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Substitutional oxygen-nitrogen pair in diamond
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Nitrogen is the most important defect in diamond forming a series of aggregates that are used to characterize
different types of diamond. Aggregation of substitutional N and O are investigated using detailed
ab initio plane-wave calculational procedures. Different charge states of the N-N substitutionéhpair
centej are considered as well as states of an adjacent O-N substitutional pair. Both are suggested to be stable
defects, and in charged negative form Q] defect can lead to shallow defect levels. There is substantial
local lattice distortion due to a strong repulsion between ions and this leads to shortened C-N bonds, on which
there is a related buildup of charge relative to that on a normal C-C bond, and this is responsible for the
shallow levels. Possibly such a defect could even lead to efficient electron emission in a very highly nitrogen
doped diamond.
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I. INTRODUCTION teracts with N. After all, the main source of amtype char-
acter in diamond would probably relate to the presence of N

Nitrogen is the most important defect in diamond. As awhich in itself is responsible for raising the effective Fermi
simple substitutional defect N it forms a deep level at energy in the material and characterizing different types of
~1.9 eV below the conduction-band edge with a well-diamond.
defined magnetic-resonance signal that is often labeled as the There could also be some other applications related to
P1 center: These levels are not conveniently located nearstrongly n-type diamond that could be associated with elec-
the conduction-band edges to make diamond an efficiertron field emission or even a negative electron affinity in the
electronic semiconductor, and for this reason a variety omaterial. Field emission from diamond would involve the
other chemical defects are now being investigdtéditro-  supply of electrons to the bulk material and then transport of
gen can also pair with other N defe¢tdthe simplest form  electrons to the surface, and finally emission from the sur-
being a nearest-neighbor N pafiN-N] labeled as theA  face. Efficient emission measurements will reflect aspects of
center’ This is one of the most common defects in diamondeach of these processes. Sowetrsl!® have suggested that
and it can also be observed in the positively charged fdrm. nitrogen donors incorporated into diamond films are associ-
In fact, aggregation of N in diamond is quite common andated with additional defects that enhance field emission.
this feature leads to a convenient way of classifying diamond.itovchenkd* has recently suggested a physical model that
into different types depending upon the nature of the N ageould lead to a very efficient field emission and even a nega-
gregation. Simple substitutional Nclassifies diamond as tive electron affinity effect in a covalent material. The quali-
type Ib, the presence &k centers classifies the diamond astative idea is the presence of some small interatomic dis-
being type I&. It has also been suggested from electrontances in the material leading to very large local electron
spin-resonanc¢éESR) measurements on powdered diamondcorrelations and to an effective repulsion of free electrons
that the overall behavior of th& center depends on the prop- from essentially shallow defect states in the crystal. Strong
erties of other defects close to or even on the surface dfond compression on defects in a highly covalent material
diamond° This follows the observation by Loubgéthat  such as diamond coupled with a very high effective Fermi
the intensity of theA center ESR signal varied with average level would therefore make diamond a suitable candidate in
particle size. light of the Litovchenko model. Should the additional feature

Oxygen on the other hand has been suggested to lemd tothat the defects lie in close proximity to the surface, then the
type conductivity in diamond, although recent electronic potential of negative electron affinity being displayed would
structure calculatioris? have shown that such an observa- be enhanced.
tion cannot be associated with a simple substitutional neutral In this paper, we shall investigate properties of charged
oxygen center @. Calculations indicate that the defect lev- states of substitutional N-N and O-N pairs in the diamond
els are quite deep and exhibit features similar those of #attice. TheA center in diamond which has tentatively been
simple carbon vacancy. The theoretical work did also suggestuggested to lie in the vicinity of the diamond surfaée
that in the negatively charged form, occupied shallow levelgshought to have properties that are affected by the surface
may arise and the defect could give risenttype conductiv- and other defects present in the material. We also argue that
ity. Within the supercell calculational procedure employed,charged states of bofiN-N] and[O-N] centers can be stable
the defect levels associated witla @re found to exhibit both in diamond, especially at very high N or O concentrations
shallow and deep characters in as far as they show significamthere effectively the Fermi energy in the material is quite
dispersion with superceK-space vectors over the supercell high. Such negatively charged centers also have a shallow
Brillouin zone. The nature of how such a center acquireslefect character. The repulsion between N and O also leads
charge needs further investigation and especially how O into relatively low values of doubly occupied N-C and O-C
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FIG. 1. Energy band of th®1 center (N) and three charged
bonds but with an increased electron charge density over thatates of the center in diamond. Four supercillpoints have been
of pure diamond. The compressed N-C bonds could possiblysed and the curve is a guide to the eye. The lower shaded region
also result in a negative electron affinity in line with the represents the fully occupied valence band.
mechanism proposed by Litovchenko.
depending upon the nature of the host material but can be
Il. COMPUTATIONAL ANALYSIS calculated implicitly from the calculated Fermi energy of the
) defect system relative to the energy of the valence-band
Soft pseudopotentials generated through the method prepaximum?® The calculated band gap of diamond is 4.5 eV
posed by Troullier and Martinwith plane-waves of cutoff  compared to 5.5 eV from experiment. It is well known that
64 Ry have been used in the present work. A cubic superceflpa severely underestimates the band-gap energy for super-
consisting of 64 atoms was used and all atoms in the supege|| calculations and this needs to be borne in mind when
cell were aII_owe6d to relax self-consistently. Four special SUtonsidering defect energy levels. We hasten to point out that
percellK points® have been used to obtain the charge denthe conventional description of the Fermi level has recently
sity with electronic interactions evaluated using the local-peen disputed by Collifi8who has argued that the position
density approximatiodLDA).*" Specific values of thes&  of the Fermi level does not necessarily predict the correct
points are given in Table | and there we have indicated hownarge state of a defect. Collins proposes that the charge state
these relate to the tswo-atom unit cell values as discussed Q¥ influenced by the proximity of the defect to a donor or an
Harker and Larklné_. _ __acceptor. In light of Collins arguments, defects that are close
We have considered neutral, negative, and positivg,egrest neighbors would clearly be important.
charged forms of the defect, the latter being modeled by aAnother feature of defect aggregation is the relative en-
simply adding or removing an electron from the 64-atomergy of the aggregates compared to their separate bulk units.

supercell. In the case of a simple O and N aggregate pair, this would be

We have also considered the energy of formation of thejiyen from the following balance equation obtained in the
oxygen defects which is specifically defined in the case of &a|culational procedure:

simple[O-N] defect pair as®
Eform=E(Ce20N) —62uc— po— int Apte Eag=E(Ce20N) +E(Css) ~ E(C30) ~E(CeN)
whereE(Cq,0) is the total energy of the supercell with one and this term is independent of chemical potential terms that
C atom replaced by the O defect and another by N. Th&'ere discussed earlier. But, as we shall see, this relationship
chemical potentials arg. for C—here taken from a calcu- needs to be treated with caution as it presumes exact bulk
lation on pure diamond. For O, we obtair, from a recently conditions which may not be the case. We recall, for ex-

reported stable structure for a solid-state molecular form ofMPI€, the observations on tie center which tentatively
oxyger?®2 as discussed earlié?2and the value ofuy has suggest that this defect may exhibit subtle variations in prop-

been taken from a calculation on the N dimer as used in ) ) )
calculations of N in GaA&324The final term in the expres- TABLE Il. Formation and aggregation energies for some neu-
sion for E . érally charged defects.
form 1S included to accommodate charged defect
and represents the energy needed to obtain charge from sorme
. . . . . De
background potential. This term is necessary to maintain

fect Eform(€V) Eag(eVv)

charge neutrality of the above expression By, as in N 0.76
calculations of charged forms of the defect, electrons argn-N] —357 ~5.09
either added or removed from the supercell. The valug of Oc 4.79

can vary between € u.<E,, wherekg, is the energy gap
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TABLE lll. Lattice relaxation about different charged forms of
1 the[N-N] defect. The nearest-neighbor distance in perfect diamond
\\\ Ne is 1.54 A.* shows that earlier calculations are from Rgf6).
— ™ -
SLE -1 S Defect dy_n(A) dy_c(A)
E e )
u IN-N]~ IN-N] [NN]* 1.91 1.46
-3 P T [NN] 2.132.14% 1.491.46%)
e [N-N] [NN]~ 191 1.50
-5
0 1 3 4 5

value of the Fermi energy. Table Il gives the extent of lattice
E(eV) relation about both the neutral N [N-N], [N-N]*, and
_ ) [N-N]~ defects; again there is agreement with early cluster
FIG+. 2. Formation ent:‘rgl_es of th_ecN and theA center as  model calculationg’

[N-NJ", [N-NJ, and[N-N]" with Fermi energyE; . The chemical potential for N is taken from a calculation
n the N dimer and as we can see has led to a low formation
nergy for N:, consistent with correct expectations for the

observed abundance of this defect as Bie center in dia-

mond. The calculated formation energy of various forms of
IIl. RESULTS AND DISCUSSION the [N-N] center are also low implying that this center is
As implied in the Introduction, there are many factors readily formed again consistent with the observation that it is

affecting defect aggregation in diamond and the expressioftSC & very common defect in diamond. Similarly, the calcu-
for the aggregation energy as presented above does not trd§ted aggregation energy is defined in this case as

allow for any energetics of defect formation. The equation is _ _

simplistic from the point of view that it neglects possible Eag=E(CeaiN) + E(Coa) ~ 2E(Coa)

roles played by secondary defects—for example, distandlso indicates that N aggregation to makgN-N] is very
vacancies—or the location of the defect relative to the surtikely—as indeed is observed. This conclusion does demon-
face that may also indirectly accommodate any lattice relaxstrate that theA center is a very common defect in diamond
ation and affect the aggregation energy. For this reason, wand the fact that N aggregation occurs is well documented.
use the relation betweendNand the well-knowrA aggregate  Now proceeding to calculations related to the interaction of
[N-NT] to benchmark the accuracy of the present calculationN with O, we use th¢N-N] results as a reference benchmark
We consider the variousone-electrop energy levels and for our calculation.

also the relative values of the defect formation and aggrega-

tion energies in several charged forms. Thereafter, we con- B. P1 and interaction with substitutional O defects

sider some different possible O-N complexes and identify . . .
their relative stabilities. When we present the defect energy NOW We consider the Nthat is located directly next to

levels, we recall that the conduction-band minima of bulkOc—in many ways, this is a similar defect to thecenter.
diamond occurs in the regioR<K<X of the supercell, a Furthermore, in line with thé center notation, we label such

point that has been alluded to in a recent paper a defect agO-N]. Through the formalism described above,
' some indication of the relative stability of the various charge
forms of the[O-N] defect and the relative aggregation aof O

erties as it may be found near to the surface of the diamon
rather than in the bulk material.

A. P1 and A center formation

In Fig. 1, we show the defect-related band structure of
Nc, [N-N]*, [N-N], and[N-N]~ defects in diamond and in ONT”
Table Il we give the calculated formation energies of these 5.0 [ ]
defects and also that for thec@enter. Figure 2 shows the  ~ [ON]'
variation of the formation energy with Fermi energy. A de- %
fect energy level emerging for bofiN-N] and[N-N]* cen- ~
ters is located around the middle of the energy gap in agree-
ment with early cluster model calculatidhsind this level is L 0
completely filled for[N-N]. With [N-N]~ the additional [ON]++
electron occupies a perturbed conduction-band level, there is
variation in energy of this state witk vector following that 25 ‘ . . ‘
of the conduction-band showing that an extra electron is oc- 0 1 2 3 4 5
cupying a level that is pinned to the conduction-band. How-
ever, the calculated formation energy [M-N]~ shown in Ef(eV)

Fig. 2, whilst still being quite low, is always slightly higher
than eithef N-N]* or [N-N] meaning that it would be un- FIG. 3. Formation energies of the nearest-neighbor substitu-
stable and as such not observable even with a very higtional [O-N] pair in various charge states with Fermi eneEy.

25+

[ON]*

form
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9 N TABLE IV. Lattice relaxation about different charged forms of
the [O-N] defect. The nearest-neighbor distance in perfect diamond
O is 1.54 A.
. Ne——r ——N——— Defect do-n(A)  do-c(A) dyc(A) dc c(A)
S (5o |
= 5 occupied [ON]** 1.94 1.60 1.47 1.51
e ’fhal:ow [ON]* 2.15 1.52 1.45 1.51
& T p /MN\FGN/- ave [ON] 2.15 1.60 1.45 151
; O gy TONT] [ON]™ 1.97 1.57 1.48 151
- [ON]™™ 2.17 1.64 1.45 1.48
1 2 3 41 2 3 4
K-points located between N and O and this is the origin of the va-

, cancy character.

FIG. 4. Energy-band structure of various charged forms of tpere is a related repulsion between the N and O ions
[O-N] nearest-neighbor pairs in diamond. Vertical arrows denotg, hich we can see from the calculated inter-ionic spacings
electrons. The occupied shallow level showr<i6.3 eV below the between ions shown in Table IV and where the distance be-
last part of the conduction band and arises from the strong compress cen O and N~2 A in all charged forms. Compared with
sion of a C-N bond as discussed in the text. . Lo o : .

the unrelaxed interionic distance in diamond of 1.54 A, this
] ) relaxation is substantial. As the N or O ion moves relatively
and N (the P1 centej can be obtained. In Fig. 3, we nowW gutward, the outer bonds between N and C are compressed
show the calculated formation energies for various charggnd, as seen in Fig. 5, a build up of charge arises. Specific
states of thO-N] defect and in Fig. 4 the defect related gistances of the N-C and O-N bonds are also included in
band structure. _ Table IV. Each of the three N-C bonds are substantially re-

The behavior follows that found earlfrfor the simple  guced to~1.45 A when in the defect takes the charged form
substitutional @, namely, that the higher the Fermi energy [0-N]~~. The smallest value of the C-C bond length is
the more likely it is to find the defect in a negatively chargedspown in Table IV—this is only very slightly below the
state. This is contrary to our calculations for theenter. AS  ygjue of 1.54 A for the exact diamond lattice so that the
with simple substitutional @ several defect levels appear in rejaxation associated with N and O are quite localized. From
the energy gap and some of these we relate to a vacancylife group theoretical point of view, the shallow highest oc-
character of the defect. This can be seen from the Chargéhpied state of O-N]~~ is a degenerate level in the point
density about th¢O-N] center. A typical charge density plot group C,, of the defect symmetry. This level has an inter-
is shown in Fig. 5 specifically for the double negatively gsting origin. Following the defect levels for the different
charged form of this defecfO-N]~~. Very little charge is charge states as shown in Fig. 4, it is at f@N]~ charge
state that a slight distortion of the conduction-band states
start to occur and then withO-N]~—such a state becomes
occupied. The lower-energy states, as we have stated are as-
sociated with deep vacancy-related states. The emerging
shallow level associated with the strongly compressed N-C
bond.

Stability of the[O-N] defect is evident from the calcu-
lated formation energies shown in Fig. 3, the stability of the
defect relative to its separate forms can be measured from the
aggregation energy. Here, we make the assumption that the
defect is formed from thé1 center and a ©in a charged
form, and aggregation energies are given in Table V. These
values have to be treated with some cation as we outlined
earlier but we see that the values are not far from those

TABLE V. Aggregation energies for thig-N] center.

Defect Eag(eV)

[O-N]T* —3.67

oot [O-N]* —2.38

[O-N] -5.17

FIG. 5. Charge density about th&-N]~ ~ defect in the[110] [O-N]™ —4.08
crystal plane. lon locations are for the fully relaxed lattice. Contourg O-N]~ ~ —4.82

are in units of ne/(bohfF).
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calculated for theA center. Thus, all charged forms of the conductivity. This defect introduces substantial local lattice
[O-N] defect are quite stable but significantly[i®-N]~ . distortion with the outward relaxation between O and N
causing compression of the N-C bonds, where there is also a
buildup of electronic charge relative to bulk diamond. The
IV. CONCLUSION compressed bond is responsible for the shallow level features
of the negatively charged form of the defect. At a qualitative
culations presented here have shown that both the positi Iev_el\ll,]fkle Csohuagllz\(/jvnvtv)i/tp;]e (,f h;rr%cr:]tglry olfoégﬁzggarbg&%udpef%?t

and neutral forms of this_ dgfect are likely _but any negativ_el charge, adjacent C-N bonds may possibly lead to an efficient
charged form not so. This is consistent with our observationg|ectron emission. Furthermore, as there is some analogy of

Subsequen;ly, using results of tAeenter asa benchmark to ihe [O-N] defect to that of theA center, given that ESR
our calculations, we then argued that a similar defect to\the resuits have suggested that this defect is located near the
center[O-N], an adjacent substitutionalcCand N: is stable  diamond surface, then shol®-N] defects follow a similar

in diamond. As with @, the defect has both a vacancy char-behavior, this would also strengthen their potential role as
acter and yet in the highly negatively charged form wouldshallow n-type centers and even possible bulk sources for
exhibit a shallow defect character that could lead todype  negative electron affinity.

The A centerfN-N] is a common defect in diamond. Cal-
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