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The isolated single vacancy is one of the most common defects in diamond, while it is of considerable interest and
importance that significantly influences the optical properties of diamond. Although a number of literature publications
about the electron structure and density states of single vacancy in diamond from the density functional theory (DFT)
calculations, these results are very difficult to be identified from the perspective of experiments. In this paper, the low-
temperature photoluminescence (PL) technology was employed to study the emission properties of single vacancy in
diamond, and then the photoionization energy, migration energy and vibrionic structure obtained from PL experiments
were compared with these obtained from the first-principle calculations. Results showed that the calculation results agreed
well with the PL results for the neutral vacancy while differed for the negatively charged vacancy, indicating that for
ultrapure diamond, the vacancy mainly existed in form of the neutral rather than the negatively charged.
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1. INTRODUCTION

Diamond is transparent to the visible and infrared light
due to its wide band gap (~5.47 eV), which leads to the
application for lens in the scientific equipment, such as IR-
detectors and optical windows [1]. The isolated single
vacancy is one of the most common defects in diamond, but
it is very important that it significantly influences the optical
properties of diamond [2]. The vacancy may be grown-in or
created by energy-selected irradiation in diamonds, and it
can occur in aggregates with concentrations up to 50 ppm,
which persists up to 1100 °C [3]. Two common charged
configurations, neutral and negative (V° and V°), can be
detected by infra-red absorption [4] and PL spectra [5]. The
corresponding zero phonon lines (ZPLs) are located at
741 nm and 393.5nm respectively, known as General
Radiation One (GR1) centre and Negative Defect One
(ND1) centre. The optical center associated with a positive
vacancy was also reported in the boron-doped diamond by
Charles et al. [6], but it has still not been verified by other
technologies.

So far, a number of literature publications about the
vacancy related centers in diamond have also been studied
from the theory calculations. Alkauskas et al. investigated
the electronic and vibronic structure of the nitrogen-vacancy
(NV) defect based on the hybrid functions and the results
presented a pronounced vibronic mode at 65 meV [7]. The
similar work on the negatively charged silicon-vacancy (Si-
V) defects was also reported by Elisa et al. [8]. Takayuki et
al [9] predicted that the GeV center had the same split-
vacancy crystal structure as the SiV center. The electronic
structure and magneto-optical properties of titanium-related
point defects in diamond was also studied by Kamil et al.
through the hybrid density functional theory [10]. Although
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there are lots of calculations detailed about the electron
structure and density states of single vacancy centers in
diamond [11, 12], these results are very difficult to be
identified from the perspective of experiments. In this paper,
the low-temperature PL technology was employed to study
the emission properties of single vacancy in diamond, and
then the photoionization energy, migration energy and
vibrionic structure obtained from PL experiments were
compared with these obtained from the first-principle
calculations.

2. EXPERIMENTAL METHODS

This work focuses on the ultrapure chemical vapor
deposited ultrapure (CVD) diamonds and high pressure high
temperature (HPHT) nitrogen doped diamonds, which are
provided by De Beers Company. The concentrations of
nitrogen are lower than 0.1 ppm and 10 ppm respectively
according to microscopic Fourier transform infrared
spectroscopy measurement. The irradiation was performed
with a Philips EM430 transmission electron microscope
(TEM) into which a dog leg had been introduced, enabling
the passage of electrons, but blocking ions, thus providing
an ion-free electron beam. The irradiated areas were
subjected to a uniform intensity of electrons at 300 keV with
a dose of 5x10%e-cm? over a circular region of
approximately 60 um diameter in the top-hat form. The
TEM was particularly suitable for the irradiation because
the 300 keV was just larger than the displacement threshold
of carbon atoms in diamond (= 97 keV) [13].

After irradiation the samples were transferred to
Renishaw micro-Raman spectrometers fitted with Oxford
Instruments Microstat liquid helium-cooled stages. PL
examination was mainly performed with an argon-ion laser



using an excitation wavelength of 488 nm, although a few
experiments were carried out using the 325 nm excitation
with a He—Cd laser. PL spectra were obtained at chosen
points at equally spaced points in a rectangular (x, y) array
covering the irradiated region and its periphery (a “map”).
All the PL results were obtained with liquid helium cooling
down to the temperatures of around 7 K. The resolution of
the optical system was degraded by the cryostats to about
4 um lateral resolution and 6 um depth resolution. The
annealing was carried out in an argon gas flow for 30 min,
from 200 to 950 °C, in steps of 50 °C.

3. CALCULATION METHODS

First-principles calculations were performed in the DFT
framework, implemented in the plane-wave based Vienna
ab initio Simulation Package VASP. The Perdew-Burke-
Ernzerhof functional under the generalized gradient
approximation interaction was taken to describe the
exchange and correlation interaction. Plane waves with an
energy cutoff of 400 eV were used to expand the Kohn-
Sham wave functions, which described the interaction
between ion and core electrons by the projector augmented
wave methods [14 —16].

To obtain reliable parameters for the calculation, we
optimized the primitive diamond bulk firstly. The
equilibrium lattice constant of diamond was 3.57 A under
PBE functional. The 2 x 2 x 2 supercell of diamond was
built with containing 64 atoms. All atoms could move freely
during geometry. For the calculations of energies and
electronic properties, 5 x 5 x 5 k-points in the Monkhorst -
Pack grids were used.

4. RESULTS AND DISCUSSION
4.1. lonization energy

The trapped electron at one defect transmits into the
conduction band at the sufficient energy of excitation, and
that is the ionization of defect. After this process, the change
of the energy level within the bandgap results in the
conversion of color centers in PL spectra (so-called
“photochromic”). The photochromic studies of the defects
are very critical for the investigation of the conversion
between the defects. In our studies, the PL technology was
employed to study many kinds of diamond, but no signals
were found to be associated with V> and V?* defects in these
spectra. The excited states of ND1 center located in the
conductive band, and hereby the ND1 signal should not be
observed in the PL spectra. However in fact, for the very
pure colorless diamond, which was irradiated with the
electron dose of 5 x 10'°e-cm, the strong ND1 signal was
observed but unionized even in the such high-energy of
325 nm (3.8 eV) laser excitation as shown in Fig. 1. The
results also presented strong GR1 luminescence and lots of
interstitial-related ZPLs (500 ~ 600 nm) at 7 K with the
488 nm excitation.

During the calculation, the single vacancy was modeled
by removing one C atom from the supercell, and the charged
states of vacancy were controlled by changing the total
number of electrons in the super cell. This method resulted
in an error due to the electrostatic interactions between their
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charges and images, and thus the Madelung energy was
usually taken to correct the error [17].
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Fig. 1. The typical PL spectra of irradiated ultrapure diamond at
~ 7 K with both 488 nm and 325 nm laser excitation

The formation energy of vacancy Eysc With respect to
the perfect crystal could be calculated as [18]:
E,.. = E(Q) ~ E(pure) + u+q(Er+ Ep), (1)
where E(q) is the total energy of the crystal including defect
in charge state q; E(pure) is the total energy of the perfect
crystal, uc is the chemical potentials of single C atom in
graphite (-3.518198 eV), E?is the Fermi energy of the

neutral vacancy in diamond (11.0938 eV), Er is the Fermi
level with respect to the top of valence band (0 ~ Eg).

The ionizations of charged vacancies could be obtained
on basis of the above-mentioned equation. As shown in
Fig. 2, the equal formation energy for the 0 and —1 states at
Er=0.19 eV was named “ionization level”.
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Fig. 2. Formation energies of various charged vacancy in diamond.
The Fermi level is referred to the top of valence band

The corresponding ionization levels for (+1, -2),
(0, -2), (-1, —2) were 0.16, 0.4 and 0.61 eV respectively.
These results were quite similar to those of R. Long [19].
The (0, —1) states of the diamond film presented higher
ionization level than that of the diamond bulk due to the
lower trapping energy of the electron around the vacancy.



In fact, the calculated value of ionization energy for (0, —1)
was obviously larger than that of actual experiment.

4.2. Migration energy

The nitrogen distributions are not uniform in different
growth sectors, and Ref. [20] found that the sequence of the
nitrogen  concentrations, (111) > (311) > (100) > (511)
sectors, by compassion of the nitrogen-vacancy (NV)
luminescence. Fig.3 indicated that the GR1 signal
decreased while the NV luminescence strengthened with the
growing of nitrogen content. In addition, nitrogen atoms
acted as the donor provide electrons for the lattice of
diamond, which favored the formation of NV- centers.
Therefore, the neutral vacancy dominated in the very pure
diamond (the nitrogen concentration was less than 0.1 ppm).
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Fig. 3. The relative intensity of some defects in different growth
sectors of nitrogen doped diamond

After irradiation with 5 x 10'% c¢m? electrons, lots of
single vacancy defects were created in the very pure
diamond. The vacancy would move out of the irradiated
region in case of such high temperature annealing. The
migrating process could be investigated by the PL
technology. Fig. 4 presented the variation of the relative
intensity of GR1 to Raman in ultrapure diamond during the
annealing.
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Fig. 4. The relative intensity of GR1 center to Raman in ultrapure
diamond during the annealing

It indicated that the vacancy was mobile after 700 °C,
and the corresponding migration energy was 2.9 eV (This
value was larger than that of [21]). After 950 °C annealing
(here we annealed the sample at sufficient high
temperature), the intensity “maps” of neutral nitrogen
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vacancy (NV?) and GR1 centers on the depth orientation
were obtained at 488nm excitation and ~ 7 K (see Fig. 5).
The results indicated that the neutral vacancies migrated out
of the irradiated region to find nitrogen impurities, and all
the nitrogen were converted into NV° centers [22].
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Fig. 5. The intensity distributions of NV° and GR1 signals in
irradiated ultrapure diamond (the rainbow strength ranged
from red to black; the pixels were 25 um by 25 pm)

The migrating process of the neutral vacancy was also
modeled by the first-principle theory. A carbon atom was
driven into the neighboring position of neutral single
vacancy in diamond. The total energy of the supercell after
the geometry varied with the different location of vacancy
(see Fig. 6). During geometry, all C atoms could move
freely. The results presented that the migrating energy of the
single vacancy was 3.1 eV, which was very close to that
obtained from our PL results.
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Fig. 6. The total energy of the supercell after the geometry varied
with the different location of vacancy

4.3. Vibrionic structure

Fig. 7. Presented the vibronic structures of GR1 and
ND1 defects in diamond. Besides the phonon cut-off energy
at 165 meV, the strong and wide sidebands were also
observed due to the strong electron coupling of the vacancy
[23]. Results showed that the vibrations involving only one
vacancy were due to two different phonons, one with energy
of approximately 42 meV for neutral vacancy and another
with approximately 67 meV energy for negative charged.
The vibrionic properties of the atoms at the most-
neighboring of single vacancy could be also calculated by
controlling the states of the atoms in supercell.
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Fig. 7. The vibrionic structures: a— GR1 center in ultrapure diamond obtained with a 488 nm laser at 7 K; b—ND1 center in nitrogen-

doped diamond obtained with a 325 nm laser at 7 K

The calculation results indicated that the neutral
vacancy involved one phonon with energy of 44.35 meV,
which was very close to that of PL experiment. However,
the phonon energy for the negative vacancy was calculated
as 48.05 meV that was far from that of PL results. The
reason could be attributed to the domination of neutral
vacancy in ultrapure diamond, which led into the more
accurate results for the neutral vacancy.

5. CONCLUSIONS

After electron irradiation, a great number of vacancies
and interstitials were created in diamond. The number of
vacancies with different charged states mainly depended on
the concentration of nitrogen impurity. The higher purity
diamond benefited more productions of neutral vacancies.
The neutral vacancy had the migration energy of 2.9 eV and
phonon energy of 42 meV, which agreed well with these
values obtained from the first-principle calculations.
However, the corresponding results of negatively charged
vacancy were very different between the PL experiments
and calculations. The reason was attributed to the
domination of neutral vacancy in ultrapure diamond that led
into the more accurate results for the neutral vacancy.
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