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Abstract: The graphitization and surface growth of synthetic diamonds by high-fluence irradiation
with 30 keV argon and carbon ions have been experimentally studied. scanning electron microscope
(SEM) and atomic force microscope (AFM) show removal of traces of mechanical polishing.
The ion-induced roughness does not exceed 20 nm. Raman spectroscopy and the measurement of
electrical conductivity confirm the graphitization of the surface layer when irradiated with argon
ions at the temperature of 230 ◦C and the diamond structure of the synthesized layer when irradiated
with carbon ions at the temperature of 650 ◦C.

Keywords: monocrystalline; high-pressure, high-temperature (HPHT) diamond; chemical vapor
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1. Introduction

Ionic and neutral atomic and molecular beams are very promising for the synthesis of
tool-hardening coatings on an industrial scale [1–9]. Diamond is widely used as an abrasive, as an
indenter and cutting tool, and as a heat sink in electronic devices, including as a filler in composite
highly heat-conducting materials, and its use in microelectronics is promising. Among the methods for
obtaining synthetic diamonds and diamond-like coatings, the method of the ion implantation of carbon
has certain advantages. According to [10], the ion implantation of carbon into natural diamond crystals
leads to internal epitaxial growth without a visible interface between the grown layer and the crystal
surface. The layer synthesized by ion implantation has the same high resistance to acids and oxidation
in air at 500 ◦C as natural diamond. Neither one is polished with aluminum oxide; both behave the
same when lapping on a diamond polishing wheel and when scratching with a diamond needle or a
diamond indenter.

The influence of high-fluence ion irradiation by 10–30 keV Ar+, Ne+, N+, N2
+ and C+ ions at

temperatures from 30 to 720 ◦C on the conductivity and microstructure of a polycrystalline diamond
surface layer was experimentally studied in [11,12]. The increase in diamond temperature during
irradiation leads to ion-induced graphitization at Tir > Tgr ≈ 200 ◦C. The Raman spectra indicate that
irradiation with neon and argon ions at temperatures of the diamond more than Tir > 500 ◦C leads to
the formation of a nanocrystalline graphite layer that increases the resistivity of the irradiated layer.
This effect is not observed under irradiation by nitrogen ions. It was found that dynamic annealing at
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temperatures above 500 ◦C leads to the recrystallization of the diamond only in the case of irradiation
with carbon ions, and irradiation with impurity ions causes graphitization of the ion-modified diamond
layer. Under irradiation with carbon ions, the growth and recrystallization of diamond with a thin
(~1 nm) graphite-like layer on the surface occurs.

For the processing and restoration of diamond tools, there is an interest in determining the
conditions for the graphitization of the diamond surface to a given thickness and controlled surface
growth. A soft graphitized layer on the surface of a diamond can facilitate its mechanical polishing and
can be used as a sacrificial layer for planarization. There is an interest in surface build-up for resizing
and reshaping a unique diamond tool. In both cases, it is important to reduce or at least maintain the
surface roughness during processing.

In this work, graphitization with argon ions, which begins at a temperature of >230 ◦C, and the
growth of diamond under irradiation with carbon ions at a temperature of >500 ◦C were chosen as the
most promising for instrumental application. The effect of high-fluence ion irradiation on the surface
morphology was studied by SEM and AFM methods, and the structure of the irradiated layer was
studied by Raman spectroscopy and electrical conductivity measurements.

2. Materials and Methods

Samples of synthetic polycrystalline diamond and single crystal Ib diamond were used.
A 450 µm-thick polycrystalline diamond plate was prepared by chemical vapor deposition on a silicon
substrate 63 mm in diameter [13,14]. A (111) face diamond crystal was obtained by high-pressure,
high-temperature growth in Fe–Ni–C liquid from the seed [15,16]. High-fluence irradiation with Ar+

and C+ ions was carried out along the normal to the sample surface on a mass monochromator of the
Skobeltsyn Institute of Nuclear Physics, Moscow State University [17]. The ion energy was 30 keV.
The ion current density reached 0.4 mA/cm2 at a beam cross section of 0.3 cm2. The irradiation fluences
ϕt (ϕ = the ion flux density, and t = the irradiation time) were no less than 1018 ions/cm2 for all the
cases of diamond irradiation. The flat resistive furnace in the target holder allows heating the target
up to 720 ◦C. The target temperature was measured with a chromel alumel thermocouple fixed on
the irradiated side of the sample outside of the irradiation area. Samples irradiated at T = 30 ◦C
were isochronally annealed in a vacuum with a one-hour thermal treatment as the maximum cycle
temperature T was increased sequentially from 100 to 720 ◦C.

The modified target was examined by SEM with a Lyra 3 (TESCAN, Brno, Czech Republic),
AFM with a Dimension V (Veeco, Plainview, NY, USA) and a T64000 Raman spectrometer (Horiba Jobin
Yvon, Edison, NJ, USA). Laser radiation with a wavelength of 488 nm for a single diamond crystal
and a wavelength of 514 nm for a polycrystalline diamond was used to excite Raman scattering.
Electrical measurements of the sheet resistance Rs were used in a four-point probe method at
room temperature.

3. Results and Discussion

3.1. Characterization of High-Fluence Ion Irradiation

For the characterization of high-fluence ion irradiation, the depth distributions ν(x) of the numbers
of displacements per atom (dpa) (damage depth profiles) were calculated. The profiles ν(x) were
determined by the depth distributions Σ(x) of the average numbers of vacancies formed by one ion per
path length, which were derived by the computer simulation of the ion interactions with solids using
the SRIM code [18]. At not-too-high fluences ν(x) ≈Φ·

∑
(x)/n0, where the fluence Φ =ϕ·τ is equal to the

product of the ion beam fluxϕ and irradiation time τ, n0 is the atomic target concentration [19]. At high
fluences, dynamic equilibrium conditions are established, in which the profiles of the concentration
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of implanted particles and radiation damage become stationary [11]. The stationary damage depth
profile νst(x) is calculated as follows:

νst(x) =
1
K

∫ Rd

x
Σ(x′) · dx′, (1)

where Rd is the depth of the defect production, K = Y for Ar+ ion irradiation, K = |1−Y| for C+ ion
irradiation and Y is the sputtering yield.

The calculated stationary profiles νst(x) are shown in Figure 1. Based on the calculated profiles of
νst(x), the thickness t of the modified surface layer was estimated.
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Figure 2. SEM images of the (111) face of the diamond: (a) before irradiation, (b) after irradiation with 

30 keV Ar+ 230 °C ions and (c) after irradiation with 30 keV C+ 650 °C ions. 
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Figure 1. Stationary damage depth profiles under high-fluence ion irradiation.

The value of t was determined from the level of 10 dpa. This value of ν was attained over the
depths x ≤ Rd. Unlike for irradiation by gas ions, for C+ ion irradiation, the thickness of the modified
layer increases due to the implanted carbon ions, since the self-sputtering yield (Y = 0.21) is less than
1 [20]. For estimating the thickness t, the thickness of the deposited carbon was added to the modified
layer thickness obtained from νst(x).

3.2. SEM and AFM

Figure 2 shows SEM images of the (111) face of the diamond before and after irradiation with
argon and carbon ions at temperatures of 230 and 650 ◦C, respectively. The radiation fluences in both
cases were equal to 1.3 × 1018 ion/cm2. Traces of mechanical polishing are clearly visible on the surface
before irradiation, which were removed by high-fluence ion irradiation. At the same time, the ion
irradiation led to the appearance of etching pits in the form of equilateral triangles with sides of about
20 µm and open micropores. Such micropores are associated, as a rule, with the increased sputtering of
areas of clusters of crystal structure defects, which lower the binding energy of surface atoms. At higher
magnification, a stochastic nanoglobular relief appears in the SEM images (insets in Figure 2).
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The AFM measurements of the relief also show the removal of the traces of mechanical polishing
under ion irradiation and the appearance of a stochastic nanorelief (Figure 3). The roughnesses before
and after the irradiation of the diamond surface are close; the root-mean-square roughness at a base
length of 1 µm is about 20 nm.Coatings 2020, 10, x FOR PEER REVIEW 4 of 8 
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Figure 3. AFM images of the (111) face of diamond (a) before irradiation and (b) after Ar+ ion irradiation
with 30 keV at T = 230 ◦C.

It should be noted that the described results for the ion-beam treatment of the diamond surface are
not common. The high-fluence ion irradiation of most metals and semiconductors leads to a significant
development of ordered (in the form of ripples) and stochastic reliefs (in the form of cones, pyramids,
ridges, etc.). The ion irradiation of graphite-like carbons also leads to a significant development of the
relief. In particular, the irradiation of highly oriented pyrographite, which is the closest in structure to
a single crystal of graphite, leads to an extreme development of microrelief in the form of sharp ridges
of micron size in a temperature range for the irradiated samples from room temperature to 400 ◦C [21].
Such a strong effect of the temperature of the irradiated diamond samples on the ion-induced relief
was not observed. In particular, the ion-induced relief after irradiation with argon ions with an energy
of 30 keV at temperatures of 230 and 400 ◦C is practically the same [22].

3.3. Raman Spectroscopy

It is known that Raman spectroscopy (RS) is an effective method for studying carbon materials [23].
In RS spectra in the frequency range 1000–1700 cm−1, diamond gives a single narrow peak at 1332 cm−1,
and graphite-like materials manifest themselves as characteristic D and G peaks, with frequencies for
microcrystalline graphite of 1345 and 1580 cm−1, respectively. The Raman spectra of graphite-like
materials can also contain peaks at the frequencies 1200, 1500 and 1620 cm−1. These peaks appear
for disordered or nanocrystalline graphite-like materials and are associated with the disorder of
the planar structure of crystallites, boundary scattering when crystallites are reduced to nanometer
sizes, disorder of translational symmetry, ionic impurities in materials and formation of carbyne
chain compounds.

Raman spectroscopy data obtained after the ion irradiation of polycrystalline diamond are shown
in Figure 4. Ion-induced graphitization under irradiation with argon ions manifests itself in the RS
spectra in the form of broadened D and G peaks. The diamond peak is also observed due to the optical
transparency of a thin ~30 nm graphite-like layer. The intensity ratio ID/IG and the positions of the D
and G peaks correspond to graphite with a high concentration of radiation damage [24].
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Figure 4. Raman spectra for chemical vapor deposition (CVD) diamond before and after irradiation by
30 keV Ar+ and C+ ions. Spectrum for polycrystalline graphite MPG-8 was measured for comparison.
The Gaussian analyses of the spectrum are shown by thin lines for diamond irradiated with Ar+ ions.

The Raman spectrum after irradiation with carbon ions shows that synthesizing a diamond surface
with a size of ~0.1 µm practically does not result in a difference from the Raman spectrum of the initial
diamond. This indicates a good crystallinity of the synthesized diamond layer upon the implantation
of carbon ions. Similar results were obtained for single crystal diamond [12].

3.4. Conductivity of the Ion-Modified Layer

It is known that recrystallization during diamond annealing after ion implantation at temperatures
<60 ◦C occurs only at low irradiation fluences, which do not lead to a vacancy concentration of
more than 1022 cm−3 [25]. The isochronous annealing of the implanted diamond with a final
temperature Ta = 1200 ◦C leads to an almost initial structure. At high irradiation fluences, a disordered
irradiated diamond layer undergoes an irreversible transition to graphite-like structures under
annealing. The processes of the graphitization of thin layers in diamond under ion irradiation are
of interest for the creation of conductors on the surface of diamond and various diamond–graphite
heterostructures [26–28].

Due to the dielectric properties of diamond, the analysis of the conductivity of modified layers is
a simple and effective method for assessing ion-induced structural changes. This is demonstrated by
the dependences of the conductivity σ = (Rs·t)−1 of the modified diamond layers on the irradiation and
annealing temperatures shown in Figure 5. The dotted lines in the figure show the range of conductivity
values typical for prepregs of synthetic graphites in the process of graphitization at Ta > 1000 ◦C.
It can be seen that the conductivity of the irradiated-at-30 ◦C diamond layer, comparable to that of
graphitized carbon materials, begins at Ta > 300 ◦C. The increasing character of the σ (Ta) dependences
suggests that an increase in Ta > 700 ◦C will lead to an even greater increase in the conductivity of the
irradiated layer. It should be noted that at Ta ≥ 1300 ◦C, the transformation of diamond into graphite
begins. More efficient graphitization occurs with “hot” irradiation (Figure 5) (see [11]). A sharp
increase in conductivity begins at a T of about 150 ◦C; then, after passing the maximum of about 300 ◦C,
a decrease in the conductivity is observed, which is small for irradiation with argon and significant for
irradiation with carbon ions.
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Figure 5. Dependences of the conductivity σ of the irradiated polycrystalline diamond layers on the
irradiation temperature T and annealing Ta.

A decrease in conductivity at 400–600 ◦C is associated with the formation of nanocrystalline
graphite, which has a lower conductivity [11,12]. It can be seen from the figure that a graphite-like
layer can also be obtained by irradiating diamond with carbon ions at a temperature corresponding to
the maximum conductivity of the modified layer. Thus, it can be assumed that irradiation with carbon
ions makes it possible to process the diamond either with the formation of a graphite layer or with
the growth of the diamond surface. Vacuum arc sources, which have successfully been used for both
coating deposition [5–9] and for implantation [29], can be suitable generators of carbon ions.

4. Conclusions

The graphitization and growth of diamond surfaces by the high-fluence (>1018 ion/cm2) irradiation
with 30 keV argon and carbon ions of CVD diamond and the (111) face of HPHT diamond were
experimentally studied.

To characterize the high-fluence ion irradiation, the depth distributions ν(x) of the numbers of
displacements per atom (dpa) were calculated using the SRIM code. Based on the calculated profiles
of ν(x), the thickness of the modified surface layer was estimated for Ar+ and C+ ion irradiation.
Unlike for irradiation for argon ions, for carbon ion irradiation, the thickness of the modified layer
increased due to the implanted carbon ions.

SEM and AFM showed the removal of traces of mechanical polishing under Ar+ and C+ ion
irradiation and the appearance of a stochastic microrelief. The roughnesses before and after the ion
irradiation of the diamond surface are close—the root-mean-square roughness at a base length of 1 µm
is about 20 nm.

Raman spectroscopy before and after the CVD diamond irradiation showed the graphitization
of the surface layer when irradiated with argon ions at the temperature of 230 ◦C and a diamond
structure for the synthesized layer when irradiated with carbon ions at the temperature of 650 ◦C.

The measurement of the conductivity of the modified layer on diamond is a simple and effective
method for determining the irradiation or annealing temperature to obtain a graphitized modified layer.
Graphite conductivity is obtained at a diamond irradiation temperature of about 300 ◦C. Annealing a
diamond irradiated at room temperature can also lead to a graphitized layer. The measurement of the
electrical conductivity of irradiated CVD diamonds showed that the graphitization of the surface layer
can also be obtained by irradiation with carbon ions.

Author Contributions: Conceptualization, S.N.G.; methodology, I.V.S.; validation, E.S.M.; investigation, A.M.B.,
V.A.K., M.A.O. and E.S.M.; writing—original draft preparation, A.M.B.; writing—review and editing, E.S.M. and
M.A.O.; project administration, S.N.G. All authors have read and agreed to the published version of the manuscript.
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Abbreviations

Symbol Description
AFM atomic force microscopy
CVD chemical vapor deposition
G graphitic carbon band
HPHT high-pressure, high-temperature
D disordered carbon band
ID/IG ratio of the intensities (height) of D and G bands
SEM scanning electron microscopy
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