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A B S T R A C T

The depth distributions of the spectral parameters of Raman and luminescence features of diamond implanted
with Xe ions of an energy 167 MeV have been studied in as-irradiated state and after post-irradiation annealing.
The Raman data show that the distribution of radiation defects in the as-irradiated layer follows the nuclear stop-
ping power of the ions. It has been found that the two major mechanisms determining the distribution of inten-
sity of the luminescence centers are the quenching due to crystal lattice damage and the instantaneous heating
due to intense electronic stopping. It has been shown that the strong nuclear stopping at the end of the ion pene-
tration produces a highly disordered buried layer. The atomic structure of this layer completely loses its crys-
tallinity for ion fluences above 3 × 1014 cm−2. This atomic structure does not collapse into graphite during high
temperature annealing and can be regarded as amorphous diamond. It has been shown that the post-irradiation
annealing produces secondary radiation defects far deeper than the depth of the ion penetration. This deep defect
production is explained by the dislocations propagating from the disordered layer into the diamond bulk during
heating.

1. Introduction

Diamond is one of the most suitable materials used for studies of the
defects produced by high energy ion implantation. Diamond reveals
strong Raman scattering which is very sensitive to the presence of non-
diamond phases [1,2], and it has a number of highly efficient lumines-
cence centers related to point radiation defects of different types [3].
These advantages become especially valuable when the Raman and lu-
minescence of the ion-implanted diamond is studied using spectrome-
ters with high spatial resolution. It allows us to obtain detailed informa-
tion on the radiation defects formed in the areas with different contri-
bution of the electronic and nuclear stopping, and on the evolution of
the radiation damage during post-irradiation processing.

Structural effects of the electronic stopping during swift heavy ion
irradiation are usually associated with strong local heating/melting in
nanometric volume surrounding ion trajectory (for example, [4]). Since
such temperature rise lasts for hundreds of picoseconds, its effect is not

expected to be equivalent to the effect of stationary annealing typical
duration of which is a few tens of minutes. However, since the peak
temperature during ion stopping is very high, its action may result in
measurable changes in the defect structure even if the heating time is
very short. Diamond has many radiation optical centers the intensity of
which changes at relatively low temperatures [5,6]. Thus, these centers
might be used as indicators of heating occurring during ion-irradiation.

The average penetration depth (projected range) of heavy ions of an
energy 1 MeV/amu in diamond is about 10 μm [7]. In the first few mi-
crons of the ion path the nuclear stopping is negligible, and the created
radiation defects are few. As ions penetrate deeper the electronic stop-
ping decreases while the nuclear stopping increases first gradually and
then drastically at the end of the ion path. Synchronously with the nu-
clear stopping the concentration of the radiation defects increases too
[8]. The increasing defect concentration causes swelling which reaches
maximum at the depth of maximum nuclear stopping [9–12]. It is to
point out that the electronic stopping, although inefficient in the direct
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radiation damage when alone, may noticeably affect (stimulate, sup-
press, or alter) the defect production caused by the nuclear stopping
[13].

In this research we studied the depth distribution of the radiation
damage in diamond implanted with high energy Xe ions. The obtained
results revealed a characteristic three-layer defect structure, which, we
assume, is the general feature of high energy ion implantation.

2. Material and methods

Implantation with 167 MeV Xe ions (also referred as ion irradiation)
was performed using cyclotron IC-100 FLNR of JINR institute (Dubna,
Russia) with several fluences following the procedure described [7].
The samples were subjected to the range of ion fluences. Two fluences
of 6.1 × 1012 cm−2 and 8.15 × 1014 cm−2 were studied in detail and
are further referred to as low fluence and high fluence respectively. The
samples are 300 to 500 μm thick plates of HPHT-grown type Ib single
crystal diamond produced by «AdamasInvest». The plates were cut and
polished along (100) crystallographic plane. The concentration of nitro-
gen impurity in the form of C-defects in yellow and colorless areas of
the plates is about 150 ppm and a few ppm, respectively [14]. After the
ion implantation, the plates were cross-sectionally cut perpendicular to
the implanted surface and along the irradiation direction. The cut sur-
faces were mechanically polished. These cross-sectional surfaces were
used for the studies of the depth distribution of the radiation damage.

Photoluminescence (PL) and Raman scattering of the samples were
measured using Raman spectrometer Nanofinder HE (LOTIS TII Japan-
Belarus) combined with confocal microscope and 3D sample stage.

Spectral and spatial resolutions of the system were 0.25 cm−1 and
0.5 μm respectively [15]. Lasers with wavelengths 355, 532 and
785 nm were used for the excitation. PL measurements were performed
at liquid nitrogen temperature (LNT). Raman spectra were taken at
room temperature (RT). Integral intensities and spectral widths (full
width at half magnitude, FWHM) of PL and Raman lines were calcu-
lated from the fittings by pseudo-Void function. The peak intensities of
PL lines were scaled relative to the intensity of the diamond Raman
line.

After the samples were studied in the as-irradiated state, they were
annealed in vacuum (residual pressure about 10−3 Pa) at a temperature
of 1450 °C for 1 h in a graphite container. The times of ramping temper-
ature up and down were about 10 min and 30 min correspondingly. Af-
ter the annealing, the samples were cleaned in a saturated solution of
potassium dichromate in sulfuric acid.

3. Results and discussion

3.1. Raman scattering

Fig. 1a shows the emission spectra taken from the cross-sectional
side of the sample irradiated with the high fluence. The high fluence ir-
radiation is sufficient to completely quench luminescence. Therefore
all the features shown in the spectra are due to Raman scattering [7].
The narrow line at wavenumber 1332 cm−1 is the first order diamond
Raman line. The narrow lines in the spectral range 1400–1900 cm−1 re-
late to point radiation defects characteristic of ion-irradiated diamond

Fig. 1. Raman spectra taken from the cross-sectional side at different distances (from the irradiated surface (shown in micrometers): (a, b) – as-irradiated, excita-
tion with 532 nm laser, high fluence (a) and low fluence (b); (c, d) – after annealing, excitation with 355 nm laser (for PL suppress), high fluence (c) and low flu-
ence (d). All spectra are shown as measured. No vertical shift “for clarity” was done. Sharp signal cut-off at wavenumbers below 100 cm−1 is the absorption of the
optical filter.
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[16]. Of them, the lines at 1494 cm−1 and 1632 cm−1 are ascribed to
vacancies and self-interstitials respectively [12,17,18].

Other Raman features of the as-irradiated sample are observed at
wavenumbers 430, 627, 775, 1002, 1115 and 1230 см−1. Some of them
were observed previously in the Raman spectra of ion-irradiated
[1,12,17,19,20], neutron-irradiated diamonds [20–22], and nanodia-
monds [23]. Spectral positions of these lines but the broad band at
wavenumber 430 cm−1 correspond to the maxima of the phonon den-
sity of diamond lattice [24–27]. Based on this correspondence and tak-
ing into account that all the phonons with the exception of those with
wavenumber 1332 cm−1 are forbidden in Raman scattering from ideal
diamond crystal, a conclusion is made that the spectrum shown in Fig.
1a is a Raman signature of disordered “amorphous diamond”
[12,17,22,23].

The Raman signal of “amorphous diamond” is also detected in sam-
ples irradiated with the low fluence (Fig. 1b). This observation suggests
that the “amorphization” of diamond may occur in every track pro-
duced by swift ions, even by light He ions [12,17]. In the present case of
heavy Xe ions, this assumption seems to be much more plausible. The
process of “amorphization” could be interpreted as the result of very
rapid local destruction or “melting” of diamond lattice due to strong re-
lease of energy in electronic stopping and subsequent instantaneous
freezing. This mechanism is expected to be similar to that described in
[28].

The narrow lines at wavenumbers 1448 and 1494 cm−1 can be
traced to a depth of 6.1 μm, whereas the line at 1632 cm−1 is clearly de-
tected through the whole ion irradiated depth. A similar difference in
the depth distribution is also observed between the luminescence cen-
ters which require thermal activation after irradiation (shallow pene-
tration) and the luminescence centers which form directly during irra-
diation (deep penetration, see below). Based on this similarity we as-
sume that the defects behind the 1448 and 1494 cm−1 Raman lines also
require some heating for their formation, whereas elevated temperature
is not required for defects behind the 1632 cm−1 line. At the depths cor-
responding to the maximum nuclear stopping power (a layer from
about 8 to 10 μm where the diamond Raman line 1332 cm−1 is not de-
tected), only broad bands with maxima at 400, 1260 and 1570 cm−1 are
observed suggesting complete disorder of the diamond crystal lattice.
The remnants of the interstitial-related Raman line can be discerned at
a wavenumber of 1632 cm−1 too.

The band at wavenumber 1570 cm−1 appears only in spectra of sam-
ples irradiated with high fluences (in our case at fluences over
3.55 × 1014 ions/cm2 [7]). This band has been reported in a number of
publications on diamonds irradiated with ions [12,18,29–34] and neu-
trons [20–22]. The occurrence of this band has been associated with the
critical density of radiation damage at which the diamond structure
changes from crystalline to some kind of amorphous carbon which,
upon annealing, transforms to graphite [35,36]. The spectral position
and shape of the 1570 cm−1 band coincided with those from graphite
strongly disordered by ion implantation [18,30,31,37,38].

High temperature annealing activated luminescence which was es-
pecially strong when excited with green laser. Due to this circumstance
the Raman measurements of the annealed samples were performed
with 355 nm laser. After the annealing, Raman spectra changed sub-
stantially (Fig. 1c-d). The lines 1448 сm−1, 1494 сm−1 and 1632 сm−1

disappeared. Practically no measurable features related to disordered
diamond could be detected in the low fluence sample. The spectrum of
the high fluence sample revealed three distinctive bands at wavenum-
bers 225, 495, 685 cm−1 and two minor features at 1115 and
1245 cm−1. Similar Raman features were observed previously after an-
nealing of ion-implanted diamonds [12,22,39]. The Raman bands ob-
served after annealing are noticeably narrower than those in spectra of
the as-irradiated samples. This narrowing suggests that the irregular
“amorphous” atomic structure transformes during heating into a struc-
turally more ordered one.

After annealing, the Raman spectra of high fluence sample revealed
the presence of the diamond Raman line over the whole irradiated vol-
ume. However, its intensity at the depth of the ion projected range re-
mains substantially suppressed. The broad band 1570 cm−1 disap-
peared giving way to two weak narrow lines at 1485 сm−1 and 1560
сm−1 with FWHM about 35–40 cm−1 (Fig. 1c). These lines were also ob-
served in spectra of low-quality CVD diamonds [40] and highly de-
formed diamonds [41]. They were ascribed to some non-diamond car-
bon clusters. It is well known that shallow diamond layers irradiated
with high fluences of low energy ions transform into graphite after an-
nealing performed without stabilizing pressure [18,35,36,42]. In con-
trast to those observations, no graphitization occurs in deeply buried
ion-damaged layers even when the fluence is expected to be sufficient
to produce amorphization. A common explanation of the suppression of
graphitization in the buried diamond layers is the pressure produced by
the adjacent crystalline diamond [18,24,25,35,42–44]. Taking this con-
sideration into account, we assume that the lines at wavenumbers of
1485 cm−1 and 1560 cm−1, which appeared after annealing, are not
features of the graphitization.

The depth distribution of the intensity, width and spectral position
of the diamond Raman line (nominal spectral position at 1332 cm−1) is
shown in Fig. 2. The minimum intensity, maximum shift and the maxi-
mum broadening of this line manifest the depth of the maximum dam-
age. The increase in the shift and broadening of the diamond Raman
line with depth is in a good agreement with the depth distribution of
primary vacancies (radiation damage) calculated with SRIM 2000 code
[7,11,12,33,45]. The line broadening is the result of increasing nonho-
mogeneous distortions of the crystal lattice [7,45], whereas the line
shift suggests a substantial component of hydrostatic (3D expansion)
and/or directional (1D and 2D tensile) stress [1,46–48]. The magnitude
of this stress in the maximum damaged layer of the high fluence sample
can reach 10 GPa (as estimated using the data from [48]). The decrease
in the line intensity with the depth is the result of the increasing opacity
and the reduction in the phonon lifetime as the ion damage increases
[12,22].

The intensity, width and spectral position of the diamond Raman
line have been largely returned to their values measured before irradia-
tion. The tensile stress in the layer of maximum damage produced by
the fluence 8.15 × 1014 cm−2 is 5 times down to 2 GPa after the an-
nealing. A remarkable observation is a small but well detectable posi-
tive shift of the diamond Raman line right after the ion-irradiated layer,
at a depth of 10 μm. This positive shift strongly suggests the develop-
ment of compressive stress at the interface between the ion-damaged
layer and the adjacent nominally non-damaged layer.

3.2. PL spectra

PL intensity was drastically suppressed in the whole volume irradi-
ated with fluences over 1013 cm−2. Therefore, only the low fluence sam-
ple was used for the investigations of the depth distribution of the lumi-
nescence active defects. PL was excited with 355 nm and 532 nm lasers
in colorless cubic (100) sectors which exhibited relatively weak lumi-
nescence of the nickel-related centers [49,50]. The irradiation induced
many centers (Fig. 3a), the most prominent of which were the 389 nm,
453 nm, 508 nm, ND1, TR12, 3Н, NV0, NV− and GR1 centers. Most of
them have been well studied before [51–53]. The 389 nm center is as-
cribed to carbon interstitial trapped by single nitrogen atom. The cen-
ters TR12 (ZPL at 470 nm) and 3H (ZPL at 503.5 nm) are attributed to
intrinsic defects containing interstitials. The centers ND1 (ZPL at
393 nm) and GR1 (ZPL at 741 nm) are single vacancies in negative and
neutral charge states. The NV0 and NV− are nitrogen-vacancy defects in
neutral and negative charge states.

Qualitatively, PL spectra retain their composition over the whole ir-
radiated layer. The PL intensity of all centers (Fig. 3c) monotonously
decreases with depth as the nuclear stopping power and the radiation
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Fig. 2. Depth distribution of the intensity (a, b), spectral position (c, d) and FWHM (e, f) of the diamond Raman line before and after annealing in the low (left graphs)
and high (right graphs) fluence.

damage increase [7]. Intensities of the GR1, ND1 and 453 nm centers
show some enhanced suppression at depths around 9 μm. This suppres-
sion is especially evident for the 389 nm center which actually is unde-
tectably weak at a depth of 9 μm. As the luminescence intensity de-
creases the spectral width of all ZPLs goes up attaining maximum at the
depth of the ion projected range. Comparing the depth distributions of
the intensities and spectral widths (Fig. 3e) we deduce that the maxi-
mum radiation damage has occurred in a narrow layer at a depth from
about 8.5 μm to 9.5 μm. This depth interval well agrees with the de-
duced from the Raman measurements.

The broadening of ZPLs is qualitatively very different for different
centers. Close to the surface, the increase in the line width for the inter-
stitial-type defects TR12 and 3H was in the range of 0.2 to 1.2 meV
(“hard” centers), whereas for the vacancy-related centers GR1, ND1,
NV0, NV− it was much greater ranging from 2.3 to 2.6 meV (“soft” cen-
ters). The broadening of the ZPL 508 nm is in the range of the “hard”
centers. The ZPL width of the 453 nm center behaves similarly to the

“soft” vacancy-related centers. These observations allow us to assume
that the 508 nm is a manifestation of an interstitial-type defect,
whereas the 453 nm center is rather related to a vacancy-containing de-
fect. The 389 nm center, also being commonly regarded as an intersti-
tial-related one, shows dramatic increase in its ZPL width which even
surpasses the broadening of the “softest” vacancy-related centers. This
very “soft” behavior of the 389 nm center may raise some concern
about its atomic model.

It is to note that the optical centers related to the intrinsic radiation
defects containing interstitials (TR12, 3H, 508 nm) and NV defects are
not detected beyond the layer of the maximum damage. In contrast, the
vacancy-related GR1, ND1 and 453 nm centers as well as the nitrogen-
related, interstitial-related 389 nm center penetrate beyond the maxi-
mum damage layer reaching through the whole ion-irradiated depth.

The depth distribution of intensity of the discussed optical centers in
the irradiated layer can be qualitatively described by the distribution of
the nuclear stopping power which is the major mechanism of the radia-
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Fig. 3. Representative PL spectra (a, b) and distribution of intensity (c, d) and line width (e, f) along the depth in the low fluence sample before (left graphs) and af-
ter (right graphs) annealing. Lasers with wavelengths 355, 532 and 785 nm were used for PL excitation.

tion damage in ion-implanted diamond. In luminescence, the radiation
damage reveals itself in two opposite ways. On one hand, it increases
the concentration of radiation defects. On the other hand, radiation
damage strongly quenches the luminescence efficiency via increasing
the intensity of non-radiative mechanisms of relaxation and recombina-
tion. For the ion fluences used in this research, the luminescence
quenching is a dominating effect [7]. Therefore, the luminescence in-
tensity of all centers in the as-irradiated samples decreases with depth
as the nuclear stopping power increases.

An interesting feature of the PL spectra taken from as-irradiated
samples is the rather intense NV centers, which have formed directly
during irradiation. Our previous studies on NV centers have shown that
the probability of their direct formation during electron and low energy
ion implantation is low [52]. PL activation of NV centers requires post
irradiation annealing at temperatures over 500 °C [54]. This “irradia-
tion-plus-annealing” process is commonly interpreted as the formation
of vacancies during irradiation and the diffusion of vacancies and their

capture by nitrogen during annealing. The defects formation of which
requires post-irradiation annealing are usually referred to as secondary
radiation defects. NV defects are typical secondary radiation defects.
However, during high energy ion irradiation NV defects form directly
during irradiation. This fact strongly suggests that high energy ions pro-
duce instantaneous local heating during their stopping. Since the depth
distribution of NV centers resembles that of the electronic stopping of
Xe ions of energy 1 MeV/amu (maximum at the surface and low at the
depth of the ion penetration), we assume that the electronic stopping is
the major source of the heating. We estimate that this heating is equiva-
lent to the stationary annealing at temperatures from 600 to 700 °C.
The upper temperature limit of 700 °C follows from the fact that all the
primary radiation centers of low temperature stability (3H, TR12, GR1,
ND1) which anneal out at temperatures over 700 °C remain intense in
PL spectra of as-irradiated samples.

After annealing, all intrinsic radiation centers disappear and the
dominating features are the centers NV0, NV− and H3 (Fig. 3d). The
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other minor centers are 389 nm, N3, and H4. These centers represent
different stages of the nitrogen aggregation: single nitrogen atoms (cen-
ters 389 nm, NV0, NV−), two nitrogen atoms (center H3), three nitrogen
atoms (center N3) and four nitrogen atoms (center H4) [52,53]. The lo-
cation of the ion-implanted layer can be well traced by the presence of
the Xe-related optical center with ZPL at 794 and 811 nm (Xe atom
bound to vacancy, Xe V defect) [3,55,56], which is activated by an-
nealing. The luminescence of Xe V defects can be detected at depths
from 5 to 13 μm with maximum intensity at 9.5 μm. This value is ap-
proximately 1 μm less than the calculated with SRIM 2000 code [57].
The intensity of all nitrogen-related centers remains relatively constant
at depths up to the ion-implanted layer. Beyond the ion-implanted layer
the luminescence intensity gradually decreases yet remains of a consid-
erable magnitude far beyond the ion-implanted layer.

After annealing, the spectral widths of ZPLs of nitrogen-related cen-
ters increase with depth and then sharply drop when passing the ion-
implanted layer (Fig. 3f). Right beyond the ion-implanted layer, the ZPL
widths show a distinctive minimum and, at greater depths, the ZPL
widths gradually restore to their values observed in non-irradiated sam-
ples.

Although the widths of all ZPLs are strongly reduced after anneal-
ing, they do not come to their normal values observed in non-irradiated
samples. A peculiar feature is the maximum reduction of the line widths
observed at depths from 15 to 18 μm. The widths returned to their nor-
mal values only at depths over 30 μm. A preliminary explanation of this
strange narrowing may suggest the formation of some unstressed micro
areas behind the ion-implanted layer.

It is very remarkable that after the annealing, all nitrogen-related
centers NV, H3, N3, H4, and 389 nm reveal substantial presence at
depths far beyond the ion-implanted layer, actually through the whole
thickness of the sample. This deep penetration of typical radiation de-
fects is the manifestation of the crystal lattice damage occurring far be-
yond the area of the direct radiation damaged produced by ions. The
diffusion of vacancies and interstitials from the ion-irradiated layer can-
not explain this effect. Indeed, the distances are too long, the diffusion
coefficients are too small, and the annealing temperature and time are
insufficient for any measurable diffusion length. The only plausible ex-
planation seems to be the mechanical deformation spreading from the
highly stressed layer of maximum damage. The magnitude of this stress
can be evaluated from the broadening and the shift of the Raman line
and ZPLs of optical centers. We found that it can be in the range of a few
GPa. The post-implantation annealing facilitates plastic deformation
[58,59] and, consequently, reduces stress via the generation of disloca-
tions [60]. The stress relaxation is evidenced by the reduction of broad-
ening and shift of all spectral lines. Dislocations, while being created
and while moving, generate vacancies and interstitials [61,62]. In turn,
the vacancies and interstitials are captured by single nitrogen atoms
and form NV and 389 nm centers. Besides, the vacancies stimulate ni-
trogen aggregation promoting the formation of H3, H4 and N3 centers
[63,64]. The proposed formation of vacancies during the relaxation of
the stressed area behind the ion-implanted layer appears to be no small
effect. The concentration of vacancies is high enough not only to create
high concentration of NV defects, but also to facilitate the nitrogen ag-
gregation and formation of H3, N3 and H4 defects.

4. Conclusion

Raman and photoluminescence spectroscopy has been used to study
the depth distribution of the radiation-induces damage produced by Xe
ions of energy 167 MeV in diamond after irradiation and after subse-
quent annealing at a temperature of 1450 °C. Low ion fluences below
the amorphization threshold and high fluences above the amorphiza-
tion threshold have been studied. It is found that the ion irradiation
forms three distinctive layers characterized by specific defect structure.

The first layer (the high energy layer) spreads from the surface to
the depth of the maximum nuclear stopping power. This layer is formed
directly during the ion irradiation. The characteristic of this layer is the
presence of the primary (centers ND1, GR1, TR12, 3H, 389 nm) and
secondary (centers NV0 and NV−) radiation defects right after irradia-
tion. The primary radiation defects are the result of the nuclear stop-
ping occurring via atomic collisions. The secondary radiation defects
are formed by simultaneous action of the atomic collisions and local
heating due to strong electronic stopping. The manifestation of the sec-
ondary radiation defects is the centers NV0 and NV−. In the case of
167 MeV Xe ions, the effect of the heating instantaneously generated in
the high energy layer is equivalent to the effect of stationary annealing
at a temperature of 600–700 °C.

The second layer (the maximum damage layer) is formed behind the
high energy layer at the depth of the maximum nuclear stopping power.
This layer essentially coincided with the ion-implanted layer. The de-
fect structure of the maximum damage layer forms directly during irra-
diation. If the ion irradiation is performed with high fluences, diamond
in the maximum damage layer may completely lose its crystalline struc-
ture and can be regarded as amorphous diamond. This amorphization is
detected as the disappearance of the Raman features of crystalline dia-
mond. For 167 MeV Xe ions the amorphous diamond layer may formed
at fluences above 3 × 1014 cm−2.

The third layer (the layer behind the maximum damage layer, dis-
tant layer) may spread many times the ion penetration depth. We as-
sume that the defect structure of this layer is formed by the dislocations
propagating from the maximum damage layer into the diamond bulk
and by the point defects generated during the motion of dislocations.
These point defects are the secondary radiation defects NV0, NV−, H3,
N3 and 389 nm center. Since primary radiation defects do not form in
the distant layer, the presence of this layer can be detected in lumines-
cence after post-irradiation annealing at temperatures over 700 °C.

Annealing at a temperature of 1450 °C does not fully restore the
crystal lattice in the irradiated layer. Substantial concentration of de-
fects is evidenced by the presence of Raman bands at 225, 495, 685,
1115, и 1245 cm−1 in the spectra of the high energy layer and by the
band at 1485 сm−1 и 1560 cm−1 in the spectra of the maximum damage
layer.
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