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Abstract

Understanding the properties of lithium vacancy, LiV, defects in diamond is crucial for optimizing diamond-based semicon-
ductor performance and unlocking its full potential in advanced electronic applications. In this study, we present a compre-
hensive theoretical investigation of the neutral Li-V defect, resulting from the interaction between a lithium substitutional and
a vacancy, in diamond. Employing periodic supercell calculations, we utilize global (B3LYP and PBEO) and range-separated
(HSEO06) hybrid functionals, as well as a local basis set, within the CRYSTAL ; code to analyze the relaxed lattice structure,
formation energy, magnetic properties, and electronic structures of Li-V and other related isolated defects (Lic V and 2V).
Our results reveal that Li-V exhibits three distinct spin states (doublet, quartet, and sextet) with significant differences in
spin density distributions on first-neighbor carbon atoms. The quartet state is energetically favored by 0.09 eV and 0.88 eV
(B3LYP) compared to the doublet and sextet states, respectively. The Li atom is positioned midway between the two vacancies
in the Li-V defect, exhibiting a local D,y symmetry. Our findings reveal that the Li-V defect exhibits remarkable stability
within the diamond matrix, with its dissociation into Li and a vacancy (V) demanding a substantial energy barrier of 6.07
eV. In environments rich in vacancies, Li- shows a strong preference for binding with these vacancies, thereby facilitating
the formation of Li-V complexes. Raman scattering calculations offer intriguing insights into the Li-V defect, revealing
distinctive spectral features that significantly aid in distinguishing this particular defect among isolated lithium Li; and
vacancy (V) defects. This observation is crucial, especially considering the challenges in fabricating shallow donors involv-
ing interstitial lithium in diamond, where preexisting vacancies can significantly influence the process. The comprehensive
analysis provided in this study not only deepens our understanding of the Li-V defect and its physical properties but also
enhances our ability to detect this defect during the synthetic process, and to precisely control the formation conditions. This
capability is vital for optimizing the electronic properties of diamond for advanced technological applications.
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Introduction

Defects are of paramount importance in numerous indus-
trial applications across physics and chemistry, including
electronics and photocatalysis. They enable the tailoring
of advantageous properties such as doping, creating color
centers for quantum applications, and enhancing semicon-
ductor conductivity. Diamond electronic materials have
emerged as promising candidates for advanced applications,
owing to their exceptional properties, such as high thermal
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conductivity, high breakdown voltage, and wide bandgap.'~
However, to fully exploit these materials, dopants must be
incorporated into the correct crystal sites.

Phosphorus has been reported as the sole donor pro-
viding n-type conductivity in diamond,®!! but it presents
challenges, including a deep donor level and induced
crystal strain.'>”'® In contrast, p-type conduction is read-
ily achieved in diamond with boron doping.'*~** Research-
ers have explored alternative dopants, such as Li, to attain
n-type conductivity in diamond. Li has been considered
as a single dopant in tetrahedral interstitial sites (Li;)*>**°
or in complexes with nitrogen atoms (LiN,).?’ The calcu-
lated donor level of Li; was found to be between 0.1 eV and
0.6 eV*?3! and 0.2 eV for LiN,”’, below the conduction
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band, making this defect a promising candidate for n-type
conductivity.

Lithium incorporation into diamond crystals can occur
during CVD growth, implantation, or diffusion. Ion diffu-
sion is commonly preferred for doping semiconductors, as
it causes less damage than ion implantation.***® The dif-
fusion of Li into high-quality natural diamond crystals has
been achieved using various solid materials.?®37-3739=41 1
theory, Li can readily diffuse through the crystal between
two tetrahedral interstitial sites with calculated activation
energy, 1.1, 0.85,222 1.09% , and 1.3 V.31 Experimental
values for Li diffusion are close to these theoretical values,
0.9 + 0.3 eV* and 0.26 eV?’. Studies suggest that crystal
defects contribute to Li atom binding and reduced diffusion,
particularly at higher temperatures where defect mobility
increases.**

Despite extensive simulations conducted on individual
lithium interstitial (Li;) and lithium substitution (Li.) defects
in diamond, as documented in various studies,?”?*31:434 the
interaction between Li. and vacancies (V) to form lithium
vacancy (Li-V) defects remains largely unexplored. The for-
mation of LiV defects during synthesis or annealing pro-
cesses can restrict the generation of lithium interstitials. This
limitation reduces the availability of shallow donor states,
which are predicted to be located at 0.1 eV,>>28 .35 ev?
, and 0.4 eV below the conduction band. Consequently,
this can potentially curtail the performance enhancements
that these donor states could otherwise facilitate. Therefore,
acquiring a comprehensive understanding of Li-V defects
and their formation mechanisms is critical, not only for
optimizing the electrical properties of diamond but also for
enhancing its application in semiconductor technologies.
This study aims to provide crucial insights into the devel-
opment of high-performance diamond-based devices. We
perform theoretical calculations to determine the geometry,
energy, stability, and electronic, magnetic and vibrational
properties of Lic, a neutral vacancy (V), two nearest neigh-
bor vacancies (2 V), and lithium vacancy (Li-V) defects
in diamond, utilizing various hybrid functional methods.
By examining the formation, distribution, and properties of
LicV defects, we can develop strategies to mitigate their
effects and unlock the full potential of diamond for semi-
conductor applications. This research will also contribute to
the broader field of defect engineering, paving the way for
the design of more efficient, durable, and environmentally
friendly electronic devices that can withstand harsh condi-
tions and meet the demands of emerging technology sectors.

Computational Details

The density functional theory (DFT)**¢ presented in
this study relies on the widely recognized global hybrid

functional, B3LYP,47 as implemented in the CRYSTAL
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code.”® To compare defect energy results, other DFT for-
malisms such as PBE0* and range-separated HSE06°°
were incorporated, providing a more accurate understand-
ing of electronic spin localization. The selection of B3LYP,
PBEO, and HSEQ06 was driven by their distinct approaches
to incorporating exchange—correlation effects, which are
crucial for accurately describing the electronic properties
of defects in semiconductors. Each method offers unique
strengths in handling the complex interactions within the
LicV defect, thereby providing a comprehensive under-
standing through complementary perspectives. By employ-
ing these three methods, our study leverages the strengths
of each to validate and cross-verify the electronic proper-
ties and stability of the Li-V defect. The complementary
insights gained from these methods enhance the reliability
of our predictions and provide a more nuanced understand-
ing of the defect's behavior in diamond. The basis sets
chosen in this study for Bloch function expansions were
for C, 6-21G,>>? and for obtaining a detailed representa-
tion of the interaction between Li and C atoms, triple-zeta
valence with polarization (pob_TZVP).3 The vacancies
were modeled by removing the designated atoms, which
involved eliminating the nuclei, electrons, and basis set.
All defects examined in this study were spin-polarized
open-shell systems, to which we applied spin-unrestricted
hybrid functionals. Full optimizations, comprising lattice
parameters and all atomic bases, were conducted using a
root mean square displacement of 107> A. The computa-
tional parameters employed in this study encompassed five
values (T1-T5), which were set as 107 (T1-T4) and 10~
(T5)*. These criteria govern the truncation of the (infinite)
Coulomb and exchange series. The self-consistent field
(SCF) threshold energy was set to 1078 and 107!° Har-
tree in optimization and vibration frequency calculations,
respectively. The default is 107 Hartree. The number of
independent k-points has been determined by the shrink-
ing factors utilized in the sampling of the Monkhorst—Pack
grid>*>® and is set to 44, which corresponds to 36 points in
the first Brillouin zone with the Li-V defect when no sym-
metry constraints are applied. Mulliken population analy-
sis for charge and spin density was executed at the end of
the SCF process for each non-equivalent atom.*3° The
spin densities were specified solely for the atoms in the
defect region (e.g., first-neighbor carbon atoms) in the ini-
tial guess, a (+1) and spin p (—1), to define the open-shell
configurations. The calculated lattice parameters (A) of the
undefective diamond were (3.59, B3LYP), (3.57, HSEQ6),
and (3.57, PBEO), which were within 0.6-0.08% of the
experimental value, 3.567.°’ The obtained bandgaps (in
eV) for the undefective diamond cell were (5.71, B3LYP),
(5.15, HSEO06), and (5.79, PBEO), which align well with
previously reported values using the same levels of theory,
(5.73, B3LYP), (5.17, HSE06), and (5.80, PBE0)*® (the
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measured value 5.4-5.6 eV>*%"). The formation energy of
the defects was computed using:

AE; = ED' —EXN = % (1)
where EPf and EUNP are the total energies of defective and
undefective diamond supercells, respectively, and y; is the
chemical potential of the n; atom (added or removed from
the cell), which was taken as the energy per atom of the bulk
diamond for C and the energy per atom in the most stable
solid form of Li (BCC) for the Li atom. The stability of the
defect AB is commonly examined by calculating the disso-
ciation energy (binding energy) of the defect using:

AB _ (A B B
Ed - (Etol + Etot) - E/::)t @)

where EX8, EA and EP are the total energies of defect AB
and its isolated A and B forms in diamonds, respectively.
The wavenumbers, denoted as wp, were derived from the
second derivatives of energy with respect to atomic displace-
ments, u, at the I" point, as referenced in sources.®"%% These

calculations are captured in:

0

H. . 2
W= — W where H, = 9k 3)
YoM M, Y ou o,

In the context of these equations, u represents the dis-
placements of atoms a and b within the system, each associ-
ated with their respective atomic masses. The subscripts /
and j are indices representing the coordinates of these atoms.
This analysis employed a coupled Perturbed—Hartree—Fock/
Kohn—Sham approach, cited in references,>** to not only
calculate the integrated intensity for infrared absorption but
also to analytically evaluate the Raman intensities.

Results and Discussion
Substitutional Lithium, Lic and Vacancy defect, V

This section reports the results related to the final optimized
structure obtained from B3LYP calculations (64 supercells).
The incorporation of Li into the substitutional site gener-
ates five electrons, leading to two stable spin states: quar-
tet (S, = 3/2) and doublet (S, = ¥2), with the former being
0.05 eV lower in energy (Table I), consisting of the previous
calculation on the same defect.®>%¢

Figure 1 provides further details on the charge and spin
distributions, bond lengths, and angles of the first and sec-
ond carbon shells. The Li-induced lattice perturbations
diminish quickly, with bond lengths in the second and third
shells returning to approximately 1.51 Aand 1.56 A, respec-
tively. Such short-range perturbations are typically observed
with smaller substitutional atoms, such as boron (B) and

Table | Total energy and relative energies of Li-substituted defects in
diamond: a comparison of different spin states

Functional Supercell The relative energy (eV) E
S, =%)—E(S;,=3/2)
B3LYP 64 0.052 [0.07]% [0.02]** [0.015]1*
128 0.057
HSEO06 64 0.054
PBEO 64 0.041

nitrogen (N),°72 which induce minimal distortion within
the host lattice. The limited spatial extent of these perturba-
tions suggests that the Li atom integrates smoothly into the
lattice, maintaining much of the original structural integrity.
This behavior is significant, as it indicates that the electronic
and structural properties of the material can be modified
without introducing extensive disruption. Consequently,
this can be advantageous for applications requiring precise
modifications of material properties, such as in semiconduc-
tor doping.

The vacancy defects exhibit three distinct spin states:
singlet, triplet, and quintet. The singlet state is energetically
favorable, being lower by 1.4 eV and 0.1 eV compared to the
quintet and triplet states, respectively. These values are in
good agreement with those previously reported in the litera-
ture.”>””7 Each of the spin states induces outward relaxation
of the lattice, with the quintet state causing the maximum
distortion, while the singlet and triplet states lead to com-
paratively smaller relaxations. In terms of the charge distri-
bution around the defect, the vacancy itself and its neighbor-
ing atoms exhibit a negligible charge, with less than 0.1lel
detected. This indicates that the defect does not significantly
alter the charge state of its immediate environment. The
spin density, as determined by Mulliken population analy-
sis, shows strong localization at the four carbon atoms sur-
rounding the defect. Specifically, in the quintet state, the spin
density is 0.85lel at each of the four carbon atoms. The triplet
state has a spin density of 0.73lel at three of the carbon atoms
and — 0.40lel at the remaining carbon atom. For the ground
singlet state, the spin density is divided equally between two
pairs of carbon atoms with opposite spins, with each pair
having a spin density of 0.67lel and — 0.67lel.

Figure 2 presents a detailed comparison of the B3LYP
band structures for the Li. defect in various spin states
and the corresponding V defect, revealing key differences
in defect energy levels and electronic configurations. The
observed shift in the energy of the Li electrons into the anti-
bonding a, state, which moves its energy below the Fermi
level, results in an altered electronic configuration (a,” t,’
instead of a,' ,> in V’7). This shift not only affects the basic
electronic properties but also has significant implications
for the material's optical and electronic device applications.
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Fig. 1 Schematic of bond lengths (in bold), populations, angles (red),
Mulliken charges (in parentheses), and spin momenta (in italics) for
Li-related refects in damond:. (a) Li¢, (c) LiV, and (d) 2 V defects;

The antibonding ¢, shows lower energy and greater sepa-
ration from the bottom of the conduction bands, approxi-
mately 2.8 eV, in the Li. (S, = 3/2). The vertical optical
excitation from the highest occupied level to the bottom of
the conduction bands was 5.02 eV. In the Li. (S; = %2), a
structure similar to that of the corresponding V (S, = 1)%7
was found. The electronic structure of the V triplet persisted
in Cyy symmetry. It displays one fully occupied a, level at
the top of the valence bands, and a half-occupied doubly
degenerate ¢, level below the Fermi level.%® In the corre-
sponding Li. bands, the Li electron occupies the f spin of

@ Springer

(b) depiction of Li atom settling in the cavity of two vacancies. Data
obtained using B3LYP and 64-atom supercells (Color figure online).

a, level that appears in the V gap, lowering its energy below
the Fermi level.

These electronic comparisons underscore the technologi-
cal relevance of tailoring the electronic properties of dia-
mond through defect engineering, offering paths to novel
applications in electronics, optoelectronics, and quantum
information science. This study not only contributes to our
fundamental understanding of defect dynamics in semicon-
ductors but also highlights the practical implications of these
defects in enhancing the functionality and application scope
of diamond-based materials.
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Fig.2 Band structure comparison of undefective diamond, Lig
defects in various spin states, and corresponding isolated vacancy
defects. Calculations performed using B3LYP functional and 64-atom

Lithium Vacancy Defect, LicV

The local geometries of the fully relaxed Li-V structure are
presented in Fig lc. For comparison, the Li-V defect can
be analyzed alongside a 2 V defect, as shown in Fig. 1d.
The 2 V defect generates six unsaturated bonds, with their
six electrons capable of coupling to three possible spin
states. The singlet (S, = 0) (3a, 3p) is found to be lower in
energy by about 2.14 and 0.06 eV (B3LYP) than the septet
(87 =3) (6a) and triplet (S, = 1) (4a, 2p) states, respectively
(Table II), consisting with previous reported values.”®

supercells. Horizontal red lines represent the Fermi level; continu-
ous and dotted black lines indicate a and f energy levels, respectively
(Color figure online).

Table Il Total energy of 2V defect in diamond across various spin
states and relative energy to singlet ground state

Functional ETriplet - ESinglet (eV) ESeptet - ESinglel eV)
B3LYP 0.059 [0.0601% 2.141 [2.152)%
HSE06 0.068 2.198

PBEO 0.059 2.125

@ Springer
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In the singlet state, the spin arrangement is as follows:
three carbon atoms on one vacancy side carry (2a, 15) spins,
while the other three carry opposite spins (24, la). Mul-
liken analyses reveal high-spin localizations with densities
of (4 0.68lel, — 0.49lel, + 0.68lel) and (— 0.68lel, + 0.49el,
— 0.68lel). No significant charge change is observed at 2 V,
as the net charge on the C atoms of the first and second
neighbors is nearly zero (0-0.01lel). The 2 V defect results in
outward relaxation, with the Cg—Cy distance increasing from
3.92 A in a perfect diamond to 4.03 A, while the C—C,
distance remains constant at 2.53 A. This relaxation leads
to compression in the first shell bonds by approximately
1.68-3.59%, which is quickly restored in the second shell.

The Li-V defect involves a lithium atom contributing
one electron to terminate one of the unsaturated bonds at
2 V. This defect converges with three spin states: a doublet
(Sz =Y2), quartet (S, = 3/2), and sextet (S, = 5/2). The rela-
tive stabilities of the three spin states obtained using these
three functionals are listed in Table III. The quartet con-
figuration is lower in energy by about 0.09 eV and 0.88 eV
(B3LYP) than the doublet and sextet configurations, respec-
tively. This observation highlights a state consisting of the
magnetic properties of Li-V and the basic Li., which also
stabilize in a high-spin (quartet) state.®>’® The magnetic
behavior of Li-V and Li is primarily due to how the elec-
trons from the lithium and the vacancy interact within the
diamond lattice. These interactions affect the spin states and
magnetic properties of the material, making Li-V potentially
more complex and varied in magnetic behavior compared to
the simpler Li; configuration. The relatively small energy
gap of 0.09 eV (equivalent to 1044 K) between the quartet
and doublet states suggests the presence of strong spin—pho-
non coupling, a phenomenon typically observed in systems
containing transition metals or rare-earth elements.%>-%

Starting with the ground configuration, S, = 3/2, the Li
atom occupies a midpoint in the cavity of the two vacancies,
leading to six equal Li-C distances (2.07 A) with D34 sym-
metry. The net Mulliken charge exhibits an equal charge dis-
tribution on the first-neighbor carbon atoms: approximately
0.02lel on each one and — 0.13lel accumulated charge on the
Li atom. The compression in the first shell bonds is minimal,

Table lll Total energy and relative energies of Li-V defects in dia-
mond: a comparison of different spin states with respect to the quartet
ground state

Functional SC Epoubtet = £ Quartet Egexiet =
(eV) Equartet
eV)
B3LYP 64 0.09 0.88
128 0.08 0.89
HSE06 64 0.16 0.99
PBEO 64 0.04 0.79

@ Springer

approximately 2.3-3.5%, which nearly disappears in the sec-
ond shell bonds. All six first-neighbor carbon atoms exhibit
a highly localized « spin, 0.44lel, and approximately 0.13lel
on the Li atom, which is nearly half the corresponding spin
on Lic.

The bond populations between the Li atom and the first-
neighbor carbon atoms are less than the corresponding val-
ues in a perfect lattice (0.347lel), approximately 0.14lel, and
display nearly the same value in the Li. defect. The spin
configurations in the Li doublet are found to be different: on
each side of the Li atom, two of the first-neighbor C atoms
carry o (0.490lel) and one carries f (— 0.505lel), (apa),
(afa), with a small value on the Li atom (— 0.035). These
distributions cause the two Li-C(f) distances to elongate
by about 1% (2.09 10%) compared to the others that remain
unchanged (2.07 A), reducing the symmetry of the system.
The charge on Li is — 0.12lel, and those on aC and SC are
— 0.001lel and 0.04lel, respectively. In the Li-sextet, the
net spin per cell is Slel, distributed on the Li atom (0.29lel)
and the first-neighbor carbons (3C (a) 0.614lel and 3C (a)
0.754lel). All the Li—C distances show elongation, approxi-
mately 1.93% with C atoms carrying higher spin and approx-
imately 1% with those carrying lower spin.

Figure 3 presents the band structures of Li-V and 2 V
defects in various spin states, calculated with B3LYP func-
tional and 64-atom supercells. In the case of the 2 V singlet
(S = 0), configurations show six defective electrons pairing
within three distinct bands located below the Fermi level.
The uppermost of these bands approaches to just below the
Fermi level, whereas the lowest band is visible at the /" and
L points, but absent at the X point. Above the Fermi level,
three unoccupied bands are clearly delineated, showing a
separation from the minimum of the conduction bands. The
electronic configurations observed are consistent with previ-
ous computational study of the same system, affirming the
reliability of the current results.”® The resulting bandgap at
the I" point is notably smaller than that of the perfect crystal:
1.68 eV (B3LYP), 1.77 eV (PBEO), and 1.08 eV (HSE06)
compared to 5.71 eV, 5.79 eV, and 5.15 eV, respectively.s&81

In the pristine condition, a single lithium (Li) atom in an
interstitial site typically acts as a shallow donor within semi-
conductors, contributing to improved conductivity through
extra electrons. However, our study demonstrates that, when
this interstitial Li atom interacts with a vacancy (creating
the Li-V defect), the electronic properties are significantly
altered. Incorporating a Li atom into the 2 V singlet's cav-
ity adds an unpaired electron, leading to a possible doublet
spin state (S, = %) for Lic V. In the Li-V doublet, noticeable
shifts occur between the a and f levels. Only two unoc-
cupied bands appear above the Fermi level for the « spin,
instead of three bands in the 2 V singlet. This results in
four occupied bands below the Fermi level, with the top
two bands being clearly distinguishable. The lower bands
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Figure 3 Band structure comparison of undefective diamond, Li.V,
and 2V defects. Calculations performed using B3LYP functional and
64-atom supercells. Horizontal red lines represent the Fermi level;

merge with the top of the valence bands, as evident at the
I" point. The resulting gap for the a spin at I is very small:
approximately 0.25 eV (B3LYP/64). Larger supercells (128-
atom) yield small gaps of 0.27 eV and 0.60 eV for the a
and P spin bands, respectively. With the HSE06 functional,
the system becomes conductive due to the small bandgap
of the perfect cell, and, with PBEOQ, the gaps are 0.23 eV
and 0.49 eV, respectively. The reduction in the bandgap due
to the Li-V defect indicates a loss of the effective shallow
donor behavior of the Li interstitial. The merging of the
bands at the top of the valence band effectively reduces the

continuous and dotted black lines indicate « and f energy levels,
respectively (Color figure online).

ability of the semiconductor to transport charge efficiently,
as the reduced bandgap leads to increased recombination
rates of charge carriers. This makes the semiconductor less
effective for applications requiring high conductivity and
low recombination rates, such as in photovoltaic cells and
other electronic devices.

For the 2 V triplet (S, = 1), two levels below the Fermi
level are half-filled with two electrons, and the correspond-
ing f spin bands appear in the antibonding range just above
the Fermi level. The bandgaps in this system are reduced
to 0.65 eV and 2.55 eV for the a and f bands (B3LYP),

@ Springer
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respectively; 0.99 eV and 2.83 eV (PBEO) and 0.32 eV and
2.25 eV (HSE06). In Li-V, (S, = 3/2), the gap has two dou-
bly degenerate levels. The Li atom's electrons increase the
half-filled levels in the 2 V triplet to three below the Fermi
level, creating the most stable high-spin configuration, and

Energy | eV

their overlap results in a conductive system. The average
energy levels obtained from the 128-atom band structure
are presented in Fig. 4.

The interaction between Li and vacancies introduces
states within the bandgap of the semiconductor. These states

el 2.31eV
2.0 -
O B -
P 0.88 eV
§ 03 & -
< -
Q057 1.15eV
0.0 4
051 %0 1 -
- 0.99 eV
_10 -
-1.5 Cu T -
7 0.78 eV
20
95 ] VBM
-3.0

Figure 4 Top panel comparison of Li-V (right) and undefective dia-
mond (left) band structures obtained with 128-atom supercell and
B3LYP. Bottom panel schematic of defect-related levels near the

@ Springer

bandgap for LicV defect with Sz = 3/2. Valence band maximum
(VBM) location taken at r point. Colored circles correspond to aver-
aged levels with matching bands (Color figure online).
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are typically localized around the defect site. These mid-
gap states can act as traps for charge carriers (electrons and
holes), which increases the probability of recombination.
Unlike conduction or valence band states, carriers in these
mid-gap states are spatially localized and have a higher like-
lihood of encountering a carrier of opposite charge, lead-
ing to recombination. In addition, the reduction in bandgap
facilitates easier transition of electrons from the valence
band to the conduction band. A smaller bandgap also means
that thermal generation of carriers can occur more read-
ily, increasing the population of free carriers available for
recombination. Understanding these interactions and their
implications allows for the strategic engineering of materials
to mitigate adverse effects.

Formation and Binding Energies

The formation energies of isolated defects, such as Lig, V,
2V, and Li.V, have been calculated and are presented in
Table 1V, alongside previously obtained values for com-
parison. One suggested method for forming Li in diamond
involves trapping Li; at a pre-existing vacancy,**~** where
the Li in diamond is viewed as interstitial Li at the vacancy
site. The binding energy between Li; and V, required to form
Li. according to the reaction Li; + V = Li., was found to be
approximately 6 eV.

This value is nearly equal to the formation energy of
vacancies, suggesting that defects Li; and Li. have very
similar formation energies.** Calculations using the GGA
functional yielded formation energy values of 8.4 eV for Li;
and 8.3 eV for LiC.44 In contrast, hybrid functionals detected
a small difference between the Li; and Li formation ener-
gies, with Li; being approximately 0.5 eV (B3LYP) and
0.4 eV (HSEO06) higher than LiC.44 In the present calculation,
the formation energy of the Li-V defect (9.20 eV, B3LYP)
is found to be lower than that of the 2V defect (9.89 eV,
B3LYP) by approximately 0.7 eV, both calculated within the
same supercell size, indicating a small negative contribution
from Li.

To evaluate the stability of 2 V and Li. in diamond with
respect to their dissociation into isolated defects (e.g., two

V for a 2 V defect and Li- and V for a Li-V defect), bind-
ing energies were calculated for the following reactions:
V+V—=2VandLi-+V — Li.V (Table IV). The obtained
values reveal a high binding energy of 3.7 eV (B3LYP) for
2 V and a value of 6.07 eV (B3LYP) for Li-V. This sig-
nificant increase in binding energy from 3.7 eV to 6.07 eV
suggests that it is more energetically favorable for mobile
lithium atoms to occupy the cavity of 2 V. This occupation
prevents further mobility and accounts for the substantial
decrease in Li concentration beyond the diamond surface
during the diffusion process.>*374%#! Using the formation
energy of Li; from the B3LYP calculation* (9.1 eV), we
estimated a binding energy of 9.79 eV between Li; and 2 V
for the reaction Li; + 2 V — LicV. Pre-existing vacancies
in bulk diamond likely play a crucial role in the interac-
tion between diamond and lithium. This interaction can be
enhanced by providing the system with the energy required
to overcome the barrier for Li diffusion, which is quantified
at approximately 0.9 eV + 0.3 eV* and 0.26 eV.>’ These
values are notably lower than those reported for a vacancy
(V) defect, which stand at 2.3 eV + 0.2 eV.%” The addi-
tion of a Li atom into the dual vacancy (2 V) configuration,
resulting in the formation of LiV, further stabilizes the sys-
tem. This is demonstrated by the significantly higher bind-
ing energy of Li-V, which is 6.07 eV, compared to 3.72 eV
for the 2 V defect alone. This kind of dopant binding to
vacancies and the subsequent aggregation phenomena are
commonly observed with smaller dopants such as nitrogen
(N).33-%5 However, this study is pioneering in illuminat-
ing the potential for similar aggregation processes with Li
dopants and exploring their impact on the electronic and
magnetic properties of diamond.

Spectroscopic Characterization: Probing Crystal Structures
with Raman Spectroscopy

Raman spectroscopy provides a window into the intricate
world of crystal structures, though assigning specific spec-
tral features to distinct structural elements often presents
experimental challenges. Factors such as preparation meth-
ods, temperature variations, defects, and inherent structural

Table IV Defect formation energy (Ey)) and binding energy (Ey) in diamond for various defect types (Li, V, 2V, LiV) and supercell sizes (64 and

128 atoms)
Functional Supercell E; (V) E; (Lic) E; (2V) E; (LicV) 2V LicV
E,(V+V) E, (Lic + V)
B3LYP 64 6.80 [6.73]" 8.47 [8.6]* 9.89 [9.94]% 9.20 3.72 6.07
128 6.80 8.54 [8.4]* 9.90 9.22 3.71 6.12
HSE06 64 7.07 [6.99]" 8.96 [9.1]* 10.35 [10.441% 9.66 3.80 6.37
PBEO 64 7.13 [7.101"7 9.02 10.45 [10.53]% 9.92 3.80 6.23

Comparison of calculated E; values with referenced values in parentheses; data derived using different functionals.
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disorder can complicate the analysis. Fortunately, simulated
spectra have become a valuable tool, enabling accurate char-
acterization of spectral features while largely circumventing
these complications. The Raman scattering spectra of Li-V
configurations, calculated from equilibrium lattice struc-
tures, are presented in Fig. 5, alongside simulated spectra of
undefective diamond in the top panel. In these simulations,
we utilize the global hybrid functional B3LYP, incorporat-
ing 20% non-local exact Hartree—Fock exchange. This func-
tional is favored for its superior performance in capturing the
vibrational properties of solids and accurately describing
spin states, as indicated by references.’>%% The spectra
are plotted using a pseudo-Voigt function, which blends
Lorentzian and Gaussian functions, characterized by a full
width at half-maximum of 8 cm™". The precision of the cho-
sen functional and the fine-tuned simulation parameters are
demonstrated by the close match between the experimentally
measured first-order Raman scattering of triply degenerated
phonons of T,, symmetry at 1332 cm™ %8 and the computed
value at 1331.6 cm™!, marked by a vertical dashed red line
in Fig. 5. Thus, any additional features in the Li-V spectra
are definitively linked to the existing defects.

The introduction of the Li-V defect disrupts the trans-
lational symmetry of pure diamond and diminishes the
point symmetry of the crystal, leading to the emergence
of new Raman-active modes. These modes manifest with

| 1331.6

500 1000

1319

Intensity (arb)
o

1308

1290
1037

760 1151 i
583
-

0 500 1000

Wavenumber (cn?)

Figure 5 Comparative Raman spectra of diamond and Li-V defects:
upper panel the Raman spectra of perfect diamond; lower panel the
spectra of a diamond with an Li-V defect. The characteristic diamond
peak at 1331.6 cm™! is highlighted with a red dashed line across both
panels for reference (Color figure online).
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significantly lower intensities compared to the primary peak.
Analogous to the spectra associated with neutral vacancy
defects,® no peaks above 1332 cm™! are observed in the
LicV spectra. A notable characteristic of the Li-V spectra,
in contrast to isolated Li spectra,®’ is the preservation of the
primary peak at 1319 cm™!, which is absent in the Li defect.
This peak undergoes a red shift of 13 cm™!, mirroring the
behavior seen in isolated vacancy spectra.®® Additionally,
the peak exhibits broadening due to a split to 1308 cm™!
and is accompanied by a shoulder at 1290 cm™'. The inten-
sities of the newly activated peaks around 1151 cm™' are
less pronounced than those observed in isolated vacancy
spectra. The current spectra do not display any significant
features around or below 400 cm™! , as identified by isolated
Li defects.® The distinct, non-splitting peaks at 1151, 1037,
760, and 680 cm™' with moderate intensities provide clear
indicators to differentiate the vibrational modes associated
with isolated LiV from those related to isolated Li or V
defects.

Conclusions

This study presents the geometry, energy, magnetic proper-
ties, and electronic properties of Li-V defects in diamond.
LicV can be described as a Li interstitial in the cavity of a
two-vacancy within a diamond. The defect is stabilized in
three different spin states: (S, = ¥2) doublet, (S, = 3/2) quar-
tet, and (S, = 5/2) sextet, with relative energies of 0.09 eV
and 0.88 eV (B3LYP) compared to the ground (S, = 3/2)
quartet state, respectively. The Li atom moves to the mid-
point between two vacancies, forming six equivalent bonds
with the first neighboring carbon atoms (2.02 A). The elec-
tronic structures of LiV defects and 2 V in diamond are dis-
cussed in detail. Once formed in diamond, the Li-V defect
is stable due to its high dissociation energy into its constitu-
ents, Li- and V. The binding energy of Li-V is nearly double
that of 2 V, indicating the critical role Li. plays in control-
ling and directing V diffusion. The excess charge provided
by the Li atom saturates the unpaired electron of the dan-
gling bonds near the 2 V vicinity, resulting in an increased
binding energy. In practice, the benefits of the low activation
energy of Li; diffusion can only be exploited by perform-
ing diffusion experiments on high-quality, defect-free sin-
gle crystals, which have recently become available due to
significant advances in diamond production. Otherwise, Li;
occupies the vacancy site, forming a Li defect which sub-
sequently acts as an active center to trap any residual mobile
vacancies, thereby forming a Li-V defect.

The formation of the Li-V defect can be effectively
detected using Raman spectroscopy, as evidenced by our
calculations. These demonstrate a notable red shift of
13 cm™! in the first-order peak, alongside the emergence of
newly activated peaks within the range of 500-1319 cm™".
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Crucially, no peaks are observed above the characteristic
1332 cm™! diamond peak, ensuring that the detected features
are attributable specifically to the LiV defect. This distinct
spectral signature provides a reliable means for the experi-
mental identification and study of this defect.

In conclusion, our exploration of Li-V defects in diamond
has unveiled critical insights into the challenges they present
for diamond-based semiconductor performance. By address-
ing these limitations and developing strategies to mitigate
their impact, we have taken significant strides towards har-
nessing the remarkable properties of diamond for advanced
electronic applications. This research not only contributes
to the field of defect engineering but also paves the way for
more efficient, durable, and environmentally friendly devices
that can meet the demands of emerging technology sectors.
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