
Ab initio study of lithium and sodium in diamond

E. B. Lombardi,1 Alison Mainwood,2 and K. Osuch1,*
1Department of Physics, University of South Africa, P.O. Box 392, UNISA 0003 Pretoria, South Africa

2Physics Department, King’s College London, Strand, London WC2R 2LS, United Kingdom
�Received 20 March 2007; published 3 October 2007�

Interstitial lithium and sodium have been suggested as alternatives to phosphorus to achieve shallow n-type
doping of diamond. Experimental results have, however, been contradictory. We report ab initio density
functional theory modeling of lithium and sodium in diamond and show that although interstitial Li and Na are
likely to behave as shallow donors, interstitial Li will readily diffuse with a low activation energy and that it
is energetically favorable for both species to be trapped at existing vacancies in diamond. The resulting
substitutional centers are themselves not only passivated but also induce deep levels in the band gap of
diamond, compensating the remaining donors. This explains the high resistivity observed in lithium and
sodium doped diamond. This demonstrates that samples should not be exposed to elevated temperatures in
order to prevent Li diffusion, while concentrations of vacancies and other defects should be minimized to
restrict the formation of compensating substitutional Li acceptors, if n-type doping of diamond is to be
achieved with Li. For sodium, we show that it is energetically favorable for Na to be incorporated in diamond
as a substitutional acceptor rather than as an interstitial donor. This is consistent with experimental observa-
tions of Na diffusing as a negative ion under electric bias in diamond. It is therefore unlikely that diamond will
be successfully n-type doped with Na.
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I. INTRODUCTION

Diamond is a wide band gap semiconductor with a high
breakdown field, high thermal conductivity, high electron
mobility, and other extreme properties which make it suitable
for high power, high frequency, and high temperature
applications.1 Although diamond has been successfully
n-type doped with phosphorus,2 the relatively deep donor
level �optical ionization energy of 0.6 eV� and low mobility3

have resulted in the search for other, shallower, n-type
dopants.4 More recently, shallow n-type conductivity has
been observed in B doped diamond with an excess of
hydrogen;5 although the donor has not been identified,6 a
mechanism involving Bn-Hm complexes has been suggested.7

Nevertheless, the search for other shallow n-type dopants has
continued.8,9

Of the alternative dopants, lithium and sodium have been
predicted to have shallow donor levels when in interstitial
positions in diamond10 and have been the subject of signifi-
cant experimental interest.8,11–14 However, despite expecta-
tions of Li being a shallow donor,10 most experimental stud-
ies have found Li doped samples to be either highly resistive
or electrically inactive.

In spite of a significant number of experimental studies,
especially for lithium, the results are not always in agree-
ment with each other. For example, the position of the
lithium donor level in diamond is unclear, with some studies
finding a shallow level,15 while others find impurity levels at
0.8–0.9 eV �Refs. 11 and 16� and 1.5 eV.11,17 Similarly, the
observed diffusion properties of lithium in diamond vary
widely, with some results showing lithium to be immobile in
ion-implanted samples even at high temperatures,18 while
others have reported that it diffuses into single crystal dia-
mond with an activation energy of 0.9 eV �Ref. 12� or
0.26 eV.14

Due to the interest in these dopants, the uncertainty re-
garding their characteristics and the inconsistency between
existing experimental and theoretical results, in particular,
the expectation of shallow donor behavior versus observed
high resistivity, we have carefully modeled the properties of
lithium and sodium in diamond using ab initio density func-
tional theory �DFT� all-electron, full-potential periodic su-
percell methods, as well as finite nanocluster methods, mod-
eling these dopants both at substitutional as well as various
interstitial sites in diamond. We also consider the relative
solubilities of interstitial versus substitutional Li and Na, as
well as activation energies of diffusion.

After summarizing the relevant experimental results on
these impurities and discussing predictions of previous theo-
retical modeling in Sec. II, we describe our calculations in
Sec. III, present the results and relate them to the experimen-
tal data in Sec. IV, and draw conclusions from them in
Sec. V.

II. REVIEW OF PREVIOUS THEORY AND EXPERIMENT
OF Li AND Na IN DIAMOND

A. Lithium

Lithium has been incorporated into diamond by doping
during chemical vapor deposition �CVD� growth, in-
diffusion, ion implantation, and nuclear transmutation using
the 10B+n→ 7Li+� reaction.8,9,19 In different experiments
on samples doped during CVD growth, activation energies of
0.8–1.0 eV, �Refs. 11 and 16� and 1.5 eV �Refs. 11, 17, 20,
and 21� were observed; however, n-type conductivity was
not observed. Photoconduction studies11 on high quality in
situ lithium doped homoepitaxial CVD diamond samples22

revealed two absorption thresholds at 0.9 and 1.5 eV, which
were metastably occupied. In contrast, activation energies of
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diamond doped with lithium by ion implantation,23–25 in-
diffusion of lithium,26 or nuclear transmutation,19 have gen-
erally found low lithium donor activation energies
�0.17–0.23 eV�, possibly due to variable range hopping.24 It
has also been suggested that this conductivity may be attrib-
uted to residual damage.24,27 In all cases, activation energies
in the range of 0.17–0.23 eV were observed in samples that
had been exposed to high temperatures14,26 or suffered severe
damage including amorphization, or both.8,19,23–25

Recent attempts8,9 to incorporate Li by nuclear transmu-
tation using mainly lower-energy thermal neutrons resulted
in much less damage to the diamond host without the amor-
phization that was reported in previous19 high-energy fast
neutron flux experiments. These more controlled experi-
ments showed evidence of n-type doping, with a possible
donor activation energy of 0.143 eV; n-type donors were ac-
tivated at lower temperatures than the remaining unreacted
10B acceptors. In previous work,19 compensation of p-type
carriers due to unreacted 10B by n-type carriers from inter-
stitial Li donors was not observed, while in these new ex-
periments, it was observed.9 Importantly, these samples were
continuously cooled during irradiation and not annealed after
irradiation, which prevented diffusion of vacancies or
interstitials,8 including diffusion of interstitial Li, in contrast
to previous experiments.19

The results of lithium diffusion in diamond have been
inconsistent.14,28,29 More recent experiments14,26,30 found that
lithium diffused partially as a positive ion at temperatures of
770–800 °C, while in ion-implanted samples, lithium diffu-
sion was not observed, possibly since it was trapped by ion
implantation damage.29,31 In natural single crystal samples,
an activation energy for lithium diffusion of 0.9±0.3 eV was
found;12 however, reinterpretation of these results together
with new measurements14 suggested a much lower activation
energy of diffusion of 0.26 eV. In contrast, emission chan-
neling studies13 indicate a diffusion activation energy Ed
�1.25 eV. It has also been pointed out14 that due to Li ac-
cumulation in the subsurface region of diamond during
forced in-diffusion,12 incomplete cleaning of diamond sur-
faces after Li diffusion could result in secondary-ion-mass
spectroscopy profiles that may be erroneously interpreted as
real Li diffusion.14

The solubility of lithium in single crystal diamond was
found to be low,14,32 while in polycrystalline material,
lithium was found to diffuse primarily through grain
boundaries.30,33 This is in contrast to earlier studies34 which
suggested that lithium was readily incorporated into dia-
mond.

Emission channeling studies found that a large proportion
��40±5�% � of lithium atoms occupied tetrahedral interstitial
sites.13,35 A significant fraction ��17±5�% � occupied substi-
tutional sites, with a possible displacement of up to 0.2 Å
from the ideal lattice site.13

B. Sodium

CVD diamond films that have been doped with sodium
during growth36 exhibited very high resistivity but an activa-
tion energy of 0.32 eV could be measured, while in sodium

ion-implanted samples, n-type hopping conduction was
observed.24 Other sodium ion implantation studies27 found
activation energies in the range of 0.4–0.48 eV; however,
annealing at high temperatures resulted in an increase in re-
sistivity and activation energies, while implantation with
electrically inactive species with an equivalent damage den-
sity as Na resulted in similar but higher activation energies
and electrical resistance as Na implanted samples.

Optically enhanced diffusion of sodium under an electric
bias26 found sodium to behave as a shallow acceptor in dia-
mond, diffusing as a negatively charged ion; an electronic
activation energy of 0.2 eV was deduced for the sodium ac-
ceptor. On the other hand, sodium ion-implanted samples
showed no diffusion31 even at 1100 °C, most likely since it
was trapped at ion implantation damage. Reference 26 also
stated that the solubility of sodium was greater than that of
lithium in diamond.

C. Previous theoretical studies of Li and Na in diamond

Kajihara et al.10 have found, using plane wave density
functional �DFT� methods, that lithium and sodium occupy
tetrahedral interstitial sites in diamond. They predict that so-
dium has a donor level at Ec−0.3 eV �deeper than their phos-
phorus donor�, while interstitial lithium has a donor level at
Ec−0.1 eV �shallower than phosphorus�. Formation energies
were positive and large, indicating that both impurities
would be very insoluble in diamond. For lithium, a formation
energy of 5.5 eV was found, while for sodium, the formation
energy was 15.3 eV. For interstitial sodium, there was a
strong outward relaxation, both at tetrahedral �0.19 Å� and
hexagonal sites �0.26 Å�.

III. METHOD

In order to address the inconsistencies between previous
experimental and theoretical results, we have performed ab
initio spin polarized density functional theory �DFT� calcu-
lations for lithium and sodium at various substitutional and
interstitial sites in diamond. These dopants were modeled
using both finite nanoclusters as well as periodic supercell
calculations, in order to take into account the effect of poly-
crystalline vs single crystal diamond.

Finite nanocrystal calculations were performed using
norm-conserving pseudopotentials,37 in neutral, positive, and
negative charge states, using the AIMPRO code,38 which has
been successfully used in modeling dopants in diamond in
the past.39,40 Nanoclusters of 165 carbon atoms,41 bounded
by hydrogen terminated �111� surfaces �denoted C165�, were
used, placing substitutional impurities X at the center of the
cluster �XC164� or the interstitial atom X close to it �XC165�.
In the initial geometries, the impurity atoms were shifted
away from high symmetry sites to ensure that the final struc-
tures obtained were not dependent on the initial geometries
used.42 Geometry optimizations were performed without re-
stricting the cluster to any symmetry.

Periodic supercell calculations were performed using the
full-potential, all-electron augmented plane waves with local
orbitals �APW+lo� formalism with relativistic treatment of

LOMBARDI, MAINWOOD, AND OSUCH PHYSICAL REVIEW B 76, 155203 �2007�

155203-2



core43 and valence44 electrons, as implemented in the WIEN2k

code.45 The generalized gradient approximation of
Perdew-Burke-Ernzerhof46 was used for the exchange-
correlation functional. Modified tetrahedron method47 of
Blöchl et al. was employed for integration over the Brillouin
zone. In APW+lo calculations,48 the value of Rmt ·kmax
�smallest muffin tin radius multiplied by the maximum k
value in the expansion of plane waves in the basis set� de-
termines the accuracy of the basis set; Rmt ·kmax=5.00 was
used in this study. A 3�3�3 mesh of k points was em-
ployed for geometry optimization. Increasing Rmt ·kmax to
6.00 for selected calculations did not result in significant
changes; similarly, increasing the number of k points in the
irreducible wedge of the Brillouin zone also did not result in
any significant changes. For band structure and density-of-
states plots, the number of k points was increased to a 7
�7�7 k mesh.

For the APW-lo periodic supercell calculations, the primi-
tive fcc diamond cell was optimized using Rmt ·kmax=7.00
and a 10�10�10 k point mesh �47 k points in the irreduc-
ible wedge of the Brillouin zone�. This yielded a lattice con-
stant of 3.576 Å, which is very close to �0.26% larger� the
experimental value49 of 3.567 Å. For the finite nanocrystal
calculations,6 a fully relaxed 123-atom cluster was used and
the interatomic distance from this cluster was used to create
a second 123-atom cluster in which only the central atoms
were allowed to relax. The interatomic distance in this clus-
ter was used to calculate the interatomic distance, corre-
sponding to a bulk lattice constant of 3.655 Å, only 2.5%
larger than the experimental bulk value.49 This lattice con-
stant was used to construct the 165 C atom cluster used in
this study.

In the nanocluster calculations, the impurity atoms were
initially shifted away from high symmetry sites to ensure that
the final structures obtained were not dependent on the initial
geometries used.42 Geometry optimizations were performed
without restricting the cluster to any symmetry. The outer
layer of atoms were kept fixed at their lattice sites during
geometry optimization. These optimized finite cluster geom-
etries were used as initial geometries for the all-electron pe-
riodic supercell calculations. In the latter case, the geom-
etries were restricted to C3v, C2v, or Td symmetry, allowing
positions of all atoms to be optimized, based on the results of
the nanocluster calculations.

The formation energy Ef of a neutral system X is given by

Ef�X� = Etot�X� − �
i

atoms

�i, �1�

where Etot�X� is the calculated total energy of the system in
diamond, �i is the chemical potential of each atomic species,
and the sum is over all atoms in the system.

The relative formation energies of interstitial versus sub-
stitutional dopants can be determined by comparing the en-
ergy gain of trapping an interstitial dopant at a vacancy, with
the formation energy of a vacancy in diamond. The forma-
tion energy of a neutral vacancy in diamond is given by50

Ef�vac� = EN−1
tot −

N − 1

N
Ebulk

tot , �2�

where EN−1
tot �q� is the calculated total energy of a vacancy in

diamond and Ebulk
tot is the calculated total energy of a pure

diamond supercell.
Several approaches have been suggested for the determi-

nation of defect energy levels in the band gap.6,51 For full-
potential, all-electron periodic supercell calculations, we use
the calculated density of states as well as band structure
plots, while for nanocrystal calculations, we quote the ther-
modynamic transition levels as calculated using the marker
method. This approach, described elsewhere,6 has had con-
siderable success in estimating the position of thermody-
namic transition levels in the band gap.52,53 Impurity levels
are quoted relative to the respective band edges and are not
tied to the vacuum level.

IV. RESULTS AND DISCUSSION

A. Lithium in diamond

1. Interstitial lithium

After geometry optimization, we find the tetrahedral inter-
stitial site �Td symmetry� to be the most stable form of inter-
stitial lithium �Lii�. Using all-electron periodic supercell cal-
culations, we find that the neighboring C atoms relax away
from Lii, increasing the Lii-C distance by 5.9% to 1.64 Å.
Nanocrystal calculations yield a very similar geometry, with
a Lii-C distance of 1.63 Å.

We have also considered lithium at the hexagonal, anti-
bonding, and bond-centered interstitial sites in addition to the
tetrahedral interstitial site using nanocluster calculations.
Only the bond-centered site was metastable �5.75 eV higher
in energy�, while the other interstitial configurations relaxed
to the tetrahedral interstitial configuration.

Positively ionized interstitial lithium also occupies the tet-
rahedral interstitial site, with a structure nearly identical to
that of neutral interstitial lithium.

From periodic supercell calculations, we find that intersti-
tial lithium induces a very shallow donor level in diamond,
similar to previous predictions.10 The band structure of Lii is
illustrated in Fig. 1. It is evident that the Li impurity band
merges with the diamond conduction band, with the Fermi
level lying within and close to the bottom of the conduction
band. The system is therefore metallic, as may be expected
based on high shallow donor concentrations in these super-
cell calculations �impurity concentration in the 64-atom
2�2�2 fcc supercells employed here corresponds to
0.016 at. %�; the calculated metallicity is therefore wholly a
predicted property and would not be observed for lower, ex-
perimentally realistic dopant concentrations, where shallow
donor activity would be observed.

In contrast, determining thermodynamic transition levels
using the nanocrystal approach, we find that Lii induces a
deeper �0/ + � donor level at Ec−0.63 eV. We ascribe this
difference in donor levels to the well known effect that im-
purity levels are shifted deeper in the band gap in nanocrys-
tals than in bulk due to quantum confinement effects.54 This
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is directly related to the self-purification and higher forma-
tion energies observed for dopants in nanocrystals.54 Indeed,
we find that interstitial lithium close to the surface of a dia-
mond nanocrystal is 0.96 eV more stable than at a tetrahedral
interstitial site close to the center of the nanocrystal. This
also explains, together with the low solubility of Li in
diamond,10 why Li diffuses primarily through grain bound-
aries in polycrystalline diamond,30,33 as well as the clustering
of Li in the subsurface region during in-diffusion in single
crystal diamond.12,14

We also consider the diffusion of interstitial Li. For Lii to
migrate from a tetrahedral interstitial site, it must pass
through a saddle point site at the center of the buckled hexa-
gon of C atoms �hexagonal interstitial site� or via one of the
other unstable interstitial sites calculated earlier. The lowest
saddle point occurs via the relaxed hexagonal site10 and cor-
responds to an activation energy of diffusion of 1.3 eV �from
nanocluster calculations�, in acceptable agreement with an
experimentally observed12 activation energy of 0.9±0.3 eV
and previous theoretical predictions.10 However, all these
values are substantially larger than the more recently estab-
lished experimental value of 0.26 eV.14 Despite the relatively
wide range of experimentally determined activation energies
of diffusion of Li in diamond, all results agree that the acti-
vation energy of diffusion of Li in diamond is low.

Significantly, these low activation energies of diffusion
show that interstitial Li will be mobile under processing or
CVD growth conditions. It is therefore likely that interstitial
Li donors will be trapped at other defects or grain boundaries
where they will be passivated.10

2. Substitutional lithium

Due to the high mobility of interstitial Li and the substan-
tial concentrations of vacancies that exist in
ion-implanted,23–25 neutron irradiated,8 and polycrystalline
CVD diamond films,55 together with the observation of sig-

nificant fractions of substitutional Li in ion implantation
emission channeling studies,13,35 we consider the possibility
of interstitial Li being trapped at a vacancy and the proper-
ties of the resulting substitutional lithium �Lis�.

Using all-electron periodic supercell calculations, we find
substitutional lithium �Lis� with Td symmetry to be the most
stable structure. In this configuration, the C neighbors of Li
relax away from Li, elongating the Li-C distance by 14.5%
to 1.77 Å; the Li atom remains at the lattice site. We find that
Lis with Td symmetry possesses a net spin of 3.0 �B per
supercell.

Lis also possesses a metastable structure with C3v symme-
try and net spin of 1.0 �B per supercell. This configuration is
only very slightly �+0.02 eV� higher in energy than the Td
configuration.

This geometry of Lis is in agreement with the results of
emission channeling studies, where Lis with no static dis-
placements was found to be in best agreement with the data,
but with indications of Lis with increased vibration ampli-
tudes or static displacements up to 0.2 Å.13,35

We find that the geometry of Lis is sensitive to the lattice
constant used. Performing a geometry optimization with
identical calculation parameters, but a lattice constant 2.3%
smaller than the optimized lattice constant, it is found that
Lis with C3v symmetry becomes the most stable configura-
tion. Similarly, finite nanocluster calculations also find a ge-
ometry with approximate C3v symmetry to be the most
stable.

The density of states �DOS� of Lis in diamond is illus-
trated in Fig. 2. It is seen that Lis induces deep partially
occupied levels in the diamond band gap; levels closest to
the Fermi level are spin polarized by 0.9–1.14 eV. Impor-
tantly, it is evident from these deep levels that lithium
trapped at a vacancy is not only itself passivated but will also
compensate other interstitial Li donors.

These deep partially occupied levels may be compared
with the metastably occupied level observed at 1.5 eV in Li
doped homoepitaxial CVD diamond.11,17,20,21

To establish whether diffusing Lii will be trapped at a
vacancy, we consider interstitial Li removed as far away
from a vacancy as possible, compared to Lis trapped at a
vacancy in an identical supercell. Using this approach, we
establish a reduction in energy of 4.12 eV for the trapping of
interstitial Li at a vacancy.

The relative formation energies of Lii versus Lis can be
determined by comparing the stability gain of Lii trapped at a
vacancy, with the formation energy of a vacancy in diamond.
Using Eq. �2� with identical parameters as the defect super-
cell calculations, we find a neutral vacancy formation energy
of 5.86 eV, very close to other recent studies.56 This results
in the relative formation energy of Lii being 1.74 eV larger
than that of neutral Lis, as expected, and in agreement with
emission channeling studies.13

In the same way, since Li will primarily diffuse as an
interstitial species, the rate-limiting step in the diffusion of
substitutional Li will be by the detrapping of Lis, with the
formation of Lii, leaving a vacancy. Since this process is the
reverse of the trapping of Lii at an existing vacancy, the
activation energy of this rate-limiting step will be equal to
the 4.12 eV stability gain for the trapping of Lii at a vacancy.

FIG. 1. Band structure of �a� interstitial Li and �b� interstitial Na
in diamond, together with �c� the band structure of a similar pure
diamond periodic 2�2�2 fcc supercell, for comparison. Path in
Brillouin zone is as for a simple cubic structure. All energies are
relative to the respective Fermi energies. The band structures have
been aligned so that the valence band maxima coincide. The band
structures plotted in �a� and �b� correspond to the majority spin
components, respectively; the band structures of the respective mi-
nority spin components are identical. Dots correspond to data
points; lines guide the eye.
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This large energy implies that Lii captured at a vacancy is
likely to remain trapped in the form of substitutional Li. This
explains the observed lack of diffusion of Li in ion-
implanted diamond, even at elevated temperatures.18,29,31

Therefore, interstitial Li donors in diamond subjected to
elevated temperatures will diffuse and be trapped at existing
vacancies where they will themselves not only be passivated
but will also compensate other remaining interstitial Li do-
nors.

This explains why in all cases where Li diffusion occurs
or where Li doped diamond is subjected to elevated tempera-
tures, either during or after Li incorporation, highly resistive
samples result.8,11,14,19,22–26

In contrast, when the amount of damage to the host lattice
was reduced and the samples were not exposed to elevated
temperatures,8,9 evidence of n-type doping was found.

We therefore suggest that in order to achieve successful
n-type doping using Lii, samples should not be exposed to
elevated temperatures in order to prevent the diffusion of
interstitial Li, while the concentrations of vacancies and
other lattice damage should be minimized.

B. Sodium in diamond

1. Interstitial sodium

For interstitial sodium �Nai�, we find the tetrahedral inter-
stitial site to be the most stable �Td symmetry�, similar to Lii.

From periodic supercell calculations, we find that the neigh-
boring C atoms relax away from Nai, increasing the Nai-C
distance by 12.6% to 1.74 Å. The distortion of C atoms sur-
rounding Nai is larger than that about Lii, which is expected
due to the larger ionic radius of Na �Ref. 57� �0.73 Å com-
pared to 1.13 Å�.

Nanocrystal calculations yield a smaller distortion, closer
to that of interstitial Li, with a Lii-C distance of 1.63 Å, most
likely due to the larger lattice constant of the nanocrystal.

From periodic supercell calculations, we find that intersti-
tial sodium induces a shallow donor level in diamond, simi-
lar to previous predictions,10 but 0.2 eV deeper than the Lii
donor level and slightly deeper than the phosphorus donor
level calculated using the same method. The band structure is
illustrated in Fig. 1. As for lithium, it is evident that the Na
impurity band merges with the diamond conduction band,
with the Fermi level lying within and close to the bottom of
the conduction band.

Determining thermodynamic transition levels using the
nanocrystal approach, we find that Nai induces a deeper
�0/ + � donor level at Ec−0.63 eV, similar to interstitial
lithium, due to quantum confinement effects.54

Establishing the activation energy of diffusion in the same
way as for Lii, we find a value of 3.5 eV for the activation
energy of diffusion of sodium. This is larger than has been
predicted previously.10 To the best of our knowledge, the
activation energy of diffusion of Na in diamond has not been
determined experimentally.

FIG. 2. Density of states of �a� substitutional Li and �b� substitutional Na in diamond. All energies are relative to the respective Fermi
energies.

AB INITIO STUDY OF LITHIUM AND SODIUM IN DIAMOND PHYSICAL REVIEW B 76, 155203 �2007�

155203-5



This relatively high activation energy of diffusion of Nai
implies that sodium is less likely to diffuse under processing
conditions than interstitial Li.

2. Substitutional sodium

Considering the formation of substitutional Na �Nas� in
the same way as for substitutional Li, we find from all-
electron periodic supercell calculations that Nas assumes a
structure with Td symmetry, the Nas-C distance increasing by
22.8% to 1.90 Å. This configuration possesses a net spin of
3.0 �B per supercell, similar to Lis. In contrast to Lis, no
metastable configurations were found for Nas.

Nanocrystal calculations, on the other hand, predict a dis-
torted C2v geometry to be the most stable. As for Lis, this
difference is most likely due to the larger lattice constant in
the nanocrystal calculations.

The DOS of Nas from periodic supercell calculations is
illustrated in Fig. 2. It is seen that Nas induces deep partially
occupied levels in the diamond band gap; levels closest to
the Fermi level are spin polarized by 1.08–1.23 eV. Impor-
tantly, it is evident from these deep levels that substitutional
Na is not only itself passivated but will also compensate
other interstitial donors in the same way as substitutional Li.

Determining the relative formation energy of interstitial
Na versus substitutional Na in the same way as for Li, we
find a stability gain of 8.73 eV for the trapping of Nai at a
vacancy. Comparing this with the formation energy of a va-
cancy in diamond of 5.86 eV, we find that the formation
energy of substitutional sodium is 2.87 eV lower than that of
interstitial sodium.

This leads to the interesting result that sodium will be
incorporated in diamond as a substitutional acceptor, rather
than as an interstitial donor, in contrast to previous
expectations,10 but consistent with experimental observations
of sodium diffusing as a negatively charged acceptor in
diamond.26

We therefore conclude that not only will substitutional Na
compensate any interstitial Na donors in the same way as Li
but substitutional Na will also form in preference to intersti-
tial sodium in diamond, where it will act as a deep acceptor,
compensating other interstitial dopants. This explains the
high electrical resistance observed for all Na doped diamond
samples24,36 and is consistent with the experimental observa-
tion of Na being more soluble than Li in diamond.26

Further, due the large stability gain for the trapping of Nai
at a vacancy and the fact that it is energetically favorable for
substitutional Na to form in preference to interstitial Na, it is
evident that Na trapped at a vacancy or other lattice damage
is likely to remain trapped in the form of substitutional Na.
This explains the lack of diffusion of Na observed in ion-
implanted diamond, even at elevated temperatures.31

V. CONCLUSIONS

We have demonstrated that although interstitial Li and Na
are shallow donors in diamond, interstitial Li will readily

diffuse with a low activation energy of diffusion of 1.3 eV or
less.14 Diffusing interstitial Li is shown to be trapped at ex-
isting vacancies in diamond, with a substantial energy gain
of 4.12 eV. The resulting substitutional Li and Na impurities
are themselves not only passivated but will also induce deep
levels in the diamond band gap, compensating other intersti-
tial donors. This explains the electrical inactivity or high
resistivity observed experimentally in Li and Na doped dia-
mond.

We suggest that the deep, metastably occupied level at
1.5 eV observed in Li doped diamond11 may be related to
substitutional Li, while shallow Li levels of 0.17–0.23 eV
with high resistivity have previously been suggested to be
due to variable range hopping24 or residual damage.24,27

The large stability gains for the trapping of Li and Na at
existing vacancies in diamond �4.12 and 8.73 eV, respec-
tively� show that Lii and Nai captured at a vacancy are likely
to remain trapped as substitutional impurities, explaining the
experimentally observed lack of diffusion of Li and Na in
ion-implanted diamond, even at elevated temperatures.18,29,31

We have further shown the geometry of substitutional Li
to be in agreement with the results of emission channeling
studies.13 In addition, emission channeling studies13 find a
substantial fraction of implanted Li occupied substitutional
sites, consistent with our results.

For sodium, on the other hand, we have shown that con-
trary to previous expectations,10 it is energetically more fa-
vorable for Na to be incorporated in diamond as a substitu-
tional acceptor rather than as an interstitial donor, with the
formation energy of substitutional Na found to be 2.87 eV
lower than for interstitial Na. This is consistent with experi-
mental results of Na diffusing as a negative ion under electric
bias.26

In the search for alternative dopants in diamond, we there-
fore suggest that interstitial Li is likely to be a more attrac-
tive alternative shallow donor than sodium, despite the low
activation energy of diffusion of Lii. We propose that in order
to achieve successful n-type doping using Lii, samples
should not be exposed to elevated temperatures in order to
prevent Lii diffusion. Simultaneously, concentrations of va-
cancies and other defects should be minimized to restrict the
formation of compensating substitutional Li acceptors. In-
deed, recent studies8 where the amount of damage to dia-
mond was minimized and samples were not exposed to el-
evated temperatures during or after doping showed evidence
of n-type doping.

Note added in proof. Goss et al.58 have recently published
a theoretical study of Li and Na in diamond; their findings
are consistent with the results published here.
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