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Extended defects in diamond: The interstitial platelet
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The structure and properties of tf@01} planar platelet in diamond are investigated usifginitio theory.
We find that a carbonaceous model, based on a layer of self-interstitials, satisfies the requirements of trans-
mission electron microscopy, infrared absorption data, and energetic considerations. The energetics of self-
interstitial production during nitrogen aggregation are considered. It is found that the growth mechanism of the
platelet involves a thermally activated release of vacancies from platelets. The role of vacant sites and platelet
nitrogen are also investigated and it is shown that these defects embedded within the platelet could account for
the observed optical activity.
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[. INTRODUCTION platelets and an infra-red absorption band with a maximum

Platelets aréd001} planar structures found only in type la between 1358 and 1373 ¢rh labeledB’, had already been
diamonds, i.e., those containing nitrogen predominantly imoted*® The absorption patterns of the two common nitrogen
aggregated forms. Typical platelets possess a length scale aggregates in type la diamonds: thalefect composed of a
tens of nanometers, but some extend to a few.!> They  pair of neighboring substitutional nitrogen defettsnd the
were first observed in x-ray diffraction measuremérgs B defect composed of a lattice vacancy bordered by four N
anomalous spikes corresponding {@0h} reflections e.g., atoms®°were also known. Woods found that for so-called
{001}, {002, {003 etc. These reflections are forbidden by the ‘regular” samples which form the majority, the integrated
diamond lattice and their origin was a mystery until Frank intensity of theB’ band was linearly related to the concen-
suggested that they were due to the condensation of impuritation ofB centers-> Moreover, the densities of atoms in the
ties onto{001 planes causing a distortion to tetragonal sym-Platelet and the density d8 centers are comparabl€This
metry. He reasoned that the impurity platelet leads to a lattic6uggests that the formation of tgecenter and platelet are
displacement of about 0.8 001) to account for a weak connected and explains why platelets are rarely found in type
{003} reflection and suggested Si as the cause because of #&A diamonds, where there are fe centers, and often
size and chemical similarity to carbon. found in type laB material containing fe#y centers. Woods

Transmission electron microscopyTEM) revealed then suggested that carbon interstitials could be released
around 16°-10%° atoms cm® in the plateletd and for the whenB centers were formed, and these then condensed onto
original assignment to be correct the concentration of S{100 planes forming plateletS. Such a model based on a
would have to be comparable with this. However, analysis of2yer composed of carbon interstitials could explain another
the debris formed when diamonds are burned showed th&roblem with the Lang model encountered by previous the-
type la diamonds did not contain appreciable amounts of gpretical modeling® That study found the vibrations of nitro-
but instead copious amounts-(.2 at.%) of nitrogef.  9en and carbon atoms at the core of the platelet, led to fre-
Lang’ subsequently proposed an elegant and highly influen-
tial model for the platelet shown in Fig. 1 involving a pair of
N atoms replacing each carbon atom if0@1} plane. Using
simple covalent radii for the N and C atoms, the lattice dis-
placement caused by this platelet is estimated te-bBe3a,
in rough agreement with experimetft-'°Although the Lang
model has formed the basis for many subsequent investiga
tions, electron energy loss (EEL) spectroscopic
investigation§' "1 have shown that the concentration of ni-
trogen within the platelet was very much lower than two
monolayers required by the Lang model. Consequently, the F|G. 1. Schematic of the Lang, nitrogen double layer model for
Lang model cannot be a correct description of the platelet. the {001} platelet(Ref. 7). On the left is a section of pure diamond

A different model of the platelet had been suggested folwith a {001} layer of C atoms shaded. On the right this plane of
lowing a detailed infra-red absorption study by Wodd#&  atoms has been replaced by pairs of N atdistsown in black
correlation between the intensities of the x-ray spikes due taligned along/001).
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guencies that fell below the Raman frequency and hence th
Lang model was unable to account for tBé band. o
Annealing studies carried out on type Ib diamonds, where

N is in the form of isolated substitutional impuriti&sye-

vealed that the nitrogen atoms aggregated leading first to th
formation of A centers and second, at temperatures arouncz
2500 °C, under a stabilizing pressure of around 10 GPg&, to O
centers along with platelets. It is remarkable that a process )
that took place over millennia in the Earth was reproduced in FIG. 2. _Sf:hemat'c ofa) the O3 center composed of thr&801)

the laboratory in a few hours. The creation of *man-made” SPIt Interstitials, andb) the Humble structure composed of four
platelets then allowed infra-red absorption studies to be un(_OO:I) split interstitials. A section of pure diamond is also shown for

) . comparison. The sixfor O3) and eight(for the Humble defegt
15y 1 1
dertaken using mixtures ofN, N, **C, and **C. These ,ioms forming the split-interstitial pairs are shaded, with the fully

investigations found that th&’ band did not appreciably coordinated atoms in black and the threefold atoms in gray. The
shift with >N,2% which rules out a nitrogen origin to tHg’ reconstructed bonds are indicated by the dashed lines.
band. However, the shift of the peak witiC was smaller
than expected for a purely carbon model. It is possible thatow energy optical transitions. These previous calculations
this is due to variations in platelet size which also affects théhave also shown that carbonacious platelets are consistent
location of theB’ band® or possibly to anharmonic effects. ~ With the location of the8” band***°the infrared active local
Nevertheless, platelets do not appear to arise as a result yibrational modes of the tetrainterstitial compleg. 2(b)]
electron irradiation of chemically pure type Ila diamortls, Were found to lie at 1349, 1362, 1401, 1420, 1421, and
even after anneals identical to those needed to create them }»69 ¢m ~. They are close to bands at 1372, 1426, and pos-
type Ib diamonds. This is a problem with the interstitial SIoly 1520 and 1540 cnif, assigned to platelefs.
model which we shall return to. It would have been interest- The principal aim of the present study is explore the
ing to study the effect otarbonimplantation into type lla Mechanisms driving the growth and, ultimately, the dissolu-
diamonds followed by annealing in the same way as thdion of these planar aggregates, with particular reference to
formation of extended self-interstitial defects in Si has beerin€ Nitrogen aggregation process. We therefore examine the
studied. models of the platelet with reference to the energetics of
The platelet is unstable at a temperat(#800—2700 °C nitroggn and se_lf—interstitial aggregation using first principles
and pressures where graphite is stablonder these condi- Modeling techniques. _ _
tions the platelets dissolve and perfect dislocation loops with AS & byproduct of this study, we also find possible expla-
Burgers vectorgay(011) (Ref. 25 or an(100) (Ref. 26 are nauon; for the spectro;coplc chgractens_tms of Fhe platelgts
formed. At the same time small octahedral voidites are?y deriving the electronic properties of disorder in the peri-
formed which EEL experiments suggest contain nitrogerfd'c pIa_teIe"t structures, i.e., from nitrogen impurities and
molecules under pressure. Hirsehal?® suggested that the ~Vacancies. We shall show for the first time tha’g the com-
mechanism by which platelets shrink was the capture of vaP!€tély nitrogenous Lang model for the platelet is energeti-
cancies, probably created by the anneal, and the transform&&/ly unstable against the formation®tcenters, and provide
tion of the platelet into perfect dislocation loops, along with c@ndidate structures of the nitrogen contaminants with the
voidites, can be accomplished by interaction with a glidec@rbonacious structures. o
dislocation which generates Bardeen-Herring climb sources e als% 3‘3)(93”0' upon the preliminary result reported
on the platelet. previously?®3° with additional details regarding the phonon

Woods, however, was not the first to suggest the platelet igands, the first report of.theoreticall eleptron energy_loss
composed of interstitials. Using TEM, HumBlefound a  SPectra, as well as presenting for the first time the energies of
platelet lattice displacement; 0.4a, Whi'Ch he thought too alternative structures for extended interstitial defects based

large to be explained by the Lang model. He then suggeste®! those seen in silicon and germaniwig. the {113 and

that a larger displacement would arise if the nitrogen atom llj}f rodlike de_fects. _ . -

in the Lang model are replaced by carbon, with pairing of the Sl_nce there is ewdence t_hat the platelet is a self-lnte_rstltlal
dangling bonds. This rebonding could be done in many waySPecies, we briefly review in Sec. I A our understanding of
but one of the basic units of the structure is a defect shown ife!-interstitial defects. Section I B summarizes the theory of
Fig. 2(b), which was later recognized to be a complex of fourNitrogen aggregation, and Sec. | C describes, in greater de-
self-interstitials denoted bl,. 28 More recent TEM studié? tail, the results of experiments on platelets. We then describe
show that the structure 601 platelets along011) is dif-  OUr method in Sec. Il and give our results in Sec. Ill. Finally,

ferent from(011) but these differences could still be consis- we report our conclusions in Sec. V.
tent with a rebonding of a layer df, defects> We have
previously published theoretical studies regarding the ener-
getics and intrinsic properties of perfect carbonacious plate- The planar self-interstitial defects can be best understood
lets. There we showed that the Humble model is consisterih the light of what is known about the smaller clusters of
with many experimental observatioffs>° although the per- 1-4 interstitials, which we have previously examined in
fectly periodic structures cannot explain others, such as thdetail>®*? The structure of small self-interstitial clusters can

A. Self-interstitial aggregates
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The single self-interstitial and tetra-interstitial have for-
mation energies around 12 and 5 eV per interstitial,
respectively>*?This enormous reduction is due to the elimi-
nation of dangling bonds and the residual energy reflects the
strain energy of the defect. These formation energies imply
that the equilibrium concentrations of the interstitials will be
negligible and they can only be produced through irradiation,
implantation or as the result of the aggregation of impurities
such as nitrogen.

At first sight, it might be thought that the latter process
could lead to the kick-out of self-interstitials in the same way
as oxygen precipitation in Si generates silicon-interstitials.
Although there are parallels between the two processes, as
both involve the creation of vacancy-impurity defects, the
essential difference resides in the interstitial nature of oxygen
in Si and thus strain-reduction plays an important role in the
creation of the self-interstitiaf In the case of diamond how-
ever, strain may not play such an important télas the
volume expansion of substitutional nitrogen and nitrogen ag-
gregates in diamond is similar or smaller to that of interstitial
two split-interstitials are separated lay/ 2. A section of pure oxygen In silicon. Mo_r_eover, there aré great dlf‘f_erences be'
diamond is also shown for comparison. Rbf and (c), two of the tween (_jlamor_u_j and silicon in t_he relative forrr_]atlon energies
atoms associated with each split-interstitial pair can be fully reb-Of Self-interstitials and vacancies: the formation energies of
onded(shown in black while the others each possess a single danvacancies and interstitials in Si are believed to be roughly
gling bond(shown in gray. equal[ ~3-4 eV (Refs. 39-42 whereas in diamond the
vacancy has a formation energy ef6 eV* and, as stated

L . . above, the self-interstitial is twice that value at 12 eV.
be understood by considering first the isolated self-

interstitial. This consists of a pair of atoms sharing a lattice
site, bonded to the lattice, and aligned alof@1). Thus
there is a dangling bond associated with each atom sharing As stated above{001} platelets are formed in diamond
the lattice site, as shown in Fig(83. When the spins of the When nitrogen dissolved in the lattice aggregates. It is gen-
electrons in each dangling bond are parallel the subsequeffally believed that the interstitial species that ultimately
S=1 center has been identified with tiR® electron para- form platelets arise from this nitrogen aggregation process,
magnetic resonanciEPR defect®3 This structure of the and_ it is theref_ore of key importance to understand the ener-
single interstitial is readily appreciated as one which pos9€tics of the nitrogen aggregation processes. There is a con-
sesses the least number of dangling bonds. S|derab_le literature dedicated to nitrogen aggregation and the
Low energy forms of the di-interstitial arise when tids propertlgs of the aggregateg the_mselves_, and we therefore
are brought together in such a way to eliminate a pair ofummarize here only the main points pertinent to the platelet

dangling bonds. This can be done in several ways FigurgrOblem' : . 0 e

3(b) shows one lway which has been associated Witkﬁbe Annealing type Ib dlamonds{,Ns]~ 192 cm %, around .

EPR cente whereas another structure shown in Figc)3 2000K, results in the first stage of nitrogen aggregation
o . ) . 535 When nearest neighbor pairs, labeled centers, are

has been tentatively linked with theH3optical centef® formed2L24*4Thus

Both theR1 and Humble structures have been proposed as '

building blocks for the platelets:*® Nt N A

A tri-interstitial can be created by adding a third intersti- S

tial to the 3H form of I, shown in Fig. 8c) in such a way whereNg is the isolated substitution&l defect. TheA center

that again only two dangling bonds survive. Thigdefectis is depicted schematically in Fig.(&. The formation ofA

shown in Fig. 2a) and has been assigned to th8 EPR  centers is sometimes accompanied by the formation of com-

center which possesses the safe symmetry’>3’ A de-  plexes of a vacancy with two nitrogen atorf'§N,, Fig.

tailed calculation showed that the fine structure term found i(b)] which gives rise to the optical peaks labeld@ and

magnetic resonance is in agreement with experiment. Thisl3. The activation energy for the growth of A-centers has

family of self-interstitial aggregatesRl, 3H, and O3,  been experimentally found to be5 eV?!

strongly suggests that the structure of the tetra-interstitial At temperatures above 2500 K, thecenters anneal out

involves the addition of a further split-interstitial in such a andB centers are formed. TH& center is a complex of four

way that all dangling bonds are eliminated. This defect isnitrogen atoms and a lattice vacari§N,, Fig. 4c)].*® One

shown in Fig. Zb) and has @ ,4 symmetry. This defect may mechanism in whictB centers are formed involves the dif-

be formed whenO3, created ine-irradiated diamond, an- fusion of A centers and the kick out of an interstitial when

neals out around 450 °C. two A centers react:

FIG. 3. Schematic ofa) the R2 EPR center assigned to a split-
interstitial, (b) the R1 EPR center assigned to a close-by pair of
split interstitials, andc) the Humble ring di-interstitial where the

B. Nitrogen aggregation

3
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sufficient to determine their core struct§r& The TEM mi-
crographs typically showW001} platelets as rectangular ob-

jects with edges aligned along thél10) and (110)
directions, although irregularly shaped platelets are also

seen. A crucial observation is that th&10 and(110) di-
rections in the plane of the platelet anequivalent In some
cases a weak periodicity of close tBa, is seen in the
(110 direction®

The dilation of the lattice perpendicular to the plane of the
platelet has been measured to be 8g3@Ref. 8 and 0.39,
(Ref. 9 for 20—-30-nm and Jtm platelets, respectively.
These values agree well with the early estinfafesm the
x-ray diffraction (0.34a,) and the large-angle convergent-
beam electron diffraction technigtfavhich yielded a value
of 0.4, for a large(1-um) platelet. The size dependence of
the lattice dilation is probably related to edge effects and the
value of 0.4@, for larger platelets is believed to be consis-
tent with models based on carbon interstitilsuch as that
proposed by Humblé&’

FIG. 4. Schematic representations of the nitrogen aggredajes.
the A center composed of a neighboring pair of substitutional N
atoms,(b) VN, or H3 center, andc) VN, or B center. Gray and
black atoms represent carbon and nitrogen, respectively. The dash
circle indicates the location of a vacancy. A section of bulk material
is also shown for comparison. 2. Optical activity

Platelets have been associated with a broad luminescence
A+A—B+lI, (1) band®* centered at 1.25 e\@90 nm), which impairs the
efficiency of optical windows made from natural diamonds.

with | representing the self-interstitial. At temperatures . ) . .
P g b For ‘giant’ platelets it has been shown that this absorption

whereB centers are formed, the self-interstitial is mobile and

can be trapped at sinks such as the surface, dislocations aRgnd is strongly polarized with the electric field lying in the
platelets ' plane of the platelet.High energy absorption and lumines-

Alternatively, B centers can be formed without the pro- clzznce ba;ndsl,_ aliognd 4|'6 alnd 4'.|f1h@70 anc_i.280 fn?:(%%fb
duction of an interstitial. Thus centers could trap thermally 1)2a5re also dmzseo /;(;g ate4ezs/.4 5 € mLens(;nes oft Ie | nm
generated mobile vacancies, and form a relatively mobile( 25 eV an nni4.4/4.6 eV bands are related to

; ; / 47 "
VN, species H3 defec}. B centers can then be formed di- the |n_tenIS|t|y Ef (;heB lbar|1d. ?Eer t(;alnsn_lons have been d
rectly in the reactions: tentatively linked to platelets. A broad luminescence aroun

580 nm(2.14 eV} has been linked to the platelet, or a point
A+V—H3 and A+H3—B. 2) defect located near 1 VN; defects which luminesce at
2.985 eV(the N3 band has been detected in the vicinity of

Other possible mechanisms exist such as the dissociatidgiant’ platelets. Their polarization is the same as that exhib-
of the A center and the formation of fir&fN, followed by ited by the broad-band luminescence, taken to imply a pro-
otherVN,, species and ultimately b9 centers. Some support nounced local straiff Differences between the N3 transition
for this mechanism comes from the observation/df;, as-  in the presence of platelets and those in the lattice have been
signed to the N3 optical center, whBrtenters are formet?.  interpreted in terms of a local narrowing of the band ¢ap.
However, such defects are in the minority and the main prodzero phonon line at 491 nm also exhibits a strong polariza-
ucts areB centers and nitrogen defects within platelets. tion, but only in material containing platelets.

All these mechanisms lead to the formationBtenters It is clear that the compressive strain caused by the plate-
but only the first, in Eqg. 1, leads to the formation s#lf- let could attract vacancy defects leading to a number of
interstitials The observations of vacancy centers along withbroadened optical transitions. It would have been interesting
B centers gives support to the latter reactions being dominarto follow the evolution of the optical bands when “man-
but then leaves a major gap in our understanding as to thmade” platelets are formed and also the changes caused by
origin of the self-interstitials which aggregate to form plate- platelet dissolution and the formation of dislocation loops.
lets. We shall return to this problem below but note here that As mentioned above, th8’ infrared absorption band
the activation energy for the production & centers around 1370 cm! has been connected with platelets. The
has been crudely estimated in the annealing experiment to kgosition of B’ increases with the size of the platefdthut
~7 ev? lies in the range 1358—1378 crh This shift may be due to

an increasing displacement, and hence strain, in larger plate-
C. Platelets: experimental data lets or it may reflect a change in nitrogen composition.

The B’ band is accompanied by other IR-absorption fea-
tures, notably one at 328 crh and a number of local modes

Platelets were first observed in TEM by Evans and Phaaineasured at 1426, and possibly 1520 and 1540'cthPre-
in 19622 but until relatively recently the resolution was in- vious modeling has associated the 328-érband to a bend

1. Transmission electron microscopy
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mode of a single nitrogen speci®sThis defect anneals
around 2300 °C where platelets are stable and cannot the
play an essential role in the structure of the plat&let.

3. Electron energy loss spectroscopy

OfBE -14
Eleptron energy loss spectrosc LS) has ShPWH. FIG. 5. Schematics of the core of the lingdl3 defect ob-
that nitrogen is present in detectable concentrations in most

platelets. However, the concentration varies dramatically, lySe"ved in silicon and germanium projected onto the@jl plane.

ing between 6% and 61% of a monolay&r* The fact that  The Vertical and horizontal axes d#13] and [332] respectively.
the nitrogen concentration is so variable suggests that it is ai® shows the structure generated by the insertion of a s[rigle]
adventitious contaminant rather than constituting an essentighain where the rebonding with the lattice results in adjacent five-
component of the structure. A low concentration is consistenf@mber rings(b) after one bond-switch the five-member rings are

with the insensitivitﬁz of the B’ band in diamonds contain- separated(c) shows the structure after a second bond switch, the
ing platelets and doped witheN basis of the{113 defect. Five- and seven-member rings are shown

EEL spectroscopy also provides information regarding th&>Plcitly

local bonding configuration of N in the platelet. The nitrogen . . . .
K-edge threshold suggests that nitrogen is bound in a ‘dia- In Si, the bulk of RLDs inhabit 4113 plane, but a mi-

mondlike environment'® However, the precise bonding con- nority (~10-15%) lie in {111 plane®®~*"The structure of
figuration is uncertain. Kiflawet all* state that the similar- the_se is not completely understood but they possibly involve
ity in the C- and N-related-edge spectra imply that they (110) chains lying in a{11% plane’® as shown in Fig. 7.
have similar bonding configurations. However, a detailed ex- Nis structure can be understood in terms of an aggregate of
amination of thek-edge onset suggests that the nitrogen is ifhe primitive (110 chains shown in Fig. @) in the habit

the form of N pairs® This would imply that N in the platelet Plane shown by the dashed line.

is in a different environment from carbon since thecenter
possesses a dilated N-N bond, rendering the N atoms essen-
tially threefold coordinated?

There have been no reports to date of low-loss EEL stud-
ies which provides information on dipole allowed transitions
between occupied and unoccupied electronic states in the
vicinity of the band edges. In anticipation that such results
will soon become available, we investigate theoretically the
low-loss EELS spectrum of platelets in Sec. | C 3.

4. Interstitial related extended defects in other materials

Interstitial related 100y platelets have been found follow-
ing deuteron-implantation and high temperature anneals in
Ge (Ref. 51) and occasionally in S¥ However, the more
common extended interstitial defects both in Si and Ge are

rodlike defects(RLDs), which are aligned along110) and
inhabit {113 planes**3-5" and {111 planes®~%° RLDs
have been extensively studied by a combination of TEM and
theoretical modeling. The structure of th&l3 and {111}
rodlike defects is presented schematically in Figs. 5, 6, and
7. The core of the defe¢Fig. 5a)] is made from a chain of

self-interstitials inserted into 4110y channel. The chain is
bonded into the lattice so that each atom is fourfold coordi-
nated, except the ones at the end. The simplest rebonding is
shown in Fig. %a) but further distortions, involving bond FIG. 6. Schematics of three varieties of a periodically continued
switching must occur to account for {413 habit plane. set of(110) chains which form a{113 planar defect, projected
These are shown in Figs(§ and 5c). Finally, the separa- onto the (1D) plane. The vertical and horizontal axes gr&3] and

tion of chains in the{113 plane must be considered. Figs. [332] respectively. The light-shaded areas indicate one period of
6(a)—6(c) show some of the models that have been suggesteghch structure, and, for structuri@s and(c) the darker shaded area
for silicon. The formation energy per interstitial in the RLD, shows the apparent periodicity where it differs from the actual pe-
as estimated by a tight binding method for silicon, is 1.3 eViod. The aggregates can be described by their apparent periodicity
compared to the formation energy of a single isolated interas (a) /1/, (b) /10/, and(c) /110/, wherel represents the single
stitial of 3.9 eV This shows that a single interstitial is chain shown in Fig. &), andO an “empty” [110] channel which
bound to the RLD by 2.6 eV. forms an eight-member ring, indicated by an asterisk.
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&

FIG. 7. Schematic structure of{d11} planar interstitial aggre-
gate, projected onto the (_I):) plane. The vertical and horizontal D
axes arg111] and[112], respectively. The periodicity is indicated D
by the gray band.

=

”~N
—(
There is no evidence th&t13 defects occur in diamond, -
but {113 and{001} platelets coexist in germanitir? sug- e
gesting that, at least for this material, these structures are (

competitive in energy. The difference in interstitial platelets 110) \;
in diamond from those in Si and Ge is striking and will be

investigated in Sec. Ill E. FIG. 9. A schematic representation of the unit cell of the

R1-platelet model. The reconstructions betweeR1" centers
D. Planar interstitial aggregate models [ABCD, see Fig. #)] lead to the elimination of dangling bonds

Many microscopic models for platelets have been pro2nd aré indicated by black bondsg.,B-B" andD-D").

posed, but we shall confine our discussion to purely carbo

X X ~~above, for a nitrogenous species. The basis of the carbon
aceous models given the lack of evidence, as explaine

odels for the platelets can be understood in terms of the
model first proposed independently by Hunfbléor dia-
mond and Ferreira-Linfa for germanium. Most simply this
involves a{001} layer of tetrainterstitial defects as illustrated
in Fig. 2(b). Humble suggested that the platelets would be
made up from some arrangement of these fully coordinated
I, building blocks, but has since been misrepresented as pro-

posing a model with perfect tetragonal symmgitstrated
schematically in Fig. &).

Several structures based on the Humble model have been
used as the basis for comparison with the TEM

micrograph$:'2 The simplest Humble modé¢Fig. 8@a)] can

P (110) projections are equivalent, in conflict with TEM
studies. Therefore these two models cannot then be correct.
However, as noted by Humble, the bonds in ebchnit can
FIG. 8. Candidate structures for the platelet based on the mod&e brok_en and rebondeq with neighboring units yielding
of Humble (Ref. 27. Upper panel, top left shows a section of bulk Many different models. Figuresd and 8e) show sets of
material where a singl901} layer of atoms has been replaced with parallel bonded chains alon@l10), and along with the
(001)-oriented split-interstitials shown in black. Each atom in the model illustrated in Fig. &) are asymmetric between these
split-interstitial pair has a dangling bond lying in th@0L plane  projections. Any of these is a possible model for a periodic
parellel to eithe110] or [110] (not shown. The other diagrams platelet structure, although a combination of all these topolo-
show only the (001) plane of split interstitials where the danglinggies might well occur in practic¥. Such disordered struc-
bonds have been paired in different ways. Each reconstructed bortdres would satisfy the TEM observation that there is only a
is shown as a full black line. The two sets of dotted lines show thevery weak periodicity anng‘;llO}. Disorder will most likely
[110] and[110] directions.(a) and (b) are different arrangements introduce high-energy, unsatisfied carbon bonds, but the in-
of tetra-interstitials where th¢110] and [110] directions are corporation of nitrogen at such sites would remove these.
equivalent in(a) but not in(b). This is most easily seen by checking ~ Another model constructed from aggregatéd di-
for a [010] reflection plane.(c)—(e) consist of[010], [110] and interstitial defects has been suggestexhd is shown in Fig.
[110] chains of reconstructed bonds. THELO] and[110] direc- 9. ThisR1 platelet has a higher density of interstitials than
tions are equivalent iiic) but not in (d) and (e). The lower panel the Humble forms and consists ¢001) split-interstitials
shows a(001) projection of the reconstructed bonds where thecondensed ontowo {001 planes. In this model pairs &1
equivalence of thé110) directions in(a), and(c) is more apparant. defects, shown schematically in Fig(b® reconstruct by

An il = =i ) i iy ] ol s) ] == be discounted due to the equivalence of(140) and{110
g gg] gﬂl i '-L. s ] -] 1 projections. Also, the presence ofGy (001) axis for the
= | an I R B i I R ) reconstruction depicted in Fig(@ shows that th¢110) and
{10) Ol n_l:.[] uBal u® ut f ngis ¥ €110
(@ (b) © (d (e
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forming bonds between pairs of three-fold coordinated C at- TABLE I. Relative formation energies per N atorE(, eV) for

oms, in a similar way to the Humble model. substitutional nitrogemNg, N pairs, and vacancy nitrogen defects
(neutral charge statgsThe zero of energy is taken to be the lowest
energy structure: th¥N, (B centej.

Il. METHOD
The results described below were obtained using thgefed Ns (N)2 VN VN, VN, VN,
local-density-functional technique as implemented ingf, 2.9 0.9 5.4 1.8 0.6 0.0

AIMPRO.%2%% This allowed us to evaluate the energies and
structures of platelets and related defects in large supercells.

To model{001} platelets, unit cells containing X601} lay- ated at 0K and zero pressure, and controls the concentration
ers of atoms, with 4, 8 or 16 atoms per plane depending onf defects in equilibrium with reservoirs of carbon or nitro-
the periodicity of the platelet model have been used. Fogen specie&’

{111} defects, cells with lattice vectors aloqg11), (110), The vibrational modes of the platelets are calculated by

and(llf) containing 9 and 12111} planes of atoms were finding the energy second derivatives between atoms in the

constructed. Finally for th¢l13 oriented structures, the lat- KAOJE r(:v;-h:o (:Iigf\?gre ndé;e%% efrooqgéhg:?ootaeg?iaf tsc;ngva?uate
tice vectors of the supercell are chosen to lie al¢h@3), 9 P P b

il — . . , the derivatives with the remaining atof¥fs=rom these data a
(110), and(332). The basic unit cell contains 44 bulk at- gynamical matrix can be constructed and the normal modes
oms. The calculations have been performed using thgyng in the usual way.
Monkhorst-Pack scheme for sampling the Brillouin zone. _ EELS simulations were carried out using the approach
In each case the results quoted have been converged Wiffascribed elsewhef8. This technique has previously been
respect to the number &fpoints. applied to dislocations in diamorfl For the spectra reported
Norm-conserving pseudopotentf%ﬁsepabled core elec- pere, the conduction bands are shifted upwards by 1.48 eV to
trons to be eliminated. The wavefunction basis consists Of)ring the calculated gap into agreement with the experimen-

independens, p,, py and p, Gaussian orbitals with four 5 one. The transitions have been broadened using a Gauss-
different exponents, sited at each C, Si, or N site. In additionjgn, of width 0.8 eV and the Brillouin zone is sampled ap-

a set ofs and p Gaussian orbitals was placed at each bondproximately uniformly with a density of the order of

center. The charge density is Fourier transformed using plangy-5 A3 \which typically requires a few hundrédpoints.
waves with a cutoff of 120 Ry. The dependence of the results '

on the basis set was investigated by using an alternative basis
composed of three independent setsahdp Gaussian or-

bitals with one set of, p, andd orbitals centered at each A. Energetics of nitrogen aggregation
atomic site. The lattice constant and bulk modulus of dia-

i i hl'fﬂ 0, 0, -
r_norlld ufswt:g these. basesl arel Wit h'f) e;]nd d'5 %, resggc di in nitrogen aggregation. We incorporated the defects in 64-
tively, of the experimental va ues, wnrie L e Irect and indi- 545y cybic unit cells, and allowed all atoms to move until an
rect band gaps are close to previously published plane-wavg

; S quilibrium structure resulted. The volume of the cell was
local density gpprommatl?n val/Bs(5.68 and 4.18 e)/ kept fixed and the formation energies of the neutral substitu-
The formation energ¥'(X) of a defectX made up from

: : : h tional N defect (Ns), A center, andB center, found. These are
atoms with chemical potentiajs; is given by given in Table I. Contributions to the formation energies of
these defects caused by allowing the volume of the supercell
EO=EX) - L to relax are known to be s_me?ﬁ. The structures of these

(X)=E(X) Hi- defects are in agreement with those found previotisind
the binding energies are generally consistent with previous
HereE(X) is the total energy of the supercell containing theab initio calculations™
defect, and the sum is over all atoms in the supercell. For a The binding energy E°) of the nitrogen atoms in tha
supercell ofn carbon atoms containing a platelet consistingcenter is given in terms of the formation energies by
of N carbon interstitials, the formation energy per interstitial Eb(A)=2E"(N) —E'(A).

IIl. RESULTS

We first describe the energetics of the two stages involved

is given by
Here, in analogy to Eq.3), the formation energies & and
. E(P)—nuc the A center in the 64-atom cells are given by
El(P)=—— 3 f
E'(Ng)=E(Ng) — un—63uc,
whereE(P) is the total energy of the platelet supercell and Ef(A)=E(A)—2un—62uc.

e is the chemical potential of carbon, taken to be the energy

per atom of bulk diamond. The formation energies defined in  Previous investigatiori$ show thatu y derived from a
this way allow us to compare defects containing differentgas of nitrogen molecules is very small accounting for the
numbers of interstitials, vacancies, or even nitrogen atomsigh solubility of nitrogen in diamond. In the following we
The formation energy is a thermodynamic free energy, evalurefer only to binding energies of nitrogen in various defects
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and these energies are independeni@f Table | shows that an isolated interstitial are 123 eV and 1.7 eV,
the binding energy per N atom in tiecenter to be around 2 respectively”’*"®the barrier in Eq. 1 must be at least 10.2
eV and about a factor of 2 greater than found in a previougV which is considerably larger than the experimental esti-
semiempirical stud{? but in agreement with other density mate of 7 e\*! The interstitials formed in the process are
functional calculation$ able to diffuse until trapped by a growing platelet. However,
There are three simple mechanisms by which impuritieghis implies the binding energy of a self-interstitial with the
diffuse. Two of these first require the impurity to trap a ther-platelet must exceed 12.3-3.8 or 8.5 eV in order that the net
mally generated vacancy or interstitial. This is followed by aprocess is exothermic. This binding energy has implications
reorientation of the defect transferring the impurity to a dif- for the platelet structure.
ferent lattice location within the vacancy or interstitial com-  The activation energy involved in the vacancy mechanism
plex. Finally, the intrinsic defect is emitted leaving the im- of Eq. (2) is again expected to be dominated by the vacancy
purity in a different lattice location from the starting one. The formation and migration energies or 8—9 eV. This is some-
third mechanism involves a concerted exchange of the impuwhat smaller than the barrier for interstitial production and
rity with a neighboring lattice atom, without the need for a conflicts with the view that interstitials are produced along
vacancy or interstitial. The activation energy for the first twowith B centers according to Eql).
processes is expected to be close to the sum of the formation It is our belief that isolated interstitials ar@t produced.
and migration energies of the intrinsic centers. Even if alt is instructive to consider the platelet not as an inserted
vacancy can be formed adjacent to nitrogen with a loweiplane of interstitials but as a partial dislocation loop, lying on
formation energy, we would expect the diffusion energy ofa {001} plane, with a Burgers vectdiOOR) whereR is the
nitrogen to be close to that of self-diffusion via a vacancydisplacement~0.4a,. The growth of the loop occurs by
mechanisn{® provided that the species were neutral. Theclimb which must release vacancies. These vacancies then
formation energy of the vacancy is very difficult to treat lead toB centers via Eq(2). Our model for the platelet to be
precisely due to the complicated multiplet nature of the va-discussed in Sec. Ill B considers it to be an aggregate, of
cancy electronic structure. A value Bf (V) equal to 6 eV is  defects. A jog at the perimeter can be considered to be the
found from quantum Monte Carlo methotfsA single deter-  replacement of , locally by thel; defect. At any tempera-
minental wavefunction in density functional theory gave al-ture there will be a distribution of these around the perimeter
most 7 eV. The vacancy migration energy has been estimateaf the platelet. The climb occurs big) the creation of an
previously* to be 2.8 eV in reasonable agreement with ex-interstitial-vacancy pair at the plateléb) the binding of the
perimental datg2.3+0.3 eV).”® The activation energy for interstitial to the jog extending the platelet by converting
nitrogen diffusion by a vacancy mechanism would then bédnto anothet , unit, and(c) the vacancy diffusing away. The
around 8-9 eV. energy for(a) can be considered to be the formation energy
The interstitial formation energy is found to be 12.3 eV asof a Frenkel pair consisting of an interstitial and vacancy at
discussed above and its migration energy about 1.7é%. the platelet. These will be shown below in Secs. Il B 1 and
The gives a diffusion energy via an interstitial mechanism oflll D to be about 1 and 4.5 eV, respectively. Thus the Frenkel
at least 14 eV which is clearly much greater than the 8—9 e\pair at the platelet has a formation energy of 5.5 eV and is
found for a vacancy mechanism. However, the experimentdkess than the formation energy of a single vacancy in bulk.
value for the activation energy for the formationAdtenters  For (b) the energy lowering on moving the interstitial from
is around 5 eV. This suggests to us that a concerted exchangfee platelet to a jog on the bounding dislocation is approxi-

process for nitrogen diffusion is favored. mated by the difference in formation energies of an isolated
Let us now consider the energy changé, in the reac- |, on one hand, and the sum of the formation energies of an
tion where aB center is formed from twa@\ centers. isolatedl ; on the other together with the formation energy of
I ; |, at the platelet. This assumes that the effect of stress due to
ES(B)=E'(B)—2E'(A). the remaining platelet is the same fior and ;. Now, the

Here the formation energy of the B center in the 63 atom celformation energies df, andl ; are roughly equé? thus leav-
is given by: ing the binding energy of the interstitial with the jog to be

~1 eV. For(c), the activation barrier to the vacancy diffus-
E'(B)=E(B)—4un—5%c. ing away from the dislocation is the binding energy of the
, _vacancy with the platelet plus the migration energy of the
From Table I, the energy chang€(B) is —3.8 eV and this  \acancy in bulk. The binding energy is simply the dgi]f)Ference
includes the energy necessary to create the vacancy i thepeyeen the vacancy formation energies in bulk and at the
center. Thus the reaction platelet and is thus about 1.5-2.5 eV This gives the activa-
4) tion barrier for the vacancy to move away from the platelet

A+A=B, to be~4.3+0.5 eV,
is exothermic, andA centers are unstable in the diamond Thus the activation energy for the creation of the vacancy
lattice, spontaneously creatijcenters. and interstitial at the platelet, for climb of the jog, and to
Although the energies of the interstitial or vacancy are nodiffuse the vacancy away from the platelet, is aboutt4l5
involved in the enthalpy change in reaction E4), they are —1+4.3+0.5 eV or 8.8:0.5 eV. This estimate is somewhat

required to estimate thactivation barrierfor the production above the, admittedly crude, experimental value~of eV
of B centers. Since the formation and migration energies obut the point is that the process also leads to the creation of
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TABLE Il. Formation energies per interstitiaE{, eV) for the various platelet mode[ga)-(e) in Fig. 8
and theR1 platelet of Fig. 9 for the bulk lattice constant and for the volume relaxed unit cell. In the latter
case the displacement alof@01) is also quoted.

Model
@ (b) (© (d) (e R1
Unrelaxed along001) Ef 3.58 3.69 4.01 3.82 3.75 4.16
Ef 1.04 090 127 120 114 215
Relaxed alond001) Displacement, 0.38 0.37 0.37 0.38 0.38 0.37

an interstitial at the platelet and hence is a mechanism fothe difference between 12 and 0.9 eV. This is more than
platelet growth. The important conclusion is that plateletssufficient to make the transformation @f centers intoB
grow from the release of thermally generated vacancies fromenters, along with platelets, according to Et), exother-
the bounding dislocation and their trapping by A-centers ananic. The minimum formation energy of 0.9 eV per intersti-
not from a condensation of interstitials. This immediatelytial corresponds to a surface energy of 40 meVFAvhich is
explains why they do not arise from electron irradiation ofabout twice that of an intrinsic stacking fault: 17.8.5
type 1l diamond in the same way as the growth of extendedneV A~? (Ref. 77. This fault arises purely by shear and
interstitial defects in irradiated silicon. The process is alsadoes not contain any interstitials.
different from oxygen precipitation in Si. The various models shown schematically in Fig. 8 chiefly
differ from each other in their projected structures along the

(110 and(110) directions. For the model to be a candidate
for the platelet, the projections must differ from each other.
1. Energetics of self-interstitial aggregation In Fig. 10 we show the projections of the various models
along the(110) directions in line with the previous experi-
mental reports such as those of Humeéteal,’® Barry,”® and

B. Periodic carbonaceoug001} planar models

Table Il gives the formation energies per interstitial of the
five models of thgl00L planar interstitial platelet shown in
Fig. 8, repeated from Ref. 30 with the addition of the R1- —
platelet illustrated in Fig. 9. The latter has a higher energy| Model (110) (110)
than any of the models based on Humble tetra-interstitial
complexes and can be discarded. The table records the e
ergy both when the axis of the unit cell is held fixed to the (a)
value for bulk diamond and when this is allowed to relax
(see Sec. lll B 2 Inserting a plane of interstitials necessarily
leads to a displacement alomgvhich does not vanish in the
limit of an infinite cell. Unphysical results can then arise if
this effect is ignored. Table Il shows that the effect of relax-
ation is very large with energies dropping by more than a
factor of three. The most stable structureébg although the
range of formation energies for the various Humble models
is less than 0.4 eV.

We present here the effect of the basis and unit cell size
First we repeated the calculation for modal in the same
size unit cell with the alternative basis outlined in Sec. Il.
The formation energy per interstitial is only 4% higher than
that quoted in Table II. Second, increasing the size of the unit
cell by 50% in the direction normal to the plane of intersti-
tials had less than 1% effect on the formation energy per
interstitial. We conclude from these calculations that the unit
cells and basis we have used provide us with sufficiently,
converged results. ()

The energy per interstitial in the platelet should be com-
pared with the energies of small aggregates. The formatior
energy of a single interstitial, the2 EPR center described
above, is around 12 eV. For the tetra-interstitial, this drops to
around 5 eV per interstitial and to about 0.9 eV for the most F|G. 10. Projections onto th@10) and (11) planes for the six
stable platelet model shown in Fig(8. Thus there is a models depicted in Fig. 8. The vertical direction(i802) in all
considerable saving in energy in platelet formation. Specificases. Only structures for which the two projections are inequiva-
cally, the binding energy of an interstitial to a large platelet islent are candidates for tH@01 platelets in diamond.

—

Ehprnerd
Sann

b)(d)(e)
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(a) (b)
1400 1400 FIG. 11. Vibrational(phonor bands of bulk

diamond projected on th¢001 plane (shaded
area and high-energy vibrational bands localized
in the {001 plane of the platelet shown in
Fig. 8b) (black lineg. The dispersion for fre-
guencies around the Raman frequency is shown
along(110) and(110) directions(normal to the
platele} in the folded Brillouin zone(b) shows
that relaxation of the cell along its normal has
little effect on the frequencies but reduces their

1300 1300 localization to the platelet.
[110] [000] k [110] [110] [000] k [110]

Frequency (wavenumbers)
Frequency (wavenumbers)

Fallon et al}? Such projections are useful for the interpreta-ity for the platelet up to the order of hundreds of nm, the
tion of structures viewed in high resolution TEM. For the typical length scale seen in TEM. The implication is then that
structure to be a candidate for the platelets the projectionthe platelets are metastable owing their existence to kinetic
must differ. Therefore configuratiorib), (d), and(e) all sat- factors probably related to the difficulty of transforming to
isfy this requirement. Th&1 platelet model is also shown in perfect dislocation loops. Such a transformation however ap-
Figs. 10, and this too gives rise to inequivaléatl0) and  Parently readily occurs in the graphite stable region where
(110 projections. Configuratior(b) then is our favored the lattice is unstable. Mechanisms for this degradation have
model, although the small energy difference betwdmrand ~ been discusséll and are not inconsistent with our mecha-
(a) suggests that random mixtures of these structures mafyism for platelet growth.

coexist.
Large platelets would be unstable against the formation of 2. Platelet displacement
a perfect dislocation loop. For a loop of radiyshe platelet As described in Sec. II, the supercells used to simulate the

energy varies as® whereas that of a prismatic perfect l0op structures in Figs. 8 and 9 possess 16 host atomic layers plus
varies asr Inr. We can estimate the radiusof a platelet  one additional layer of interstitials, all contained within a
whose energyE, equals that of a perfect dislocation loop period initially taken to be @, along (001). To study the
where the interstitials have rearranged themselves as followgisplacement, for each unit cell tH801} cross section is

We suppose that the single layer of interstitials in the platelefixed and the{001) dimension expanded. The atoms in the
are moved to fornfour additionalplanes in a loop of Bur-  sypercell are then relaxed and the energy evaluated as a func-
gers vectorag(100) and of radiusr/2 or two additional tjon the displacement vector. The profiles are very similar for
planes planes for loop with Burgers vectny(110/2 of ra-  all of the models, revealing a substantial drop in the total
diusr/y2. Such loops have the same stacking sequence @wergy of~2.5-2.8 eV per interstitial, lowering! for this

bulk diamond®?® and are bounded by perfect dislocations. strycture to just 0.9-1.3 eV. For each model we have evalu-
The energies of the plateleay(110)/2, andag(100) dislo-  ated the displacement vector which minimizes the total en-
cations, E5'° and Eg* respectively are, respectively, for a ergy. For large platelets where edge effects are not signifi-
platelet radiug:*° cant, the measured displacemeRtis simply the lattice
dilation of the supercell. For smaller platelets the boundary

:,u(O.4a0)2r |n(4_r) — 1|+ 7r2 would tend to constrain the dilation of the lattice yielding a
P2(1-v) P v smaller value forR, consistent with the correlation of the
measured dilation with platelet si?®. The calculated
110 ,uaér v ar displacement listed in Table Il are remarkably similar for
d —m ) In \/—Tp —(3=v)|, all the models, and close to the upper limit of the experimen-
tal values. The implication is that, although the models are
ualr o consistent with experir_ne_ntal observatior)s, this parameter
E100= 0 {l (_) 1} cannot be used to discriminate between different models. Fi-
4(1-v) p nally, to check the sensitivity of the result with basis size, we

Here, y is the formation energy per unit area of the p|ate|et,rep_eated the calcu_lation with the alternqtiv_e basis set de-
w is the shear modulugs36 GPa, v is Poisson’s ratio for scribed above, finding less than a 1% variation.
diamond(0.068, andp is the core radius of the dislocation
(in each case taken to be the magnitude of the Burgers vec-
tor, where the Burger vector for the platelet is taken to be 0.4 We now extend our previous investigation of the infrared
ap). The platelet is lower in energy than thEL0 structure  activity of the platelet®=° The dispersion of the vibrational
up to around only 6—7 nm and tH&00 loop is lower in modes for the various models of platelet all exhibit qualita-
energy above around 40 nm. These radii are relatively insertively the same behavior. The projected bands for the struc-
sitive to the values ofv, u, and eveny: for example, it ture of Fig. 8b), with and withoutz-axis relaxation, are plot-
requires a drop of orders of magnitudeyirto yield a stabil-  ted in Fig. 11. It is clear that the platelet introduces modes

3. Electronic and optical properties
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7 L . S— v v with the absorption perpendicular to the plane of the defect

g possessing the most significant departure from bulk absorp-
tion. In fact for this polarization the onset of absorption is
deep into the band gap.

The implication of these results is that a shift of the con-
duction band near the platelet may affect the optical proper-
ties of nearby point defect: it is known that the N3 optical
line, attributed toVNg, is strongly affected by the presence
of platelets’® However, the relatively high energy onset of
the EEL spectrum in Fig. 12 means that something other than
the perfect carbonaceous structure must be responsible for
the low energy optical transitions.
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0 2 4 6 8 10 12 C. Intraplatelet nitrogen

Eneray (V) Platelets contain appreciable quantities of nitrogen and it

FIG. 12. Calculated low-loss EEL spectrum for the plateletiS Of interest to inquire into its properties. As a starting point
when the cell is relaxed normal to the plateldbtted ling and ~ We return to the, building block. The energetically favored
when constrained to the diamond lattice paramédeshed ling  Site for a single substitutional N atom I is where N re-
The solid line represents the EEL spectrum for bulk diamond usingdlaces one of the carbon atoms in one of the f0D01)
the same size unit cell and sampling as used for the platelets. Thgplit-interstitial sites. In the neutral charge state the N-C
was shifted to give a direct band gap of 6 eV. The inset is the sambond along(110) breaks, with the atoms moving apart so
plot with a logarithmic scale to reveal the tails in the band-gap. Thehat the N atom becomes essentially planar with its three C
up-arrow symbol indicates the spectrum for the volume constrainegieighbors.
cell when the electron beam is parallel ¢601), and the down- Replacing one of the four atoms in every secopdinit
arrow symbol where it lies in the the plane of the platelet. by N leads to a nitrogen concentration of 12.5% of a mono-
, _layer defects for the platelet model shown in Figh)8 This
lying above the Raman frequency. The broadened black linesgcentration is comparable with the lower limit obser&d.
in F!g. 11(a) are indicative of an |nte_ract|0n between pl_atelets The binding energy of N with the platelet is given by
in different unit cells. When the unit cells are constrained to
the bulk lattice vectors, this interaction is greater than for thegb(N at platelet=Ef(N)+ Ef(platelet — E'(N at platelet,
relaxed system. For the latter, the vibrational modes are
strongly localized to the plane of interstitials. A further, morewhereE"(N) is the formation energy per N atom and can be
significant difference between the two plots is the locationgaken from any appropriate system, for examyle A, or B
of the modes lying above the Raman frequencies. For anenters.
unrelaxed cell dimension alongthe highest modes at the  The single substitutional nitrogen atom is bound to the
zone center are around 13 chhigher than when the cell is platelet by around 3 eV. It then follows from Sec. Il A that
relaxed. Assuming that the cell relaxation of small plateletshe binding energy per nitrogen atom with respecAiandB
is less than that of larger onésecause of the constraining centers is around 1 and 0 eV, respectively. In the case of the
perfect lattice, this may account for the downward 20 ¢t B defect, the formation energy includes the energy necessary
shift observed as platelets grow in size. to create a vacancy. This shows that platelets are competitive

There is no evidence of deep gap states from the bansinks for nitrogen along witlB defects.
structures of the platelet models, although it appears that Figure 13 shows the electronic structure of a single nitro-
there are strain induced states near the band edges. The g@en atom in the platelet. In this diagram the electronic struc-
sence of deep states is not unexpected given that all atontigres have been aligned using the average potentials for each
are fully coordinated in an environment similar to that of system. A half-filled level lies around mid-gap and which is
bulk diamond. localized partly on the N atom, but predominantly on a car-

There may, however, be changes to the nature of the statéon neighbor in a similar way to the isolated substitutional
in the vicinity of the gap with consequent changes to thenitrogen defect® Mid-gap optical transitions, around 2—3
optical activity. Figure 12 shows the low-loss EEL spectra ofeV, to the band edges would then be expected.
the platelet along with that of bulk diamond, showing the A single N defect attached to the platelet as described
effect of the platelet on the band-gap of the material. One caabove is not the most stable defect. Replacing a pair of
note characteristic differences to the spectrum caused by theeighboring(001) aligned C atoms in each, by nitrogen
platelet. In particular the trough around 11 eV is partially leads(Fig. 14 to a more stable defect. Each N atom is three-
filled. fold coordinated but all C atoms remain four-fold coordi-

One also expects effects due to the polarization of thenated. The binding energy of this defect relative to two iso-
electron beam, and one can see from Fig. 12 this has littlated N impuritieswithin the plateleis 2.2 eV. With respect
effect on the spectrum for the case of the relaxed volumeto nitrogen taken fronNg, A, or B centers in the bulk, the
However, in contrast, the fixed volume case has a strondinding energies are 7.7, 3.7, and 1.1 eV, respectively. N
polarization effect, as indicated by the arrows in the figureconcentrations up to 25% of a monolayer can arise by the
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FIG. 13. Spin-polarized Kohn-Sham levels at the zone center for FIG- 15. Kohn-Sham levels at the Brillouin-zone center of the
(a) the single and(b) the dinitrogen defects within the platelet Vacancy in the platelet whet) the(001) cell length is constrained
model shown in Fig. &). In each case the left hand set are the @nd(b) relaxed for the platelet shown in Fig(I8. The shaded area
spin-up spectra and the right hand set spin-down. The shaded réhows the locations of the band edges in bulk diamond. Filled
gions show the locations of the band edges of bulk diamond. Th&quares indicate occupied gap levels and white squares show empty
arrows indicate the filled gap levels and white square shows th@ap levels.

empty gap level. ] ) ) )
associated with this platelet is calculated to be onl§.3a,

replication of the defect amonlg units in the platelet. This alrj';\(:elzglaoll'?;isﬂ;in é?g Ijtlvr:el)sltez’smolarfsirli;?%b'\gggn f{grthte
form of nitrogen is then more stable th8nhcenters. P ' PP . 9 J X
. ang model described above in Sec. |. The formation energy

The Kohn-Sham energy levels of the platelet contammg\oer N atom for the Lang model is about 0.5 eV higher than

one of these nitrogen dimers consists of a filled level in th hat of theB center and hence the model is also ruled out on
gap close to the valence band tdfg. 13. An optical tran- '
nergetic grounds.

sition could occur between this state and the conduction bang .
In summary, although a purely carbonaceous model is not

edge_, .Ieadmg to a high energ;b@ ev) tranS|t|on_. Such . stable in the presence of sufficient mobile nitrogen, complete
transitions could lead a broad optical band consistent with : " ) . .

. . . ) . _replacement of self-interstitials by nitrogen is energetically
observations when the interactions between different dimers O i

. o Unpfavorable. It seems then that the variation in the nitrogen
are considered. Polarization effects observed for the 990- an

491-nm absorption bands could be explained as arising frorﬁoncentratmn in platelets is due to a mixture of nitrogen

the nitrogen related levels whose wavefuntions are Iocalizeaomb'“ty a_nd Kinetic factors. He”C? type 1 d|am_onds sub-
to the platelet. jected to high temperatures for sufficiently long will possess

Finally, we consider the Lang model of Fig. 1, where eaChplatelets containing greater concentrations of nitrogen. This

I, unit is replaced by four N atoms. The lattice displacemenﬁa?unrzlvz)?ésm which “manmade” platelets will differ from

(a) (b) D. Vacant sites

Since the platelet is built of carbon interstitials, an obvi-
ous defect is a vacant site. Such a defect is similar to a
vacancy in bulk diamond although the tetrahedral symmetry
is lifted through the presence of the platelet. In the simula-
tions where the volume of the cell is fixed, there is some
reconstruction which yields only two dangling bonds, but
two of the vacancy neighbors possess bond lengths and
angles far from those of bulk diamond. This can be viewed
as a defect akin to th®3 center, illustrated in Fig.(3). In
FIG. 14. (a) Projection of the platelet containing a pair of nitro- the volume relaxed case there is no reconstruction, producing
gen atoms, indicated by the white circles. Compare with Fig(tgo. @ defect with four carbon sites with three bonds. In either
shows a view of the structure so that thebuilding block can be ~ case, the dangling bonds associated with the vacancy give
seen more clearly. The thicker bonds indicate the five-member ringéiS€ to @ number of gap levels, some of which are empty, as
characteristic of the platelet models. The nitrogen dimer leads to thehown in Fig. 15 for the cases where {@®1) dimension of
breaking of one reconstructed bond of the purely carbonaceoudhe unit cell has bee(a) fixed land(b) relaxed. In Fig. 18),
model. several filled states are pushed into the ¢apove the bulk
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valence-band top shown by the lower shaded)adlaa to the  tended the theoretical understanding of the Humble struc-
internal strains which lead to the narrowing of the band-gaptures platelets in diamond. As found previously, our preferred
and are not related directly to the vacancy. Figure 15 clearlynodel based on carbon interstitials is consistent with TEM
shows the effect of relaxation is considerable and thus thand optical studies. The lowest energy carbon interstitial
precise location of filled and empty levels is sensitive to theplatelet, shown in Fig. ®), has a lattice displacement in
local strain. Different vacant sites in the platelet would thenagreement with observations and the inequivalence of the
be expected to lead to broadened optical transitions. Thisi10) and(lTO) projections is consistent with TEM. How-
mlght be the Origin of the 1.25-eV plat8|et absorption bandever, the closeness of the energies for mo(ﬁa)s(c), (d),

The formation energy of a vacant site is about 4.5 eV andind(e) in Fig. 8 suggests that disordered platelets containing
about 1.5-2.5 eV lower than the formation energy of a vaseveral of these models are possible. All the models give
cancy in the bulk. Thus a vacancy is bound to the platelet byocal vibrational modes lying above the bulk Raman fre-
this amount. It is h|gh|y ||ke|y that nitrogen would bind at quency and close to thB’ band assigned to p|ate|ets_ By
neighboring sites and such centers would be further sourcescamination of the Kohn-Sham spectrum and by calculating

of optical transitions, particularly at low energy. the electron energy loss spectrum for the platelet structure,
) we have shown in this study that the platelet does not possess
E. Non {003}-oriented platelets deep electronic gap levels. However, the strain associated

1. {113 defects with small platelets possibly leads to shallow empty levels.

- ) i ) These might promote optical transitions from point defects

The RLDs shown in Fig. 6 were investigated using a faceqse to the platelet. Nitrogen and vacant sites are candidates
centered-cubic cell made from-@&x 1 primitive cells, ach ¢4 these. The former is strongly bound to the platelet as a
containing two carbon atoms. We first investigate the strucpair. We have also found that the Lang model containing two
ture of a chain of interstitials lying alond@ 10) as shown in  monolayers of nitrogen is less stable than a collectiom of
Fig. 5. The energies per interstitial of the three structuregenters dissolved in the lattice and furthermore possesses a
given in Figs. %), 5(b) and Jc) are respectively 4.6, 3.4, displacement vector of just @3, at variance with experi-
and 3.5 eV. This shows that the bond switching results in anent.
release of strain energy. The 0.1 eV differencéhinand (c) We have now shown that the transformation of substitu-
is probably not significant, and the ratio of the formationtjonal nitrogen atoms into close-pair defects ¢enterg, and
energies of(a):(c) is close to that found previously for VN, defects B center$is exothermic even when a vacancy
silicon** The energies approximately scale with the cohesives created in the latter case. However, the calculations show
energies of silicon and diamond. that rate of formation ofB-centers along with self-

We now investigate the effect of packing chains ifiid3:  interstitials is too slow to explain the formation ¢90L
plane as shown in Figs(&-6(c). These structures differ in platelets, and inconsistent with experimental data. This con-
the separation of the chains aloKg§32). We constructed flicts with the original proposal of Woodsthat interstitials
several unit cells containing between 44 and 132 atoms witheleased byB centers formed platelets. Rather, we present in
two to eight interstitials per cell and whose neighboring cellsthis paper the argument that the finite platelet is to be re-

represent a periodic continuation of the platelet al¢dg2)  9arded as a partial dislocation with Burgers vedt0OR)

and(110). The energies of these models are 1.7, 1.9 and 1. §ith R~0.480, and it is theclimb of this partial which leads
eV respectively. It is important to allow the unit cell to relax to platelet growth by the release of vacancies which are sub-

: : sequently trapped & centers resulting in relatively mobile
along(113 as this has a large effect on the resulting forma-
tion energy’? Our conclusion is that these structures have a’ N2 defects £13 defects. There are then trapped Bycen-

- R ters to give immobileB centers ¥N,). The activation en-
higher energy than thf01} platelet in Fig. 8b) whose for- ; ; . 4 )
mation energy per interstitial is only 0.9 eV. This is consis-*r9Y for this process is estimated to be about 8 eV, in rea-

tent with the view that RLDs do not form in diamond sonable agreement with experimental data for the growth of
' B centers and platelets. The whole process is exothermic as

2.{111}-planar defects the binding energy of an interstitial with a large platelet is
about 11 eV, while the cost in forming B center together
with an isolated interstitial is 8.3 eV. Of course, this raises a
question about the nucleation of the platelets. A Burgers vec-
etor analysis shows that platelets are more stable gmaall
(110 perfect dislocation loops and thus the nuclei for the
platelet might be pre-existingl, defects. However, the en-
ergy per unit area of the platelet suggests a stable radius of
only a few nano-meters and much smaller than the sizes
observed. This implies that the platelets are metastable and
would shrink in the presence of excess vacancies or trans-
form to lower energy perfect loops by interaction with glide
dislocations as has been discus$&d.

Following earlier publications of preliminary results on  There is an essential difference with the growth of inter-
the platelets in diamont;>®° we have confirmed and ex- stitial extended defects in silicon arising either from implan-

The structure shown in Fig. 7 was embedded il&1)
oriented unit cell containing 36 atoms plus two self-
interstitials. The resulting formation energy per interstitial is
2.9 eV per interstitial which drops to around 1.6 eV when th
(111) lattice parameter is allowed to relax. Th&ll) dila-
tion is approximately 8111)ay/20. The formation energy is
similar to the{113} RLDs, and around 60% higher than those
of the {001} platelet models, confirming the stability of the
{001} platelet models discussed in Sec. Il B.

IV. DISCUSSION AND CONCLUSIONS
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tation or oxygen precipitation. The formation energies of va{110 chains of interstitials have a relatively high energy in
cancies and interstitials in Si are believed to be roughly equaliamond, probably because of the difficulty of inserting
(~3-4 e\) quite unlike diamond where the self-interstitial chains into smal{110 channels.
possesses formation energy twice that of the vacancy, and is
very large (-12 eV). Consequently, reactions requiring iso-
lated interstitials, e.g., some types of impurity diffusion, are
less likely to occur in diamond than in silicon. We thank T. Evans, I. Kiflawi, M. |. Heggie, and A. R.
Finally, we have shown thdD01} interstitial platelets in  Lang for informative discussions. P. B. Hirsch is especially
diamond are unlike the planar interstitial aggregates seen ithanked for a clarification of the mechanisms of platelet deg-
silicon: the rodlike defects observed there consisting ofadation.
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