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Diamond properties can be tuned by doping and ion-beam irradiation is one of the most powerful techniques to
do it in a controlled way, but it also produces damage and other aftereffects. Of particular interest is boron
doping which, in moderate concentrations, causes diamond to become a p-type semiconductor and, at higher
boron concentrations, a superconductor. Nevertheless, the preparation of superconducting boron-doped diamond
by ion implantation is hampered by amorphization and subsequent graphitization after annealing. The aim of
this work was to explore the possibility of creating boron-doped diamond superconducting regions and to pro-
vide a new perspective on the damage induced in diamond by MeV ion irradiation. Thus, a comprehensive
analysis of the damage and eventual recovery of diamond when irradiated with 9 MeV B ions with different
fluences has been carried out, combining Raman, photoluminescence, electrical resistivity, X-ray diffraction and
Rutherford Backscattering/Ion-channeling. It is found that, as the B fluence increases, carbon migrates to
interstitial sites outside of the implantation path and an amorphous fraction increases within the path. For low
fluences (~10'° ions/cm?), annealing at 1000 °C is capable to fully recovering the diamond structure without
graphitization. However, for higher fluences (>5 x 10'° ions/cmz), those required for superconductivity, the
recovery is important, but some disorder still remains. For high fluences, annealing at 1200 °C is detrimental for
the diamond lattice and graphite traces appear. The incomplete healing of the diamond lattice and the interstitial
location of B can explain that optimally doped samples do not exhibit superconductivity.

1. Introduction acts as an electron acceptor with an activation energy of 0.37 eV. When

introducing boron concentrations of ng ~10'7-10"° cm’3, a significant

Diamond is one of the materials of greatest technological and sci-
entific interest due to its outstanding physical, chemical and structural
properties [1,2]. As it is well known, diamond crystal is the hardest
naturally occurring solid, it has an extremely high Young’s modulus and
Debye temperature, a low thermal expansion coefficient, and strikingly
combines an excellent electrical insulation with the highest thermal
conductivity [1]. The latter transport properties are very sensitive to
impurity atoms. Strictly speaking, pure diamond is a very wide bandgap
(5.5 eV) semiconductor, with a negligible concentration of intrinsic
carriers at room temperature. Diamond can be doped with boron, which
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number of holes are produced in the valence band and, consequently,
diamond works as a p-type semiconductor [3-5]. So far, semiconductor
applications in diamond have focused almost exclusively on
boron-doped p-type diamond, for example, optoelectronic devices [6]
and high-power and radiation-proof photoelectronic devices [7].

More recently, it was found that, above a metal-insulator transition
[8,9] occurring for ng on the order of 4.5 x 10%° ecm 3, boron-doped
diamond (BDD) can exhibit superconductivity at low temperatures.
This was firstly reported [10] in BDD crystallites grown by
high-pressure, high-temperature (HPHT) techniques with ng ~ 4.6 x
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10%! ¢m 3 (i.e., ~2.6% of atomic boron concentration) and a critical
temperature T. < 4K. Soon afterwards, several works reported super-
conductivity in thin films usually grown by chemical vapor deposition
(CVD) methods, with T, ranging 1—10K and boron concentrations esti-
mated to be (0.9-3.1) x 10%! em™3 [11-1 4], including claims of
superconducting behaviour below T, ~ 25K in higher-quality diamond
crystals [14]. Nevertheless, other studies in polycrystalline BDD samples
have shown the presence of granular superconductivity apparently un-
correlated with boron concentration [15,16]. Further, indications of
superconductivity have also been reported in boron-doped carbon
nanotubes [17], with T. = 12K for 1.5 at.% of boron, and in different
phases of so-called amorphous Q-carbon, ranging from T, = 36K for 17
at.% boron to T, = 55K for 27 at.% boron [18,19]. The origin of su-
perconductivity in BDD and its microscopic details are therefore far from
well established.

Among the different preparation methods employed to obtain
superconducting BDD, ion-beam implantation has not yet been suffi-
ciently explored, in clear contrast to its use to make semiconducting BDD
[3-5]. In fact, a few attempts have been reported [8,20,21], but have not
been successful. Ion-beam implantation is generally an efficient method
to selectively dope parts or regions of materials, although its use in
diamond has its own particularities, which cannot be overlooked. In
principle, the type of defects created by MeV implantation consists of
well-defined localized defects and involves only a few atoms and
consequently they can be annealed out very efficiently, leaving an
almost pristine diamond [22]. Increasing the fluence, electronic damage
effects produced by swift-heavy-ion irradiation in diamond crystals have
been shown to be negligible for electronic stopping powers <14
keV/nm, but the damage originated from the nuclear stopping power is
able to produce an appreciable amorphization [23,24]. Furthermore,
diamond is a metastable allotrope of carbon at usual pressures and
temperatures. Thus, when irradiating ions into diamond, if the density of
generated defects exceeds a threshold value [25-27], after a
high-temperature annealing the amorphized region transforms into
graphite, the most stable allotrope of carbon, instead of healing the
defects back to crystalline diamond as usually desired.

The graphitization threshold, however, depends on the ion implan-
tation depth, which is related to the ion implantation energy and the ion
type. Previous works with ion implantation energies of a few tens or
hundreds of keV (corresponding to ion ranges below 1 pm), found a
graphitization threshold of ~1 x 10?2 vacancies/cm® [25-27]. Never-
theless, this value clearly increases for ion implantation depths of a few
micrometres, corresponding to ion energies well above 1 MeV. The
reason for this appears to be that when the damaged/amorphized dia-
mond is deeply buried, the high internal pressures prevent their relax-
ation from sp® to sp? graphitically-bonded structures. Specifically, the
required internal expansion for graphitization of the amorphized area is
conditioned by the thickness of the surrounding diamond cap with much
higher density [21,28-32]. For implantation depths of few micrometres,
graphitization threshold values of 1.1 x 10%2 vacancies/cm® [29] and 9
x 10?2 vacancies/cm® [30] have been reported using 3 MeV and 2 MeV
He' ions, respectively. Previous studies using boron or carbon ions
suggested that even higher graphitization thresholds of vacancy density
in diamond could be reached [33-35].

Despite the abovementioned drawbacks to perform strong boron
doping in diamond (>1 at.%) using ion beams, that implies employing
fluences above 1 x 10'® ions/cm?, it can also offer big advantages. With
MeV ion implantation, both the ionic implantation fluence and the
modified region are accurately controlled. In particular, the boron im-
plantation employing a focused ion beam allows doping only in the re-
gions of interest, with micrometric or submicrometric dimensions, and
the combination of different ion energies, can enable the manufacture of
3D devices with important technological applications. Especially,
highly-focused boron MeV implantation could be an interesting tech-
nology for the manufacture of p-type semiconducting and super-
conducting microdevices. Some studies of the electrical behaviour after
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boron implantation, although using a non-focused beam, have already
been carried out. The implantation of 2 MeV boron ions has allowed the
formation of deeply buried electrically active boron doped layers in
natural diamond, taking advantage of the high pressures existing inside
the buried layer to allow annealing without graphitization [5,36,37].

Therefore, it is worth to study in more detail the effects produced by
boron irradiation with higher energies and using a highly-focused ion
beam, as well as to explore the possibility of creating superconducting
regions in the diamond crystals after irradiating boron ions with high
enough energies and fluences. In this work, single-crystalline diamond
plates have been implanted with a focused 9 MeV 'B ion beam under
different fluences, as to produce and study different micrometric stripes
of BDD.

In section 2, we briefly describe the various experimental methods
that we have employed in this investigation. Two-dimensional Raman
maps were carried out at and around the irradiated zones to determine
the distribution of changes brought about by boron implantation, as well
as after post-irradiation sequential annealing at 1000 °C and at 1200 °C.
The electrical resistivity as a function of temperature was studied for the
most relevant cases, for both annealing temperatures, to investigate its
potential superconductivity. In addition, characterization techniques
such as X-ray diffraction (XRD) and Rutherford Backscattering Spec-
trometry combined with ion channelling (RBS/C) were conducted to
study the structural modification of the samples. Then, in section 3 we
present and discuss the most relevant experimental results obtained with
those techniques. In the last section, we summarize our findings and
conclusions, providing an outlook of possible research lines to be fol-
lowed in the near future.

2. Materials and methods
2.1. Samples and ion-beam irradiation

Diamond crystals were irradiated using the internal (high vacuum)
microbeam line of a 5 MV electrostatic accelerator of tandem type in the
Center for Micro Analysis of Materials (CMAM) at the Universidad
Auténoma de Madrid (UAM) [38]. The focused ion beam employed had
a size of about 5 x 3 pm? and a beam current of ~500 pA. The followed
focalization procedure was similar to the one previously described [39].

The samples studied were mainly high-purity (Electronic Grade) type
ITa single-crystalline diamond plates (2.0 mm x 2.0 mm x 0.5 mm),
grown by CVD techniques by Element Six™ [40]. Concentrations of
nitrogen and boron impurities are reported to be below 5 ppb and 1 ppb,
respectively. According to specifications, the average surface roughness
of the crystals is Ra <5 nm for the polished faces and Ra <200 nm for the
unpolished faces.

A focused ion beam of 'B% at 9 MeV was irradiated on above-
mentioned single crystals. Hence, the penetration of the boron ion beam
in the diamond sample was about 5 pm, as detailed in section 2.2.
Different irradiations were conducted using fluences in the range 1.1 x
10'°-1.0 x 10" ions/cm? (see Table 1). As a reference, stripe #6 cor-
responds to the boron concentration typically found in the best super-
conducting crystals reported [11-14]. The irradiated areas showed a
grey color due to the created defects, the darkening being obviously
stronger for the highest fluences (see Fig. 1). The ion beam direction was
set perpendicular to an unpolished lateral (001) face of the diamond
plate and then scanned fully crossing from one of the main (100) faces to
the other forming parallel buried stripes 25 pm x 500 pm each. There-
fore, a cross section of the irradiated layers at different depths could be
optically accessed from one of the large polished faces of the sample.
Other irradiations and measurements were also performed in several
crystals of the same kind obtaining very similar results. Thus, in this
work we will focus only on the most systematic and consistent study
carried out with the sample shown in Fig. 1.
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Table 1

Stripes labelling and fluence values of 9 MeV*!B** ions implanted in the dia-
mond sample and the corresponding concentration of implanted boron and
density of vacancies, obtained from SRIM simulation. In both cases, the peak
values at the stopping layer (at a depth of 4.96 pm) and more realistic average
values in the region near the peak (+0.05 pm) are given.

Stripe  Fluence Peak density ~ Average Peak Average
# o™ of implanted ~ density of B density of density of
cm™?) B (10%° near the vacancies vacancies
cm ™) ion range (1022 cm’3) near the ion
0% range (10?2
cm ™) cm ™)
1 11 0.88 0.73 0.84 0.72
2 26 2.07 1.72 1.99 1.71
3 57 4.55 3.77 4.37 3.74
4 130 10.4 8.61 9.97 8.53
5 190 15.2 12.6 14.6 12.5
6 500 39.9 33.1 38.4 32.8
7 750 59.8 49.7 57.5 49.2
8 1000 79.8 66.2 76.7 65.6

2.2. Monte-Carlo simulations

In order to determine the theoretical concentration of implanted
boron and the density of vacancies, Monte-Carlo simulations were car-
ried out with the SRIM-2013 software [41]. The simulations were run in
the “Detailed calculation with full damage cascades” mode by setting a
displacement energy of 52 eV. These simulations show that 9 MeV boron
ions penetrate the diamond to a depth of about 5.0 pm. Specifically, the
concentration of implanted boron presents a maximum at 4.96 pm (see
Fig. 2 and Table 1): the Bragg peak. The density of vacancies reflects the
magnitude of lattice damage. Fig. 2 also shows the depth profiles of
vacancy density for the different employed fluences. These profiles were
calculated with a simple linear approximation without considering
concurrent complex processes such as self-annealing, ballistic annealing
and defect-defect interaction. However, the estimated damage density
can be still regarded as a reliable first-order approximation to assess the
lattice damage produced.

2.3. Thermal treatments

Annealing of the irradiated samples was carried out employing a
quartz tube inside a horizontal furnace. Previously, the diamond crystal
was placed in a homemade vacuum-sealed quartz ampoule, which was
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carefully purged and then typically kept with 100-200 mbar of Ar gas at
room temperature. Slow heating and cooling ramps were then per-
formed (more than 3.5 h each) with a dwell of 1 h for 1000 °C anneals
and of 30 min for 1200 °C anneals.

2.4. Micro-Raman and micro-photoluminiscence

Micro-Raman experiments were performed using the 488 nm and
532 nm laser lines for the detection of the diamond Raman peak located
at 1332 cm ™! and any features around this peak that could arise due to
the irradiation of the sample, including photoluminescence (PL) bands.
An Olympus microscope with a x100 objective with a high optical
aperture (N.A. = 0.95) allows for <0.8 pm lateral resolution. The scat-
tered light was filtered with notch filters and analyzed with a Horiba
(iHR-320) monochromator (1200 1/mm grating) coupled to a Peltier
cooled Synapse CCD. A schema of the measurement configuration is
presented in Fig. 1 (c—e). The regions irradiated with the eight different
boron fluence values were mapped with 1 pm steps in the x and y di-
rections and a total area of about 60 x 15 pm2 (red rectangle, 915
spectra) for each region, the origin of the y axis being the surface of the
diamond. The integrated areas of the relevant peaks are then obtained
and shown as Raman intensity maps. The Raman maps of peak positions
are obtained from the fits of the 915 spectra corresponding to each
stripe. As said, the boron irradiation was performed on a lateral 500 pm-
wide side of the diamond. So, to observe the impact in the depth of the
diamond, the Raman spectra were obtained scanning the front surface in
areas large enough (60 pm) to largely cover the 25 pm-wide irradiated
areas and up to 15 pm from the edge, since the boron is calculated to be
implanted at around 5 pm deep (see Fig. 2b). The Raman maps were
performed at three stages: after irradiation, then after a first annealing
(1000 °C) and finally after a second annealing (1200 °C). In order to
differentiate between phonons and photoluminescence processes in the
obtained spectra, two different excitation lasers have been used in some
particular cases: 488 nm and 532 nm.

2.5. Electrical characterization at low temperatures

The electrical resistivity of some selected irradiated stripes after
annealing was measured in a *He cryostat, using the typical four-probe
method. 50 pm gold wires were welded on the stripe ends with silver
paint. Low currents up to 1 pA were applied. The specific resistivity
coefficients were determined from the measured resistance curves by
considering for the stripes a homogenous cross section of 25 pm x 0.2

| Implanted
B at 5um

(0.0) I?0/——

9 MeVB

Fig. 1. Pictures of the main studied diamond crystal irradiated with 9 MeV B ions, showing the different stripes produced at different fluences, with the labels as
indicated in Table 1. (a) Just after irradiation. (b) The same sample after the annealing at 1200 °C. (c) Scheme of the irradiated, lateral side of the diamond and (d and
e) zooms showing the scanned area with micro-Raman (red rectangle) for one of the implanted stripes. The boron beam (yellow arrows) was parallel to y axis,
scanning in the z direction across the thickness (0.5 mm) of the diamond sample. The laser direction and spot are shown in blue, the implanted boron (at around 5 pm
from the surface) is represented as a yellow line and the path of B in grey. The axes and their origin (0,0) used in Raman maps are indicated. (A colour version of this

figure can be viewed online.)
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Fig. 2. Results of the SRIM simulations for 9 MeV boron ions implanted on a
diamond sample at the indicated values of fluence. (a) Density of vacancies
versus depth where the numbers correspond to the stripe in Table 1. (b) Con-
centration of implanted boron ions versus depth. The fluence for each curve is
given in units of 10'* ions/cm® (A colour version of this figure can be
viewed online.)

pm and a length of 500 pm. Possible contribution of a serial contact
resistance was neglected.

2.6. Structural characterization (ion channeling and X-ray diffraction)

Ion channeling is a well-established technique to measure implan-
tation damage in combination with Rutherford backscattering spec-
trometry (RBS/C) or other ion beam methods. Thus, we performed RBS/
C experiments using a 1048 keV H" beam (1 mm? spot) to determine the
damage recovery of the sample. Backscattered ions were detected with
two silicon barrier detectors placed at 170° and 155° in IBM geometry. A
3-axes goniometer was employed to control the crystal orientation with
respect to the probing beam with an accuracy of 0.01°. Angular scans
across <100> axis were recorded in steps of 0.05°. Random spectra with
a charge of 5 pC were acquired by off-axis rotation of the sample during
the measurement. In these experiments, defocused B ions of 8 MeV were
previously irradiated, with a fluence of 5.3 x 10'® cm™2 producing a
peak vacancy density of 3.74 x 102 cm™3, that roughly corresponds to
the stripe #6.

Complementary information about the crystal quality was obtained
by X-ray diffraction (XRD) using a D8 diffractometer (Bruker AXS) with
Cu K, radiation, an asymmetric 4-bounce Ge(220) monochromator, a
0.5 mm collimator and a position sensitive Si strip detector. 20/ scans
of the 004 reflection were recorded with steps of 0.005° in order to check
the presence of strain along the implantation axis.
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3. Results and discussion
3.1. 2D micro-Raman spectroscopy

Micro-Raman mapping experiments were performed to obtain the
distribution and evolution of the diamond Raman peak located at 1332
em ! and of defect peaks that arise due to sample irradiation and to
subsequent temperature treatments, as for instance graphite Raman
peaks or photoluminescence bands related to created defects. From the
collected hyperspectral data, 2D Raman images are then obtained for the
intensity and position of the different features for all the regions. These
Raman images allow to observe the extension and distribution of the
induced defects, as well as the degree of recovery with the annealing
treatments. From the whole set of applied fluences, two representative
fluences (see Table 1) have been selected in most cases to illustrate the
irradiation damage, one with low fluence, around the most conserva-
tively estimated [25-27] threshold of vacancies for graphitization
(stripe #2, <2 x 10%? cm’3) and one with higher fluence, above the
highest reported thresholds [29] up to date (stripe #6: >3 x 102 cm™3).
Raman spectra and 2D maps for all the stripes are shown in the Sup-
plementary Data.

3.1.1. Damage in as-irradiated regions

The defects induced by the implantation of different types of ions in a
wide range of fluences have been extensively studied using optical
spectroscopies [42-44] and other techniques. However, the exact nature
of the generated defects is still not fully clear in several cases. The type of
implanted particle and the fluence are both relevant parameters for the
type and degree of damage in the diamond lattice, as well as in its
healing by annealing treatments. The main defects detected in implan-
ted CVD high quality diamond are vacancies, interstitials, amorphiza-
tion and, after high temperature treatments, graphitization. Here we
focus on the distribution of the damage inside and around the boron
irradiated region and the recovery depending on the fluence and
temperature.

The most evident result of ion implantation is the weakening in in-
tensity and/or loss of the diamond Raman peak, which indicates the
amorphization suffered in the implanted areas. Besides, a relevant
feature is the appearance of a peak at about 650 cm ™! which is a PL band
with a wavelength of 503.9 nm related to defects generated in the dia-
mond lattice (Fig. 3 collects several characteristic and representative
spectra). This PL band is usually related to the 3H defects reported in
irradiated diamond. This defect shows an absorption line at about 503.6
nm (2.462 eV) and an associated PL band at 503.8 nm and is thought to
be originated by self-interstitial carbon that is produced by natural or
artificial irradiation [45-47]. However, the exact nature (single or
bi-interstitial), configuration and charge of this defect are still not clear
[48].

In order to visualize the distribution of the irradiation damage, in-
tensity maps of the 1332 cm™! diamond Raman peak and of the 503.9
nm PL band are presented in Fig. 4 for the stripes #2 and #6 (see section
2.4. for the details of the measurements and maps). Since the back-
ground in some damaged areas becomes very important (in Fig. 3c the
background intensity is similar or even higher than the diamond peak
intensity of the pristine sample in Fig. 3a), it has been subtracted for a
clear evaluation of the diamond peak intensity.

At low fluences (stripe #2) the diamond peak is still observable
within the irradiated region, together with an intense band at 650 cm ™!
(PL at 503.9 nm). The damaged region looks like an ellipsoidal-shaped
capsule well inside the diamond sample centred at about 5 pm inside
the sample from the edge where boron ions are implanted (Fig. 4, stripe
#2). This encapsulation begins to fail at higher fluences (stripe #3 and
above). High fluences (stripe #5 and above) result in higher damage in
the diamond sample and the damaged regions clearly exceed the ex-
pected area centred about 5 pm deep from the sample edge. The
damaged/amorphous region begins at the edge of the sample and loses
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d) spectra close to an as-irradiated region showing the 3H PL band (c¢) in Raman shift and (d) in nm. (A colour version of this figure can be viewed online.)
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Fig. 4. Comparison of the images of the diamond peak intensity (higher panels) and 3H PL intensity (lower panels) for stripe #2 (left) and #6 (right). The horizontal
dashed lines indicate the location of the implanted boron according to SRIM simulations. The spectra correspond to boron implanted position indicated with yellow
stars for stripes #2 and #6. (A colour version of this figure can be viewed online.)

its “capsule” shape as it is shown by monitoring the intensity of the
diamond peak (Fig. 4, stripe #6). The amorphous region extends deeper
in the diamond lattice by several microns while the 3H defects are
detected laterally also few microns outwards. The location of 3H defects
at the edges of the implantation region have also been reported for other
ions [49]. Both are indications of the migration of the radiation-induced
defects. Since the intensity of the diamond peak is proportional to the
volume of regular diamond in the laser spot, the intensity reduction can
be used as an estimation of the degree of amorphization. In stripe #2, the
green colour in Fig. 4 corresponds to regions where approximately 50%
of the diamond has been amorphized and, in the implantation region
with the highest damage, the fraction of remaining diamond is reduced
to around 2%. As the fluence increases, the amorphous region increases
along the implantation direction reaching the edge of the sample while it
is limited in depth to around 2—3 pm deeper than the B location. At this

425

stage no graphite peaks are detected, as expected.

On the other hand, the PL band related to 3H defects is high within
the volume irradiated with boron for the lower fluence stripes, while for
higher fluences they are located on the outer edges of the irradiated
volume (Fig. 4). Very faint traces of the 3H band can be found inside the
irradiated region. In parallel to the well-defined 3H PL band, the back-
ground increases substantially (Fig. 3 ¢ and d, see scales) with a
behaviour totally parallel to that of the 503.9 nm band (see Fig. S1).
Thus, the origin of the electronic transitions originating this photo-
luminescence background is related to the 3H defects. The spatial
localization of the 3H PL band and its dependence on the fluence are
indicating that the lower damage induced by boron irradiation is the
displacement of carbon atoms from their regular position in the diamond
lattice to interstitial sites. Heavier fluences finally lead to the amorph-
ization of the diamond, so that the 3H band is never seen when the
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diamond peak is strongly depleted. In a previous work, where P was
implanted in diamond, regions with nanometric amorphous C (a-C) dots
embedded in the diamond lattice have been detected at the surface and
beyond the implantation depth of P using High-resolution transmission
electron microscopy (HRTEM) [50], while fully amorphous carbon is
observed in between. This indicates that, after the formation of va-
cancies and interstitials, the damage begins to nucleate forming a-C
nanodots that probably grow in size as the ion implantation proceeds,
leaving pristine diamond regions. For the highest fluences (stripes
#6—#8) diamond is totally transformed into amorphous C in extended
areas.

3.1.2. Annealing recovery

In order to recover the integrity of the sample in the irradiated re-
gions, two successive annealing treatments were applied, as described in
section 2.3., the first one at 1000 °C. After annealing, micro-Raman
experiments on the same regions and conditions were performed.
Fig. 5 presents again the intensity maps for the diamond Raman peak
(1332 cm ™) and for the 3H PL band (503.9 nm) corresponding to same
stripes #2 and #6, as in Fig. 4, after the annealing in vacuum at 1000 °C.

Regions irradiated with low fluences experience a clear improve-
ment of the diamond peak intensity in the damaged region (as for
instance in case of stripe #2 in Fig. 5). Where there was a very faint
diamond peak (2%), now the diamond fraction reaches around 60% (see
spectra in the lower part of the figures). The 3H PL band also disappears
in the irradiated region and only some remnants near the lateral edges
can be witnessed. In the case of high fluences (for instance stripe #6 in
Fig. 5) the damaged region shrinks, recovering the diamond peak but yet
with lesser intensity (from no diamond peak to around 20% in the im-
plantation region). The 3H PL band is only seen in the lateral edges of
the damaged area and its intensity is drastically reduced (see the scales).
The 1000 °C annealing procedure results in an improvement of the
damaged region (recuperation of the diamond peak and reduction of the
3H defects) whose degree strongly depends on the fluence. It is to note
that no graphite peaks can be observed after this annealing even for the
highest fluence. However, since the sample does not return to the initial
situation before irradiation, a second annealing procedure at 1200 °C
was undertaken.

Stripe #2

Carbon 208 (2023) 421-431

In the case of low fluences, this new annealing at 1200 °C results in a
slight reduction of the damaged region, but without really improving the
intensity of the diamond Raman peak (see Figs. S2 and S3 for more in-
formation). In the case of high fluences, the diamond peak is not further
recovered, indeed, it is even depleted below the B implantation depth (y
< 5 pm, Fig. S3). On the contrary, the 3H PL band is drastically reduced
so the edge zones are almost totally recovered (see the scales of 3H band
intensity images for stripe #6 in Fig. S2). Extremely low densities of C
interstitials are detected in lateral positions far from the irradiated re-
gions, indicating that the 1200 °C annealing induces the diffusion of the
remaining 3H defects outwards of the implanted area (in Fig. S2, see
image for 3H defects after 1200 °C annealing). Moreover, even after the
1200 °C annealing it is still possible to detect a PL band at 740 nm that
may have the same origin as the PL band reported at 741 nm measured
at 7K and assigned to the luminescence of isolated neutral vacancies
(GR1) [51]. Fig. 6 shows that the vacancies (740 nm band) remain in the
trajectory of the boron ions while the interstitials are located at both
sides of this region demonstrating the migration of C outside the irra-
diated regions.

After the 1200 °C annealing treatments, very weak graphite peaks
[52] at around 1350 and 1600 cm ! (D and G Raman peaks of graphite)
are detected for the stripes #3, #5, #6 and #8, but not for #1, #2, #4
and #7 (Fig. 7 and Fig. S5). The graphite distribution is inhomogeneous
in any case. Surprisingly, the appearance of graphitization features does
not clearly correlate with the fluence within the studied range. In brief,
we can state that graphitization of the amorphized regions of diamond
after high boron-ion fluences has been totally avoided for 1000 °C
annealing and occasional zones with very weak graphite Raman signal
are detected for 1200 °C. Interestingly, after annealing at 1350 °C Apra
et al. [53] observed an area partially graphitized in B-implanted dia-
mond at 8 MeV with an ion-induced damage at the peak from about 4.4
x 10%2 vacancies cm ™3, which roughly coincides with our stripe #3
(4.37 x 10?2 vacancies cm’g), the stripe of lower damage where the
Raman graphite peaks have been detected in this study.

The position and width of the diamond peak can be modified when
the diamond lattice is distorted/strained or diamond nanodots are
formed. Also, the presence of defects can enhance anharmonic relaxa-
tion producing frequency softening and peak widening that can be used
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annealing at 1000 °C. The horizontal dashed lines indicate the location of the implanted boron according the SRIM simulations. The spectra correspond to boron
implanted position indicated with yellow stars for stripes #2 and #6. (A colour version of this figure can be viewed online.)
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to estimate the defect concentration [29]. As previously reported, the
position of the diamond peak downshifts and broadens to some extent
with the damage produced by boron and carbon implantation [34,35].
Here we analyze the distribution of the damage using 2D images of the
positions of the diamond peak (Fig. 8). For stripe #2 the diamond peak is
slightly down-shifted (2 cm™!) in a region that begins at the edge of the
sample and reaches the boron implantation depth, but, for higher flu-
ences, the modifications are larger (up to 12 cm™ 1) and extend beyond
the irradiated area as side lobes (rightside column in Fig. 8). Similar
lobes are also seen as bright regions in crossed polarized images which
can be interpreted as being originated by the induced strain upon im-
plantation. Moreover, no clear widening of the Raman peak can be
appreciated except for the extremely amorphized regions where the
diamond peak blends into the background. These observations are

427

indications that the swelling of the lattice induced by the ion implan-
tation process is an important factor for the observed frequency
decrease. Interestingly, within the regions where the 3H defect appears
(Fig. 4) the diamond peak is unmodified suggesting that the formation of
3H defects does not significantly modify the C-C bonds in the diamond
lattice. For stripe #2 the regular position of the diamond peak is totally
recovered after 1000 °C annealing, while this is not the case for high
fluences (stripe #6), where a significant but partial recovery is observed.

Regarding the Raman diamond peak, an improvement in quality is
clearly achieved after the first annealing (1000 °C), but the second
annealing is detrimental for high fluences. For some fluences, the second
annealing procedure even reduces slightly the intensity of the diamond
Raman peak. In fact, after this annealing procedure, some material of the
surface of the irradiated region has been lost, more evidently in the high
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fluence stripes (#7 and #8). Finally, small traces of graphite phase were
occasionally found to coexist with crystalline and disordered diamond
phases, though uncorrelated with the used fluence and only after
annealing at 1200 °C.

In summary, the graphitization, which is induced by high-
temperature annealing of the previously amorphized regions, depends
in an intricate and yet not well-known manner, on the implanted ion, the
fluence, the purity and quality of the diamond and, especially, on the
annealing temperature. Finally, the possibility of performing combined
high-pressure and high-temperature (HPHT) annealing can also be
considered as an activation method for ion-implanted dopants in dia-
mond [54].

3.2. Electrical resistivity at low temperatures

The electrical resistivity p of different stripes in several samples was
measured at low temperatures. In all cases, p increased with decreasing
temperature, and in none of them any hint of a superconducting tran-
sition was observed even below liquid helium temperatures. In Fig. 9, a
selection of representative measurements is presented. Specifically, data
for the highly-doped stripes #6 and #8, both after 1000 °C and after
1200 °C annealing, are shown. The irradiated samples annealed at
1000 °C exhibit a semimetallic behaviour akin to that observed in HPHT
and CVD grown crystals of boron-doped diamond [10-13], with the
exception of the superconducting transition. However, after annealing at
1200 °C the irradiated stripes exhibit a semiconducting-like behaviour,
though with a saturation of the resistivity at lower temperatures, which
may be related to carriers from ionized impurity levels as found in other
materials [55,56].

Therefore, although ion-beam implanted BDD presents after
annealing at 1000 °C electrical resistivity curves similar to those found
in samples grown by other methods, it seems unable to produce super-
conductivity. Further annealing at 1200 °C appears to be detrimental to
the electrical conductivity, which decreases orders of magnitude. This is
consistent with the observation by Raman spectroscopy of the important
diamond lattice healing after the 1000 °C annealing and its deterioration
after the 1200 °C one for the high irradiation fluence of stripe #6.
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3.3. Structural characterization (ion channeling and X-ray diffraction)

Fig. 10a shows the RBS/C angular scans along the <100> axis for a
sample in both virgin and implanted (and further annealed at 1200 °C)
states. As specified in section 2.6., B ions at 8 MeV were irradiated, with
a fluence to produce the same damage as in stripe #6. In the angular
scans the statistics for the B signal was below the level of detection and,
thus, the lattice-site location of this element was not feasible.

The minimum yield (ymin), defined as the ratio between the random
and the aligned yield, is the main parameter revealing the crystal
quality. In this regard, it is worth noticing that the ymin = 25% of the
virgin sample is considerably higher than that expected for bulk crystals
(typically below 10% [57]). This might indicate a relatively high
amount of native defects. In order to check this fact, XRD experiments
were also conducted. Specifically, we performed o rocking curves in the
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Fig. 10. (a) RBS/C angular scan along the <100> axis for a sample both in
virgin and implanted + annealed states. The minimum yield of the dips shows a
partial but incomplete recovery of the implantation damage. (b) XRD 20/w scan
in the (004) reflection for the same sample: virgin (blue line); implanted and
annealed at 1200 °C (red line). The peak at 119.5° indicates the native lattice
parameter of the material, while the broad band at 118.8° reflects the
remaining presence of strain in the implanted region. (A colour version of this
figure can be viewed online.)

(220) and (004) planes, obtaining a FWHM of 48.6 and 51.7 arcsec,
respectively. These values are comparable to those of the literature [58].
However, since both XRD and RBS/C have different sensitivities to de-
fects (e.g., domains or interstitials), further research is needed to clarify
the origin of this ymin value.

Regarding the implanted and annealed sample, we found ymin =
44%, demonstrating that annealing at 1200 °C is not adequate to fully
recover the implantation damage for high fluences, as also observed by
Raman spectroscopy. This effect is also contrasted with 20/ scans in the
(004) plane of the crystals (Fig. 10b). Both a decrease in the main peak
(at 26 = 119.5°) and an increase of the intensity in the lower band at
118.8° peak are clearly visible. These features indicate a reduction of the
crystal quality and the presence of strain induced by the implantation.
Specifically, the lattice parameter is estimated to change from 0.3567
nm (virgin) to 0.3580 nm (after irradiation and annealing at 1200 °C), i.
e., the produced strain is 0.364%. Therefore, this strain, which is a
common feature of ion implantations even at relatively low fluences
[591, has been removed only partially in our samples. This fact agrees
well with the high yni, detected and the incomplete recovery after the
annealing. Furthermore, the observed expansion of the lattice parameter
correlates well with the decrease of the Raman peak frequency of dia-
mond, since the detected 0.364% variation of the lattice parameter
produces a proportional reduction (this rude approximation justified by
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the very small strain) of ~5 cm ™! in the Raman peak, in good agreement
with the observed behaviour for stripe #6 after annealing in Fig. 8, and
in general for the implantations with the highest fluences.

4. Conclusions

We have performed an exhaustive set of micrometric irradiations on
single crystals of ultrapure diamond with boron ions of 9 MeV, using ion
fluences in a wide range, to study the damage and eventual recovery
after annealing in the differently implanted regions by means of com-
plementary characterization techniques.

It was found that, although amorphization of the diamond crystal
was apparent in many of the stripes, a significant recovery into the
diamond crystalline lattice was observed instead of graphitization for
nominal vacancy densities about ~7 x 10%° vacancies/cm? in almost the
entire irradiated volume. This is in clear contrast to earlier reports, but it
agrees and builds on other works using MeV He" ions, which observed
an increase in the graphitization threshold for diamond, attributed to the
effect of the “internal pressure” that avoids an expansion to the graphite
structure in deeply buried amorphized regions. In short, the graphiti-
zation of damaged diamond after annealing depends on many factors
(irradiated ion, implantation depth, annealing temperature, etc.), what
explains the very different graphitization thresholds found in the
literature.

Interestingly, the damage induced by B implantation is found to
extend well beyond the region of vacancy formation calculated by SRIM.
B implantation induces the formation of C vacancies and C interstitials
that result in a varying amorphization degree and extension depending
on the fluence. At not too high fluences (<5 x 10 cm™2) or vacancy
densities (roughly for <5 x 10% em™3), C atoms are displaced from the
path and position where B is implanted (5 pm deep), eventually pro-
ducing a hybrid amorphous/crystalline region, while C interstitials are
found along the B path and at the edges. Annealing allows for an almost
complete recovery of the diamond lattice while maintaining some va-
cancy concentration along the B path and interstitials at the edges. High
fluences increase the amorphous fraction and area, whereas interstitials
are relegated to contiguous regions (edges), evidencing the C migration
from the B path, where the strain of the diamond lattice is maximized.
Partial diamond-lattice recovery is obtained by annealing at 1000 °C
with no graphitization. Only a second treatment at 1200 °C does pro-
duce a small graphite fraction with no clear correlation with the B flu-
ence. The recovery of the diamond lattice is accomplished by the
thermally activated diffusion of the C interstitials from the adjacent
regions towards the B implantation path and B location. Strain is
consequently drastically reduced. Annealing at 1200 °C for high flu-
ences is detrimental for the diamond lattice compared to that at 1000 °C
and produces a small density of graphite nanodots. The increased quality
of the diamond lattice at 1000 °C that worsens afterwards at 1200 °C
correlate with the observed electric conductivity behaviour. In brief, the
1000 °C annealing produces an optimal recovery of the diamond in the
highly irradiated regions and a total recovery in the lightly damaged
regions, while 1200 °C is detrimental in terms of diamond healing
within the boron trajectory region and with the formation of small
fractions of graphite. Thus, 1000 °C is the adequate annealing temper-
ature for diamond recovery in this case. Using a different strategy,
Creedon et al. [60] were able to suppress superconductivity in
CVD-grown BDD crystals with T, = 8 K by introducing compensating
defects via 1-MeV He ions. Interestingly, superconductivity was partially
recovered (T, = 4 K) after annealing at 1150° and worsened (T, = 2.2 K)
after further annealing at 1250°.

Despite the serious problem of graphitization has been overcome
below the minimum detectable limit for the 1000 °C annealing and to a
great extent for 1200 °C in our work, the produced boron-doped dia-
mond does not exhibit superconductivity, at least above 2 K. Firstly, this
could be associated with the ion-beam implanted boron occupying the
diamond lattice as an interstitial and not substitutionally replacing one C
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position in the diamond lattice, thereby modifying the expected condi-
tions for superconductivity in BDD. Nonetheless, as discussed in the
introduction, other recent works have postulated that superconductivity
in BDD is of a granular character and uncorrelated with boron concen-
tration [15,16]. Also, the observation of superconductivity in some types
of amorphous carbon with much higher critical temperatures [18,19]
casts doubt about the more traditional BCS-like explanation of super-
conductivity in BDD. As a matter of fact, the role played by the wide
range of defects present in crystalline carbon, as well as the induced
disorder, is probably very relevant, although it is not yet well
understood.

Therefore, possible research lines for the future range from envis-
aging different irradiation protocols and strategies to get the boron
substitutional in the diamond lattice to irradiate different types of dia-
mond, including polycrystalline samples or heavily damaged or
amorphized diamond.
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