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ARTICLE INFO ABSTRACT

Keywords: As a consequence of its high atomic number density, diamond can incorporate a relatively limited range of
Diamond impurities as distributed point-defects, chiefly N, B and H. A few other species can be grown-in, and other im-
Colour-'centres purity species incorporated via implantation and annealing. For applications including electronic, electrical and
?:I::lzlrlll::t;i on quantum devices, the presence of states deep within the wide band-gap is of importance, and the list of potential

colour centres available for exploitation continues to grow. Although B can be grown into diamond at high
concentration, study of other group-13 elements is rather limited. In this paper we present the results of
modelling of Al, Ga and In. We find all species readily form complexes with vacancies, and exhibit electronic
structures that parallel those of the Si—V complex. We report electronic structures, electrical levels, optical
transitions and hyperfine interactions of the colour centres, as well as reflect upon the thermodynamics of the
complexes. We suggest that co-implanting group-13 elements with nitrogen would give rise to the defect charge

states with potential for quantum applications.

1. Introduction

Diamond has recently become the focus for solid-state based
quantum-technology, with the NV and SiV complexes among the
prominent candidates for qubits. Both N and Si can be readily grown into
diamond, as can other impurities including P, B, H, Ni and Co. These
most accessible impurities have therefore represented the chemical
species that have been examined closely for identification in spectros-
copy, and hence for applications as qubits, as well as electrical, elec-
tronic and magnetometric devices.

Outside the extensive literature regarding boron in diamond there
are relatively few studies into the properties of group-13 impurities.
Most of these data relate to annealed indium implanted diamond, with
the selection of ''In based upon its radiodecay process lending it to
identification of the location and local site symmetry [1]. Based upon
emission-channelling and perturbed angular correlation spectroscopy
[1-6], the preferred equilibrium site appears to be around 30-60 % on a
substitutional site, with a significant proportion being present in one or
more another forms that are stable under annealing temperatures up to
1400°C [4]. This seems to be broadly consistent with modelling [7,8] for
In, with the general view being the implanted indium partially resides
on a substitutional site after annealing, but the formation of complexes
with one or more vacancies dominates [6]. While this is consistent with
the view that the implantation of diamond with heavy elements presents
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significant challenges in producing on-site substitutions [1,9,10], it re-
mains the case that such an approach would be consistent with the
deliberate production of impurity-vacancy complexes for colour centres,
such as Ge, Sn and Mg [11-13], with applications in quantum
technology.

While indium has been relatively extensively examined for its site
and annealing behaviour, the data for Al and Ga are scant despite these
elements being adjacent to Si and Ge on the periodic table, both of which
are viewed positively in the context of colour centres for quantum ap-
plications [14]. The data available from computational modelling sug-
gest that both Al and Ga also favour association with a lattice vacancy
[10,15]. However, early data were obtained using relatively small
supercells [10,15], which is of some concern for impurities that result in
significant degrees of strain, such as would be expected for Al, Ga and
especially In, and the more recent studies explore only group-
[II-vacancy complexes [14], and the energetics including the binding
energy of the vacancy to the acceptor, and the energetics involving ni-
trogen as a co-dopant remains to be more fully explored.

In this paper we report the results of a systematic study of Al-, Ga-
and In-containing point defects including interstitial, substitutional and
split-vacancy arrangements, compare with the literature where possible,
and present predictions for evaluation against future experimental
investigations.
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2. Method

Calculations were performed using the AIMPRO [16,17] density
functional theory modelling software package, using the PBE general-
ised gradient approximation [18]. Pseudo potentials [19,20] with 3, 13,
4 and 5 electrons in the valence sets for Al, Ga/In, C/Si and N, respec-
tively, eliminating core electrons. The explicit inclusion of the d-elec-
trons for Ga and In is required because these orbitals are resonant with
the diamond valence band and contribute both to bonding and the
magnetic properties. Kohn-Sham functions were expanded using atom-
centred, independent Gaussian orbital functions [21]. All impurities
were modelled using independent s-, p- and d-type functions with four
widths [21], whereas carbon were treated with fixed linear-
combinations of s- and p-orbitals of four widths, augmented by a set of
d-Gaussians to account for polarisation. Hamiltonian matrix-elements
were generated using a plane-wave expansion of the charge-density
[16] and Kohn-Sham potential with a 175 Ha cut-off, yielding well
converged total energies (better than 0.1 meV/atom) with respect to this
parameter.

Modelling is within the supercell approach, using 1000-atom cells
made up from 5 x 5 x 5 conventional unit cells. Integration over the
Brillouin-zone for calculation of the total energy follows the Monkhorst-
Pack (MP) sampling scheme [22]. To determine an estimate of the
impact of the choice of sampling scheme, a range was used for defect
centres containing aluminium: the gamma-point, the R-point and grids
of 2x2x2x2and 3x 3x 3. We find that using the gamma-point
approximation results absolute total energies are typically converged
to around 0.1 eV, and relative energies, such as between charge states, to
be converge to around 10 meV. Thermodynamically unfavourable
charge states were less well converged, resulting from the depopulation
or population of the host valence or conduction bands, but no cases
resulted in uncertainties that effect the conclusions being drawn for this
study.

Structure were mostly optimised with a fixed volume boundary
condition, with the lattice constant was taken to be that of bulk dia-
mond. For the sample case of substitutional In, being the case with the
largest compressive impact upon the surrounding material, we also
optimised the structure allowing the lattice to change. The resulting
changes to the structure, total energy, and observable properties are
noted in the Sec. 3.1.

Formation energies [23] of system X in charge state g, E¢(X, q) are
obtained using Eq. (1),

Ef(X7 q) :EY(X7 q)fzni/’li+qﬂg +)((X* q)*, (1)

where E;(X, q) is the total energy, n; is the number of species i having a
chemical potential y;, , is the electron chemical potential relative to the
valence band maximum (E,) and y(X, q) is a periodic boundary condition
correction, taken to be the Madelung term [24]. Atomic chemical po-
tentials are taken from elemental references, being N»-gas, diamond,
fcc—Al, orthorhombic-Ga and tetragonal-In.

Reaction energies are determined from differences in formation en-
ergies. Since the ground state value of Ef (V°) is challenging to determine
due to multiplet effects, reactions we use the quantum monte-carlo
result of 6 eV [25].

Charge states transitions between g; and g, are the values of 4,
satisfying Ef(X,q1) = E¢(X,q2), and binding energies are defined as
Ey(AB) =Ef(A) + Ef(B) — Ef(AB), so that a complex made up from A and
B with a lower in energy than its components yields E? > 0.

Hyperfine tensor principal values and directions were determined as
described previously [26,27].
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3. Results
3.1. Substitutional Al, Ga and in

We start with the simplest group-13 defect: substitional Al, Ga and In
(Xs). The covalent radii of the impurities exceed that of C by 65 % or
more, so the neighbouring diamond is compressed, with the C—C back-
bonds being compressed by 2.6, 2.6 and 3.1 % relative to the bulk C—C
bonds for Al, Ga and In, respectively. The computed equilibrium struc-
tures vary slightly with charge state, and the nearest-neighbour dis-
tances are listed in Table 1. There is a large bond-length strain in all
cases. The use of covalent radii as reference lengths for this comparison
should not be taken as a precise quantitative measure of the strain, but
rather an indication that the strain experienced increases with
increasing atomic number, as corroborated by the compression of the
neighbouring C—C bonds.

For In; we optimised the structure subject to both a constant volume
and free boundary condition. The free-boundary condition resulted in a
slightly larger lattice constant of 3.577 A (less than 0.1 % expansion),
and the In—C distances change by less than 0.002 A.

The band structure of the neutral acceptors reveals a ¢, state above E,
containing a single hole. X? is in principle a Jahn-Teller system. For A1
we examined a range of distortions, including those resulting in Cs,, Dag
and Cy, point group symmetries, all of which have the potential of
raising the 3-fold degeneracy of the t, band. The energy difference be-
tween the optimised structures with lowest energy, and that constrained
to Ty, is found to be around 11, 106 and 56 meV for Al, Ga and In,
respectively. In all cases the energies of the D,y and Cs, arrangements
are found to be close in energy, similar to that found for neutral sub-
stitutional phosphorus [28]. Given the relatively small computed Jahn-
Teller energy for Al and In, we suggest that all three impurity species
effectively favour a T; symmetry all but low temperatures, and any
Jahn-Teller distortion may be dynamic in nature. The possibility of a
static Jahn-Teller distortion for Gas is of some interest, but we note that
in all cases the Jahn-Teller energy is much smaller than the reaction
energies we focus on later in this paper.

The presence of an empty state within the band-gap is consistent
with the anticipated acceptor behaviour, with the depth of the acceptor
level meaning that Al, Ga and In would not be effective p-type dopants as
the room temperature ionisation fraction would be rather low. The
estimated —/0 levels are consistent with earlier studies [10]. The
acceptor level of In; is independent of whether the volume is fixed or free
to within around 60 meV. We note that although A1 was analysed in
some depth a recent study [29], as the motivation for their study was
convergence of energies with cell size (and other parameters) the centre
was not optimised and the results cannot be easily compared directly
with the current study.

We note the relatively high values computed for Ef (X?) (Table 1) are
consistent with the bond-strains, suggesting that Al, Ga and In are un-
likely to form substitutional impurities in high concentrations in equi-
librium (they may be of more significance in ion-implanted samples).
Ef(X;) can be obtained using Ef (X;) = Ef(X?) + (E— /O —p,). A pre-
vious estimate of Ff(Inl) of —9.8eV is based upon a non-standard

Table 1

Calculated X-C bond-length (A) for XJ. Strains (%) are relative to sums of co-
valent radii of C, Al, Ga and In (75, 126, 124 and 142 pm). Formation energies
and acceptor levels are calculated as defined in Section 2. — /0, are expressed
relative to E, and all energies are in eV.

All Al Ga? Ga, In? Ing
X-C 1.79 1.78 1.81 1.80 1.92 1.91
Strain 12.5 13.1 10.2 10.8 13.0 13.4
- /0 0.7 0.7 1.3

E 7.7 - 10.0 - 15.4 -
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specification of the formation energy [7], and cannot be directly
compared to the value presented in Table 1.

Since the —/0 levels are relatively deep, in the absence of a
compensating donor one would expect to observe X; in the neutral,
paramagnetic state. We have estimated the hyperfine tensors, which are
entirely isotropic for the impurity site by symmetry, yielding values of
94, —79 and —196 MHz for 2’ Al, 3Ga and !°In, respectively.

3.2. Impurity-vacancy complexes

The high bond-strain of X; makes them obvious candidates for a
vacancy trap. With the exception of the first two rows of the periodic
table, impurity—vacancy complexes preferentially adopt a split-vacancy
structure [10], where a pair of neighbouring C-atoms is replaced by an
impurity located at their mid-point, shown schematically in Fig. 1. This
(X — V) arrangement has D34 symmetry with the impurity lying at the
inversion point.

The split-vacancy structure provides more space for the impurity,
and Table 2 list the X-C distances for a range of charge states. For all
cases the bond-strain is <3%, similar to split vacancy centres such as
(Si— V) and (Ni — V) which are observed in experiment. These strains

(a)

Fig. 1. Schematic representation of the equilibrium structure of (a) (X — V) and
(b) (X — VN) in a [110] projection. Grey, yellow and blue spheres indicate C, X
and N, respectively. The underlying cube indicates the cubic axes of
the diamond.
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Table 2
C-X distances in (X — V) (10\) as a function of charge state. Bond-length strain in
parentheses are calculated as for Table 1.

Charge (effective spin)

+1(8= 0(5=1/2) -1(5= —2(8=1/ -3(S=
0) 1) 2) 0)
(Al—-V) 204 (- 2.03 (- 203 (— 2.02 (— 2,01 (—
1.6%) 1.2%) 0.8%) 0.3%) 0.1%)
(Ga—V) 205(— 2.05 (— 2.04 (— 2.04 (— 2.04 (—
2.9%) 2.7%) 2.5%) 2.5%) 2.5%)
(In-V) 211(+ 211 (+ 211 (+ 212 (+ 213 (+
2.9%) 2.9%) 2.8%) 2.5%) 2.1%)

are much lower than the corresponding X;, as are the formation en-
ergies, which we find to be 7.0, 8.8 and 11.1 eV for (Al — V)°, (Ga — V)°
and (In — V)°, respectively. In all three cases E' <(X - V)0> <F(X?),

suggesting (X — V) are more likely to be present under equilibrium
condition.

Many (X — V) centres in diamond are identified by optical transitions
between band-gap states, making the band-structure key to predicting
these observables. A simple model [30] of six carbon orbitals of a
divacancy yields an ajgaz,eue; electronic configuration. The six unsat-
isfied bonds and three valence electrons from the impurity populate
these orbitals, yielding a7,a3,eje;,
cases constrained to D34-symmetry. This is also consistent with previous
studies [10,14].

As with X0, (X - V)°? possesses a partially occupied, orbitally
degenerate band, and is therefore potentially subject to a Jahn-Teller
distortion. We find that for (Al— V) a distortion to Cy, symmetry
lowers the energy, but by less than 10 meV. For Ga and In no stable
distortion has been obtained. Given the relatively small Jahn-Teller
energy, we confine ourselves to the D3y form in the remainder of this
report.

Partially occupied gap levels suggest (X — V) may adopt a range of
charge states, and the locations of the calculated charge transition levels
are listed in Table 3, along with relevant comparator defects computed
for this study. There is broad agreement of the location of the electrical
levels with previous estimates [10,14], although the triple-acceptor
level, which is potentially accessible for (Al — V), was not report in
either of these studies. The addition of electrons to the defect leads to an
increasing population of the gap-states made up from the sp-hybrids
localised predominantly upon the carbon atoms neighbouring the im-
purity. The addition or removal of charge to the defect complex should
not be thought of as ionisation of the impurity, as the orbitals involved
are more strongly connected to carbon atoms. Rather, the oxidation state
of the impurity is relatively constant as a function of the charge state of
the complex, and it change in partial charges is mostly associated with
the six carbon atoms neighbouring the group-13 site. As shall be shown
later in this paper, the idea that the charge is not directly connected to
the impurity is consistent with the corresponding weak dependence of
the hyperfine interactions at the group-13 atom site.

which is precisely what we find for

Table 3

Calculated charge transition levels for impurity-vacancy complexes, denoted as
q1/q2 for a change of charge state between g; and q,. Values expressed in eV
relative to E,. Values obtained using formations energies, as described in Section
2.

o/ + - /0 2-/1- 3—/2—
(Al-V) 0.4 1.2 2.5 3.5
(Ga—V) 0.7 1.6 3.1 4.1
(In—V) 1.0 1.9 3.5 4.2
N, 2.8 3.9
NV 0.9 1.9
(Si—V) 1.2 2.1
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We find (X — V) are deep electron traps, so in n-type material they
would preferentially adopt a negative charge state. The PBE underesti-
mate of the band-gap is reflected in the locations of the donor and
acceptor levels, so we focus upon the relative energies of the donor and
acceptor levels. The 2 — /1— levels of (Ga — V) and (In — V) lie above the
0/+ level of Ny, meaning (X — V)'~ is expected for Ga and In if N; is
present, whereas both (Al — V)'~ and (Al — V)*~ are predicted to be
energetically favourable in the presence of N;.

The energy liberated in the reaction X# + V% —(Xy)® depends upon
U, via their formation energies; E°(u,) is plotted in Fig. 2, along with
relevant comparators (N and Si). For each reaction the line shows how
the reaction energy depends up the value of the electron chemical po-
tential. The charge states involved in the reactions are those that
represent the thermodynamic equilibrium for each value of y,. For
example, in the case of Al¥ + V92— (Aly)%, for values of y, up to around
0.4 eV the reaction is between the reactants in their equilibrium charge
states in this range, i.e. g1 =0, g2 = 0 and g3 = + 1. In the reaction, the
electron moves between the component in the reaction, in this case
(Al — V), and a notional electron reservoir which defines y,. Since the
charge is conserved only by involving this notional reservoir, the bind-
ing energy depends upon y,. For y, between 0.4 eV and 0.7 eV, all three
charges are zero, so there is no involvement of the electron chemical
potential as the charge is conserved between the three components. In
this way, the calculated reaction energy, E?, allows for one to envisage
the reactions taking place in an arbitrary background, which may be
linked to defects such as substitutional nitrogen, that would effect the
Fermi energy but not be involved directly in the reaction, or linked to
electrical effects such as the application of a bias. E? reflects thermo-
dynamics and is therefore under the assumption that charge can move
freely during the formation or dissolution of the complex, so one might
weight the significance of the zero gradient sections, which are charge
conserving, more heavily, and consider the overall range of values
across the full band-gap to compare the relative stabilities of the dif-
ference impurity-vacancy complexes.

What is striking is that EP is significantly lower under n-type condi-
tions than p-type, and the reaction energies for In are significantly
higher than those of Al and Ga. This is a consequence of X; and (X — V)
being acceptors, and the high formation energy of Ins (Table 1). The
comparable reaction energies for NV lie between 2 and 4 eV, much lower
than the binding of V to Al;, Gas or In;. However, the binding energies
are similar to those for Si, which is known to be stable under relatively
high-temperature annealing and growth conditions.

For the group-13 impurities, capture of a V liberates at least 5.5 eV,

- - Al+V—> AlV In+V— InV ---= N+V—> NV
— Ga+V— GaV Si+V— SiV
12 T T T T T T T
11
10
9
8 e
o I i i
% 6 i i
5
4 s =T
3 - A
10.0 05 10 15 20 25 30 35 40

U /eV

Fig. 2. Energy liberated in the reaction X¥' + V%—(X — V)* as a function of
#.. The gradient is g1 + g2 — g3, so horizontal sections represent charge
conserving reactions. Each vertical grid-line marks a charge transition level for
a reactant or product.
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and for Al and In the reaction energy exceeds Ef (V°). We conclude that
the formation of (X — V) centres is generally energetically favourable
under all doping conditions. Furthermore, since the migration barrier of
V0 is around 2.3 eV [31], the dissociation of (Al — V) would have a
barrier of at least 8-9 eV, so unless (Al — V) is able to migrate as a unit it
is expected to be stable under normal growth and post-implantation
annealing conditions. Indeed, it is expected that all three (X —V)
cases will be highly thermally stable. We now turn to the prediction of
spectroscopic characteristics of the (X — V) centres.

The band structure for (Al — V) is shown in Fig. 3 for the equilibrium
charge states. As the number of electrons in the e, doublet increases from

(Al— V)" to (Al —V)*", the defect bands move upwards in energy
relative to E,. However, the inter-level spacing remains relatively con-
stant, with the e, level lying around 1 eV below e, for all charge states.

The states in the vicinity of the band-gap at the R-point in the
Brillouin-zone are plotted for all three impurities in Fig. 4, the simplified
presentation adopted to facility comparison. The location of the e, and e,
band shows upward trends both with increasing number of electrons and
with atomic number of the impurity. The location of the e, level close to
E, agrees with previous modelling [7,10], although precise location of
the e; is deeper than in Ref. [10]. Comparison with Ref. [7] in the case of

(In — V)° is less clear as the dispersion in the gap-states we find using the
64-atom cell, I'-point approximation and local-density approximation is
0.9 eV, in contrast a dispersion of just 10 meV in the 1000-atom cell.
Nevertheless, the reported [7] value of E, + 1.75 eV is consistent with
our values of E, + 1.4 eV and E, + 1.8 eV for the majority and minority
spins, respectively.

From the band structure we have estimated optical transition en-
ergies, the resulting approximate zero-phonon line (ZPL) energies being
summarised in Table 4. For each species the trend is for the optical
transition energy to increase slightly with increasingly negative charge.
In diamond with g, dictated by the addition of N;, negative charge states

are more likely to be present than (X — V)°. (X — V)° have only occupied
bands in the band-gap and are unlikely to be associated with a sharp
optical transition. Moreover, although there is evidence for doubly
charged colour centres in diamond [32], to our knowledge there is
currently no evidence for the presence of a triply charged defect in
diamond. We therefore focus our analysis upon the —1 and —2 charge
states.

For (X — V)~ the transition is ellell elltell, and for (X — V)*~
this is e}!*ellt < ell'elM, both of which are dipole-allowed. We find

that the energy differences between the occupied and empty bands de-
pends principally upon chemical species, not charge states. Such energy
differences represent the electronic structure of the ground state
arrangement of the atoms, and may therefore be viewed as an estimate
of a vertical transition in optical absorption.

The values for Ga and In based complexes in the negative charge
state agree rather well with more sophistocated approaches [14], which
estimate the values to be 1.82 and 2.12 eV, respectively.

Harris et al also explored the impact of Jahn-Teller effects exten-
sively, noting that (Ga — V) and (In — V) have relatively similar expected
line shapes when including phonon coupling in the D34 < D34 optical
transition mechanism [14].

An alternative method to the crude value based upon the band-
structure for estimating a transition energy involves determining a
self-consistent energy for an excited state where bands are occupied on a
selected basis to simulate the excited state. For (Al — V), this yields a
value of 1.2 eV, compared to the band-structure estimate of 1.1 eV,
providing some confidence in the use of the band-structure to estimate
the transition energies. In this estimate the excited state energy is ob-
tained using the optimised structure for the excited state population of
the bands, but we note that the relaxation energy from the ground state

structure is very small at around 15 meV. This suggests that (Al — V)~
would emit in the near infrared, similar to the (Si — V)0 centre [33]. In
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Fig. 3. Band structures for the 999-atom supercell in the vicinity of the band-gap along high-symmetry branches of the first Brillouin zone of (a) (Al — V)1+ S =0),

(b) (Al — V)0 S =1/2), (c) (Al - V)l’ S =1), ) (Al - V2 (s =1 /2) and (e) (Al — V)3’ (S = 0). Blue (red) lines represent occupied (unoccupied) bands, with
underlying shading being the envelopes of the valence and conduction bands of the defect free diamond reference. The zero on the energy scale is E,. Red-blue dashed

bands indicate partially filled, doubly degenerate states.
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Fig. 4. Electronic structure in the vicinity of the band-gap for (X — V)°. E, is
zero on the energy scale, and the bands are taken from the R-point in the simple
cubic Brillouin zone. The underlying blue and pink shading shows the valence
and conduction band edges, and for each system the green regions indicate the
range within the band-gap below the Fermi energy, so bands within the green
are occupied, and those in the white areas are empty. Partially occupied bands
are at the Fermi energy.

contrast, (Ga — V) and (In — V) are predicted to absorb and emit in the
visible range. It is possibly helpful to benchmark the estimated transition
energies against known centres, and we note that the band-structure
based estimate for NV—, that has a well-known ZPL at 1.945 eV, is
1.9 eV. Although this agreement is good, we are not claiming that the
crude estimates for ZPLs in Table 4 will be within a tenth of an eV of
experiment in the event that the group-13-vacancy complexes are
detected in experiment. Rather, we would suggest that the uncertainties
in the optical transitions are more realistically a few tenths of an eV, but
the reasonable agreement for the NV centre gives some additional

Table 4

Zero phonon transition energy estimates (eV) associated with the ground-state
spin configurations for each of the potential charge states for (X — V), X = Al,
Ga and In, based upon band-structure at the R-point in the Brillouin zone. For

(X — V)°, the two values correspond to the majority and minority spins (see
Fig. 3(b)).

Charge
X 1 0 -1 -2
Al 0.8 0.9/1.0 1.1 1.1
Ga 1.2 1.4/1.6 1.9 1.8
In 1.4 1.6/1.8 2.0 1.9

credence to the estimated transition energies presented in this study.
Finally, since stable charge-states are predicted to be paramagnetic,
we have also estimated the hyperfine interaction tensors, with the re-
sults listed in Table 5. The principal values at the impurity site are
relatively insensitive to charge-state, and relatively small in magnitude.
The hyperfine tensor for the impurity is axial, with A along [111] and
two equal components, A, perpendicular to [111]. For all impurity

Table 5

Calculated HFI tensor components (MHz) for selected sites of D3g-symmetry
(X-V)°, (X=V)'" and (X-V)* intheS =1/2, S=1 and S = 1/2 states,
respectively, for ?7Al, ®*Ga and ®In. A| and A, are the principal components
parallel and perpendicular to the Cs axis of the split-vacancy, and A5, and A,
are the isotropic and anisotropic contributions, respectively.

x-v° x-w (X-v*

X Ay Al Ay AL A Al

Al 64 62 50 48 35 33

Ga — 227 — 242 — 214 — 228 — 200 — 214

In — 292 — 311 - 273 — 293 — 254 — 274
Aiso Auni Aiso Auni Aiso Auani

Al 63 1 49 1 33 1

Ga — 237 5 — 223 5 — 209 5

In — 305 7 — 286 7 — 267 6
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species and charge states the hyperfine interactions are predicted to be
largely isotropic; we note that this is similar to the cases of (Si — V) and
(S — V), both of which exhibit isotropic interactions [26,34-36], which
follows from the fact that the unpaired spin is dominated by contribu-
tions from the sp® hybrids associated with the six neighbouring carbon
atoms.

3.3. Complexes with nitrogen

We have also examined the energetics of complexes involving ni-
trogen, including both N;-X; and (X — VN). Our primary interest in
these cases is not the production of a colour centre that might have
properties suited to quantum applications, but rather to explore the
energetics in materials co-doped with a group-13 element for the colour
centre, and N for the source of electrons.

N;—X; centres are all found to prefer the nearest neighbour pairing
and are bound by 3.0, 2.6 and 3.0 eV for Al, Ga and In, respectively, for
the reaction N + X, —(N; — 7Xs)°. Neither Ny—Als nor N—Ga; possess a
donor or acceptor level, and N-In; is predicted to have donor level at
around E, + 0.4 eV. None of these donor-acceptor pairs are expected to
give rise to any electronic transitions, and would be challenging to
directly detect in experiment.

The complexes formed by the addition of a nitrogen impurity to (X —
V) is depicted in Fig. 1(b), with nitrogen preferentially residing at one of
the six sites adjacent to the group-13 impurity. The energetics of for-
mation and dissociation are more complicated than the corresponding
(X — V): one might envisage (X — VN) dissociating or forming by one of
the following routes:

(X — VN) o V+X,—-N,,
(X-VN) o (N-V)+X,
(X-VN) o (X-V)+N,.

We find (X — VN) & (X — V) +N; is most energetically favourable
(Fig. 5), with the energetics for (Ga— V) and (In — V) being virtually
indistinguishable.

The reaction energies in Fig. 5 represents thermodynamics equilib-
rium, but one might also consider the dynamics for formation and
dissociation. An approximate activation energy for dissociation can be
obtained from summing the binding energy and the barrier for diffusion
of the most mobile component. As an illustrative example, for p, at the
(N — V) donor level, one might compare the sums of the binding energy
and the migration barrier of N;, V or (N — V), for which we take the
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Fig. 5. Reaction energy for formation/dissociation reactions for (X — VN)
complexes as a function of y,. The gradient equals q; + g2 — g3. Horizontal
sections represent charge conserving reactions. Black, red and blue lines
correspond to the reactants X + (N — V)%, (X;-N)#+V% and (X - V)" +
N, respectively. Solid, dashed and dotted lines correspond to Al, Ga and In,
respectively.
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values 7.9, 2.3 and 4.8 eV, respectively, the barriers being for concerted
exchange for N; [37] and V [31] and a ring mechanism for NV [38].
Then the dissociation barriers for the three mechanisms would then be
around 9, 11 and 12 eV in the production of V, (N — V) and (X — V),
respectively for Al. This means that if any of the three (X — VN) com-
plexes was to form, it is very unlikely they would dissociate under the
annealing conditions typical of the treatment of diamonds post
implantation.

As with other systems, we have determine the charge transition
levels for (X — VN) centres, and we list the values in Table 6, and it is
worthy of note how similar these are to the corresponding values for
(X — V) (Table 3). Fig. 6 shows the location of the states in the vicinity of
the band-gap at the R-point in the Brillouin-zone, which also show
similar trends to the band-structures of (X — V) with charge state, but
the presence of the nitrogen atom breaks the symmetry resulting in only
orbitally non-degenerate states.

The neutral and q = +1 charge states possess optically allowed
transitions, with ¢ = £1 also being paramagnetic. Formation of (X —
VN) centres would most probably occur in n-type material, so the most
likely charge states to occur are ¢ = — 1, although the second acceptor
level of (Al — VN) is very close to the donor level of N;. The combination
of optical and magnetic signatures not only lend themselves to experi-
mental detection, but also align with the potential exploitation as
quantum emitters with parallels to the NE8 candidate [39]. However,
the potential of (X — VN) for quantum technology applications remains
to be more fully explored.

3.4. Interstitial impurities

We round off the results with a brief description of interstitials, as
this is among defect structures previously explored for comparison with
experimental studies [6,7]. Experiment [2] appears to rule out the
presence of indium at a T-site, but other arrangements could not be
excluded as contributing to the non-substitutional fraction after im-
plantation and annealing to 1400°C.

To determine the equilibrium structure, we modelled interstitials at
the T and H sites, a [001]-split-interstitial, the trigonal bond-centred
structure presented in Ref. [7] and complexes made up from X; in
proximity with a self-interstitial. The lowest energy arrangements are
either a perturbed T-site location with an adjacent broken C—C bond, or
a X,-self-interstitial combination. Indeed, in the case of In, in the
absence of a symmetry constraint the interstitial impurity spontaneously
displaces a neighbouring carbon atom.

Formation energies of interstitial impurities are high, being 17, 20
and 25 eV for the neutral charge state for Al, Ga and In, respectively.
This represents 9, 10 and 10 eV more than the substitutional cases. We
conclude interstitials are highly unfavourable and unlikely to form in
significant concentrations, and in the case of indium a single In-
interstitial cannot be formed even as a metastable configuration.

4. Discussion and conclusions

The intriguing prospect that presents itself is whether or not the
group-13 elements, Al, Ga and In, can be introduced by implantation to
form (X — V) centres that can be controllably charged by co-implanting

with nitrogen. Since Ef <(X - V)O) < F/(X?) for all three cases, one

might expect complexes with vacancies to dominate over substitutional

Table 6
Calculated charge transition levels for (X — VN) expressed in eV relative to E,.
0/ + - /0 2- /-
(Al — VN) 0.5 1.3 2.7
(Ga— VN) 0.6 1.7 3.2
(In — VN) 1.0 2.1 3.6
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Fig. 6. Electronic structure in the vicinity of the band-gap for (X — VN)%.
Colours and labelling is as in Fig. 4.

sites, although in practice this depends not only upon the energy of
formation but also upon the formation mechanism.
In the case of Ga and In, we find that negative charge states other

than (X — V)'~ are not energetically favoured as the donor level of N;
lies below the second and third acceptor levels. The likelihood of the

formation of (Al — V)®~ is marginal, with the calculated donor level of
N; lying just 0.3 eV above the 2 — /1— transition.

The production of either the Ay, or 2E, states of (X —V)'~ and

(X — V)*7, respectively, are analogous to (Si — V)® and (Si — V)'~ colour

centres that have already been extensively scrutinized, both experi-
mentally [40] and via first principles modelling [41]. We propose that
co-implantation of a group-13 impurity, particularly Al or Ga, with ni-
trogen present potential candidates for charge-stable colour centres with
underlying electronic configurations that lend themselves to further
investigation as quantum bits. The anticipated optical transitions lie in
the 1-2 eV range, and with the binding energies relative to dissociation
into a X; and a vacancy being considerably higher than both the binding
energy and diffusion barrier of NV, (Al — V) and (Ga — V) centres are
considerably more thermally stable. Indeed, experiementally In-
implanted diamond has been evaluated to contain In-containing cen-
tres, possibly (In — V), that are stable to at least 1400°C.

Our predictions of the electrical levels, optical transitions and
particularly the hyperfine tensors provide direct routes to experimental
identification of such centres in Al, Ga or In implanted diamonds.
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