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Dislocations in diamond: Electron energy-loss spectroscopy
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Electron energy-loss~EEL! spectroscopy performed near dislocation cores is one of the few experimental
techniques that can yield valuable information about the electronic levels associated with dislocations. In this
study, we present experimental observations of low-loss EEL spectroscopy acquired on grain boundary dislo-
cations in a CVD diamond film. We interpret these results usingab initio calculations, where we model
low-loss and core-excitation EEL spectra acquired on various dislocation cores in diamond and compare them
with bulk spectra. We consider in particular the 60° glide, 60° shuffle, and1

2 @110# screw dislocations, as well
as the 30° and 90° partial glide dislocations and a 90° shuffle vacancy structure. The simulations show the
absence of deep gap states for the more stable partial dislocations but there are characteristic changes to the
low-loss EEL spectrum in the 6–12 eV region. Such changes are consistent with experimental spectra acquired
from grain boundary dislocations found in boron doped CVD diamond.

DOI: 10.1103/PhysRevB.65.205206 PACS number~s!: 71.55.2i, 78.20.Bh, 78.20.Ci
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I. INTRODUCTION

The presence of dislocations in semiconductor crys
can strongly influence the electrical and optical properties
the material. In particular, the growth of polycrystallin
chemically vapor deposited diamond generates high dens
of dislocations~up to 1012 cm22), which originate in the
substrate-interface region and can propagate throughou
thin film.1 Such extended defects have notably been co
lated with the so-called diamond band-A cathodolumines-
cence observed at 2.8–2.9 eV in undoped CVD diamon2,3

and natural type-II diamond.4,5 It has been noted that band-A
luminescence is polarized with the electric field oriented p
allel to the dislocation line,4,5 and is associated with carbo
atoms of reduced coordination.3 Furthermore, it has recentl
been observed that color changes produced in natural br
diamonds by high-pressure, high-temperature annealing
linked to plastic deformations.6

The atomic structure of dislocations, and their dissoc
tion into partials, has been widely studied experimentally
silicon and diamond by transmission electron microsco
~TEM!.7–9 However, this technique does not directly yie
any information about the electronic structure of the dislo
tions. Spatially resolved electron energy-loss~EEL! spectros-
copy performed near dislocation cores can in principle yi
valuable information about electronic levels associated w
dislocations, both within and above the band gap. Rec
EEL experiments performed near extended defects in silic7

and diamond10,11 have shown differences from bulk region
but there are still issues regarding their interpretation. T
information obtained from EEL spectroscopy could pro
crucial to help resolve whether any electrical or optical
tivity is associated with undecorated dislocations.

In this study, we perform low-loss EEL measurements
0163-1829/2002/65~20!/205206~7!/$20.00 65 2052
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a variety of dislocations in diamond and interpret these
sults using first-principles simulations of dislocation core
By means of a simple model, we identify extended def
structures that lead to changes in EEL spectra compared
bulk regions. Furthermore, we find that some types of
decorated dislocations are consistent with observations
dislocation-related luminescence.

II. THEORETICAL FORMALISM

A. Ab initio method

The influence of structural defects on the electrical a
optical properties of the material is determined essentially
the nature of the atomic bonding at the dislocation core.
perform self-consistentab initio simulations of dislocation
cores in diamond crystals within the local density appro
mation ~LDA ! to density functional theory, using th
recently-enhancedAIMPRO code.12 Local density functional
theory is expected to give a realistic account of the grou
state structure of the defects but it only gives an approxim
description of excited states. In particular the energy ga
underestimated and both exciton and local field effects
ignored. In this sense the calculations described here a
first attempt to describe the EEL spectrum of dislocations

The electronic wave functions are expanded in a set os,
p, andd atom-centered Gaussian orbitals with 28 variatio
degrees of freedom per atom. We use pseudopotentia
describe the ion cores.13 A single dislocation, or partial dis-
location, is placed within a hydrogen-terminated nanocrys
in a supercell, thus imposing perfect periodicity along t
@110# dislocation core and describing dislocations of infin
length. The hydrogen atoms serve to terminate the sur
bonds and avoid spurious surface states, but do not refle
real physical presence. The advantage of this techniqu
©2002 The American Physical Society06-1
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that a single infinite dislocation is modeled. A comparis
between this approach and the normal one where a peri
array of dislocations is used is discussed in Ref. 14. Diff
ences in the EEL spectra due to the different boundary c
ditions occur only at high energies well above the band ed
The atomic geometries of the dislocation cores have b
presented in detail elsewhere.15 The supercells used her
contain between 60 and 160 atoms, and are fully relaxe
their equilibrium positions. We use between 2 and
Monkhorst-Pack reducedk points along the dislocation cor
to perform the Brillouin zone integrations durin
self-consistency.16 Initial relaxations of the dislocation core
and estimates of the dislocation energies are performed u
the density functional tight-binding method~DFTB!,17,18

with clusters of up to 600 atoms.15

B. Low-loss EEL spectroscopy

The low-loss part of the EEL signal results from the sc
tering of high-energy primary electrons with secondary
lence electrons which undergo a transition to empty cond
tion or gap states. The signal obtained experimentally
representative of2Im «(E)21, where«5«11 i«2 is the di-
electric function andE is the energy loss.19 We calculate the
imaginary part of the dielectric function in the long
wavelength dipole approximation20

«2
l ~E!5

4pe2

V (
c,v,k

z^Ck
cur l uCk

v& z2d~Ek
c2Ek

v2E!, ~1!

whereV is the unit cell volume anduCk
v,c& are valence and

conduction states, with energiesEk
v,c , respectively. The di-

electric function depends only on the orientation of the el
tric field associated with the electron beam through the
entation of r . Consequently, we compute EEL spectra
various orientationsl of the electron beam. The sum overk
includes the full Brillouin zone, which we sample with
regular Monkhorst-Pack grid containing 1000–5300k points
for bulk, and 50–150k points for supercells. In a solid, th
matrix elements ofr must be evaluated using21

^Ck
nur uCk

i &5
1

ivm
^Ck

nupuCk
i &1

1

\v
^Ck

nu@Vnl ,r #uCk
i &,

~2!

whereVnl is the nonlocal part of the pseudopotential. T
real part of the dielectric function is subsequently obtain
through a Kramers-Kronig~KK ! transformation, which then
allows 2Im «(E)21 to be computed. Low-loss EEL spect
are broadened using a Lorentzian function, which con
niently allows an analytical KK transformation.

More involved theories of dielectric functions have be
developed for semiconductors, to describe effects bey
LDA,22 beyond the long-wavelength limit,23 and beyond the
independent particle limit,23,24 but they are currently too
computationally intensive to be applied to anything oth
than bulk materials. It is difficult to be certain of the cons
quences of the omission of these effects. Moreover, exp
mental result will be affected by surfaces effects. Local fi
effects do not appear to be important for low moment
20520
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transfers.25 Since we are interested in comparing bulk a
defect-related EEL spectra, we restricted ourselves to
simple theory of dielectric functions presented above. To
just the computed LDA band gap to the experimental val
the conduction bands are shifted upward by 1.48 eV. G
states are shifted proportionally to their distance in ene
from the top of the valence band.

C. Core-excitation EEL spectroscopy

Core-excitation EEL spectroscopy results from electro
transitions between deep core states and empty gap or
duction band states. In view of the localization of the init
state on an atom, core EEL spectra are related to an ang
momentum projected local density of states on the atom
the initial core stateuCk

i & is s-like ~as for the diamondK
edge!, the core EEL spectrum from atoms atR is propor-
tional to ap-projected local density of states atR, written
symbolically as

I R~E!5 (
c,R,k

z^Ck
cupR& z2d~Ek

c2Ei ,R2E!, ~3!

whereEi ,R5Ea1DV(R). Ei ,R (Ea) is the core level for the
solid ~for the atom, respectively!. To first order perturbation
DV(R) is the difference in potential at the atomic core b
tween the bulk and the atom, and as a first approximation,
neglect its dependence onR in the following. The angular
part of pR is a Legendre polynomial of degree 1 while th
radial part is taken to be of constant unit height in a shell
radius 1 a.u. aroundR, and zero otherwise. Tests with diffe
ent radii did not materially change the simulated core E
spectrum. This procedure, albeit approximate, eliminates
need to reconstruct the core wave function of the final st
We include 8–10 inequivalent atoms neighboring the dis
cation core in the sums overR. This level of theory makes
no account of final state effects, which should in princip
include interactions between the excited electron and
hole. However, as we show below, it allows a qualitati
understanding of EEL spectra, and permits comparisons
tween bulk and defect regions to be made. Core EEL spe
are displayed with a Gaussian broadening of 0.8 eV.

III. EXPERIMENTAL

The sample was prepared by ion thinning a membr
0.84 mm in thickness of boron-doped polycrystalline CV
diamond. The sample was grown on a 3-in diameter$100%
oriented silicon wafer using a commercial Astex HPMM 1
kW microwave plasma reactor with a B/C ratio of 1333 pp
in the gas phase. SIMS measurements on a similarly gro
sample suggest a boron concentration around
31021 cm23. The wafer was first soaked in buffered hydro
luoric acid for 60 minutes to remove any native oxide a
hydrogen terminate the surface. It was then subjected
pre-treatment process involving first heating to 500 °C in 5
sccm hydrogen flow at 15 Torr~without plasma! to desorb all
oxide species. Second, a thin carbonaceous layer was de
ited at 800 °C using 30 min of 800 W microwave power a
pressure of 15 Torr and a hydrogen flow of 500 sccm an
6-2
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DISLOCATIONS IN DIAMOND: ELECTRON ENERGY . . . PHYSICAL REVIEW B65 205206
methane flow of 4 sccm. Third, the coated wafer was
moved from the microwave reactor and put in a suspens
of 5 g of 6 –12 mm diamond powder in 600 ml of methano
and immersed in an ultrasonic bath for 30 min. It was th
rinsed in methanol and blown dry with nitrogen. Finally th
wafer was placed back into the reactor for diamond grow
The growth run took 9 h at 800 °C, 800 W, 15 Torr, 500sccm
hydrogen, 1.5 sccm methane, 2 ccm of a 0.1% mix of B2H6
in hydrogen. The growth rate and thickness were monito
near the center of the wafer using a 670 nm diode la
reflectometer.

After growth, the membrane was created by etching
4–6 mm diameter hole from the back side of the silic
wafer using a mixture of hydrofluoric, acetic and nitric acid
A sample was prepared for TEM investigation using
argon/water vapor mixture in a Gatan PIPS ion thinner.
the B/C ratio in the reactants was 1333 ppm the sample
quite highly boron doped as confirmed by the deep b
color of the 0.84mm thick film.

Plan view TEM examination of the ion thinned samp
revealed a continuous film of polycrystalline diamond co
posed predominantly of grain clusters with a common^110&
or ^112& growth direction. The largest of these clusters we
about 0.2 mm in diameter and they were internally twinne
with $111% twin contact planes parallel to the growth dire
tion. Some were twinned on a single set of parallel plan
The larger grains were twinned in equivalent$111% planes
often with a fivefold node at the cluster center. Such^110&
oriented clusters frequently contained up to ten or so in
vidual grains in twin relationship with each other. Disloc
tions parallel to the growth direction were therefore predo
nantly ^110& oriented.

Electron energy loss~EEL! spectroscopy was conducte
in a VG 601, a cold field emission gun scanning transmiss
electron microscope~STEM!, operated at 100 kV and
equipped with a Gatan666 parallel EEL spectrometer. T
EEL spectra of Fig. 1 were taken with an energy dispers
of 0.1 eV/channel. Subsequent low–loss spectra of dislo
tions were taken with a dispersion of 0.02 eV/channel
order to separate the low-loss spectrum from the tail of
zero loss peak. Thus data processing such as backgr
removal via subtraction of an experimental zero loss peak
via curve fitting, or deconvolution procedures was unnec
sary. The accuracy with which the position of spectral fe
tures in the low-loss regime could be determined w
60.03 eV, while the energy resolution was slightly belo
0.4 eV. Several tens of spectra were taken at each pos
with 1 s duration; they were then aligned and added. T
electron probe size was 1 nm and the drift was less than 1
over several minutes, in fact it was undetectable over
time the spectra were taken. Surface contamination was
moved by exposure to the electron beam before the E
spectra were recorded.

IV. RESULTS

A. EEL spectra of diamond

The calculated EEL spectra are shown in Fig. 1, where
compare the low-loss and core-excitation spectra with
20520
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experimentally observed low-loss and core EEL spec
Qualitative agreement between the computed and meas
values is obtained and the peak positions are well descri
The calculated and experimental spectra agree best b
about 20 eV above which differences become significa
These may be due to the effect of surface plasmons or e
tons. Absorption seen experimentally in previous core-l
spectroscopy in the band gap10 may be attributed to surfac
effects or difficulties in background subtraction.

B. Theoretical EEL spectra of dislocations

In diamond, dislocations lie on$111% planes and can be
described by the angle between the dislocation line~parallel
to a @110# direction! and the Burgers vector. Glide an
shuffle dislocations differ from each other in that the r
moved half-plane of atoms terminates after a long or a sh
inter-plane separation in the@111# direction, respectively.
60° glide dislocations are known to dissociate into 30° a
90° partial dislocations separated by an intrinsic stack
fault ~ISF!.8,26 Screw dislocations in diamond have also be
observed to dissociate into partials.9 Because shuffle disloca
tions can be obtained from glide dislocations by inserting~or
equivalently removing! an extra row of atoms, several cor
structures of the dissociated shuffle dislocation are poss
Theoretical investigations using DFTB have shown that
following dissociation reactions into partial dislocations a
energetically favorable:15

FIG. 1. Upper panel~a!: Theoretical low-loss EEL spectrum o
bulk diamond ~solid line!, compared with experimental dat
~crosses, this work!. The experimental spectrum has been scaled
the same peak height as theory. Lower panel~b!: Theoretical
K-edge EEL spectrum of bulk diamond~thin solid line!, compared
with experimental data on type-IIb diamond from Bruley and B
son~crosses, Ref. 10! and on CVD diamond~thick line, this work!.
The experimental spectra have been arbitrarily scaled. The en
zero is set at the conduction band minimum, where the spectra
been aligned.
6-3
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C. J. FALL et al. PHYSICAL REVIEW B 65 205206
60° glide → 30° glide1 ISF 1 90° glide,

60° shuffle → 30° glide1 ISF 1 90° shuffle~V!,

1
2 @011# screw → 30° glide1 ISF 1 30° glide.

The second reaction of course assumes the existence o
60° shuffle dislocation even though it has a;630 meV/Å
higher core energy than the respective glide structure.15 The
atomic core structures of the dislocations listed above,
laxed with AIMPRO, are shown in Fig. 2. We consider i
particular the 90° double-period partial dislocation, thoug
to be energetically favored over the single-period structur26

FIG. 2. Relaxed atomic structures of 60° glide and shuffle d
locations in diamond, as well as 30° and 90° partial glide dislo
tions. Also shown are a 90° shuffle vacancy structure@90° shuffle
~V!# and a screw dislocation. The lower panel shows a side view
the screw dislocation. Only the central parts of the supercells u
for relaxing the dislocations are shown. Lighter~darker! atoms in-
dicate the stacking faults~inserted atoms, respectively!. Asterisks
denote structures with a double-period reconstruction in the@110#
direction.
20520
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t

Many of these dislocation cores are reconstructed along
dislocation axis, thus lowering their energy by pairing da
gling bonds. The 90° shuffle~V! partial is an open-core
structure that can also be seen as a 90° glide core with
column of atoms removed. Further details about the str
tures are found in Ref. 15. We have studied the band st
tures, low-loss, and core-excitation EEL spectra of all th
dislocation structures, and present the results in Figs. 3
4.

The 60° glide dislocation, as well as the 30° and 9
partial dislocations, show no evidence of gap states ass
ated with undecorated dislocations, and only small chan
in the corresponding low-loss and core-excitation EEL sp
tra compared with bulk. The lack of gap states stems fr
the reconstructed nature of the cores, which allow all
core atoms to be fourfold coordinated with bond lengths a
bond angles similar to those of the bulk. The screw dislo
tion does not possess any deep gap states either, and
fourfold coordinated core atoms. Nevertheless, the b

-
-

f
ed

FIG. 3. Band structure along the dislocation core in the@110#
direction in the gap region, low-loss EEL spectrum, and predic
K-edge core EEL spectrum for 60° glide, 60° shuffle, and1

2 @110#
screw dislocations corresponding to the atomic structures show
Fig. 2. The double-period reconstructions fold the Brillouin zon
~BZ! of some of the structures to half the thickness of the othe
The BZ centers are on the left of each panel in the first column
the band structures, the filled and empty states of neutral disl
tions are separated by horizontal lines. The low-loss EEL spe

are shown for incident beams oriented in the@11̄2̄# ~solid line! and

@11̄1# ~dashed line! directions orthogonal to the dislocation axis,
well as along the@110# dislocation axis~dash-dot line!, and are
compared to superimposed bulk spectra superimposed~crosses!.
For core EEL spectroscopy, dislocation spectra~solid lines! are
compared to bulk spectra~dashed lines!. The energy zero set at th
conduction band minimum in both cases. All energy scales
given in eV.
6-4
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DISLOCATIONS IN DIAMOND: ELECTRON ENERGY . . . PHYSICAL REVIEW B65 205206
structure is perturbed in the vicinity of the gap, leading
flatter band edges than seen in the bulk. The low-loss E
spectra are suppressed for a beam parallel to the disloc
line in the 8–12 eV region, and enhanced for other orien
tions in the 6–8 eV region. A filling of the double pea
observed in bulk at 6 and 12 eV above the conduction b
minimum in the core EEL spectra is also found. This is
lated to the bond angles at the screw core (97° –126
which are markedly different from those of the bu
(109.5°).

For diamond 60° shuffle dislocations and 90° shuffle~V!
partials, we find evidence of empty states localized on
dislocation cores below the conduction band edge. These
calized bands result from the undercoordinated carbon at
at the dislocation core. For example, the gap states of the
shuffle~V! partial dislocation are formed fromp-like orbitals
of the threefold coordinated carbon atoms. Because of
double-period reconstruction, there are two gap states
each wave vector. In the lower gap state atk5(0,0,0), the
p-like orbitals are repeated along the core with a ph
change ofp between successive atoms, while in the high
gap state they are all in phase. Figure 5 shows the w
function of the localized state that is lower in energy. T
60° shuffle core additionally contains a stretched bond
contributes to an additional gap state that is higher in ene
Enhanced EEL absorption for the 60° shuffle is observed
the 3–12 eV range compared to bulk for beam orientati
perpendicular to the dislocation axis. To compute the E
signal of the 60° shuffle, which contains a half-filled band
the neutral state, we have assumedp-type conditions and
empty gap states. For the open-core 90° partial, strong
sorption in the 0–2 eV range is found for an electron be

FIG. 4. Same as Fig. 3 for 90° glide, 30° glide, and 90° shu
~V! partial dislocations.
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oriented along the dislocation axis, and in the 6–9 eV ran
for a beam perpendicular to the dislocation axis. The pr
ence of electronic bands around midgap is consistent w
the observed energy of band-A emission at 2.8–2.9 eV
which has been correlated with threefold coordinated ato
in extended defects.3 If core-excitation EEL is performed on
these dislocations, the empty gap states create suppleme
absorption peaks below the conduction band minimum. T
could account for previous core-loss experimental finding10

C. Experimental results

Due to the small grain size in the sample investigated,
were unable to determine by TEM the Burgers’ vectors
those dislocations imaged in the STEM. We thus only st
the direction of the dislocations with respect to the crys
and orientation of the electron beam.

Low loss spectra taken in nondislocated regions ins
grains shown in Fig. 6 show a rise just after 6 eV wi
superposed weak undulations, followed by a steeper rise
after 12 eV, rather similar to the calculated bulk spec
~Figs. 3 and 4, crosses!.

Most notable and easily identifiable in the TEM imag
were stacking faults and twin boundaries, some of them
sociated with strain and dislocations~Fig. 7!, which because
of the likeness to scenarios described in previous invest
tions on similar samples27 were taken to be screw disloca
tions.

The experimental spectra of dislocations parallel to
electron beam appears generally more featureless
slightly less intense, when the low-loss intensity was norm
ized at an energy loss of 14 eV. However, bulk spectra ta
at different locations, i.e., at different sample thicknesses
in different grains, show variations of similar strength.
comparison of the crosses and dash-dotted lines in Fig

FIG. 5. Wave function associated with the gap state that is lo
in energy (;1.8 eV above the valence band maximum! in a 90°
shuffle ~V! open-core partial dislocation at the Brillouin zone ce
ter. The wave function is centered on the threefold coordinated
bon atoms at the dislocation core. The figure is projected along
@110# direction, parallel to the dislocation axis.
6-5
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and 4 demonstrates that the theoretical calculations
show that the spectra for electron beam incidence paralle
the dislocation line show small differences compared to
bulk spectra. The calculations suggest that much larger
location effects are expected when the electron beam is
lique to the dislocation line. Indeed, the calculated spectr
the 6–10 eV region obtained for electron beam incide
perpendicular to the dislocation line~full and dashed lines in
Figs. 3 and 4! when compared with the bulk, suggest
additional loss in the 6–8 eV region.

Consistent with this is the experimental spectrum sho
as a dashed line in Fig. 6, taken with the electron be
parallel to^111&. This spectrum is due to a partial disloc
tion, presumably a dissociated screw, i.e., a 30° glide pa
bounding a stacking fault. The dislocation line presuma
lies along ^110& and is oblique with respect to the bea
direction. As it is neither perpendicular nor parallel to t
electron beam, it does not directly correspond to any of
calculated spectra. It approximates the calculated dashed
for the 30° glide partial shown in Fig. 4 corresponding to
electron beam direction along^111& perpendicular to the dis
location line. The experimental spectrum shows a rela
increase in the peak at 7 eV, similar to the calculated cu

The peak at 7 eV occurs in all experimental spectra ta
of dislocation lines oblique to the electron beam. This is
agreement with the calculations which show a relative
crease of the shoulder around 7 eV as the most pronou
feature in all the dislocation spectra.

It should be emphasized that the relative intensities of
experimental spectra are expected to be different from th
of the simulated spectra: the ratio of the bulk and dislocat
volume in the experiment may vary between sampling po
as the sample thickness varies; it is moreover gener
larger than that used in the spectrum calculations. We h
however, demonstrated here that we are able to asce
dislocation effects experimentally, and they prove to be
broad agreement with the theoretical predictions.

FIG. 6. Experimental low-loss EEL spectra for bulk~crosses!
and oblique partial dislocation~dashed line! with electron beam
along ^111&. Energy scale in eV.
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V. SUMMARY

We have investigated the electronic structure of a num
of dislocations in diamond. We find that the low energy
and 90° glide partial dislocations which border a (111)
trinsic stacking fault do not give rise to states in the ba
gap. Nevertheless, the calculated low-loss EEL spectrum
undecorated dislocations shows differences from bulk sp
tra. In particular, the spectrum taken when the electron be
is perpendicular to the line direction is expected to show
largest difference from bulk spectra with the onset moving
lower energies. Neutral shuffle dislocations give rise to
deep partially occupied band of gap states which leads
additional loss and is sensitive to the polarization of the el
tron beam. In the case of the 90° shuffle, a peak around
eV is found while the 60° shuffle dislocation leads to
strong peak around 6–7 eV for polarization perpendicula
the line.

The experimental low-loss EEL spectrum of bulk di
mond is in substantial agreement with the calculated sp
trum except that the onset is about one eV lower than
calculated spectrum. This might reflect the importance
excitonic effects.

Experimental EEL spectra have been acquired on pa
dislocations bordering a stacking fault in boron-doped CV
diamond. Although it is likely that dislocations were co
taminated with boron, their energy loss spectra show mod
changes from bulk for an electron beam directed along
dislocation line, but supplementary loss in the 6–8 eV reg
for an electron beam oblique to the line. This is consist
with the theoretical spectra for screw dislocations deriv
from the glide set. No band gap absorption is detected
perimentally. This suggests that the origin of band-A lumi-
nescence is either due to point defects, such as impuritie
jogs, bound to dislocation lines, or to shuffle segments wh
have evaded detection by EEL spectroscopy.
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FIG. 7. TEM image of CVD diamond. The arrow marks th
dislocation whose EEL spectrum is shown in Fig. 6.
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