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1. Introduction

Erbium ion implantation into diamond —
measurement and modelling of the crystal
structuret

Jakub Cajzl,**° Pavla Nekvindova,® Anna Mackova,® Petr Malinsky,
David Sedmidubsky,® Michal Husak,® Zdenék Remes,® Marian Varga,©
Alexander Kromka,® Roman Bottger” and Jifi Oswald®

Diamond is proposed as an extraordinary material usable in interdisciplinary fields, especially in optics
and photonics. In this contribution we focus on the doping of diamond with erbium as an optically
active centre. In the theoretical part of the study based on DFT simulations we have developed two
Er-doped diamond structural models with 0 to 4 carbon vacancies in the vicinity of the Er atom and
performed geometry optimizations by the calculation of cohesive energies and defect formation
energies. The theoretical results showed an excellent agreement between the calculated and
experimental cohesive energies for the parent diamond. The highest values of cohesive energies and the
lowest values of defect formation energies were obtained for models with erbium in the substitutional
carbon position with 1 or 3 vacancies in the vicinity of the erbium atom. From the geometry
optimization the structural model with 1 vacancy had an octahedral symmetry whereas the model with 3
vacancies had a coordination of 10 forming a trigonal structure with a hexagonal ring. In the
experimental part, erbium doped diamond crystal samples were prepared by ion implantation of Er* ions
using ion implantation fluences ranging from 1 x 10 ions per cm? to 5 x 10% ions per cm? The
experimental results revealed a high degree of diamond structural damage after the ion implantation
process reaching up to 69% of disordered atoms in the samples. The prepared Er-doped diamond
samples annealed at the temperatures of 400, 600 and 800 °C in a vacuum revealed clear luminescence,
where the (110) cut sample has approximately 6-7 times higher luminescence intensity than the (001)
cut sample with the same ion implantation fluence. The reported results are the first demonstration of
the Er luminescence in the single crystal diamond structure for the near-infrared spectral region.

Moreover, diamond is also biocompatible due to its carbon
nature. Thanks to these properties, diamond is intensively

Diamond exhibits outstanding physical and chemical properties
such as extremely high chemical and thermal resistance, and the
highest hardness and thermal conductivity among all materials.
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studied for use in electronics, photonics and integrated quantum
photonics. In electronics, diamond is mostly studied for its use as
p- and n-type semiconductors. For these purposes, it has been
doped with various dopants to create a p-type diamond (doping with
boron®?) or n-type diamond (doping with nitrogen, phosphorus
or sulphur?).

In the photonics field, micro- or nanocrystalline diamond
(MCD or NCD) thin films grown on silicon or SiO, have been
used for special High Index Contrast (HIC) waveguides.® The
estimated relative refractive index difference An reaches a high
value of about 30% for the glass/NCD. This high value of
refractive index difference makes diamond HIC waveguides
suitable for photonic waveguiding structures with a high density
of integration.®” However, the high degree of optical attenuation
mainly due to the scattering of light on grain boundaries could
limit the real applications of NCD waveguides.®
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Optically active impurities in diamond are called colour centres.
Nowadays, colour centres in diamond are attracting growing
attention owing to their highly promising application in quantum
information processing where they can serve as ultra bright, highly
polarized, and narrow-band single-photon emitters.” The highly
explored field of integrated quantum photonics makes use of
nitrogen-vacancy (NV) centres in diamond; the most important
among them are negatively charged nitrogen-vacancy (NV ™)
centres. The NVs in diamond are used due to their spin properties
as quantum bits (also called ‘qubits’) - NV centres can store,
transfer and process qubits at room temperature.'®> Besides
nitrogen-vacancy centres in diamond, other colour centres created
by doping with Si,"”® Ni,'"* Cr'® or C'® have been identified as
diamond-based single-photon emitters. All the structural defects
mentioned above exhibit emission at wavelengths shorter than
approx. 800 nm. The photophysical properties of most colour
centre defects have been summarized in ref. 17. Concerning the
near infrared region of about 900-2000 nm only a few non-defined
colour centres exist. Some of the centres were created by diamond
single crystal annealing'® or by CVD with nanoparticles of
diamond and Ni.'® Recently the effect of the diamond micro-
structure on the photophysical properties of colour centres has
also been studied in detail.****

Lanthanides are vital elements in lighting and imaging
technologies and future quantum memory applications owing to
their narrow spectral energy transitions. Diamond doping with
lanthanides has been published rarely so far.> However, the
theoretical and experimental study of Eu-doping into diamond thin
films using electrostatically assembled europium(m) chelate mole-
cules combined with the CVD technique gave evidence that the
successful diamond doping with lanthanides is possible.® In that
study the luminescence of Eu had the maximum at about 620 nm.

Erbium is one of the most frequently used elements in photonics
due to its strong narrow emission in the third telecommunication
window. To our knowledge erbium doping of bulk diamond has not
been experimentally done yet. The doping of diamond with erbium
ions could be the solution for the compensation of optical losses in
NCD waveguides in the NIR spectral region around 1.5 pm.

Electron density is the key quantity determining the total
and cohesive energies, the crystal field potentials, interatomic
forces, and a number of related physical and chemical quantities.
The DFT (Density Functional Theory) approach based on quantum
mechanical calculations of electron density is one of the most
frequently used techniques for the simulation of solid state
structures. Moreover, the electronic and magnetic properties of
materials can be calculated using this approach. In the last decade
the theoretical modeling studies of halogens,24 transition metals,?
boron®® or oxygen,”” in diamond have been performed using DFT.
Usually the optimized structures as well as the electronic band
structures and defect forming energies have been reported and
discussed. For the simulation of europium in diamond, it has
been found that the most stable configuration is the six-fold
coordination shell of europium with single carbon vacancy.”

Our study focuses on the doping of the diamond structure
with erbium ions. The theoretical study of erbium positions in
the Er:diamond single-crystal structure with and without vacancies
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was done. The doping of diamond with erbium ions was done by
the ion implantation technique. Ion implantation is a well-known
doping technique with one of the highest versatilities of the
preparation conditions for the creation of colour centres in
diamond. This is because the ion implantation makes it easy to
control the depth of the implanted region and the concentration
of the implanted ions. However, depending on the applied ion
implantation energy and fluence, the method can cause high
material damage to targets. Nevertheless, there are some possibilities
to recover the diamond structure by postimplantation annealing.”®
In our experiments various fluences of erbium ions were thus used
to compare the different degree of structural damage caused
by ion implantation. The experimental results were combined
with the theoretical study.

2. Experimental
2.1 DFT simulations

Investigation of the structural properties of erbium in the
single-crystal diamond structure as well as identification of the
most favourable positions of erbium in the diamond structure
was done using a theoretical structural modelling approach
based on a Density Functional Theory (DFT) ab initio calculation
method (generalized gradient approximation) with Vanderbilt-
type ultrasoft pseudopotentials. The calculations were carried
out on crystal supercells using periodic boundary conditions for
the crystal structures. The CASTEP* package was used to perform
structure geometry optimizations and to obtain the accurate values
of the total energies of the respective supercell structural models.
The results were obtained as static (0 K) and atomic positions are
relaxed according to the calculated forces on each atom.

We explored two different Er-doped diamond structural
models and performed geometry optimizations with the calculations
of total energies of the pertinent structures. Moreover we performed
additional calculations by introducing 1 to 4 carbon vacancies
incorporated in the vicinity of the erbium atom. The initial
structural models - taken as the input for the geometry optimization
calculations - differed in Er positions within the structure for the
determination of the most favourable structure arrangement. Fig. 1
depicts the investigated structural models of Er:diamond with
erbium in (a) the interstitial position of a tetrahedral void and (b)
the substitutional position of carbon. Geometry optimization
calculations were done with 3 x 3 x 3 supercell models (based
on the non-primitive diamond cubic unit cell consisting of 8 atoms),
yielding the total number of atoms of 216 for the parent undoped
diamond. In the Er:diamond models with various numbers of
vacancies, the same 3 x 3 x 3 diamond supercell base was used,
where one atom of erbium was involved per total number of 212
to 217 atoms for the respective models. The size of the main
unit (3 x 3 x 3) was chosen according to the most commonly
used experimental bulk concentration of erbium, which is about
0.5 at%, ie. for 217 atoms (model depicted in Fig. 1a), and we
obtained an erbium concentration of:

1Er
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Fig. 1 The structural models of Er:diamond with the erbium ion (a) in the
interstitial position of a tetrahedral void and (b) in the substitutional
position of carbon. The structural models were 3 x 3 x 3 supercells.

accordingly for other structural models. Additionally the calculations
with supercells introducing 1 to 4 carbon vacancies in the
vicinity of the erbium atom were done. For the calculations
with vacancies, only the carbon vacancies in the 1st layer of
atoms surrounding the erbium atom were chosen. The nearest
Er vicinity for vacancies was chosen due to the fact that the first
layer of atoms is most compensating the introduced Er defect.
Here it is important to note that the carbon atoms closest to the
Er atom are different for the substitutional and the interstitial
position, i.e. the carbon atoms chosen for the vacancies in the
vicinity of Er are different for the substitutional and the interstitial
Er position. Mostly there is the difference in the distances between
the vacancy carbon atoms for both models.

The calculations were spin-polarized using ultrasoft pseudo-
potentials, the BFGS (Broyden-Fletcher-Goldfarb-Shanno)
algorithm for geometry optimizations, and the exchange functional
type GGA-RPBE (Generalized Gradient Approximation-Revised
Perdew-Burke-Ernzerhof) (revised with corrections for dispersion
effects). The GGA-RPBE exchange functional was chosen according
to the results of our test calculations with the parent diamond
structure and comparison of the calculated cohesive energies with
the experimental value. The following functionals were investigated
and compared: PW91 (Perdew-Wang 91 (1991)), PBE (Perdew-
Burke-Ernzerhof (1996)), RPBE, PBE-sol (Perdew-Burke-Ernzerhof
for solids (2008)), and WC (Wu-Cohen (2006)).

The energy cutoffs and k-point mesh densities were chosen
according to the convergence tests for the appropriate settings
for accurate results to be found. The plane-wave cutoff energy
was set to 360 eV (CASTEP ‘Ultrafine’ setting) and the k-point
set of the Monkhorst-Pack grid 1 x 1 x 1 (one irreducible k-point)
corresponding to the k-spacing of 0.0935 A~* (the used supercells
were very large in real space, so that the Brillouin zone was small
and no k-point sampling was therefore required). Geometry
optimizations were performed with the convergence criteria
of an energy change of 10> eV per atom, a maximum force of
3 x 1072 eV A™', a maximum stress of 5 x 10 2 GPa and a
maximum atom displacement of 10~ A.

Charge analysis in the calculations was done using three
analysis methods: charge equilibration (QEq), Mulliken and
Hirshfeld. The QEq method is based on the equilibration of
atomic electrostatic potentials with respect to a local charge
distribution.>® Mulliken charges and bond populations are
calculated according to the formalism described by Segall et al.*"*>
Population analysis of the resulting projected states was

This journal is © the Owner Societies 2017
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performed using the Mulliken formalism.** Hirshfeld charges®*
are defined relative to the deformation density representing
a difference between the molecular and unrelaxed atomic
charge densities.

2.2 Doping of diamond with erbium

The Er:diamond samples were prepared from single-crystal
diamond wafers with the Z(001) and X(110) crystallographic
orientations (fabricated by Element Six Technologies Ltd, UK).
The dimensions of the samples were 3 x 3 x 0.3 mm. Thoroughly
pre-cleaned wafers were implanted with 190 keV energy Er" ions
(7° off-axis to avoid channeling) with fluences of 1.0 x 10", 1.0 x
10" and 5.0 x 10" jons per cm?® The ion implantation was
performed on a 200 kV ion implanter in the Helmholtz-Zentrum,
Dresden-Rossendorf, Germany. The beam was scanned through
an aperture of typical dimensions 1 x 1 cm? resulting in a beam
current density of typically 0.25 ©A per cm” on the target. The
prepared Er:diamond samples were annealed after the ion
implantation in a vacuum (10~* mbar) for 1 hour at 3 different
temperatures (400, 600 and 800 °C).

2.3 Materials characterization

The prepared samples of Er:diamond were characterized primarily
in terms of the structural changes connected with the erbium
incorporation in the parent diamond structure by the ion
implantation process. The erbium concentration depth profiles
were determined by Rutherford Backscattering Spectroscopy
(RBS). The analysis was performed on a Tandetron 4130 MC
accelerator using a 2.0 MeV He" ion beam. The collected data
were evaluated and transformed into concentration-depth profiles
using GISA 3.99%* and SIMNRA 6.06°® codes, utilizing the cross-
sectional data from IBANDL.?” Using the experimental set-up of
RBS analysis, it was possible to achieve the typical depth resolution
better than 10 nm and the lowest detected concentration of Er was
about 0.005 at%. The structural modification of the single
crystal diamond structure after the ion implantation process
was examined by the RBS/channeling measurement using a
2 MeV He' ion beam.

The Raman spectra of the prepared samples were acquired
using a DXR Raman Microscope spectrometer (Thermo Scientific)
equipped with a confocal Olympus microscope. The excitation
source used was a solid-state Nd:YAG laser (wavelength 532 nm,
maximum power 10 mW). Measurement conditions were: 2-8 mW
power, 10 accumulations of 10 second scans, grating with
900 lines per mm and aperture of 25 pm pinhole. As detector
a multichannel thermoelectrically cooled CCD camera was
used. 50-times magnification provided a measurement spot-size
of ~1 pm?

The photoluminescence spectra of investigated samples
were collected in the range of 1440-1650 nm at room temperature.
A semiconductor laser POL 4300 emitting at 980 nm was used for
the excitation. The luminescence radiation was detected using a
two-step-cooled Ge detector J16 (Teledyne Judson Technologies).
To scoop specific wavelengths, a double monochromator SDL-1
(LOMO) was used.
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3. Results

3.1 The theoretical structural modelling of Er:diamond

3.1.1 Undoped diamond. The calculated cohesive energies
of the parent diamond using different exchange functionals
(keeping all the calculation parameters the same except for the
exchange functional used) are summarized in Table 1. The
cohesive energy of the diamond using the RPBE exchange
functional (7.50 eV per atom) is in an excellent agreement with
the experimental value of 7.58 eV per atom (being approx. 1.0%
lower). Hence, the used GGA-RPBE functional calculation
slightly underestimates the cohesive energy of diamond. The
cohesive energy is also in an excellent agreement with the
values previously reported using the complex Quantum Monte
Carlo study (7.503 eV per atom).>® One can argue at this point
that the comparison of exchange functionals for the final
models with the incorporated erbium atom can differ from
these initial calculations performed on pure diamond. However,
this approach of choosing the exchange functional according to
the calculation of energy of the undoped diamond is possible
thanks to the fact that the vast majority of atoms in supercells
(3 x 3 x 3) used in calculations are the carbon atoms - i.e. from
211 to 216 carbon atoms and 1 erbium atom - therefore there
will also be a majority of carbon-carbon bonds and just very few
carbon-erbium bonds (the bonds can be of different chemical
and physical nature including dispersive forces).

3.1.2 Cohesive and defect formation energies - Er-doped
diamond. The following approach was applied in our study:
first, the geometry optimization calculations were performed
and it was investigated whether (and which) structural supercell
models converged; second it was determined how the geometry
around the central erbium ion changed after the geometry
optimization; third, the cohesive energies of the structures were
calculated together with the calculation of defect formation
energies for the incorporation of erbium atom defects; finally,
the cohesive energies as well as defect formation energies for
the different structural supercell models were compared in
order to estimate their relative stability (i.e. the higher cohesive
energy means the higher stability of the structure) and the
possibility to incorporate erbium defects into the structure of
diamond (evaluated by the lowest formation energy).

Cohesive energies were calculated according to eqn (2),>%*°
where Econesive 1S the cohesive energy per atom of the simulated

Table 1 The calculated cohesive energies of the parent undoped dia-
mond using various exchange functionals. The deviation from the dia-
mond experimental cohesive energy is also noted

Calculated cohesive
energy ECohesive

Relative change
from experimental

Structure [eV per atom] Ecohesive [ %0]
Diamond 7.58 0.0
(Experimental value)*

Diamond (PW91) 7.92 4.5
Diamond (PBE) 7.95 4.8
Diamond (RPBE) 7.50 -1.0
Diamond (PBE-sol) 8.62 13.7
Diamond (WC) 8.41 11.0
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structure, 7 is the number of all atoms in the calculated structure,
n; is the number of atoms of one type (e.g. in our case, i was 1 for
carbon and 2 for erbium element types), E,; is similarly the
atomic energy of an atom of one type (e.g Euc and E, g, in our
case), k is the number of atom types, and Ep is the calculated
total energy of the structure after the geometry optimization.

=

(ni . Eatj) — ETotal

i=1

Econesive = [eV per atom| (2)

n

In order to evaluate the cohesive energies of the structures, it
was necessary to calculate the total energies of the corresponding
isolated atoms in the structures (using the same exchange
functionals and calculation quality settings). For the calculation
of the carbon atom, we used a 10 x 10 x 10 A cube with a single
carbon atom in the centre giving enough space around the atom
for it to be considered as an isolated atom. For the erbium atom,
we used a slightly larger cube of 15 x 15 x 15 A to ensure the
isolation of an atom as well. The total energies of —147.501 eV
and —5225.094 eV were obtained for the isolated carbon and
erbium atom, respectively.

Defect formation energies for the neutral Er defects in diamond
supercell models were calculated according to eqn (3),"** where
Eroa[X°] is the total energy of the supercell with the neutral defect
X, Erora[bulk] is the total energy of the bulk parent supercell, n; are
the number of atoms of one type (like in eqn (1)) that have been
removed from or added to the structure in order to create a
defective supercell (n; is positive for added atoms and negative
for removed atoms), and y; are the chemical potentials of the
corresponding removed or added atoms.

k

Er[X°] = Erow[X"] - {EToml[bu]k} + Z (i - lh')} V] (3)

i=

For the selected Er:diamond supercell models the defect
formation energies of the charged Er defects were also calculated.
The equation for the calculation of defect formation energies of
the charged defects in crystal supercell models was obtained by
adding 2 extra elements in the equation for neutral defects (see
eqn (3)) that account for the charge incorporation in the defective
supercell. The calculation of defect formation energies of charged
Er defects in diamond was performed according to eqn (4),*°*?
where Ery,[X?] is the total energy of the supercell with the
charged defect X, Epowy[bulk], n; and p; are the same as in
eqn (3), g is the charge of the defect, Ay, is the shift of the Fermi
energy level with respect to the parent bulk valence band
maximum Eygy, AV is the term used for the alignment of the
reference potential of the bulk and defect supercell, and EY,, is
the finite-size supercell correction. In our case we were not
analysing the effects of AV and EY,, because of the very low
concentration of Er defects (1 atom of Er in the supercell) and
the relatively large dimensions of the supercell. Sometimes the
term g(Evpm + Apte) is being defined as the g(p) which is the
Fermi level p. multiplied by the charge ¢, ie the thermo-
dynamic work required to add one electron to the body (Fermi
level ) multiplied by the charge g (which refers to the number
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of electrons added or removed). Since the calculations are done
at static positions (0 K), the Fermi level equals Fermi energy. In
the calculations the chemical potential for carbon uc was taken
from the calculated energy of the undoped diamond supercell
as the supercell energy divided by the number of atoms in the
supercell. The chemical potential of erbium ug, was calculated
from the total energy of metallic erbium (with a hexagonal
structure, space group no. 194) divided by the number of
erbium atoms.

Ef [Xq} = ETotul[Xq]

i=1

k
- {ETotal [bUIk] + Z (”i : :ui) - ‘I(EVBM + A:ue + AV)}

+E ([:Iorr [CV} (4)

The calculated cohesive energies of the Er:diamond structures
with various numbers of carbon vacancies (in the vicinity of Er
atom) together with the calculated defect formation energies are
summarized in Table 2 - here Er;, is the erbium in the interstitial
position and Ergy, is the erbium in the substitutional position of
carbon. The models with erbium in the interstitial position of the
tetrahedral void had overall lower cohesive energies and higher
defect formation energies in comparison with erbium in the
substitutional carbon position, making this position less favour-
able for erbium defects. The highest calculated cohesive energies
and lowest defect formation energies were obtained for models
with erbium in the substitutional carbon position with 1 or 3
vacancies (in the vicinity of the erbium atom).

The defect formation energies of charged Er-defects for the
most favourable Er:diamond supercells are summarized in
Table 3. For the calculation of different charged states only
the most probable values of charge states of erbium in solids
were chosen, i.e. 0 (neutral), +1, +2 and +3. From the results it
turned out that for the given Er concentration (approx. 0.5 at%)
the defect formation energies decrease with the higher charge
state of Er.

3.1.3 Geometry, band structure and charge analysis - Er-doped
diamond. Fig. 2 depicts the models of Er:diamond with erbium in
(a) the interstitial tetrahedral position and (b) the substitutional
carbon position after performing the geometry optimization.

View Article Online
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Considering the changes in the vicinity of the erbium atom in
both models, the carbon atoms that were closest to the Er atom
(in the Erj,, model the four carbon atoms surrounding the
tetrahedral interstitial position; in the Erg,, model the four
carbon atoms forming a bond to the substituted carbon atom)
were displaced away from the Er atom by about 22% and 29%
based on the initial Er-C distance for the Er;, and Erg,, models,
respectively. The C-C bond lengths of the closest atoms became
about 17% larger for the Er;,; model and about 4% shorter for
the Erg,p, model. It is obvious from the images (Fig. 2) that the
surroundings of the central erbium atoms (about 1st and 2nd
layers of the atoms) become larger and more ‘inflated’, but in
the 3rd, 4th and 5th layers the carbon atoms move negligibly.

Concerning the geometry optimization of the models of
Er:diamond in both interstitial and substitutional positions
with up to four vacancies in the vicinity of the Er atom, the
calculations showed interesting phenomena. When the Er atom was
in the interstitial tetrahedral position with one or more vacancies in
the Er atom vicinity, the Er atom moved in the direction of - or
almost completely to - the substitutional carbon vacancy position.
This was observed despite the fact that the radii of the carbon
vacancy (Vearbon) and the tetrahedral diamond vacancy (Vieganedra)
are similar in diameter - with the diamond tetrahedral vacancy
being just approximately 1 pm larger than carbon in tetrahedral
coordination (see Table 4). After the geometry optimization, the Er
atom was almost entirely in the substitutional carbon position. Here
it is worth mentioning that the relaxed structure of Er in the
interstitial position with one vacancy almost equals the structure
with Er in the substitutional position with no vacancy (if the
convergence criteria are very strict, the calculation time would
be very long and the two structures would equal each other
completely). However, the relaxed interstitial structures with
more than one vacancy are no longer matching the substitutional
structures because of the difference in the vacancy carbon
positions for the substitutional and the interstitial positions.
So from this analysis it turned out that Er is willing to occupy
the substitutional position rather than the interstitial one
despite the almost identical size of Viegrahedral a1d Vearbon-

For the supercell models with the highest cohesive energies
(lowest defect formation energies) - i.e. erbium in the substitutional
carbon position with 0 to 4 vacancies - the nearest neighbours of

Table 2 The calculated cohesive energies of the diamond and Er:diamond structures including various numbers of vacancies together with the

calculated defect formation energies

Calculated cohesive

Relative energy change from Defect formation

Structure energy [eV per atom] experimental Econesive [%)] energy [eV]
Diamond (Experimental value)*’ 7.58 0.0 —
Erjn:diamond (0 vacancies) 7.340 -3.2 30.14
Er;,:diamond (1 vacancy) 7.377 -2.7 14.54
Erjn:diamond (2 vacancies) 7.333 -3.3 16.71
Erj,:diamond (3 vacancies) 7.290 —3.8 18.39
Erine:diamond (4 vacancies) 7.234 —4.6 23.00
Ersyp:diamond (0 vacancies) 7.400 —2.4 17.03
Ergyp:diamond (1 vacancy) 7.425 —2.0 11.40
Ergup:diamond (2 vacancies) 7.421 —-2.1 12.22
Ergyp:diamond (3 vacancies) 7.428 —2.0 10.74
Ergup:diamond (4 vacancies) 7.407 -2.3 15.02
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Table 3 The calculated defect formation energies of charged Er-defects
in the substitutional position in the diamond structure including various
numbers of vacancies in the vicinity of erbium

One vacancy Three vacancies

Charge Defect formation energy [eV] Defect formation energy [eV]
0 11.40 10.74

+1 6.764 7.678

+2 3.815 4.306

+3 0.983 1.263

3

Fig. 2 The models of the Er:diamond structure after the geometry
optimization for the erbium ion in (a) interstitial tetrahedral position and
(b) substitutional carbon position. The structure images are XY view
perpendicular to the Z-axis. In the pictures up to 4 carbon neighbouring
layers can be seen in the vicinity of the Er atom.

Table 4 The radii of the Er** ion, the carbon atom (ie. also carbon
vacancy) and the tetrahedral diamond vacancy

Atom/ion/vacancy Radius [pm]
Er** (VI coordination) 89.0**

C (tetrahedral coordination) = Vearbon 76.744¢
Vtetrahedral 77.7%

% Calculated as the half-distance between the center of the tetrahedral
vacancy and the center of the nearest neighbouring carbon atom in the
diamond structure.

the Er atom were investigated. The results are summarized in
Table 5 with the notion of the coordination number, structure type
and bond lengths. From the results it can be seen that the higher
number of vacancies in the vicinity of erbium is causing a higher
coordination number of erbium, i.e. for 0 to 4 vacancies the
coordination numbers were from 4 up to 12, respectively. The
average Er-C bond lengths were approx. 200 to 260 pm.
The structure images for the two most favourable structural
models are shown in Fig. 3 for (a and b) one carbon vacancy and
(c and d) three carbon vacancies, respectively. The Er coordination
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in the supercell model with one carbon vacancy was found to be
octahedral (coordination 6) with the bond lengths of around
213 pm. For the supercell model with three vacancies the Er
coordination was 10. The structure of the coordination X
exhibited a trigonal symmetry and is as follows: around the
Er atom was a hexagonal ring with the longest bonds of 262 pm,
under (above) the ring were three atoms in trigonal arrangement
with the bond lengths of around 228 pm and above (under) the
ring was one atom with the shortest bond length of 222 pm. The
coordination number 10 for erbium was already published in
the literature, e.g. the Er'"-erythritol complex®” which has an
irregular ErOy, coordination geometry where the Er’* cation is
chelated by three nitrate anions (forming a hexagonal circle or
ring), one erythritol molecule (forming a trigonal arrangement
of O-atoms under/above the hexagonal ring), and one ethanol
molecule (being a single top under/above the hexagonal ring).
Other similar Er complexes with coordination 10 were published
as well in e.g. ref. 48 and 49.

The band structure can provide useful information to
explain some physical properties of a material, so its theoretical
calculation is important. For a parent diamond structure and
the most stable Er:diamond structure (with Er in the substitutional
position with 3 vacancies in the vicinity) the calculations of the
partial density of states (PDOS) for all the orbitals (s, p, d, and f) as
well as the band structure analysis (including the band gap energy)
were performed. The results are depicted in Fig. 4. It can be seen
from the graphs that the total density of states (DOS) of the parent
diamond only consists of s and p states of the carbon atoms. In
the second case of the Er:diamond structure also the f orbitals
belonging to the incorporated erbium atom can be seen near
the Fermi level.

Charge analysis was done using three charge analysis formalisms:
Mulliken, Hirshfeld and QEq (for a description see Section 2.1). The
calculations were done for the Er-defect in the substitutional
position in the diamond structure with various numbers of
vacancies and are summarized in Table 6. The charge values
are stated in the elementary charge e (approx. 1.6021766208 X
107" C*°). In the Mulliken charge analysis the trend is that with
the increasing number of vacancies the calculated charge
decreases from about +3.7 e to +2.58 e. In the Hirshfeld charge
analysis the charge was around +0.3 e, having the lowest value for
the 2 vacancies of +0.29 e, the highest value for the 3 vacancies of
+0.39 e, and for 0, 1, and 4 vacancies a value of +0.32 e. The
difference is very high between the two approaches. If one considers
the charge neutrality condition for the resulting Er-doped diamond,
the carbon atoms in the vicinity of the Er atom with the charge of

Table 5 The nearest neighbouring orderings of the erbium atom in the substitutional position in the diamond structure supercells after the geometry
optimization and the resulting coordination structures of erbium with carbon atoms

Number of Coordination number

vacancies (bonding) Structure type Bond lengths

0 4 (ML,) Tetrahedron 4 x 199 pm

1 6 (ML) Octahedron 6 x 213 pm

2 6 (ML) Trigonal prism 6 x 222-224 pm

3 10 (MLyo) “Trigonal structure with hexagonal ring” 1 x 222 pm, 3 x 228 pm, 6 x 260-264 pm
4 12 (MLy,) Cuboctahedron 12 x 260-263 pm
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Fig. 3 The nearest neighbours of the erbium atom in the substitutional
position in the diamond structure supercells after the geometry optimization
and the resulting coordination structures of erbium with carbon atoms, for
(@ and b) one carbon vacancy and (c and d) three carbon vacancies,
respectively. Atoms highlighted with cyan colour in the Er neighbouring
clusters (a and c) show the nearest carbon atoms to erbium that are forming
the coordination structures (b and d). In the coordination structure images
(b and d) the same bond colours represent the same bond lengths;
(b) red = 213.1 pm and blue = 212.9 pm, and (d) red = 261.8 pm, blue =
227.7 pm, and green = 221.8 pm.

around +3 from Mulliken analysis would have the total charge of
approx. —3 which is a fairly high value for a covalently bonded
structure like diamond with all carbon atoms having zero charge.
Therefore the value of around +0.3 to +0.4 from Hirshfeld analysis
seems to be more reasonable for the real system with the Er defect.
The charge equilibration method gave the charge values of around
+0.88 e and almost did not change for the different models with
various numbers of vacancies. This is probably caused by the fact
that the charge equilibration method is mainly used for the
molecules and with the very large systems it could not account
for the small changes in the vicinity of one atom.

3.2 The experimental results of Er:diamond

Three samples of Er-doped single-crystal diamond were prepared
and analysed. An overview specifying the conditions of ion
implantation is provided in Table 7. For the erbium concentration
depth profile determination, the RBS method was used. In Fig. 5a
the erbium concentration depth profiles are depicted for the
Er:diamond samples prepared by using the ion implantation
fluences of 1.0 x 10" ions per cm? 1.0 x 10" ions per cm®
and 5.0 x 10" ions per cm® The ion projected range R, was
derived as the mean value of erbium depth profiles determined
by RBS and was supposed to obey a Gaussian distribution, while
AR, was determined by evaluating the profile standard deviation.
These values were extracted from the experimental Er-concentration
depth profiles and were compared with the predictions given by
SRIM simulations, which are summarized in Table 7. The
relative concentrations of the disordered atoms Np/N were
calculated from the area of the deeper-lying disordered peak
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(see Fig. 6) using the well-known procedure described in ref. 43.
The parameters Np/N were deduced from eqn (5), including the
region broader than the surface peak to cover the whole Er
implanted layer. The damage accumulation is mainly pronounced
in the subsurface region at a channel of about 200 (see Fig. 6) in
the aligned spectra (the aligned spectrum is obtained by recording
back-scattered ions under the condition that the ion beam is
aligned along the main axis of the crystallographic orientation).
Thus the average relative disorder density in the estimated layer
is lower than that in the subsurface layer where the almost fully
disordered structure appeared.

No/N =5 )
— AV
In eqn (5) yv is the minimum yield in the aligned parent diamond
spectrum and yp is the minimum yield in the aligned spectra of
the implanted samples. The minimum yields are determined as
the relative numbers of de-channelled ions collected in the
spectrum aligned along the crystallographic axis in the region
of interest appropriate for the examined element (e.g. carbon or
erbium in this case) and the details can be found in ref. 51.

As expected, the erbium concentrations in the surface layers
were increasing according to the increasing ion implantation
fluences used. The highest erbium concentrations in the samples
of about 0.045 at%, 0.225 at% and 0.800 at% were attained,
respectively, for the increasing ion implantation fluences (1.0 x
10" ions per cm?, 1.0 x 10"® ions per cm” and 5.0 x 10" ions
per cm?). The mean values of erbium concentration depth
distributions in the as-implanted samples were detected at a
depth of 41-44 nm below the surface and were in a good
agreement with the SRIM simulation.

Fig. 5b compares the Raman spectra of the prepared samples
measured in the range of 500-1800 cm ‘. Depth analysis by
means of Raman spectroscopy is limited by the penetration
depth of the laser light in the solid and thus depends on both its
wavelength and on the extinction coefficient of the material
under investigation. It means that Raman spectroscopy should
be both the surface probing technique for analysing graphite
and the bulk probing technique for analysing diamond.’* For
example, resolving a thin glassy carbon layer on top of the
perfect crystalline diamond film is limited, and similarly a low
amount of diamond crystals embedded in a non-diamond
carbon matrix is hardly resolvable.>® On the other hand, small
amounts of graphitic material are easily detected in a diamond
matrix due to the higher Raman scattering cross-section of
graphite.>® The single-crystal diamond structure has a single peak
at 1332 cm . The observed broad band at approx. 1400-1450 cm ™ *
(see the inset in Fig. 5b) can be attributed to the damaged surface
layer of implanted diamond samples, ie. represents either trans-
polyacetylene chains at diamond grain boundaries or disordered
sp® bonded carbon within the damaged diamond sub-surface.**
The higher ion implantation fluence resulted in the higher
intensity of this band at around 1425 cm ™.

The RBS/channeling measurements showed that the relative
numbers of disordered atoms Np/N were about 46%, 49% and
69% for ion implantation fluences of 1.0 x 10" ions per cm?,
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Fig. 4 Total and partial density of states for (a) parent diamond structure and (b) the most stable Er:diamond structure with Er in the substitutional
position with 3 vacancies in the vicinity. The calculated band gap (Eg) values for the given structure are shown in the right-top corner of the graphs. The

dotted vertical line corresponds to the Fermi level (placed at the zero level).

Table 6 The charge analysis of Er-defects in substitutional positions in
the diamond structure using different charge analysis methods

Structure Mulliken [e] Hirshfeld [e] QEq [e]

Ergup:diamond (0 vacancies) 3.72 0.32 0.884026
Ergup:diamond (1 vacancy) 3.38 0.32 0.884140
Ergyp:diamond (2 vacancies) 3.04 0.29 0.884228
Ergup:diamond (3 vacancies) 2.86 0.39 0.884224
Ergyp:diamond (4 vacancies) 2.58 0.32 0.884217

Table 7 An overview of the details about prepared Er-doped diamond
samples specifying the conditions of the preparation and the results of the
structural analysis

Cut Ion implantation R, AR, Np/N jp

(sample no.) conditions [nm] [nm] [%] [%]

SRIM Er', 190 keV 45 15 — —

Parent diamond — — — — 13

Z (1-277) Er', 190 keV, 44 9 46 53
1.0 x 10" jons per cm”

Z (1-278) Er’, 190 keV, 11 12 49 56
1.0 x 10" ions per cm?

Z (1-279) Er', 190 keV, 4 12 69 73

5.0 x 10" ions per cm?

1.0 x 10" ions per cm® and 5.0 x 10"® ions per cm”, respec-
tively (see Table 7). Because of the high yields of backscattered

6240 | Phys. Chem. Chem. Phys., 2017, 19, 6233-6245

ions in the aligned spectra along the chosen -crystallo-
graphic axes, the RBS/channeling method is very sensitive to
the number of structural disordered atoms; therefore, the
structural changes in the implanted samples were examined
using this method. The measured random and aligned spectra
of all three samples are shown in Fig. 6. It follows from these
measurements that the density of the disordered atoms - i.e.
Np/N - is approximately 50-70% for the samples doped with
increasing ion implantation fluence. The fractions of the
implanted erbium ions entering substitutional positions after
the ion implantation were determined from the change in the
area of the erbium depth profiles. At the ion implantation
fluences used, no significant preferential substitutional position
was observed after ion implantation. It means that a negligible
amount of about 5-10% of erbium ions was found in substitutional
positions while other erbium atoms were in interstitial positions.
Fine scans were carried out, but due to the high degree of structural
damage it was impossible to determine the erbium positions in the
structure. This effect was expected, as the preferential positioning of
the dopant in the highly disordered structure is in fact impossible.

The measured luminescence spectra of X and Z cut Er:diamond
samples non-annealed and annealed at the temperatures of 600 °C
and 800 °C in a vacuum are shown in Fig. 7. The X cut was doped
with the fluence of 1.0 x 10" ions per em” and the Z cut was

This journal is © the Owner Societies 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cp08851a

Open Access Article. Published on 26 January 2017. Downloaded on 4/7/2026 3:57:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

N
Na

Erbium concentration [at. %]

Fig. 5

(b)

View Article Online

Paper

= 5x10" ions/cm’ 1.0 —1x10" cm?
07 = 1x10" ions/om’ 0010 —— 1x10" cm®
= 1x10" ions/cm’ 0.8 5x10"® cm?
—— Gauss fit —
061 --- SRIMsimulaton| 3 0.005
©, 0.6+
>
04} §2 0000 M1300 1400 1500
: S 0.4
E
021 02
A
0-0 = i i T T T T T
0 100 500 750 1000 1250 1500 1750

Depth [nm]

Raman shift [cm™]

(a) The erbium concentration depth profiles of the prepared Z-cut samples of Er:diamond using different ion implantation fluences.

(b) Normalized Raman spectra of the implanted diamond samples. The zoomed spectral region for the non-diamond-based band is shown in the inset.

~~
<V
4

+

Yield of backscattered He" ions [-]

(b)

300 300
14 -2 — 15 2
1x10 cm N 1x10 cm
2
—— Random L Random
—— Aligned - As implanted ‘o —— Aligned - As implanted
200 ; > 200
c —— Aligned - Virgin % c —— Aligned - Virgin
o
Q
b=
o
O
g
100 S 100
8 Er
k]
Er k=]
Q2
1 y Al 1 ak _.‘__ >- 1 d FrOwan . 1 L.
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Energy channel Energy channel
()
300
15 2
5x10 " cm
250
; Er
200
(o]

150

100 —— Random

Yield of backscattered He " ions [-]

—— Aligned - As implanted

—— Aligned - Virgin
50 g g
PP J L
100 200 300 400 500 600 700

Energy channel

800

Fig. 6 The measured RBS/channelling spectra of Er:diamond samples doped with the ion implantation fluences of (a) 1.0 x 10* ions per cm?,
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doped with the fluences of 1.0 x 10" ions per cm?, 1.0 x 10" ions
per cm” and 5.0 x 10" ions per cm®. All the shown spectra were
baseline-corrected to the standard sample and it is therefore able
to compare the luminescence intensities of different samples in

This journal is © the Owner Societies 2017

the spectra. From the luminescence spectra it can be seen that all
the samples revealed two main luminescence bands at around
1503 and 1535 nm, whereas the X cut also had two additional
luminescence bands at around 1561 and 1585 nm. All the observed
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Fig. 7 The measured luminescence spectra of Er-doped diamond samples non-annealed and annealed at 600 °C and 800 °C for (a) X cut doped with the
fluence of 1.0 x 10* ions per cm? and (b) Z cut doped with the fluences of 1.0 x 10** ions per cm?, 1.0 x 10*° ions per cm? and 5.0 x 10*° ions per cm?.

luminescence bands correspond to the “I;;, — “I;5, electronic
transitions of Er ions. The luminescence intensities of the Z cut
samples were overall very low as compared to the X cut, i.e. the X
cut had approximately 6-7 times higher luminescence intensity
than Z cut samples. The highest-intensity luminescence in the
Z cut was achieved for the lowest used ion implantation fluence
of 1.0 x 10" ions per cm” annealed at 800 °C. Measurements of
the luminescence spectra of the non-annealed and 400 °C
annealed samples showed practically no measurable luminescence
for both X and Z cuts. Annealing of the X cut in a vacuum caused
a substantial increase of the luminescence intensity - after the
annealing at 400 °C no measurable luminescence was achieved,
however after the annealing at 600 °C a substantial increase in
luminescence was achieved with 4 pronounced luminescence
peaks and the annealing at 800 °C only slightly increased (ca.
20-30%) the luminescence intensity while causing no further
change to the spectra.

The theoretical and experimental results can be summarized
as follows:

(1) According to the theoretical model erbium in the diamond
structure occupies substitutional positions rather than interstitial
ones. The incorporation of erbium into the diamond structure
does not invoke any serious structural changes or broken bonds
according to the calculations. The main reason why the sub-
stitutional carbon position is more preferred than the interstitial
position can be seen when looking on the geometry optimization
steps for both structural models where the ability to the relaxation of
the structure is a key issue. The interstitial tetrahedral vacancy
position has almost no degree of freedom to relax — all the carbon
atoms around the vacancy are covalently bonded. On the other
hand, when the carbon vacancy is formed, there are several carbon
atoms in its vicinity that are just partly bonded (to 3 other carbon
atoms) in the diamond structure and therefore are able to move
with certain degrees of freedom making more space for the Er atom
when incorporated. Therefore, as a result of the model, the structure
is more stable if one to three vacant positions are formed in the
surroundings of erbium and erbium is displaced in the octahedral
vacancy.

6242 | Phys. Chem. Chem. Phys., 2017, 19, 6233-6245

(2) Experimental results showed that using the ion implantation
doping method it is possible to enrich diamond with erbium with
the concentrations from 800 to 8000 ppm. 800 ppm is a value that
is mostly found in the materials currently used in photonic
amplifying devices (e.g. in the glass fibres there is usually about
500 ppm of erbium, Z.e. 0.05 at%). This amount, which does not
dramatically increase the optical losses, can be achieved using
the ion implantation fluence of 1 x 10" ions per cm®. However,
the diamond structure is strongly damaged in the ion implantation
spot of incidence, it means that 46 to 60 percent of carbon atoms
are shifted from their original positions. From this amount only 5 to
10 percent of erbium atoms are situated in the substitutional
positions. We found a significantly higher structural damage in
the samples implanted by 1 x 10" ions per cm” as compared
with the fluence of 1 x 10" ions per cm”. This fact was also
confirmed by Raman spectroscopy measurements. According to
the luminescence measurement it turned out that the post-
implantation annealing has a beneficial effect on the luminescence,
where after the annealing at the temperature of 800 °C a substantial
increase of the luminescence intensity was achieved for the X cut of
Er doped diamond samples.

4. Discussion

In the theoretical model, the calculated values of cohesive
energies were compared with the experimental ones for pure
diamond yielding a very good agreement. The calculation of
the band gap of pure diamond is in a good agreement with the
previous study of doping of oxygen in diamond® indicating the
good choice of the used DFT functional. Concerning the diamond
doping, all the published results obtained by the DFT models
dealing with positions of various elements in the diamond
structure implicate that the vast majority of used dopants are
23727 From this point
of view it is not surprising that our model involving a large set of

located in the substitutional carbon sites.

atoms predicts the preferential substitutional carbon position for
erbium atoms. The only similar study of the doping of lanthanide
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atoms in the diamond structure was done by the group of A.
Magyar et al.*® simulating europium atoms in diamond with a
variable number of carbon vacancies and finding the most stable
configuration which turned out to be Eu in the substitutional
position with one carbon vacancy in the Eu vicinity. This is in a
good agreement with our results. The values of defect formation
energies for Er in the substitutional position with 1-3 vacancies
are comparable with the values calculated for europium. The
lowest defect formation energies are around 11 eV for both
lanthanides (Eu and Er). Moreover, from our theoretical results
for the Er in the substitutional position the three vacancies are
even more preferred than one vacancy. We also found that the
interstitial position is less favourable than the substitutional
carbon position, irrespective of the number of surrounding
C-vacancies involved. Obviously the charge balance in the DFT
model is rather uncertain. For erbium in the diamond structure
with one or three vacancies in its neighbourhood the most
probable charge of erbium was calculated to be +0.32 and +0.39,
respectively, from the Hirshfeld analysis. This result also corresponds
to the value reported in ref. 22, where the europium charge lies
between 0 and +1. The details of the band structure around the
Fermi level formed by Er-4f states were also analysed in this
study. The width of the band gap of Er-doped diamond was
lowered to 0.639 eV. A similar lowering was also observed for the
Eu and O atoms in the diamond structure.”>*®

Ion implantation of various elements into the diamond
structure has already been a subject of many studies, e.g. the
incorporation of N, Si, Ni, Cr, C, Ce, Gd, He and others.>*>>>"’
In these studies various implantation fluences (1 x 10'°-1 x
10" ions per cm?®) as well as a large range of ion implantation
energies (30 keV-2.5 MeV) have been used. The main intention
was to form less-defective structures containing a lower concen-
tration of dopants. In our experiments we have intentionally
chosen higher fluences, motivated by our previous experience
with luminescence measurements of erbium implanted materials
using different implantation fluences.>® It is known that in
contrast to oxide materials the recovery of the diamond structure
is a quite difficult process since the structure tends to amorphise.
According to ref. 59 the critical defect density, after which the
damaged structure cannot be recovered back to the original
diamond structure, is 1 x 10>* vacancies per cm® (using 52 €V for
the displacement energy). It can be seen from the Raman spectra of
our samples (Fig. 5b) that a fluence of 1 x 10** ions per cm” yielded
a much lower amount of amorphous carbon (according to the broad
peak at around 1400-1450 cm™ ') in comparison with the other two
higher fluences. We therefore suppose that partial healing of this
damaged structure can be achieved. Higher fluences however would
mean much more serious damage to the structure. Regarding the
fact that erbium, being an f-element, is little influenced by the
surrounding crystal field in the matrix material due to the shielding
of f-orbitals by outer 5s and 5p orbitals, it is by far more important
to avoid any non-radiative transitions (from e.g. clustering of
atoms) and to have suitable oxidation states of the atoms in the
erbium vicinity. This fact brings us to a conclusion that we can
expect a reasonably high luminescence even though a part of the
diamond sample might be amorphised. In contrast, the defects in
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the amorphised structure (such as grain boundaries in the NCD
diamond) may be even beneficial for the separation of the erbium
ions and consequently the higher measurable luminescence.

5. Conclusions

In the present study a theoretical modelling approach was
applied to assess the point defect energies in the erbium doped
single-crystal diamond structure and compared with the experi-
mental results from the erbium ion implantation into the Z cut
(001) of the single-crystal diamond. The calculated cohesive energy
of the parent diamond structure was in a very good agreement with
the experimental value, having a difference of approximately 1.0%.
According to the theoretical modelling results it turned out that
erbium is able to exist in both substitutional and interstitial
diamond positions without serious parent-diamond structural
changes or bond breakage. Comparing the cohesive and the
defect formation energies of the respective structural models, it
is found that a more probable erbium location in diamond is
the substitutional site of carbon with one or three vacancies in
the vicinity of erbium.

The ion implantation process caused a substantial damage
to the structure of the implanted layers involving up to 69% of
atoms being disordered, which prevented the determination of
the absolute erbium positions in the crystallographic structure.
The prepared Er-doped diamond samples annealed at the
temperatures of 400, 600 and 800 °C in a vacuum revealed clear
luminescence, whereas the X cut (110) sample has approximately
6-7 times higher luminescence intensity than the Z cut (001)
sample with the same ion implantation fluence. The reported
results are to our knowledge the first demonstration of the Er
luminescence in the single crystal diamond structure for the
near-infrared spectral region.
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