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Origin of brown coloration in diamond
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Measurements of the absorption spectra of brown natural type Ila diamond as well as brown nitrogen-doped
CVD diamond are reported. These are largely featureless and increase almost monotonically from about 1—
5.5 eV. It is argued that the brown coloration is due to an extended defect and not to a point defect. First
principles modeling studies demonstrate that the spectra could be attributed to vacancy disks lying on {111}
planes. Such disks are unstable above about 200 vacancies and should relax to dislocation loops in natural
diamond. Hydrogen is shown to passivate the optical activity of the disks.
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I. INTRODUCTION

A diamond may exhibit a range of colors due to different
impurities and defects. Substitutional nitrogen, for example,
leads to the familiar yellow color of high-pressure high-
temperature (HPHT) synthetic crystals. Some natural dia-
monds and single-crystal chemical vapor deposition (CVD)
diamonds are brown but in neither case has the origin of the
color been established. This is despite significant interest
stemming from the fact that high-temperature treatments can
remove the brown color allowing the production of near-
colorless gem quality stones.'~

We report here the absorption spectra of brown natural
type Ila diamond and of single-crystal CVD diamond, grown
at temperatures in the region of 800—900°C. The absorption
coefficients of the natural diamond samples vary approxi-
mately as E" (with n in the range 2 to 3) from energies
around 1.0 eV up to the indirect band edge at 5.5 eV. The
samples of brown single crystal CVD diamond have similar
absorption spectra but display additional broad features that
are described later. In neither case is there any evidence of an
energy threshold above which the absorption begins. It ap-
pears that neutron irradiation or ion implantation can lead to
an absorption spectrum similar to, if not identical to, that of
brown natural type Ila diamond.*

The natural and single-crystal CVD diamond samples for
which absorption spectra are reported here have different ni-
trogen contents. In the type Ila natural diamond samples the
nitrogen concentration is below the detection limits. The
CVD diamond material, although nominally type Ila, con-
tains nitrogen at concentrations in the range 10'°—10'7 cm=.
This nitrogen is incorporated during the growth process
along with significant amounts of hydrogen, the presence of
which can be deduced, for example, from features in the
infrared spectrum that have been attributed to hydrogen-

1098-0121/2006/73(12)/125203(8)/$23.00

125203-1

PACS number(s): 61.72.Bb, 31.15.Ar, 31.15.Ew, 71.55.Cn

related defects. It is likely that defects involving nitrogen or
hydrogen or both are responsible for the additional broad
absorption features that are observed in the spectra of brown
single-crystal CVD diamond material.

Brown color in natural type Ila diamond is believed to be
a result of the presence of defects created by a naturally
occurring process of plastic deformation, caused when a dia-
mond experiences conditions of large nonhydrostatic pres-
sure, in which dislocations are created (with densities of the
order of 10° cm™2) and move through the crystal. It is cur-
rently not known whether the brown color results because of
the presence of dislocations or because of otherwise undetec-
ted defects produced when the dislocations move through the
crystal. This is the subject of current research.

It is known that as-grown brown single-crystal CVD dia-
mond has not experienced the conditions required to produce
extensive plastic deformation. This is supported by the fact
that such material does not contain dislocations of the kind
produced by plastic deformation. Such CVD material typi-
cally contains dislocations at much lower densities (of the
order of 10*~10° cm™2) than those in a brown type Ila natu-
ral diamond and in configurations indicating that they have
been grown-in rather then being produced by deformation.
These observations suggest that the brown color of such
CVD diamonds are caused neither by its dislocation content
nor by defect that are produced by the movement of such
dislocations through a crystal during plastic deformation.

There are significant differences between the annealing
characteristics of the different kinds of diamond. The absorp-
tion continuum disappears for irradiated material at
1400°C,’ and in the range 1400—1600°C for brown single-
crystal CVD material.® For brown natural type Ila diamond,
however, temperatures above 2200° C are required to remove
the absorption continuum.” This suggests that either the sta-
bilities of the defects responsible for the absorption con-
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tinuum in for brown single-crystal CVD material and natural
diamond are significantly different or the mechanism for its
loss are different. In this paper we explore the possibility that
the latter is the case, with hydrogen-containing defects
present in the CVD samples playing a role in the removal of
the absorption continuum caused by annealing.

There are four possible explanations for the absorption
continuum. It may be due to point, line, areal, or volume
defects. Such an absorption spectrum is unlike that due to
point defects. Many of these display a sharp absorption edge
followed by a vibronic broad peak, e.g., the well-known GR1
spectrum due to a vacancy has a threshold at 1.67 V.8 The
defect that results when nitrogen substitutes for a carbon
atom, possesses a broad absorption band due to transitions
between a gap level and the conduction and valence bands
but with a threshold around 2 eV.”? A threshold energy would
imply that the defect introduced levels into the band gap of
diamond whereas the observed continuum absorption would
arise if the defect introduced levels which completely filled
the gap. The absence of a threshold points to an extended
defect being responsible for the brown coloration. We have
previously reported the electronic structure of a shuffle
dislocation,'® whose core consists of a line of dangling bonds
leading to a broad band of states lying in the gap. These
states could, in principle, explain the brown absorption. Al-
though brown natural type Ila diamond has been found to
contain dislocations!! at densities of up to 10° cm™2, the den-
sities of dislocations in the samples of brown single-crystal
CVD diamond discussed here are much lower and too low to
account for the color. Moreover, the shuffle dislocation is
predicted to be less stable than the glide dislocation, the core
of which consists of reconstructed sp® carbon bonds and is
optically inactive.!” The greater stability of the glide disloca-
tions suggests that they would be more prevalent than the
shuffle dislocations which are therefore unlikely to be re-
sponsible for the brown color even in natural type Ila dia-
mond.

It is likely that vacancies are involved in the centers re-
sponsible for the brown coloration because studies of the
transformation of brown to colorless natural brown diamond'
find that vacancy-nitrogen defects are formed during the an-
neal. Annealing brown diamond to remove the color can
cause changes in the positron decay curves that are consis-
tent with changes in the content of vacancy-related defects
and voids.'>!?

We have previously investigated the structure and optical
properties of clusters of up to 14 vacancies.'* These intro-
duce a number of levels into the band gap. A single multi-
vacancy cluster could not explain the brown coloration as a
threshold is then to be expected. On the other hand, an en-
semble of clusters of different sizes may not exhibit a thresh-
old but would be expected to give an absorption pattern
which varied from sample to sample reflecting a different
relative concentration of the clusters. Moreover, during the
anneal, the less stable ones would dissolve leaving the more
stable ones. The latter would lead to an absorption spectrum
with structure contrary to observations.

We show here that the absorption pattern produced by the
m-bonds in an extended vacancy disk is strikingly similar to
that found experimentally, notably the absence of a threshold
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and the absorption spectrum is featureless and varies like E*
in the mid-gap region. Moreover, the formation energy per
vacancy in the disk is much lower than that of small vacancy
clusters of size 1-14 vacancies.'* It is shown later that as the
size of vacancy clusters increase their formation energy per
vacancy decreases, that is they become more stable. This
suggests that disks could be formed through an aggregation
process where smaller vacancy clusters dissolve by emitting
vacancies allowing disks to grow as in Oswald ripening. This
would require temperatures >700°C, where the vacancy is
mobile.

It has been described above how CVD and natural dia-
mond differ in the conditions they have experienced, which
indicates that the formation conditions for any defects will be
different. While this difference may be expected to lead to
different defects being prevalent, it is possible for the same
defect to form via different routes.

During high growth rate CVD processes, the growing sur-
face can become rough and stepped and then rapidly covered
to leave small voids or clusters of vacancies. The high
growth temperature would allow the incorporated vacancies
to become mobile, re-organizing by dissolution into vacancy
disks, with a consequent energy reduction. Dislocations are
known to release vacancies during movement by climb or
glide, and the energy necessary for such movement could
occur during plastic deformation. The result is the same free
single vacancies, but from a different source. It would be
expected that mobile vacancies then follow a route of disso-
lution and reformation into vacancy disk, like that in CVD
diamond.

We describe in the next section the experimental absorp-
tion spectra for a wide range of samples of natural and CVD
brown diamond. In Sec. III, we explain the theoretical
method used and report our results and finally, in Sec. IV, we
give our conclusions.

II. ABSORPTION SPECTRA OF BROWN DIAMOND

The set of natural type Ila diamond samples displayed
depths of brown color covering the range found in nature.
Windows were polished on opposite faces of these samples
to allow spectra to be acquired and to minimize effects due
to surface scattering. Sample thicknesses ranged between
about 1.5 and 4.0 mm.

The CVD samples were grown homoepitaxially on {100}
type Ib HPHT-grown substrates using microwave plasma
CVD with nitrogen added to the process gases. The sub-
strates were subsequently removed and the resulting plates of
a CVD diamond were polished into parallel-sided plates with
a thickness of approximately 1.5 mm. Absorption spectra
were acquired at room temperature using a Perkin Elmer
Lambda 9 ultraviolet/visible/near infrared spectrophotometer
with a circular aperture of 2.0 mm diameter defining the
measurement region.

The absorption spectra of a representative samples of
brown single-crystal natural and CVD diamond, in the vis-
ible and ultra-violet, is shown in Fig. 1. A total of 32 natural
IIa and 4 samples of CVD diamond were investigated and all
displayed a similar absorption profile. It is to be noted that
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FIG. 1. Experimentally measured absorption spectra of five
natural type Ila crystals and two samples of single crystal CVD
grown brown diamond. The natural stones exhibit a featureless con-
tinuous absorption with no evidence of any threshold. The CVD
samples show in addition some broad peaks which may be related
to point defects. The absorption coefficient of CVD-4 has been
multiplied by 0.01 for ease of comparison.

the absorption spectra are almost featureless and increase
almost monotonically with energy. In some cases, peaks due
to nitrogen related impurities at 4.5 eV? can be seen together
with two unidentified defects which absorb at ~2.5 and
~3.4 eV. Figure 1 shows that in all the samples investigated
the same underlying continuum is present strongly suggest-
ing there is a single defect responsible and not a number of
different defects with different levels which combine to give
an absorption continuum varying as E> or E>. In the latter
case, we would expect differences in the populations of de-
fects in the different samples and hence a different spectrum
for each sample.

III. THEORETICAL ABSORPTION SPECTRA OF
VACANCY DISKS

A. Method

We carry out local density functional calculations for the
structure and dielectric constant of a vacancy disk embedded
in a large unit cell using the AIMPRO code.'> Hartwigsen,
Goedecker, and Hutter!® pseudopotentials and Gaussian s, p,
and d basis sets are used to eliminate core electrons and
describe valence electronic wave functions, respectively. Va-
cancy disks are created in 40 and 80 atom cells. The separa-
tion between the disks in different cells is then 20 and 40
atomic layers, respectively. The unit cell Brillouin zones are
sampled with a Monkhorst-Pack grid of k-points.!’

The absorption coefficient is related to the complex di-
electric constant of the cell by (47/\)Imag. \((:‘11 +i e‘lz) Here,
! denotes a principal value of the dielectric tensor and ef, 612
are its real and imaginary parts. The imaginary part of the
dielectric constant, in the long-wavelength dipole approxi-
mation, is given by
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where () is the unit cell volume, and |\I’]”("'> are valence and
conduction states, with energies Eﬁ"‘, respectively. The sum
over k includes the full Brillouin zone, which we sample
with a regular Monkhorst-Pack grid containing 3000 k-points
for bulk, and 500-1500 k-points for supercells containing
defects. The 6 function has the effect of broadening the cal-
culated points to form a continuous spectrum. The value
must be chosen carefully as too large a broadening can re-
move features from the spectrum, but too small a broadening
renders the information unusable. In general, some small
fraction of the bandgap is a good compromise. Here we use
a polynomial broadening of 0.8 eV. In a solid, the matrix
element of r is evaluated using:'
; 1 , 1 ,
iom hw

where V,; is the nonlocal part of the pseudo-potential. The
real part of the dielectric function is subsequently obtained
through a Kramers-Kronig (KK) transformation. More in-
volved theories of dielectric functions have been developed
for semiconductors, to describe effects beyond LDA,% be-
yond the long-wavelength limit,”! and beyond the indepen-
dent particle limit,>">? but they are currently too computa-
tionally intensive to be applied to anything other than bulk
materials.

The local density functional theory used here also leads to
a well known underestimate of the gap. We find a gap of
4.2 eV compared with an experimental value of 5.5 eV.
There are two simple methods by which this can be cor-
rected. The first is a rigid upward shift of the levels lying
above the valence band top, E,. However, this method can-
not lightly be applied to a defect which introduces both oc-
cupied and unoccupied gap levels for in this case, it seems
unlikely that the occupied states should be rigidly shifted.
Such a shift would disturb the ground state structural prop-
erties predicted by the theory. Instead, we prefer to scale the
energy levels lying above E, by a factor of 1.3. Applied to
bulk diamond, this brings both the calculated indirect and
direct band gaps at 4.22 and 5.66 eV into agreement with
experimental data,>® shown in Fig. 2.

B. Theoretical results

The infinite vacancy disk is created by removing two
planes of atoms as shown in Fig. 3. These lie on aB planes of
the normal AaBBCy (111) stacking sequence of diamond
and their removal leads to dangling bonds lying parallel to
[111] on each internal surface. The collapse of this vacancy
disk, when the two planes fuse, does not lead to an intrinsic
stacking fault as this requires the removal of A« planes. For
the aB disk, fusing the two surfaces could be accompanied
by a a/2(110) shear and this leads to a perfect dislocation
loop with this Burgers vector.

The formation energy per vacancy is 1.46 eV in both the
40 atom and 80 atom cells. These energies are to be com-
pared with 5.96 eV for an isolated vacancy studied using a
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FIG. 2. Band structure of bulk diamond, calculated in a 2 atom
cell. The energies of states above E, are scaled by 1.3 to reproduce
the direct and indirect bandgaps at 5.5 and 7.3 eV, respectively. The
valance band top is set to 0 eV.

quantum Monte Carlo technique®* and 7.17 eV in density
functional theory. The most stable multivacancy -cluster
found previously is a cluster of 14 vacancies with formation
energy 2.35 eV per vacancy.'* The reduction in formation
energy with the size of the vacancy cluster is due to the
elimination of some of the dangling bonds rather than stabi-
lization of the surfaces of the cluster through reconstruction.
However, this is not the case for a vacancy disk. Here all
dangling bonds are eliminated through the Pandey
reconstruction” which leads to lines of 7r-bonds lying along

[110], and a reduction in energy of 0.52 eV per vacancy
compared to a disk with unreconstructed surfaces. The length
of the 7-bond is 1.426 A and close to that found in graphite
(Fig. 4).

The band structure, shown in Fig. 5, demonstrates that the
band gap is completely filled with states and that the top of
the occupied 7-band is degenerate with the bottom of the

FIG. 3. Illustration of the removal of a {111} double plane
(boxed) in bulk diamond and the subsequent surface rebonding
leading to a vacancy disk with chains of 7-bonded atoms along

(110), shown in white for clarity.
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[110]
[111]

FIG. 4. View of the {111} plane with a (2X 1) Pandey chain
reconstruction. The 7r-bonded atoms are smaller and colored white
for clarity. The length of the m-bond is 1.426 A.

empty 7 -band. Thus it can be anticipated that the absorption
will be continuous without any threshold. However, it re-
mains to show that the absorption is featureless and to deter-
mine its dependence on energy.

We found the diagonal components of the dielectric tensor

for the planar defect along the [111], [110], [211] directions.
The largest component lies in the (111) plane as indeed is
found for graphite. We then find the average values of the
dielectric constant and the corresponding optical absorption
coefficient, shown in Fig. 6 and on a log-log plot in Fig. 7.
One notes that the absorption is featureless in the range

Energy (eV)
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FIG. 5. Band structure of the vacancy disk in a 40 atom cell.
The valance band top at I' is set to 0 eV and the higher energy
levels are scaled by 1.3 as described in the text. Note the absence of
any pronounced gap in the spectrum suggesting a featureless ab-
sorption spectrum. Dashed lines are unoccupied levels, while solid
lines show filled levels. The center of the Brillouin zone is marked
I', and other k-points denoted with their positions relative to the
primitive unit vectors of the Brillouin zone of the 80 atom cell.
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FIG. 6. Absorption of natural and CVD grown brown diamond
compared to absorption of {111} vacancy disk in an 80 atom cell.
The absorption of the vacancy disk has been multiplied by a factor
of 0.000 25 for clarity.

1-5 eV as indeed is the experimental spectrum and the en-
ergy dependence of the absorption is very similar to the more
transparent CVD-1 sample in the mid-gap region. Supple-
mentary absorption in CVD-4 is due to additional defects
including nitrogen. Now, the expression for the dielectric
constant above takes only direct electron-hole transitions into
account and hence the large rise in absorption at 5.5 eV for
diamond, due to indirect excitations and exciton effects, is
not reproduced. In addition, the semi-metallic character of
the infinite vacancy disk results in an absorption coefficient
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FIG. 7. Log-log plot of absorption coefficient of natural type Ila
brown diamond, and two samples of nitrogen doped CVD diamond
along with lines £ and E3 which indicate the energy dependence of
the absorption. The calculated absorption coefficient for a {111}
vacancy disk in an 80 atom cell, multiplied by a factor of 0.000 25,
is also shown. Note that it follows closely the absorption of the
more transparent CVD-1 sample. The theoretical spectra below
2 eV and above 5eV are not reliable (see text). The broad band at
4.6 eV in CVD-4 is attributed to substitutional nitrogen but the
bands at 2.48 and 3.39 eV are unaccounted for and may be related
to other defects not detected in natural IIa brown and which are less
prominent in CVD-1.
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diverging at low energies.”® A finite disk would possess a
small gap between occupied 7-bonding and empty anti-
bonding states leading to an absorption coefficient which
vanishes with energy. However the vacancy disk clearly
leads to an absorption spectrum consistent with experiment
on CVD-1, although the natural diamond may have addi-
tional centers.

An important finding is that the calculated absorption co-
efficient found in the 80 cell is roughly a factor of half that
found in the 40 atom cell where the density of vacancies is
twice as large. Thus our absorption coefficient scales with
this fraction. This allows us to calibrate the absorption with
the sp?/sp? fraction or vacancy density. We find an absorp-
tion coefficient at 2.5 eV of 0.05 cm™ for a vacancy concen-
tration of ~1 ppm or 1.52X 10'7 cm™. This is comparable
with an extrapolation of experimental data on poor quality
CVD material.?” Thus we can deduce that there are about
10" vacancies in the CVD-1 diamond whose absorption is
shown in Fig. 7 if all the absorption were due to disks. It is
to be expected that the 7-bonds lead to vibrational modes in
the 1500 cm™' regions and indeed our calculations find a
Raman active mode at 1494 cm™!. This is close to one ob-
served around 1540 cm™' in CVD material.® Similar modes
must be present in natural brown diamond if the vacancy
disk model is correct.

We now discuss possible mechanisms for the loss of the
brown coloration. Recent experiments®® show that the trans-
formation of brown to colorless CVD brown diamond is ac-
companied by the growth of a broad C-H band around
2900 cm™!. This frequency is close to the C-H stretch mode
on a (111) surface,” which occur at 2838 cm™'. The question
arises whether hydrogen could passivate the optical activity
of the disk.

Figure 8 shows the hydrogenated disk. Here a layer of H
atoms passivates the surface dangling bonds, and it is found
that the stable disk has a (1X1) surface. The carbon-
hydrogen bond length here is 1.11 A and the separation of
the C atoms across the disk is 4.02 A. The band structure in
Fig. 9 shows that hydrogen has now eliminated all states
from the band gap of diamond. The formation of C-H bonds
provides an explanation for the loss of the brown coloration
in CVD diamond. However, the lack of hydrogen in natural
brown diamond requires an alternative explanation for the
loss of the brown coloration.

Large vacancy disks would not be stable against collaps-
ing to produce a perfect dislocation loop. If one of the sur-
faces was displaced towards the other by a(110)/2, then the
fault would be eliminated but a perfect dislocation loop with
this Burgers vector b would be formed. According to previ-
ous theory and electron energy loss spectroscopy, such loops
are likely to be optically inactive.!® The energy of a col-
lapsed disk of radius r, according to elasticity theory?” is,

ub*r
-0 (In(4r/b) — 1],
Here p and v are the shear modulus and Poisson ratio of
diamond. We find the energy of the dislocation loop to be
less than that of the vacancy disk for loops of radius greater

125203-5



HOUNSOME et al.

FIG. 8. Hydrogenation of the [111] surfaces, passivating the
m-bonds. Hydrogen atoms shown in white.

than about 12 A containing about 200 vacancies.

The vacancy disk considered so far consists of the re-
moval of just two atomic layers. It is possible to imagine that
further pairs of atomic planes are removed and each pair
replaced by a single plane of graphene. As the numbers of
removed and added atoms are the same, the number of va-
cancies is unaltered. Diamonds with graphitic inclusions
having this orientation have been reported.?! Furthermore,

Encrgy (cV)
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FIG. 9. Band structure of the hydrogen terminated {111} va-
cancy disk. It can be clearly seen that the band gap is cleared of
states, allowing no optical absorption in the visible range. Valance
band top set to 0 eV. Dashed lines are unoccupied levels, while
solid lines show filled levels. Brillouin zone points denoted as be-
fore. Energy levels above the top of the valance band are scaled by
a factor of 1.3.
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[110]

FIG. 10. Illustration of the removal of a {110} double plane
(boxed) in bulk diamond and the subsequent surface rebonding
leading to a vacancy disk with chains of 7-bonded atoms along
[001], shown in white for clarity.

transmission electron microscopic observations of brown
natural type Ila diamond report features possibly due to gra-
phitic inclusions.>> However, the formation energy of a
single plane of graphene lying inside the vacancy disk is
1.72 eV per vacancy which is higher than the 1.46 eV for-
mation energy per vacancy found above for the vacancy disk.
Clearly, the single plane of graphene is unstable, however,
this may not be the case for larger graphitic inclusions bear-
ing in mind that graphite is more stable than diamond.

It would be possible for a surface of -bonded atoms to
form on the facets of a sufficiently large octehedral void, in
this case the 8 faces would lie on the set of (111) planes.
Preliminary investigations of a void of 35 vacancies arranged
in this pattern give a formation energy of 1.85 eV per va-
cancy which is quite stable. The facets of this void were too
small to allow formation of Pandey chains or delocalised
m-bonds so evidence for bandgap optical absorption is still
lacking, but larger voids would be computationally expen-
sive to model.

A study has also been made of a vacancy disk lying on the
{110} plane, which naturally forms a chain of 7-bonded at-
oms when a double layer is removed,>? shown in Fig. 10.The
disk is created in a cell of 40 atoms with a separation be-
tween disks of 10 atomic layers.

The formation energy is higher than the disk on a {111}
plane, at 1.71 eV per vacancy. The band structure shown in
Fig. 11 displays a gap at ~3-5 eV above the valance band
top which would be expected to lead to a feature in the
absorption spectra, and this is confirmed by further calcula-
tions, which demonstrate a dip in absorption around 4 eV,
illustrated in Fig. 12. Thus it unlikely that these disks are
present in appreciable numbers.

IV. CONCLUSIONS

We have shown that the absorption spectrum of natural
type Ila single crystal brown diamond, and several samples
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FIG. 11. Band structure of an infinite vacancy disk on the {110}
plane. The break in levels in the region of the top of the bulk band
gap, leads to a nonfeatureless absorption spectrum. Dashed lines are
unoccupied levels, while solid lines show filled levels. Brillouin
zone points denoted relative to the primitive unit cell. Energy levels
above E, are scaled by a factor of 1.3.

of brown single crystal nitrogen doped CVD diamond, ex-
hibit the same almost featureless absorption pattern, varying
between E? and E°, which suggest that a single defect is
responsible. Density functional calculations of vacancy clus-
ters show that the most stable cluster found is a vacancy disk
lying on {111} planes for disks smaller than about 200 va-
cancies. The stability of the disk is due to the elimination of

1000

— {110} Vacancy disc (scaled)
- + {111} Vacancy disc (scaled)
« Natural 32

» CVD

10 b

ot

Absorption (cm” l)
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Energy (ev)

FIG. 12. The calculated optical absorption of a vacancy disk on
the {110} plane scaled by a factor 0.0025 for comparison, compared
to the disk on the {111} plane (scaled by a factor 0.000 25) and one
natural and one CVD sample. Absorption from the {110} disk
clearly shows several features such as a broad band at ~2.8 eV and
a dip in absorption around 4 eV where there are fewer band gap
levels.
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dangling bonds through the formation of m-bonded chains
similar to the (2 X 1) reconstruction of the {111} surface. The
absorption coefficient of the disk exhibits the same feature-
less absorption profile as seen experimentally for brown dia-
mond. Moreover, the highest local vibrational mode of the
disk at 1496 cm™! is close to a band detected experimentally
at 1540 cm™' in brown CVD diamond. We, therefore, iden-
tify {111} vacancy disks as a likely candidate for the origin
of the brown coloration, at least in the CVD-1 sample. In
natural diamond, the experimental absorption bands vary
more dramatically with energy which may reflect the pres-
ence of other vacancy centers. It may be that octahedral
voids of vacancies having {111} surfaces could also explain
the brown color and these could also account for the very
long 400 ps lifetime detected by positron annihilation in
brown diamond.'?!3 It is known that growth of Si by the
Czochralski process introduces voids or “crystal orientated
particles” which are vacancy clusters with{111} surfaces up
to 0.1 um in size although the surfaces appear to be
oxidized.?

The band structure of the {111} vacancy disk is quite dis-
tinct from that of the ideal 2X 1 (001) diamond surface,
where again a reconstruction leading to 7-bonding occurs.
However, in this case the 7-bonds do not overlap apprecia-
bly, and lead to only narrow 7 bands and 7" bands lying
within the gap, of width less than 2 eV, and separated by
~1.5 eV.* To achieve very broad 7 and 7" bands, separated
by a narrow gap, it is necessary for the m-bonds to be con-
nected together in for example chains or as in a graphene
sheet. Only in this case, will the optical properties approach
those of brown diamond. Discs lying on {110} planes also do
not exhibit the broad 7 and 7" bands which completely fill
the gap and would not show the characteristic absorption of
brown diamond.

Two mechanisms for the loss of the brown coloration
upon annealing are investigated. In one, the surface of the
disk is passivated with hydrogen and this could explain the
growth of vibrational bands around 2900 cm~! detected after
the transformation of brown CVD diamond.?’ It is interesting
to note that there is a analogy with hydrogen platelets in Si
which are formed by proton implantation which also lie on
{111} planes although in this case the planes are pushed apart
by hydrogen molecules.?*3” Secondly, the collapse of a large
disk, and the formation of an optically inactive dislocation, is
found to be energetically favorable for disks containing more
than about 200 vacancies. Such a mechanism might account
for the transformation of brown natural diamond although it
is unclear whether the disks are growing and then become
unstable, or the activation barrier to the collapse and the
formation of a dislocation loop are overcome at temperatures
around 2000°C.
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