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Abstract

Boron is the most effective dopant element in diamond and the capability to introduce high
densities of boron makes ion implantation a potential key technology to verify superconductivity
in diamond. However, its optimization involves many experimental parameters (i.e. ion energy,
fluence, current, annealing times and temperature) and the effectiveness of B implantation to
induce superconductivity in diamond is still to be demonstrated. So far, a limited number of works
in the range of high (i.e. >5 MeV) B ion energies have been carried, despite the promising
perspective offered by deep implantation to fabricate sub-superficial superconductive structures
in diamond. To this scope, in the present work, we report on the study of the structural effects of
high-energy boron ion irradiation on diamond. Monocrystalline diamond sample was irradiated
with an 8 MeV B microbeam across multiple square areas, characterized by a different
combination of fluences and ion currents. After the implantation, the sample was characterized by
Raman spectroscopy and Atomic Force Microscopy to assess its structural modifications and the
related surface swelling. Significant variations related to the irradiation condition have been
determined.

1. Introduction

Diamond doping at very high concentrations represents a challenging process, in particular
because of the high diffusion, but it opens to technologically appealing applications such as the
fabrication of semiconducting and superconducting devices in an extreme material operating at
high temperatures. In particular, Moussa and Cohen [1] theoretically predicted that heavily boron
doped diamond without electronically compensating defects (i.e. boron concentrations of 20% -
30%) should display a superconducting behavior with a critical temperature above 80 K, but up to
now optimal crystal synthesis conditions were not achieved yet. Alternative strategies are under
study for the incorporation of substitutional boron atoms at very high concentrations within the
diamond lattice, thus overcoming the limits of chemical vapor deposition growth. MeV ion beam
implantation has proven to represent a promising route, allowing the creation of semiconducting



sub-superficial highly-B-doped layers [2—4]. The observation of the superconducting charge
transport mechanisms in strongly-B-doped diamond via ion implantation requires specific
strategies to minimize collateral structural damage effects which are critically detrimental. These
collateral effects occur in correspondence of the depth at which the ions are implanted at the
highest concentration, i.e. the end-of-range damage peak. In the specific case of B doping in
diamond, these collateral defects dramatically affect the electrical conduction properties of the
material, thus limiting the predicted increase of the superconducting transition temperature, since
vacancies or interstitial boron atoms act as compensating defects [4,5].

Moreover, the progressive defect accumulation in diamond promotes a phase transition of the
damaged area to graphite after high temperature annealing when a critical vacancy density
(usually referred as graphitization threshold, generally ranging within 2—6x 10 vacancies cm ™ [6—
9]) is reached. On the other hand, regions implanted below this critical value restore to a large
extent the pristine diamond structure since a large fraction of the Frenkel pair defects recombine
upon thermal treatment [10]. In this context, if suitably assessed, MeV ion irradiation would offer
appealing perspectives with respect to the more readily available and widely employed ion
irradiation processing carried in the keV energy range [2,11,12]. Firstly, the possibility of creating
deep sub-superficial structures offered by the use of high-energy ions would allow a higher degree
of integration in the engineering of embedded superconductive structures in a 3D geometry, with
potential impact in specific applications such as for example the design of SQUID (superconducting
guantum interference devices) devices integrated with MEMS (microelectromechanical systems)
structures [13]. Secondly, the formation of high-density doped layers at micrometer depths below
the surface could in principle benefit from the strong internal pressures exerted by the
surrounding diamond lattice that would pose a constraint to the formation of defect clusters,
which are in turn detrimental to superconductive charge transfer. Such an hypothesis is based on
the commonly observed evidence of a substantial increase in the above-mentioned graphitization
threshold value at increasing depths within the bulk crystal [6-9], and its implications go beyond
the issue of superconductivity engineering in diamond via B implantation, since they invest also
the complex issue of the management of damage accumulation in diamond irradiation and
concurrent annealing [14-16]. In this framework, the assessment of the structural defects
introduced into the crystal upon high-energy B irradiation becomes of crucial importance and
Raman spectroscopy can provide a significant insight in this respect [17-21].

In the present work, we report on systematic Atomic Force Microscopy (AFM) and Raman
spectroscopy characterization of 8 MeV boron implanted diamond with different combination of
fluences and ion currents, both before and after high-temperature annealing. In the former set of
measurements, the mechanical distortion of the diamond structure occurring at the sample
surface was investigated with a specific focus on edge effects, while in the latter one the structural
modifications of the damaged crystal were correlated with different irradiation conditions. This
study allowed the investigation of a range of implantation parameters both before and after high
temperature annealing that so far had not been explored in literature: more specifically, a high ion
energy was selected, since it would allow the creation of deeper (i.e. >4 um) sub-superficial
highly-B-doped regions, with promising perspectives in the fabrication of integrated
superconducting devices.

2. Materials and methods

The sample employed in this study is a high-purity (“optical grade”) monocrystalline diamond,
produced with Chemical Vapour Deposition by ElementSix™™. The crystal has a (100)
crystallographic orientation, is 3x3x0.4 mm?3 in size and it is classified as type lla, being



characterized by concentrations of single substitutional nitrogen and boron smaller than 10 ppm
and 5 ppb, respectively.

The sample was implanted, following a previously adopted protocol [22], using the microbeam line
of the “Center for Micro Analysis of Materials” (CMAM) at the Autonomous University of Madrid,
by using a focused 8 MeV B ion beam with a spot size of 5x5 um?. 12 different square-shaped
areas of ~100x100 pm? size were irradiated at different combinations of fluences and ion
currents. More precisely, 9 areas (labeled as A-l, see Table 1) were implanted at fixed ion current
of 500 pA (corresponding to an estimated fluence rate of 12.5x10" cm™ s™) and fluences ranging
from 1x10® cm™ to 4.4x10% cm™, while other 3 areas (labeled as J-L, see Table 1) were
implanted at fixed fluence of 1x10% cm™ and ion currents of 50 pA, 100 pA and 500 pA (fluence
rate of 1.25x10" cm?s™?, 2.5x10" cm™ s and 12.5x10" cm™ s, respectively). The irradiation
was carried out at room temperature with an angle of incidence of 0°, although a slight
misalignment during the set-up assembling could have occurred. The scan was performed on a
pixel-by-pixel basis with a spiral pattern by moving the beam position to the next pixel once the
designated fluence was achieved.

Region label | Current | lon fluence Estimated graphitic
(pA) (10'® cm?) | layer thickness (um)
A 0.5 -
B 0.23 -
C 0.1 -
D 4.4 0.309 £ 0.019
E 500 33 0.46 £ 0.03
F 2.1 0.55+0.05
G 0.7 0.102 £0.018
H 0.9 0.142 £ 0.016
| 1.2 0.187 £ 0.016
J 50 1 0.157+£0.014
K 100 1 0.157+£0.014
L 500 1 0.157+£0.014

Table 1: Summary of the irradiated areas and their corresponding fluence, ion current values and
the estimated graphitic layer thickness.
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Figure 1 (a) Optical transmission micrographs of the sample before and after the annealing
process; the areas are labeled accordingly to what reported in Table 1. (b) Depth profiles of the
SRIM-simulated vacancy density, for each employed fluence; the inset reports the zoomed depth
region near to the end of range of the ions; in the inset, the horizontal band represents the
estimated graphitization threshold (comprised between 3.7x10%? vacancies cm™ and 4.5x10%
vacancies cm™).

Figure 1a shows optical transmission micrographs of the irradiated areas within the diamond
sample, both before and after the thermal annealing. In both micrographs the areas are labeled
accordingly to what reported in Table 1.

After ion irradiation, the sample was annealed in high vacuum (3x10” mbar pressure) at 1350 °C
for 2 hours.

Subsequently, an oxygen plasma cleaning was performed for 15 minutes, to remove the graphitic
layers formed at the sample surface during the high temperature annealing. As reported in Figure
1a, all implanted areas are fully converted to graphite upon thermal annealing, with the exception
of areas B and C, which were irradiated at the lowest fluences, and thus were re-converted to
diamond.

A Monte-Carlo simulation of the ion-induced damage was performed with the 2008 version of the
SRIM software [23]. The simulation was run in the “Detailed calculation with full damage
cascades” mode by setting a 50 eV displacement energy [24]. The range of 8 MeV !B ions is
~4.4 um, with a maximum value of the linear vacancy density of ~800 vacancies pm™ ion™ in



proximity of the Bragg peak. In Figure 1b we report, for each fluence, the volume density of
induced vacancies in function of the depth within the sample, obtained by multiplying the
above-mentioned linear density of vacancies with the fluence. This estimation is based on a rough
linear approximation that does not consider concurrent complex processes such as self-annealing,
ballistic annealing and defect-defect interaction. Despite this rough approximation, the estimated
damage density can be still regarded as a useful first-order parameter to assess the thickness of
the graphitized layer in samples implanted with different ion species, energies and/or fluences, as
reported in previous works [25,26] and confirmed in the present study.

In previous studies, the graphitization threshold related to ion-induced damage was estimated in
the 2-6x10% vacancies cm™ range [6-9]. The average value of 4x10** cm™ roughly corresponds to
the maximum vacancy density obtained in the implantation of square A, i.e. ~4.4x10** vacancies
cm™ (see the light-blue plot in Figure 1b). This is confirmed by the observation that, as shown in
Figure 1a, this area is only partially graphitized upon high-temperature annealing, while the
regions which are damaged below this threshold re-convert to a diamond phase. As highlighted in
the gray horizontal bar reported in the inset of Figure 1b, a 10% uncertainty was associated to the
above-mentioned average value of the graphitization threshold, in consideration of both the range
of different values reported in literature [6-9] and of the experimental uncertainty associated with
the reported fluence values. On this basis, for each area that was irradiated beyond the
graphitization threshold, the thickness of the graphitic layer formed upon thermal annealing was
estimated by identifying the intersections of the applied graphitization threshold value and the
vacancy density plots, while suitably propagating the above-mentioned 10% uncertainty. The
resulting thickness estimations are reported in Table 1.

AFM measurements were conducted at the Instituto de Ciencia de Materiales de Madrid
(ICMM-CSIC) using a commercial apparatus and software from Nanotec [27] operated at room
temperature. The maximum scan area was 80 um.

Raman spectra were collected with a Horiba Jobin Yvon HR800 Raman micro-spectrometer
equipped with a 600 lines mm™ diffraction grating, a continuous 532 nm laser excitation beam
focused with a 20x air objective and a CCD detection system. This setup guarantees the collection
of spectra with a spatial resolution of ~2 um in diameter and ~3 um in confocal depth. The
spectral resolution is ~3 cm™. In all measurements the acquisition time for single spot spectra was
set to 2 seconds, averaging 3 repeated acquisitions. Single spot Raman spectra were acquired from
the center of the implanted areas with the purpose of minimizing effects due to spatial
inhomogeneities in the delivered fluence at the edges of the irradiated areas.

3 Results
3.1 AFM characterization

The surface topography of as-irradiated areas was characterized by atomic force microscopy
(AFM) to assess the swelling effect produced by the constrained expansion of the
ion-damage-induced sub-superficial amorphized layer, which is characterized by a lower atomic
density with respect to the surrounding diamond matrix [28,29].



Because of the increasing thickness of the amorphized layer, the implanted regions showed an
increasing swelling with respect to the fluence. This dependence is more pronounced for the
increased swelling occurring at the edges of the implanted areas. Figure 2 shows the topography
map (Figure 2a) and the corresponding cross-sectional profile (Figure 2b) of the edge of the area
that was implanted at 500 pA current and 4.4x10'® cm? fluence (region D). Although the whole
implanted region could not be scanned, the AFM results clearly show higher swelling in
correspondence of the edges rather than in the central part of the implanted squares. It is worth
remarking that it was theoretically predicted in previous works based on both finite element
methods [30], (to a larger extent) on analytical models [31], and more recently measured from
regions irradiated with swift heavy ions [32] with a better spatial resolution with respect to
previous works, in which the edge effect was negligible [29]. The fact that in the present work the
effect is particularly evident appears as indicative of the high spatial resolution in the definition of
the lip edges of the implanted regions. It is worth observing that in the above-mentioned work
[32], the ion irradiation was carried out by using a collimated beam in which a mask defined the
shape of the implanted regions. In our work, a spiral scan was adopted, obtaining (at least from a
gualitative point of view) a similar swelling lip. This remark is in our view providing a reasonably
robust evidence that the presence of the lip is not due to differences in the dwell time at the
borders of the scan with respect to the center of the implanted regions.

In order to relate our result with theoretical predictions, we compared the observed lip with the
analytical model reported in [31], where the swelling profile is given by:

v(x) = vy + eBX(cl cos(Bx) + czsen(Bx)) + e B%(c;3 cos(Bx) + ¢, sin(Px)) (1)

where

_ 4 3Eac
B= \’Ed(h+v0)t3 ()

(Pd—Pac) (3)

vo =h
0 pd

Differently from what was reported in [31] (in which the constrained expansion of a sharply
defined graphitic region was modelled by considering samples after thermal annealing), in Egs. 2
and 3 B and v, were quantified by adopting the Young modulus (E,c = 21.38 GPa and density
(Pac = 2.14 g cm™3) of amorphous carbon, since our sample was investigated before thermal
annealing. Consistently with what was reported in [31], in Egs. 2 and 3 E4 = 1144 GPa and
pq = 3.52gcm™3 are the Young modulus and density of diamond, respectively. In a first
approximation, we can consider h as the thickness of the amorphous carbon layer, estimated as
the thickness at which the graphitization threshold is exceeded (see table 1), and t as the diamond
cap-layer thickness, evaluated as the region from the surface where the threshold is not reached.
The coefficients c;,c,,c3,c, are obtained by applying the boundary conditions v(0) = 0,
v'(0) =0, v(I) =0, v'(1) = 0 and 1 is the irradiated region dimension (~100 um). The simulated



swelling function is reported together with the observed AFM profile in Figure 2b. The extension
of the “lip” on both Z and X axes is satisfactorily comparable with the expectations, although the
overall AFM profile is not fully in line with the theoretical prediction. This can be suitably explained
by the fact that the analytical model assumes an elastic foundation characterized by well-defined
edges and a uniform spring constant embedded in a pristine diamond matrix. In our case, the AFM
analysis was conducted on an unannealed sample and therefore the elastic foundation is
characterized by smoother edges with respect to the surrounding partially damaged crystal and
mechanical properties varying along with the depth.

The dependence of the “plateau” value of the swelling height from damage density has been
extensively investigated in previous works [28,29,32,33]. In order to verify the consistency of our
data with previous results obtained for other ion species and energies, we considered the swelling
height in function of the “damage integral”, which is defined in [32] as:

Zmax _25p(@
Dine = J,™(1—e = ) (4)

where @ is the fluence, S,,(z) the nuclear stopping power in function of the depth (evaluated with
SRIM software) and a = (1.19 + 0.11) x 10" cm™ keV nm™. As explained in [34], the model from
which Eqg. 4 is derived leads to the estimation of the fraction of amorphized material at a given
depth z in the sample, called “damage fraction”, i.e. the quantity which is integrated in Eq. 4. The
total swelling at the surface of the sample can be considered as proportional to the integral of the
damaged fraction over the full ion range.

The result of the comparison is reported in Figure 2c. Data for 8 MeV boron implantation are in
good agreement with previous results.”

It is also worth focusing on the “edge swelling” height. Figure 2d shows the “edge swelling” height
versus fluence from the regions irradiated at the same ion current of 500 pA (i.e. those labelled as
A-l). The increase in the swelling height is less significant at higher fluences and it can be
interpolated by eq. 5 (blue line).

a
1+e~k(fluence—xc) (5)

height =

where the reported values are a = (192+15)nm, k=(27t7) x 10" cm? and
X. = (85 £ 9) x 10" ions cm™. Figure 2e shows the dependence of the “edge swelling” height versus
the current density while keeping a constant fluence value of 10 cm™(i.e. regions labeled as J-L).
In this case, for the explored parameter range, no significant dependence was observed.
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Figure 2: Swelling behaviour of the irradiated area with ion current 500 pA and fluence
4.4x10" cm™. a) AFM map of the edge of the irradiated square. b) comparison between the
experimental cross-sectional AFM profile (blue line) extracted from the scan highlighted by a black
line in the map (a) and the analytical profile developed in [31] (red line). c) “Plateau” swelling
height versus the damage integral, compared with previous data. d) Edge swelling height versus
fluence with constant ion current (500 pA). The blue line represents the interpolating function



(equation 5). e) Edge swelling height versus current density with constant fluence (10*® cm™); in
this case, no significant dependence is observed.

3.2 Raman characterization

Raman spectroscopy was employed for a systematic structural characterization of the regions
implanted at increasing fluences, both before and after the annealing process.

In order to assess both the spatial uniformity of the implanted regions and the use of single-spot
spectra to perform the Raman characterization, we collected linear scans of the Raman spectra
across the implanted areas, as shown in Figure 3a. Spectra for Raman profiles were collected with
1 s time acquisition (averaging 3 acquisitions). From each spectrum, the intensity of the first-order
Raman diamond peak at 1332 cm™ was estimated after proper background subtraction. A
representative selection of results (for fluences of 0.23x10* cm™, 0.9x10'® cm? and 3.3x10% cm’
%) are plotted in Figures 3b and 3c, which respectively correspond to the measurements performed
before and after annealing. The peak intensity is constant across the same implanted region,
showing the suitability of a study based on single-spot acquisitions. Before the thermal annealing,
increasing fluence induces a decreasing intensity of the first-order Raman diamond peak.
Following the high temperature thermal annealing, regions were irradiated at a fluence below the
graphitization threshold are fully reconverted to diamond (as evident for region B, blue line in
Figure 3c). Regions irradiated at fluences beyond the graphitization threshold show similar profiles
of the Raman diamond peak intensity, since the diamond peak signal comes from the diamond
“cap-layer” over the graphitized regions. As expected, the signal is less intense with respect to
regions implanted below the graphitization threshold, because of the presence of the graphitized
layer (where the laser is focused).
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Figure 3: (a) Linear profile across the implanted region in the acquisition of the Raman spectra. Intensity of
the first-order Raman diamond peak for a selection of representative regions (B, H and E), as acquired
before (b) and after (c) thermal annealing.

The main observable feature in the Raman spectra collected from the different regions before
thermal annealing is the first-order diamond peak at 1332 cm™. At the highest implantation
fluences, low-intensity peaks appear at 1500 cm™ and 1635 cm™, which are associated to general
ion damaged diamond and sp? and amorphous carbon phases (Figure 3a) [35].
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Figure 4 (a) Raman spectra collected from the irradiated areas before thermal annealing. The
first-order diamond peak at 1332 cm™ decreases in intensity as the fluence increases. (b)
Photoluminescence spectra highlighting the GR1 emission feature associated with structural
damage in diamond; while being absent in non-irradiated areas, the GR1 peak reaches its
maximum intensity in the regions implanted at low fluences (C, B and A), then it decreases at
higher fluences. (c) First-order diamond peak intensity in function of the implantation fluence; the
uncertainty bar is included in the data point size.

It is also worth noting that a PL peak centered at 1420 cm™ (corresponding to a 575 nm emission
wavelength) associated to the NV° centers is observable in the spectrum of the unimplanted
crystal, while its intensity decreases until it disappears for higher implantation fluences, due to the
introduction of PL quenching defects [36]. Photoluminescence bands appearing from 720 nm to
800 nm are ascribable to the GR1 center, which is a common PL spectral feature associated to
individual vacancies in the diamond lattice [37]. The band is absent in the non-irradiated areas,
while it is characterized by a high intensity in the regions implanted at the lowest fluences, with a
maximum for a fluence value of 5x10" cm™. As observed in previous studies [35], the intensity of
this PL feature progressively decreases at increasing boron concentrations, due to the
compensation effect of the acceptors. Furthermore, the effect can also be attributed to the
formation of vacancy complexes at higher damage densities [36]. Figure 4c shows the dependence
of the intensity of the first-order Raman diamond peak from the irradiation fluence (F). As the
damage level increases, the peak intensity decreases with a ~F -(0.77£0.04) dependence. This result is
gualitatively consistent with what was obtained in previous studies [38] for 60 keV B,
implantation, for which a ~F* dependence was observed in the same damage range, although



with a more pronounced data scattering. The discrepancy between the power-law trends could be
attributed to the significantly different boron implantation energies (i.e. 30 keV and 8 MeV,
respectively), which determine different damage profiles.

The Raman spectra collected from the annealed sample (Figure 5a) are characterized by several
features, which can be summarized as follows:

- First-order Raman diamond peak at 1332 cm™. As showed in Figure 4b, the intensity of this
feature (after proper subtraction of the G-band background) decreases as the fluence
increases, with a clearly defined collapse in correspondence of a fluence of 5x10™ cm™, at
which the graphitization threshold is reached. The feature is still visible in the spectra
acquired from the graphitized regions, since it arises from the diamond “cap layer”
comprised between the graphitized layer and the sample surface (it this worth remarking
that the focal resolution in depth is ~3 pum).

- The Raman “G band” centered at 1550 cm™, which is indicative of disordered and
graphite-like sp? phases. Complementarily with what is observed for the first-order
diamond line, this feature is absent in the unimplanted regions as well as from the areas
implanted at low (i.e. <5x10™ cm™) fluences, while its intensity progressively increases at
larger fluences. More in detail, the G band intensity has a linear dependence from the
values of the graphitic layer thickness that were estimated as described in the “Materials
and Methods” Section. This is confirming that i) the stronger Raman signal can be suitably
attributed to an increase of the graphitized volume, and ii) the procedure that was adopted
to estimate the thickness of the graphitic layers on the basis of the graphitization threshold
value is reliable, at least in first approximation.

- NV° and NV ZPL peaks at 575 nm and 638 nm, respectively, followed at larger wavelengths
by the respective phonon sidebands. These features are observed only from the
unimplanted regions as well as from the areas implanted at low fluences (i.e.
<7x10" cm™). At higher fluences, a significant reduction of the NV PL emission is
accompanied by a strong modulation of the spectral emission with periodic interference
peaks which are attributed to multiple internal reflections of the emitted radiation across
cap layer, as already observed in previous works [37].

With regards to the latest spectral feature, it is possible to estimate the thickness of the cap layer
from the period of the interference pattern at normal incidence, using the formula [39]:

d=—mr7y (6)

where d is the layer thickness, n(A) is the refractive index of diamond, and A, ; are the wavelengths
corresponding to two consecutive maxima (or minima) in the interference pattern. The resulting
thickness is d = (4.6 + 0.3) um, assuming a refractive index of 2.42 [40].
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Figure 5: Raman/PL characterization of the sample after thermal annealing. (a) PL spectra
collected from the irradiated areas and zoom-in of the spectral range over which the Raman
features are observed. (b) First-order Raman diamond peak intensity in function of the
implantation fluence: a sharp decrease is evident in correspondence of the region implanted at
the fluence for which the graphitization threshold is overcome (red line); error bar included in the
datapoint size. (c) Raman G band intensity in function of the graphitic layer thickness evaluated as
described in the “Materials and Methods” Section.

Figure 6a reports the position of the first-order Raman diamond peak in function of the fluence, as
measured both before and after the thermal annealing. The linear variation of the peak position to
lower Raman shift values at increasing damage densities is less pronounced after annealing. This is
interpreted as due to the fact that the thermal processing allows a substantial recovery of the
pristine crystal structure (thus strongly reducing the shift effect on the Raman spectra) while at
the same time a finite amount of residual damage does not allow a complete recovery of the first-
order Raman peak position to its initial value. Analogously, the width of the first-order diamond
Raman peak (which was estimated as a FWHM (Full Width at Half Maximum) value) exhibits a
progressive increase with the fluence (Figure 5b), and also in this case the variation is less
pronounced for the sample after thermal annealing, thus corroborating our interpretation based
on a substantial (but nonetheless incomplete) recovery of the crystal structure upon thermal
processing. Following the interpretation formulated in [20], the progressive increase in the width
of the first-order diamond Raman peak associated to the increasing structural damage can be
attributed to the decrease in phonon lifetime as a result of the scattering from the ion-induced
defects. In correspondence of the probed 1332 cm™ Raman transition, the zone center
unperturbed phonon frequency acquires a complex shift: while the imaginary part (i.e. the
linewidth which is inversely proportional to the phonon lifetime) increases, the real part is



subjected to a redshift, as described by the Kramers-Kronig relationships that correlate these
guantities in the anharmonic approximation that is applicable to diamond [41]. Hence, this
interpretation can explain the redshift in the peak position as well as the concurrent increase of
the peak width. Remarkably, in both of the above-mentioned linear variations, a change in the
slope is observable in correspondence of a fluence value comprised within the 1-2x10™® cm™
range, which roughly corresponds to the graphitization threshold [20].

In Figure 6¢ the width of the first-order Raman line was plotted in function of its centroid. The
linear correlation between these parameters is consistent with the one obtained for diamond
samples implanted with 3 MeV alpha particles [20], with a remarkable data overlap in our
investigated range (identifying the same angular coefficient, being approximately ~2). This is
indicative of a general Kramers-Kroning trend, which is independent from the type and energy of
damaging radiation.

As shown in Figure 6¢, even after the thermal process, the width/centroid relationship after
appears compatible with the previous data; however the narrow range of data due to the
reduction of structural effects within the cap layer induced by thermal annealing, prevents any
further data interpretation.
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Figure 6: (a) First-order diamond Raman peak position in function of the fluence; the blue and red
lines represent the linear fits of the respective data before and after annealing. (b) First-order
diamond Raman peak width in function of the fluence before (blue) and after (red) annealing. (c)
Relationship between the width and position of the first-order Raman diamond peak; data from
[20] are reported in cyan.



In Figure 7 we report Raman spectra acquired from regions implanted at a fixed fluence of
1x10* cm™ (i.e. beyond the graphitization threshold), while varying the ion beam current (50 pA,
100 pA and 500 pA). The study of different dose rate is conducted in order to investigate possible
self-annealing effects occurring during the irradiation. In the spectra that were acquired before
thermal annealing, both the first order Raman diamond peak at 1332 cm™ (Figure 6a) and GR1
photoluminescence band (Figure 6b) appear slightly more intense at 100 pA and 500 pA with
respect to the spectrum at 50 pA. A possible interpretation for this experimental evidence could
be based on the fact that at higher ion beam currents (100 pA and 500 pA), self-thermal heating
occurring during the ion irradiation promotes the migration of the vacancies and consequently it
reduces the formation of vacancy complexes, determining a more pronounced GR1 emission for
high implantation currents. Thus, we can conclude that adopting higher currents can be effective
in slightly reducing the detrimental damage effect occurring during the ion implantation-based
doping.

Similarly, to the results presented for the other implanted regions, upon high-temperature
thermal annealing the GR1 feature disappears. Periodic interference peaks appear, due to the
multiple reflections of the outcoming radiation in the diamond “cap-layer” located above the
graphitized regions (Figure 6c).
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Figure 7: (a) Raman spectra of regions J, K and L before thermal annealing. (b) PL spectra of GR1
band of regions J, K and L before thermal annealing. (c) PL spectra collected from regions J, K and L
after thermal annealing.

Conclusions

An optical-grade type lla monocrystalline diamond sample was implanted with a focused 8 MeV
B jon beam. Different square-shaped areas were exposed to increasing fluences (from
1x10" cm™ to 4.4x10% cm™).

A morphological characterization by means of Atomic Force Microscopy of a not-annealed sample
allowed the measurement of the well-known swelling effect, while highlighting edge effects
occurring at the borders of the implanted areas, which are still poorly understood despite several
reports appeared in a limited series of previous works [29-32]. AFM results were compared with
previous theoretical prediction developed with analytical methods [31]. The extension of the “lip”
on both Z and X-axis appears comparable with the expectations. However, the overall AFM profile
is not fully in line with the theoretical prediction, probably because of the theoretical model is
based on an annealed sample incorporating a sharply defined region embedded in a pristine
diamond matrix.

A systematic Raman characterization of the implanted areas was performed, in particular focusing
on the first order Raman diamond peak, evaluating its intensity, width and position at different
implantation conditions. Our data are consistent with what obtained in previous studies for
different implanted species and different energies, confirming the same connection between this
Raman feature and the damage level in the diamond lattice, in qualitative agreement with the
formalism of the Kramers-Kronig relationships. A further characterization following a high thermal
annealing, allowed to study the residual damage and to define the graphitization threshold at a
fluence of 5x10% cm™, corresponding to a vacancy density of ~ 4.4x10%* vacancies cm™ as
obtained in a simple linear approximation. This value is well in line with previous results, and
allowed an estimation of the thickness of the formed graphitic layers. Such estimation appeared
consistent with the measured evolution of the intensity of the Raman G band. The Raman
characterization of the regions implanted at a fixed fluence and variable ion beam current showed
the potential advantage of using higher currents to slightly limit the sample damage due to this
doping method.
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