (B, Al, Ga, and In),
group-IV (Si, Ge, and Sn), pnictogen (N, P, As, and Sb),
chalcogen (O, S, Se, and Te), and halogen (F, Cl, Br, and I)
impurities, allowing us to draw some general chemical
trends.

II. METHOD

Calculations were carried out using the local-spin-density-
functional technique implemented in AIMPRO (Ref. 38) (ab
initio modeling program). To model the various defects, 64-
and 216-atom cubic unit cells of side length 2a, and 3a,
have been used. Calculations have been performed with the
lattice constant fixed to the theoretical value for bulk dia-
mond, and in addition calculations were performed with the
lattice constant allowed to vary such that the energy is mini-
mized. For all systems we employ the Monkhorst-Pack
scheme for sampling the Brillouin zone, with a mesh of 2
X2 X2 special k points folded by taking symmetry into ac-
count. For several sample structures we calculated the total
energies using a 4 X4 X4 mesh, which indicated that the
absolute total energies are converged to 10 meV or better for
both cell sizes. Structures are optimized via a conjugate-
gradient scheme until the total energy changes by less than
1073 Ha. This cannot guarantee that the structures are global
minima, but by relaxing from different starting points and
obtaining similar end-point structures, we gain some confi-
dence that structures and energies presented in this paper are
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reasonable representations of the ground states.

Norm-conserving pseudopotentials*’ eliminate core elec-
trons. The pseudo-wave-function basis consists of indepen-
dent sets of s, p, and d Gaussian orbitals centered at each
atomic site. The charge density is Fourier transformed using
a basis of plane waves with an energy cutoff of 300 Ry.
Doubling the cutoff changes the total energy by 1 meV or
less. The lattice constant and bulk modulus of bulk diamond
using these parameters are within ~1% and 5%, respec-
tively, of the experimental values, while the direct and indi-
rect band gaps are in close agreement with previously pub-
lished plane-wave local-density-approximation (LDA)
values*' (5.68 and 4.18 eV).

We use the definition for the formation energy of neutral
system X as

E(X) = E(X) —( > u) (1)

where u; are the chemical potentials of the atomic species
and E(X) is the calculated total energy. The binding energy
(E) of complex AB is the energy liberated in the reaction
A+B—AB.

The calculated electrical levels compare electron affinities
or ionization energies of different systems.*? The details are
given elsewhere,' as are the computational details for the
calculation of zero-field splittings.*3++

II1. RESULTS

For each chemical species considered, we have calculated
the structure and energy of X, and X-V. We begin by sum-
marizing the results for X;.

A. Substitutional site
1. Group-III acceptors

B, undergoes a distortion to C;, symmetry, with one
B—C bond being shorter than the others.* The asymmetry
is due to the preferential depopulation of one bonding or-
bital, in line a static Jahn-Teller effect detected with Zeeman
spectroscopy.*® B~ lies on site (7, symmetry), but with
B—C bonds around 2% longer than bulk C—C bonds. We
find that the other group-III impurities examined lie on site
in both neutral- and negative-charge states, and exert a com-
pressive strain on the surrounding material. All four neutral
defects introduce partially filled bands split off from the
valence-band top, rising in energy with increasing atomic
number.

2. Group-1V impurities

Group-1V impurities lie on site and lead to a large com-
pression of the surrounding lattice. Because Si, Ge, and Sn
are isoelectronic with the host, the only effect they have on
the electronic structure is to push occupied states above the
valence-band top. Our results agree qualitatively with previ-
ous calculations for Si,.!*47
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FIG. 2. Three low-energy structures for O; in diamond. Black
and white circles represent C and O atoms, respectively. (b) T, (c)
C,,» $=0, and (d) C,,, S=1. Bond lengths in A. (a) shows the
corresponding section of bulk material.

3. Pnictogens

Our calculated electronic and geometric properties for
pnictogens have been presented previously.!> Briefly, in the
neutral-charge state N is significantly displaced off site along
(111), producing an elongated X-C bond,*® with a much
smaller symmetry-lowering distortion seen for P,. As and Sb
were found to remain on site.

4. Chalcogens

Previously we reported!® that chalcogens undergo a small
distortion along (111), so that one of the four neighboring C
atoms is farther from the impurity than the other three.

In addition, we have also investigated oxygen. Diamag-
netic O, with T, Cs, (elongated bond along (111)), and C,,
(displaced along [001]) symmetries all have the same total
energy to within a fraction of a meV. This is likely to be a
consequence of a rather flat energy surface for the O atom in
the vicinity of the tetrahedral site. Interestingly, a S=1, C,,
configuration is also degenerate in energy, but with a larger
displacement along (100) (Fig. 2). We find the S=1 configu-
ration very slightly lower in energy, but the energy difference
at around 2 meV is too small to conclude that this is the true
ground state. We note that previous density functional calcu-
lations found O; to lie on site, but it is unclear if the S=1 was
considered.*

Unlike the larger chalcogen defects, the Kohn-Sham band
structure indicates midgap defect levels, rendering O, both a
donor and acceptor. The C,, structure is strongly preferred in
the negative-charge state.

The on-site defect has two levels in the gap. The lower is
filled and has a; symmetry. The upper has ¢, symmetry and
in the neutral-charge state is unoccupied. The addition of
electrons in the negative-charge state or the neutral S=1 con-
figuration renders the defect a candidate for a Jahn-Teller
distortion. In the C,,-distorted case, the #, level is split into
bya,b,, with only the b, and a, levels, split by ~2 eV at the
zone center, lying in the band gap (the b, level being inferred
from group theory must lie in the conduction band on elec-
tron counting grounds). The a; and b, levels are chiefly even
and odd combinations of carbon dangling bonds, respec-
tively, leaving oxygen to participate in a divalent interaction
with the two close-by neighbors. This is the structure for the
S=1 excited state of the A center in silicon, VO".5

Other chalcogens do not undergo this distortion because
the compression of the surrounding lattice inhibits large dis-
placements of the impurity atoms from the lattice site. Addi-
tionally, S, Se, and Te only possess the occupied a; level in
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the band gap. The distortion to Cs, symmetry localizes this
level more on a single bond, analogous to N;. The C5, form
of X* is most stable, with all chalcogens on site in the
+2-charge state.

5. Halogens

F” (isoelectronic with O,”) also undergoes a distortion to
orthorhombic symmetry, lowering the total energy by around
0.4 eV relative to the on-site case. Cl and Br relax to trigonal
structures, and iodine adopts a C,, structure. For the larger
impurities the energy difference between different off-site
symmetries is small; for example, the C,, and C;, structures
differ by 0.05, 0.14, and 0.11 eV for Cl, Br, and I, respec-
tively. It is therefore likely that these defects will possess a
motionally averaged T, symmetry at elevated temperatures.

The neutral halogens are paramagnetic, S=1/2 systems,
and we note also that F~ adopts a S=1 ground state. If
present in sufficient quantities these defects represent candi-
dates for observation in electron-paramagnetic resonance
(EPR) experiments, with the advantage that all halogens
have nuclear spins for chemical identification via the hyper-
fine interactions.

Geometric and electronic properties of X, are summarized
in Table I. The calculated (0/+) and (—/0) levels are ob-
tained by comparing the electron affinity and ionization en-
ergies of the defects with the values obtained for bulk dia-
mond supercells of the same size. Of these defects, electrical
levels have been measured unambiguously only in the cases
of B, N, and P, with levels at E,+0.37,' E,~1.7,2 and E,
—0.6,3 respectively. Calculated values for these are in close
agreement, giving confidence in the other calculated electri-
cal levels.

The lack of space in diamond means that there is consid-
erable displacement of nearest neighbors in most cases. This
will affect the lattice constant and energetics of these sys-
tems, and is explored in Sec. III B 5.

B. X-V complexes
1. Atomic geometries

For all impurities, we have optimized the X-V complexes
starting from structures (b) and (c), Fig. 1. We have also
considered perturbed versions of (b) where two equivalent
carbon neighbors to X are moved closer to the impurity, low-
ering the symmetry to C,, in line with the predicted
structure® of (I-V)°. This distortion is unstable for all species.
Furthermore, we have commenced optimization from a dis-
torted structure with no symmetry and, with the exception of
F-V, we find relaxed structures indistinguishable from the
trigonal forms.

We find a clear division between impurities that adopt
structures (a) and (b) in Fig. 1. First-row impurities, which
have a covalent radius similar to that of carbon (Table I),
adopt (a), and all others adopt (b). For B, N, O, and F we
have additionally calculated the energy difference between
structures (a) and (b) to be 1.14, 4.76, 2.71, and 0.7 eV,
respectively.
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TABLE 1. Nearest-neighbor (NN) bond lengths and average distances to the next-nearest neighbors
(NNN) for neutral X, defects in diamond as calculated using a 64-atom cubic supercell expressed as a
multiple of bulk C-C distances. Also listed are the point-group symmetries we find for the ground state in
each case, as well as the covalent radius (Ref. 51) R (A).

Structure Electrical levels

X Sym NN NNN (0/+) (—/0) R

B Cs, 1.03, 1.02 1.00 — E,+0.5% 0.88
Al T, 1.15 1.01 — E,+1.4° 1.26
Ga T, 1.16 1.01 — E,+1.4° 1.26
In T, 1.21 1.02 — E,+1.8° 1.44
C 0.77
Si T, 1.12 1.02 — — 1.17
Ge T, 1.14 1.02 — — 1.22
Sn T, 1.20 1.03 — — 1.40
N Cs, 0.96, 1.30 1.01 E.—~1.5* E.—~1.1% 0.70
P Cs, 1.09, 1.12 1.02 E.—0.3? — 1.10
As T, 1.15 1.02 E.—0.0* — 1.18
Sb T, 1.22 1.03 E.+0.2? — 1.36
0 T, 1.11 1.00 E.—2.8 E.~19 0.66
S Cs, 1.10, 1.24 1.01 E.—~12* — 1.04
Se Cs, 1.17, 1.30 1.02 E.~1.0% — 1.14
Te Cs, 1.24, 133 1.03 E.—0.7* — 1.32
F Cyy 1.06, 1.28 1.01 E.-3.0° E.—1.9° 0.64
Cl Cs, 1.16, 1.35 1.01 E.-2.1° E.—13° 0.99
Br Cs, 1.22, 1.35 1.02 E~1.7° E,~0.9° 1.11
I Cy, 1.28, 1.29 1.04 E.—12b E.—04° 1.28

4Reference 16.
"This work.

The bond lengths are summarized in Table II. The dis-
placement of the surrounding material in the X-V complexes
is much smaller than that seen for the substitutional impuri-
ties (Table I), with the maximum deviation from the “ideal”
distances being just 7%. This lowering of the local strain by
complex formation has obvious implications for the forma-
tion energy of the complexes relative to the substitutional
defects, as discussed below (Sec. III B 5).

The only structure we find with lower than trigonal sym-
metry is F-V: F is displaced along [001] from the trigonal
axis, rendering the final symmetry C, so that F has neigh-
bors at 93% and 133% of the bulk C—C distance. The total

energy is around 0.4 eV lower than the Cj, structure and can
be viewed as V,F, with F saturating a single DB.

2. Electronic structure

The electronic structure of X-V centers can be understood
to a significant degree by modifying those of V and V,, and
we discuss each in turn.

V can be described simply by a set of linear combinations
of four DB orbitals, yielding states with a; and £,
symmetry.>® Each C neighbor donates one electron, yielding
four electrons in the neutral vacancy in a ajf; configuration
from which four multiplets are formed.

TABLE II. Nearest-neighbor bond lengths for neutral X-V defects in diamond as calculated using a
64-atom cubic supercell listed as a multiple of the bulk-diamond distances [\3ay/4 and \19a,/8 for struc-
tures (a) and (b), respectively].

X B Al Ga In Si Ge Sn
X-C 1.01 1.04 1.05 1.07 1.02 1.04 1.07
X N P As Sb (0] S Se Te
X-C 0.95 1.01 1.03 1.07 1.00 1.00 1.03 1.06
X F Cl Br I
X-C 0.93 1.04 1.05 1.08
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FIG. 3. Schematic of the X-V defect-related Kohn-Sham states
in the vicinity of the band gap for first-row elements. Horizontal
dashed lines indicate the location of the valence (0 eV) and con-
duction bands at the Brillouin-zone center. Dots indicate occupancy.

A neighboring impurity X lowers the symmetry from 7, to
Cj3,, splitting the £, levels into a; and e. The ordering of these
levels depends on X: the a; orbital is associated with the
impurity atom. Accordingly, for B, which is less electrone-
gative than C, the B-related a1 orbital is empty and the elec-
tronic configuration is ate'd). In contrast, for N the a; level
is a filled lone pair and the configuration is a’a’e', consistent
with the 2E ground state seen optically for this defect.?®

Oxygen also has a low-energy filled lone pair, yielding
alale?, isoelectronic with (N-V)~. In addition to the vacancy-
related states, however, there are empty bands higher in the
gap, and O-V has an electronic configuration ajaje’ale’. The
additional states reside predominantly on the O—C bonds.

The one-electron configuration leads to three many-body
wave functions (lAl, 3A2, and 'E) but it is not possible to
accurately predict the multiplet splittings using the methods
employed in this study. We have taken the approach of treat-
ing each spin configuration with a single-determinental wave
function. This means that the S=0 energy includes contribu-
tions from 1A1 and 'E multiplets, and we cannot predict the
ground-state effective spin with certainty. However, for
(N-V)~ this approach yields a splitting of around 0.5 eV in
comparison to 0.44 eV calculated previously using the von
Barth procedure where the spin splitting is estimated more
accurately.”® This gives us some confidence in the results
obtained in this study. The spin splittings calculated for
(B-V)~ and (O-V) also favor S=1 by 0.5 eV, and thus we
predict these centers to be EPR active.

The F-V complex differs from B, N, and O due to the
distortion to C, symmetry. However, there is a
simple correlation with the trigonal electronic configura-
tion of (O-V)~, but with the degenerate representations
spliting ~ into  nondegenerate  pairs:  ajaie’a’e’
_)(ar)Z(a/)Z(a/)Z(au)l(a/)()(an)()(a/)().

The electronic structure of the first-row element neutral
X-V centers is shown in Fig. 3. Here we have taken the
average of the spin-up and spin-down orbital energies at a
representative point in the Brillouin zone. This shows the
trend for the gap states to drop in energy as Z increases.

We now turn to the second class of X-V centers. As with
the monovacancy, the electronic structure of the Ds, diva-
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FIG. 4. The band-structure of (S-V)? in diamond in the vicinity
of the band gap along high-symmetry directions in the cubic Bril-
louin zone of the 215-atom cubic supercell. The solid and open
circles indicate occupied and empty bands, respectively. The energy
scale is defined such that the valence band top is at zero. The solid
lines show the band structure for the 216-atom bulk cell for com-
parison. The bands with e, and al symmetry at [" are labeled.

cancy can be generated from linear combinations of the six
DB orbitals.>* Taking one electron from each carbon atom
results the neutral configuration a%gagu Ze g The addition of
group-1III to group-VI impurities adds three to six electrons
to these orbitals, yielding a; gague“e” (n=1-4). In addition to
these orbitals, an a; 1, band is introduced in the upper part of
the band gap in some cases. Indeed, this state is necessary to
accommodate all the valence electrons of neutral halogen-V
complexes.

Mulliken population analysis reveals that the aTg level is
more localized on the impurity atom than the lower-lying
levels. We can take as an example the S-V complex, for
which the band structure is shown in Fig. 4. The total elec-
tron populations on the six neighboring carbon atoms is com-
parable for each of the e, wave functlons and the a, . state.
However, the population on sulfur in al ¢ 1s s like and around
twice that of e,. We conclude that this state arises chiefly
from an antibonding combination of the sp® DB’s on the
carbon with the 3s on sulfur. Indeed, halogen-V complexes
also have empty gap states (e: and a;u) which have the ap-
pearance of combinations of 3p orbitals on the impurities
coupled to the DB’s on the six neighboring C atoms.

The locations of the Kohn-Sham band-gap levels for the
split-vacancy structures are shown schematically in Fig. 5.
As before, we have taken the average of the spin-up and
spin-down energies at a representative point in the Brillouin
zone.

We note that for n=2 we have a similar multiplet issue to
that described for O-V. This applies to group-IV elements,
negatively charged group-III species, and positively charged
pnictogens. In all cases the S=1 configuration is found to be
favored, but only by around 0.2-0.3 eV.

3. Optical activity

Since the local-density-functional approach does not
readily provide a quantitative analysis of the optical transi-
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FIG. 5. Schematic of the defect-related Kohn-Sham states in the
vicinity of the band gap for elements in split-vacancy structures.
Horizontal dashed lines indicate the location of the valence (0 eV)
and conduction bands at the Brillouin-zone center. In the neutral-
charge state shown, the ¢, level (solid circles) accommodates one,
two, and three electrons for the group-IIl, group-IV, and pnictogen
elements and is filled for the chalcogens and halogens. The aT ¢ level
is partially filled for the halogens.

tions, we use the Kohn-Sham spectra in an attempt to obtain
a qualitative picture.

The transitions associated with structure Fig. 1(a) can be
understood from Fig. 3. In particular, the e« a; dipole-
allowed transitions at N-V are reasonably represented by the
Kohn-Sham splitting. Indeed, the presence of band-gap states
suggest that all first-row elements will be optically active in
X-V complexes.

Neutral split-vacancy complexes containing group-III,
group-1V, and pnictogen impurities are also expected to be
optically active, with dipole-allowed transitions occurring
between the ¢, and e, levels. Indeed, this is a model for the
1.682 eV Si-related luminescence, albeit in the negative-
charge state.’® The energy between Kohn-Sham levels is
relatively insensitive to impurity species, suggesting that
centers such as Al-V, Ge-V, and P-V might have zero-
phonon transitions with an energy in the same spectral region
as observed for Si-related luminescence.

Note that the presence of an empty aT ¢ level in the gap
does not render the neutral chalcogen-V optically active
since the dipole selection rules prevent direct excitation pro-
cesses between e, and a? levels and we find the e, level to
be deep inside the valence band. This lack of an obvious
radiative channel may explain the lack of characteristic op-
tical transitions in S-doped material.

Halogen-vacancy complexes (Cl, Br, and I) might un-
dergo excitations involving the a? with empty e, and a,,
bands lying close to the conduction band (Fig. 5). The Kohn-
Sham eigenvalues suggest that such processes would be rela-
tively high in energy compared to the known optical transi-
tions associated with N-V and Si-V.

4. Donor and acceptor levels

X-V electrical levels have been calculated using an em-
pirical “marker” method.!®*> We use B, and P, as the refer-
ence acceptor and donor, respectively. The results are listed
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in Table III, with the trends shown graphically in Fig. 6. The
(0/+) and (-/0) levels, especially among those that adopt
the split-vacancy structure, show clear chemical trends: the
profile of the donor and acceptor levels moving from group
IIT to group VI is the same for the second, third, and fourth
rows of the periodic table. However, the key result is that all
X-V complexes, with the possible exception of Te-V, will
compensate shallow donors.

5. Formation and binding energies

Table III lists formation energy differences
AF' =F/'(X,) - F/(X-V),

with uc taken from bulk diamond. The sign of AE/ indicates
whether X would preferentially adopt X, (AE/<0 eV) or
X-V (AE'>0 eV) in thermodynamic equilibrium. The first-
row elements, as well as isoelectronic Si and Ge, are more
stable as X, with the reverse being true for all other impuri-
ties covered in this study.

The binding energy of V to X, differs from AE' by E/(V)
as

EP(X-V)=E(V) +{F/(X,) - E/(X-V)}.

Since the multiplet energies of V° are difficult to calculate
accurately, we have taken E/(V)=6 eV from recent quantum
Monte Carlo calculations.”

The general trend, as one might expect, is that AE/ (and
hence E”) increases with impurity size (R in Table I). The
majority of “large” impurities yield E/(X-V)<E/(X,), and
then, provided that the formation energies at the surface are
similar to the bulk values, one would expect most impurities
not to incorporate substitutionally.

However, care has to be taken in such an interpretation.
For instance, P is substitutional in as-grown chemical-vapor-
deposition (CVD) material, indicating surface-related
mechanisms. Indeed, there is theoretical evidence that the
formation energy for P at the {111} surface may be substan-
tially lower than in bulk.’® We calculate that the difference in
bulk formation energies for P-V and P, using the 64-atom
supercell is just 1.2—1.5 eV. This is relatively small given
the ~6 eV variation in E/(P,) as a function of depth from a
{111} surface.’®

The equilibrium (theoretical) lattice constant was used in
the preceding results, but impurities lead to changes in this
parameter. Therefore we have calculated the E/ where a zero-
hydrostatic-pressure boundary condition is applied. Mostly
the energy change (EY°"™, Table III) is relatively modest.
Since EYOUme(X-V)<EYolume(X ) this leads to a reduced
binding energy (E*’, Table III).

For the largest impurities the volume effects are quite
large in the 64-atom systems, so we also considered larger
supercells. The values calculated for E" are 8.8, 8.2, 12.7,
and 15.6 eV for In-V, Sn-V, Sb-V, and Te-V, respectively, in
the 216-atom supercell, with EY’ being 8.7, 8.1, 12.5, and
15.3 eV. The proportional differences between the 64- and
216-atom cells are relatively small (<8 %), and qualitatively
the results are independent of cell size. Additional support
for this view is gained from the volume displacements in the
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TABLE III. Calculated data for X-V complexes in diamond. (0/+) and (—/0) refer to donor and acceptor levels relative to the valence-
band top, and U is the energy between these levels. AE = E/(X,)—E/(X-V), and E” is relative to neutral X, and a neutral vacancy. E¥°"™ is
the decrease in total energy when the volume of the supercell is relaxed for X (X-V), and the binding energy adjusted for the volume
relaxation (and change in total energy) of both components is E”’. The volume displaced by the presence of X (X-V) is listed as AV in units
of ay/8 of bulk diamond (the volume per host atom), so that volume displaced by a carbon atom is zero by definition; i.e., the equilibrium
volume of the 64-atom supercell is 8a3+AV. S is the calculated ground-state effective spin. All energies in eV.

X Sym. S (0/+) (—10) U AE/ EP(X-V) EYolume E'' (X-V) AV

B Cs, 1/2 0.9 1.6 0.7 -42 1.8 0.0 (0.0) 1.8 0.3(0.3)
Al Ds, 1/2 0.7 1.3 0.7 04 6.4 0.3 (0.0) 6.1 0.2(-0.3)
Ga Dy, 1/2 1.0 1.7 0.7 0.6 6.6 0.4 (0.1) 6.3 0.6(=0.1)
In Dy, 1/2 1.2 1.9 0.7 2.8 8.8 0.8 (0.2) 8.2 1.0(0.6)
Si Dy, 1 0.3 1.4 1.1 -1.6 4.4 0.3 (0.0) 4.1 1.7(0.7)
Ge Ds, 1 0.6 1.8 1.2 -1.1 49 0.4 (0.1) 4.6 1.6(0.5)
Sn D3y 1 0.9 2.1 12 23 8.3 1.0 (0.4) 7.7 1.5(0.3)
N Cs, 1/2 1.2 2.0 0.9 -2.5 3.5 0.2 (0.0) 33 1.6(0.1)
P D3y 1/2 0.3 1.0 0.7 1.5 7.5 0.3 (0.0) 7.2 2.0(0.5)
As D3y 1/2 0.7 1.4 0.7 3.0 9.0 0.5 (0.1) 8.6 1.8(0.8)
Sb Dsy 1/2 1.0 1.7 0.7 6.4 12.4 1.2 (0.3) 11.5 1.8(0.8)
0 Cs, 1 1.6 3.1 1.5 -1.3 4.7 0.0 (0.0) 4.7 2.0(0.9)
S Dy, 0 0.0 33 33 43 10.3 0.3 (0.0) 10.0 2.4(0.8)
Se Dsy 0 0.3 35 3.2 6.4 12.4 0.6 (0.1) 11.9 2.7(1.2)
Te Dsy 0 0.7 48 4.1 10.0 16.0 1.3 (0.4) 15.1 2.6(1.5)
F C, 1/2 1.2 22 1.0 -1.7 43 0.1 (0.0) 42 2.9(1.8)
Cl Dsy 1/2 1.1 2.0 0.9 4.0 10.0 0.5 (0.1) 9.6 3.1(1.7)
Br Dsy 1/2 1.6 24 0.8 6.3 12.3 0.9 (0.2) 11.6 3.4(1.9)
I Dsy 1/2 3.0 3.7 0.7 9.7 15.7 1.4 (0.6) 14.9 3.6(2.2)

two cell sizes which agree very well: in the 216-atom super-
cell, AV is 2.5, 2.8, 3.0, and 3.3 for In,, Sn,, Sb,, and Te,,
respectively, and 1.5, 1.7, 1.8, and 1.9 for their respective
vacancy complexes (cf. Table III).

As with the electrical levels, chemical trends are also
present in the binding energies, as illustrated in Fig. 7. For
each row of the periodic table there is generally a minimum

C O Al P Cl Ge Se In Sb |
o e ———r—

S5t Acceptor —-0-- ®
U--e-- N

4 LA

s ’ ® [
© I
L | "\ - LN

> 3 [f\ i\ R
o " TR o
2 W Y 8 ,l’ ]

X
°
.\
?

S Ga A
Chemical species

Br Sn Te

FIG. 6. A plot of the electrical levels of (X-V) in 64-atom su-
percells, showing the chemical trends. The values for C represent
the isolated vacancy, for which the levels derived in Ref. 16 are
used. U is the energy difference between the donor and acceptor
states for each defect.

for the group-IV elements, with the binding energy then in-
creasing monotonically for groups V, VI, and VII. This dia-
gram includes a point for carbon, which has a binding energy
of zero by definition. For each column of the periodic table,
E? increases with increasing Z, as one would anticipate based
on notions of atom size.

The binding energies considered thus far relate to neutral
species—i.e., the energy liberated in the reaction

10 12
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FIG. 7. A plot of the binding energies of (X-V) complexes illus-
trating the chemical trends. The solid and open squares represent
the binding energy for (X-V)° with respect to neutral and charged
components, respectively. The solid and open circles represent the
binding energy for (X-V)* and (X-V)~ (Table IV).
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TABLE IV. Calculated binding energies for charged X-V complexes in diamond (eV). All reactions listed

are exothermic.

Reactants Product EP Reactants Product E’
B, W (B-V)~ 0.6 B, %8 (B-v)* 2.4
NS V- (N-v)~ 4.3 N W (N-v)* 0.9
0, V- (0-v)~ 45 o, Vo (0-V)* 3.6
E” V- (F-V) 4.9 F* W (F-V)* 3.0
AL~ W (Al-V) 6.5 AL v (Al-V)* 6.8
si” v (Si-V)~ 5.9 si” v (Si-v)* 4.4
P’ V- (P-V)~ 9.3 P’ W (P-V)* 2.9
S, V- (S-v)~ 9.9 S,* W (S-v)* 6.2
cl’ V- (CL-V)~ 10.8 clt W (Cl-v)* 7.8
Ga,~ W (Ga-V)~ 6.3 Ga, v (Ga-V)* 7.3
Ge,” V- (Ge-V)~ 6.0 Ge,” v* (Ge-V)* 7.5
As,” V- (As-V)~ 10.4 As* W (As-V)* 4.6
Se ’ s (Se-V)~ 11.8 Se,* W (Se-V)* 8.6
Br, V- (Br-V)~ 12.8 Br,* Vo (Br-V)* 10.1
In,~ Vo (In-V)~ 8.7 In” % (In-V)* 9.7
Sn,’ V- (Sn-V)~ 9.1 Sn° v (Sn-v)* 8.9
Sb,? V- (Sb-V)~ 13.6 Sb,* W (Sb-v)* 8.2
Te,” V- (Te-V)~ 14.0 Te,* W (Te-V)* 12.4
1° V- (I-v)- 14.8 Lt Vo (0-V)* 14.4
X0+ V0 (x-V)°, (2)  The data in Fig. 7 use the highest value, E,+1.9 eV,* and

However, V has an (-/0) level at E,~2.65 eV, and there is
evidence for a positively charged vacancy in irradiated
B-doped material.*>>® The precise location of the (0/+) is
not established, but previous computational studies predicted
the (0/+) level to be 1.7-1.9 eV above the valence-band
top,2>* with a second (0/+) level lying a few tenths of an
eV below the first. However, these values are derived using a
charge-state-dependent formation energy without correcting
for the complex multiplet character of the vacancy>*~> or for
the effects of having a periodic boundary condition.®® Both
corrections would tend to lower the (0/+) level. We have
recently performed calculations where we compare the ion-
ization energies of different systems to estimate the (0/+)
levels, and we found that the (0/+) level of V is likely to be
close to the valence-band top.'®
The three likely charge states of V permit the reaction

X+ V™= (X-V)°, (3)
such as would be expected for X=P, and
X+ Ve (X-V)°, (4)

such as for X=B.

The binding energies for these reactions differ from in
Table III by the difference in the appropriate (0/+) and
(=/0) levels. E” allowing for dissociation of (X-V)° into
charged species is included in Fig. 7. E” for charged systems
depends on the accuracy of the electrical levels of X-V, X,
and V, which constitutes a considerable difficulty since the
(0/+) level of V has a theoretical range of E,+0.3-1.9 eV.

where available, we have used experimental electrical levels
for other systems.

In the likely event that V has a (0/+) level lower in the
gap than predicted by Baskin et al.,* X-V dissociation will
not involve V* (e.g., Al-V dissociates into V0 and Also rather
than V* and Al "), with the possible exception of B-V. Dis-
sociation into charged defects does not greatly affect the
chemical trends.

In addition to reactions involving (X-V)° complexes, it
remains to examine reactions of the type

XP 4+ Vi (X-V)PH, (5)

where p+¢q # 0. As with the reactions in Egs. (3) and (4), the
binding energy associated with Eq. (5) can also be estimated
by combining the electrical levels with the binding energy
for reaction in Eq. (2). Table IV lists the calculated binding
energies for various reactions described by Eq. (5), which are
also plotted in Fig. 7. These data show the same trends as for
the neutral species, further suggesting that impurity size is
the most important consideration.

6. Correlation of (X-V) complexes with experiment

In some cases there is experimental evidence for the ex-
istence of X-V complexes. The N-V and Si-V complexes are
well established and not discussed here.

a. B-V. An EPR center with §=1 has been correlated with
boron: W36 is seen in natural semiconducting material and
has trigonal symmetry and a zero-field-splitting parameters
of 103.4 MHz along the Cj axis.®!-6?
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The calculated spin-spin zero-field-splitting parameters
for (B-V)™ are Dy=1255 MHz and D, =-628 MHz. Al-
though this calculation in itself cannot rule out a correlation
between W36 and (B-V)~, we note that for self-interstitial
defects in diamond as well as vacancy-related defects in sili-
con the agreement between the calculated and experimental
D-tensor magnitudes is much better than this.*>%3 Further-
more, (N-V)~, which electronically resembles (B-V)~ in
terms of the spin density, is the W15 EPR center which has
measured zero-field-splitting components of Dy=1920 MHz
and D, =-960 MHz,* and our calculations yield D
=2145 MHz and D, =—-1073 MHz. This tends to rule out
(B-V)~ as a model for W36.

The small values of the D-tensor components may indi-
cate that the defect responsible consists of two spins that are
more spatially separated than in the dangling bonds of the
vacancy.

There have also been electrical levels detected in
B-containing material.®> They lie at 1.30+0.10 eV,
1.14£0.05 eV (Ref. 66) and E,+1.25 eV (Ref. 65). We pre-
viously suggested that these may be related to boron pairs,*
but these levels are also consistent with B-V complexes
(Table IIT). Additional experimental data, such as available
from EPR, would be required to distinguish which, if either,
of these models is correct.

b. O-V. Oxygen has also been (tentatively) assigned to
orthorhombic-I EPR centers (R5-R11),%* many models being
oxygen-vacancy aggregates. Although it appears there is no
direct evidence of oxygen in any of these centers, we note
that R9 has been assigned to (O-V).%* R9 has either S=1 or
§=3/2. As indicated in Table III, we find that (O-V)° has
S=1 in the ground state, but the symmetry is inconsistent
with R9 and, indeed, with R5-R11. In order to obtain the
correct symmetry for (O-V), the O atom would have to be a
more distant neighbor to the vacancy, which we find to be
energetically unfavorable.

c. In-V. Channeling studies of indium-implanted material
suggest the presence of In-V complexes. The dominant non-
substitutional defect is interpreted in terms of a displaced In
atom around 0.45 A from a substitutional site along (111)
towards a bond-centered site.®” We calculate that, even when
complexed with a lattice vacancy, there is a considerable
volume displaced, indicating that multivacancy complexes
would be required to completely accommodate the size of
the In ion, consistent with the conclusions of Ref. 67.

IV. CONCLUSIONS

We have examined the electronic structure and electrical
properties of a wide range of substitutional impurities and
their complexes with lattice vacancies in diamond. In most
cases the electronic structure of the substitutional impurities
can be understood from the vacancy model®® and also for the
X-V centers. Although all defects have deep levels in the
band gap, surprisingly there are a number of cases, such as

PHYSICAL REVIEW B 72, 035214 (2005)

S-V, which are likely to be optically and magnetically inac-
tive, rendering them hard to identify.

The energetics of the complex formation have important
implications for doping. For very large impurities (such as
the fourth-row elements) the binding energy of the vacancy
to the impurity is extremely large, with the maximal value
being around 15 eV for Te-V and I-V. Once formed, the
barrier to dissociation can be approximated by the sum of the
binding energy and migration barrier for the lattice
vacancy—i.e., above 17 eV. However, even for these ex-
treme cases, the binding energy is insufficient to render the
reaction

X, — X-V+1

exothermic, since this would require AE'> E'I: our calcu-
lated values of AE/<10 eV, whereas the formation energy
of the self-interstitial is theoretically around 12—13 eV.*3%

Nevertheless, thermodynamically there is a large driving
force to produce X-V complexes for “large” impurities such
as As and Sb. Whether this is true during growth is not clear,
and it is possible that nonequilibrium concentrations of these
substitutional impurities may be incorporated, as appears to
be the case for P,. In contrast with P, As and Sb are much
more stable when complexed with vacancies, suggesting that
the nonequilibrium incorporation of these potentially shal-
lower donors is less likely.

The alternative, intrinsically nonequilibrium doping
method of ion implantation remains a possibility. A typical
scheme involves the introduction of the dopant species fol-
lowed by a thermal anneal to remove unwanted lattice disor-
der. This process might be expected to work for boron-
implanted material due to the relatively weakly bound B-V.
In contrast for the larger donor species, even if a large frac-
tion of impurities are initially at substitutional sites, it seems
likely that the considerable binding energies of V to (for
instance) As and Sb will drive the reaction in Eq. (3) to the
right. Once formed, they will be very difficult to anneal out,
if they can be removed at all: for As-V the dissociation bar-
rier is estimated from above to be >11 eV. Since the X-V
complexes are compensating defects, even at 50% on-site
donors, the presence of unannealed damage is likely to lead
to very low carrier concentrations. In addition, ionized de-
fects will reduce carrier mobility. Both low donor concentra-
tion and mobility are consistent with typical observations
following implantation doping.

In summary, the large binding energy and electrical activ-
ity of X-V complexes are important limiting factors in the
formation of n-type material, especially via ion implantation.
However, the presence of such systems should be able to be
determined experimentally via EPR and optical experiments
in many cases.
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