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ABSTRACT

The effects of ion irradiation on the surface and the subsurface of synthetic diamonds were characterized by using optical microscopy,
atomic force microscopy, Raman spectroscopy, x-ray reflectivity, electron backscatter diffraction, and resistivity measurements. Irradiation
experiments with 14MeV Au6þ ions with fluences up to 2:4� 1015 ions/cm2 were carried out on synthetic single crystal diamonds, grown
either at high pressure or by chemical vapor deposition, and on polycrystalline samples with high boron concentrations. We show that the
ion irradiation-induced changes to the surface and subsurface of diamonds are rather complex and, especially in the first few nanometers,
more severe than generally considered. We establish a model describing the changes in density, defect concentration, topology, crystallinity,
and bonding from the surface down to the first few micrometers of the irradiated diamond.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060445

I. INTRODUCTION

Diamonds possess many outstanding properties, such as high
thermal conductivity, high resistivity, high breakdown electric field,
and relatively high carrier mobility. Diamond is the hardest natural
material and is chemically inert. As diamond has a wide bandgap
of 5.49 eV, it is optically transparent over a wide spectral range.1

These specific properties are exploited in numerous applications in
science and technology.2–4 The strong covalent bonding is the
origin of high atomic displacement energy which, in conjunction
with the low atomic number of carbon, results in diamond being a
radiation hard material.5 This makes diamond suitable as a sensor
in radiation detectors.6,7 For such applications, property changes
due to ion irradiation are of interest and numerous studies investi-
gated the radiation damage dot too much a function of ion species,

ion energy, and fluence.8–32 Those studies mainly focused on lower
ion energies compared to our experiments or on irradiation with
light ions. Here, we report irradiation experiments of diamond with
a special focus on analyzing ion beam-induced effects within the
first tens of nanometers just below the surface.

When energetic ions penetrate a solid, they are slowed down
while depositing energy along their trajectory until they finally
come to rest. The energy loss and interaction processes with the
target crucially depend on the ion velocity. At high velocities, the
ions predominantly interact with the target electrons, causing elec-
tronic excitations and ionization of the target atoms (electronic
stopping). A few hundred nanometers before the ions are stopped,
the energy loss is mainly due to elastic collisions with the target
atoms (nuclear stopping).33,34 Elastic collisions typically produce
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Frenkel defects, displaced atoms, and vacancies. The electronic and
nuclear energy loss, penetration depths, and defect densities can be
obtained with Stopping and Range of Ions in Matter (SRIM)
simulations.35

Ion irradiation of diamond leads to a breaking of sp3-bonds
and the formation of sp2-bonds, thus partially graphitizing the
lattice.36 If the defect density exceeds a critical threshold, Dc, an
irreversible damage of the irradiated material occurs.13,21

Irradiations yielding Dc ¼ 1–9� 1022 vacancies/cm3 or above will
result in an irreversibly graphitized lattice13,18,21 that cannot be
restored to diamond by thermal annealing. For irradiation with
doses below Dc, thermal annealing will lead to recrystallization of
diamond.13

SRIM calculations typically overestimate the vacancy concen-
tration since the model does not account for dynamic annealing,
i.e., the recombination of Frenkel pairs in the collision cascade.37

Computed Dc values thus suffer from systematic errors. Also,
damage saturation effects are generally not taken into account.10,21

The spatial distribution of vacancies obtained from the SRIM calcu-
lations can be used to estimate the damage given as displacements
per atom, dpa.38 The dpa gives the average number of displace-
ments experienced by each atom for a given fluence. It, therefore,
allows a comparison of damage produced independent of the mate-
rial and type of irradiation.38,39

The production of Frenkel pairs leads to swelling of the
crystal. Surface swelling of ion-irradiated diamond is a well-known
phenomenon and has been observed for different implantation
conditions, including, e.g., 17 MeV F ions (fluences up to
7:6� 1017 ions/cm2),8 Heþ ions (energies from 24 to 350 keV with
fluences up to 2:5� 1017 ions/cm2),28 B2

� ions (60 keV with fluen-
ces up to 3� 1017 ions/cm2),40 1.8 MeV He ions and 2 and 3MeV
H ions (fluences up to 5� 1017 ions/cm2),19 and Au and Br ions
(energies from 10 to 40MeV and fluences up to 5� 1014 ions/cm2).29

It was proposed by Fairchild et al.21 that when reaching Dc, the strain
in the diamond exceeds the tensile strength of diamond. They suggest
that this causes the lattice to transform into an amorphous phase. A
reduction of the density of diamond41 from 3.5(1) to 3.0(1) g/cm3 is
indicative of reaching Dc.

21 Further damage production decreases the
density further, until the density saturates at 2.2(1) g/cm3. Fairchild
et al.21 conclude that damage production in diamond depends on the
local density and tensile strain rather than only on the vacancy
concentration.

In the present work, we investigated irradiation-induced
changes of the surface and the subsurface region of diamonds.
Ion-irradiated diamonds were studied by optical microscopy,
atomic force microscopy (AFM), Raman spectroscopy, x-ray reflec-
tivity (XRR), and electron backscatter diffraction (EBSD). AFM

records the topology and roughness of sample surfaces.42 Raman
spectroscopy is based on the inelastic scattering of photons by
phonons and is a commonly employed technique to characterize
carbon materials.43 It provides information about bonding and can
be utilized to detect radiation-induced modifications of the lattice.
XRR is a non-destructive technique where the reflectivity of x-rays
close to the glancing angle is determined. The dependence of the
scattered x-rays as a function of the incident angle allows the char-
acterization of the subsurface structure of a material in terms of the
internal layering, layer thickness and density, as well as surface and
interfacial roughness.44 EBSD provides information about the
structure.45 Further measurements were carried out to determine
the electrical resistivity of the ion-irradiated samples.

II. METHODS

A. Samples

We irradiated synthetic single crystal and polycrystalline
diamond plates obtained from Element Six.46 The samples were
synthesized either by chemical vapor deposition (CVD) or by the
High Pressure High Temperature (HPHT) method.47 The sample
characteristics are listed in Table I. The single crystals are (100)
plates. All samples had a polished surface, except for sample EP
Poly, which has an as-grown surface. The nominal roughnesses
provided by the manufacturer are given in Table I. Sample EP Poly
is boron doped. It has a resistivity of 0.02(3)–0.18(3)Ω cm.46

Photographs of the four different samples are shown in Fig. 1.

B. Ion irradiation

The samples were irradiated with 14MeV Au6þ ions at the
3 MV tandetron accelerator at the Ion Implantation Laboratory at
the Federal University of Rio Grande do Sul, Porto Alegre, Brazil.
The selection of Au ions was motivated by the fact that due to the
high atomic number of Au, the energy deposited in the sample is
large (Fig. 2). The ion beam had a spot size of few millimeters and
was scanned over a 2� 2 cm2 area. During the irradiation, the
samples were placed behind a 2 mm thick steel mask with circular
apertures of 2 mm in diameter. This led to 2 mm diameter irradi-
ated spots on the samples surrounded by pristine material and
allowed us to directly compare the physical and optical properties
of the pristine and irradiated sample area. Samples of each type
were irradiated with fluences of 5:3� 1014, 1:8� 1015, and
2:4� 1015 ions/cm2 to generate different levels of lattice damage.
The irradiation was carried out under normal beam incidence and
at ambient temperature.

TABLE I. Properties of the diamond samples used for the experiments according to the manufacturer.

Sample name Synthesis method Dimensions (mm) B content (ppm) N content (ppm) Roughness (nm) Sample type

SC CVD CVD 3 × 3 × 0.3 <0.05 <1 <30 Single crystal IIa
SC Ib HPHT 3 × 3 × 0.3 <0.1 <200 <30 Single crystal Ib
TM 100 CVD 10 × 10 × 0.5 <0.0005 <0.05 <50 Polycrystalline
EP Poly CVD 5 × 5 × 0.45 1100–4500 <0.05 ≈50 000 Polycrystalline
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C. SRIM calculations

Calculations of the energy loss, ion range, and defect concen-
tration were performed with SRIM-2013.48,49 The electronic and
nuclear energy losses of 14MeV Au ions in a carbon target with a
density of 3.5 g/cm3 are given in Fig. 2. At the sample surface, the
electronic stopping is 6.1 keV/nm and the nuclear stopping is
1.6 keV/nm. The 14MeV Au ions are stopped at about 1.75 μm in
the diamond. The simulation was run in the “Quick Kinchin and

Pease mode” with a displacement energy of 37.5 eV.50 Figure 3(a)
gives the vacancy density as a function of sample depth for the three
different fluences we studied. As mentioned above these simulations
only give an estimate of the damage. The maximum values are
8:55� 1022, 2:9� 1023, and 3:87� 1023 vacancies/cm3 for the three
different fluences (5:3� 1014, 1:8� 1015, and 2:4� 1015 ions/cm2).
The displacements per atom are given in Fig. 3(b).

D. Optical microscopy

Optical microscopy was performed with a Keyence digital
microscope VHX-6000. The microscope allows observation in
transmitted and reflected light. Topographic information can be
obtained by the Depth from Defocus method, where images from
different focus levels are combined to form 3D images.

E. AFM measurements and swelling

Atomic force microscopy (AFM) allows the direct imaging of
samples surfaces. The spatial resolution in the vertical direction is
in the sub-nanometer range, while an in-plane resolution of several
tens of nanometers can be achieved.42

AFM measurements were carried out using the dynamic force
mode with a Nanosurf Easyscan 2 AFM. Using a piezoelectric actua-
tor, the AFM cantilever is vibrating perpendicular to the sample
surface near its resonance frequency. A change of the cantilevers oscil-
lation amplitude occurs when the tip interacts with the surface.51

A survey measurement was carried out with a scan size of
50� 50 μm2. From this scan, an area of 1� 1 μm2 was selected.
Roughness values were obtained from both measurements.
Measurements were carried out along 256 lines with scan times of
1 s per line. For the data analysis, the program Gwyddion52 was
used. The root mean square roughness, Rq, was determined, which
is given by

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
j¼1

r2j

vuut , (1)

where N is the number of data points along the evaluation length
and r the measured height deviations from the mean height.

F. Electrical resistivity measurements

Resistivity measurements were carried out by applying the
four-probe method53 and using a Keithley DMM7510 digital
multimeter. The irradiated areas of the single crystal samples Ib and
CVD and the polycrystalline sample TM 100 irradiated with low
fluence (5:3� 1014 ions=cm2) and high fluence (2:4� 1015 ions=cm2)
were measured. Additionally, a pristine sample of the boron-doped
polycrystalline diamond EP Poly was measured to benchmark the mea-
surement method.

G. Raman spectroscopy

Raman spectroscopy was carried out with a HORIBA Jobin
Yvon LabRAM HR800 VIS with an excitation wavelength of
λ ¼ 532 nm. Additional measurements were carried out with a
custom setup in Frankfurt as described in detail in Bayarjargal et al.54

FIG. 2. Electronic and nuclear stopping for Au ions in carbon (density of
3.5 g/cm3) as a function of ion energy, calculated with SRIM-2013.48

FIG. 1. Photographs of the single crystal samples (a) SC Ib and (b) SC CVD
and polycrystalline samples (c) TM 100 and (d) EP Poly. Images were taken in
the reflected light mode. The irregular color of sample SC Ib is indicative of an
inhomogeneous distribution of nitrogen in the sample.
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We used an OXXIUS S.A. Laser-Boxx LMX532 laser (λ ¼ 532 nm)
and a Princeton Instruments ACTON SpectraPro 2300i spectro-
graph equipped with a Pixis256E CCD camera.

H. Density functional theory calculations

First-principles calculations were carried out within the
framework of density functional theory (DFT),55 employing the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation function56

and the plane wave/pseudopotential approach implemented in the
CASTEP57 simulation package. “On the fly” norm-conserving or
ultrasoft pseudopotentials generated using the descriptors in the
CASTEP database were employed in conjunction with plane waves
up to a kinetic energy cutoff of 990 or 630 eV, for norm-conserving
and ultrasoft pseudopotentials, respectively. The accuracy of the
pseudopotentials is well established.58 A Monkhorst–Pack59 grid
was used for Brillouin-zone integrations with a distance of
, 0:023 Å�1 between grid points. Convergence criteria included an
energy change of , 5� 10�6 eV atom�1, a maximal force of
, 0:008 eV/Å, and a maximal component of the stress tensor
, 0:02 GPa. Phonon frequencies were obtained from density func-
tional perturbation theory (DFPT) calculations. Raman intensities
were computed using DFPT with the “2nþ 1” theorem approach.60

I. X-ray reflectivity

The refractive index of x-rays in solids is slightly less than
unity, hence x-rays undergo total reflection for incident angles
smaller than the critical angle for total reflection, θc. For angles
above θc, the interior structure of a sample is probed and the reflec-
tivity of the x-rays decreases rapidly.44 For layers deposited on a
substrate, interferences occur between the x-rays reflected from dif-
ferent layers and the interfaces between them. The reflectivity pro-
files then show oscillations, referred to as “Kiessig fringes.” It was
shown by Kiessig61 that the reflection and transmission of x-rays
can be described by the Fresnel equation and that their reflection
can be treated exactly like the reflection of visible light in the kine-
matic approximation. The critical angle for θc for total reflection is

given by44

θc ¼
ffiffiffiffiffiffiffiffiffiffiffi
2δ(λ)

p
, (2)

with the wavelength dependent dispersion δ(λ),

δ(λ) ¼ reλ2

2π
ρ

P
k [f

0
k (λ)þ f

0
k(λ)]P

kMk
, (3)

FIG. 3. Depth profiles of (a) the defect density (vacancies) and (b) displacements per atoms obtained by SRIM-201348 for 14 MeV Au ions impinging on diamond for the
fluences accumulated in our experiments. The horizontal shaded band in (a) shows the critical density of defects, Dc , at which an irreversible graphitization occurs.

21

FIG. 4. Optical microscopy images of the single crystal samples after irradia-
tion. Images were taken for SC Ib (a) and (c) and SC CVD (b) and (d) in the
reflected light mode. As the steel mask was shifted once during irradiation, there
are three distinct areas, which were irradiated with fluences of 5:3� 1014,
1:8� 1015, and 2:4� 1015 ions/cm2 and are labeled with I, II, and III,
respectively.
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with re being electron radius (2:818� 10�15 m), λ being x-ray
wavelength, ρ being density, Mk being atomic mass, f 0k being non-
resonant term of the atomic scattering factor, and f

0
k being disper-

sion correction.
Equation (3) shows that δ and, therefore, θc depends on the

x-ray wavelength, the density, and the composition of the material.
For specular reflection, the incident angle θi and exit angle θ f are
equal. Then, the momentum transfer ~q ¼ ~k f � ~ki is along the
surface normal (z direction). Depending on the x-ray wavelength λ,
the momentum transfer is

qz ¼ 4π
λ
sin θi: (4)

X-ray reflectivity (XRR) measurements were performed at the
PETRA III/DESY beamline P08 using a photon energy of 10 keV.
The critical angle for total reflection [Eq. (2)] for diamond at

10 keV is 0:22�. The beam had a size of 2:5� 30 μm2 (h� v)
resulting in a footprint on the sample of 0:7� 0:03mm2. The
reflected intensity was measured as a function of the
grazing-incidence angle for the pristine and irradiated part of each
sample. XRR data were obtained for the single crystal diamond
samples irradiated with 5:3� 1014 and 2:4� 1015 ions/cm2. The
XRR data were analyzed using the software REFLEX62 employing
the matrix formalism44 and a Nelder–Mead (NM) simplex optimi-
zation algorithm.63 The free parameters used for the fit were elec-
tron densities, surface and interfacial roughnesses, and layer
thicknesses.

J. Electron backscatter diffraction

Electron backscatter diffraction is usually carried out using a
scanning electron microscope (SEM) equipped with an EBSD
camera. The samples are tilted toward the diffraction camera.

FIG. 5. Optical microscopy images of the polycrystalline samples after irradiation. Images were taken for sample TM 100 (a) and (c) and sample EP Poly (b) and (d) in
the reflected light mode. Magnified areas in (c) and (d) are indicated in (a) and (b).
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Electrons backscattered from the sample may exit near the Bragg
angle-forming Kikuchi bands. Those bands correspond to the
lattice planes of the crystal structure and can be indexed accord-
ingly. Thus, the crystal symmetry and orientation of the material
can be determined.64 Electron backscatter diffraction was carried
out on a Carl Zeiss GeminiSEM 450 field emission electron
microscope equipped with the Oxford Instruments CMOS EBSD
Camera Symmetry (Oxford Instruments GmbH, Wiesbaden).
Measurements were performed using an acceleration voltage of
10 kV and a beam current of 500 pA at a working distance of
14 mm. The sample was tilted by 70� with respect to the electron
beam. Electron backscatter patterns were collected with an exposure
time of 29 ms and a frame averaging of 10. Data acquisition and
indexing were performed with AZtec 5.0.65

III. RESULTS

A. Optical microscopy

Optical microscopy images of the single crystal samples are
shown in Fig. 4. The images were taken in the reflected light mode
and show that the formerly transparent single crystal samples dark-
ened in the irradiated areas. The images in Figs. 4(c) and 4(d) show
clearly the demarcation between the irradiated areas and the
remaining pristine diamond. During the irradiation, the samples
were once slightly shifted with respect to the steel mask. The effect
of this shift is clearly observable.

The polycrystalline samples also show surface alterations
(Fig. 5), which are most obvious for sample TM 100 [Fig. 5(c)]. For
sample EP Poly [Fig. 5(d)], the damage is difficult to visualize by
optical microscopy.

Reconstructions of the topography of the samples from focus
stacking are shown for samples SC Ib and SC CVD in Fig. 6.
The irradiated parts of the samples clearly show swelling, but as the
AFM measurements discussed below provide a more accurate
determination of the step height, no attempt was made to deter-
mine the step height quantitatively here.

B. AFM measurements

1. Swelling

We assessed the swelling of the irradiated volume with AFM by
measuring the step height of the rims of the irradiated areas (Fig. 7).

FIG. 6. 3D topography reconstructed from optical microscopy focus stacking of
samples SC Ib (a) and SC CVD (b). The irradiated parts of the samples show a
significant height difference compared to the pristine areas. The vertical scale is
transferred from AFM measurements.

FIG. 7. AFM scan over the rim between pristine and low fluence irradiated
(5:3� 1014 ions/cm2) area in a single crystal diamond (SC CVD). The location
of the scanned area is indicated in the optical micrograph of the sample (right
top).

FIG. 8. Step height of swelling measured by AFM (a) and calculated density (b)
as a function of fluence. The value for the critical density for amorphization and
the density saturation by Fairchild et al.21 are indicated in (b). The error bars are
within the data points for (a).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 105303 (2021); doi: 10.1063/5.0060445 130, 105303-6

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


The samples show an increasing swelling with increasing fluence.
The step height and corresponding density for the single crystal
samples and the polycrystalline sample TM 100 are given in Fig. 8.
The surface of the polycrystalline sample EP Poly could not be char-
acterized with AFM due to its roughness. The density was computed
by assuming a uniform expansion in the cylindrical irradiated
volume, where the lateral dimension of the latter corresponds to the
diameter of the mask, while the height of the cylinder is given by the
range of the Au ions in diamond derived from the SRIM calcula-
tions. Within the experimental error, the swelling of the three tested
samples is the same and independent from the type of sample
(HPHT synthesized single crystal, CVD-grown single crystal, or
polycrystalline).

2. Roughness

AFM was further carried out to measure the roughness and
surface texture for the pristine and irradiated parts of the single
crystal samples. AFM scans of a pristine and irradiated single
crystal diamond of type CVD diamond are shown in Fig. 9.

The AFM scans of the irradiated parts gave no indication of
surface contamination during the irradiation process, i.e., we did
not observe any hillocks or other unexpected features. The surface
roughness of all samples is summarized in Table II. Within
the experimental error, the pristine samples have the same surface
roughness of 4–5 nm. The results obtained from the scans over the

very small areas of 1� 1 μm2 are not representative as very smooth
areas had been chosen from the survey scans for these measure-
ments. The values obtained from the scans over the 50� 50 μm2

provide more robust data.

C. Electrical resistivity measurements

In order to perform four-terminal sensing, copper electrodes
were attached to the samples (Fig. 10). Conductive silver paint was
used to connect the electrodes to the irradiated areas [Fig. 10(a)].
For the pristine single crystal diamonds and polycrystalline

FIG. 9. AFM measurements of the pristine (a) and irradiated (b) single crystal diamond sample (SC CVD) (fluence of 2:4� 1015 ions/cm2). Scan of 50� 50 μm2 (upper
scans) and scan of 1� 1 μm2 (lower scans).

TABLE II. Surface roughness for the pristine samples and the samples irradiated
with low fluence (5.3 × 1014 ions/cm2) and high fluence (2.4 × 1015 ions/cm2) deter-
mined for different areas (50 × 50 μm2 and 1 × 1 μm2) measured by AFM. The man-
ufacturer’s specification for the roughness is <30 nm.

Roughness σ (nm)

Sample Area (μm2) Pristine Low fluence High fluence

SC Ib 50 × 50 5(1) 15(5) 9(5)
SC Ib 1 × 1 0.5(5) 0.9(4) 0.7(3)
SC CVD 50 × 50 4(2) 12(5) 7(5)
SC CVD 1 × 1 0.5(5) 0.4(4) 0.7(3)
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diamonds TM 100, the electrical resistivity could not be deter-
mined because of the high resistivity of diamond of 1020 Ω cm.41

The electrical resistivity of the boron-doped pristine EP Poly
was found to be in excellent agreement with the specifications of
the manufacturer Element Six [0.02(3)–0.18(3)Ω cm]. The values
obtained for the irradiated parts of the samples are given in
Table III.

Vance et al.66 measured the electrical resistivity of
neutron-irradiated diamonds as a function of the relative density
reduction Δρ=ρ0 due to irradiation. Their results are given, together
with our data and the specifications of Element Six, for sample EP
Poly in Fig. 11. Δρ=ρ0 is the density decrease obtained from swel-
ling (see Sec. III B 1).

D. Raman spectroscopy

1. Pristine samples

Raman spectroscopy was carried out on the pristine parts of
the diamond samples, and the corresponding spectra are shown in
Fig. 12. The narrow first-order diamond band at 1334(2) cm�1

with F2g-symmetry is observed for all pristine samples. For the
HPHT single crystal SC Ib, it is the only mode observed in the
spectral range investigated here. In the spectrum of the
CVD-grown single crystal SC CVD, there is a very weak broad
maximum at 1432 cm�1, which is probably due to hydrogen

containing defects in the lattice or on the surface. In the polcrystal-
line samples TM100 and EP Poly, the “G-band,” centered at
around 1538 cm�1 with a Full Width Half Maximum (FWHM) of
81 cm�1 can be attributed to graphitic assemblages at grain bound-
aries.43 This is also the origin of the broad (FWHM of 83 cm�1),
Gaussian-shaped “D-band,” centered at 1337 cm�1, on which the
narrow diamond line is superposed in the polycrystalline TM 100
sample. Raman spectra of the pristine polycrystalline sample EP
Poly is typical for that of a boron-doped diamond.67 At low ener-
gies, a very high background is characteristic, which decreases with
increasing energy and contains several weak broad maxima, e.g., at
around 500 cm�1, labeled B1 in Fig. 12. The additional maxima in

FIG. 10. Images of the single crystal sample Ib (low fluence sample) (a) and pristine sample EP Poly (b) with the electrodes attached for resistivity measurements.

TABLE III. Electrical resistivities obtained for the samples irradiated with low
fluence (5.3 × 1014 ions/cm2) and high fluence (2.4 × 1015 ions/cm2).

Resistivity (Ω cm)

Sample Low fluence High fluence

SC Ib 57(7) 0.6(2)
SC CVD 8(3) 0.5(2)
TM 100 3(1) × 105 0.5(2)

FIG. 11. Resistivity of irradiated diamonds as a function of relative density
decrease due to irradiation. Data from Vance et al.66 for neutron-irradiated dia-
monds (grey circles) are shown together with data for ion-irradiated diamonds of
type SC Ib, SC CVD, and TM 100 (this work). The measured resistivity of the
pristine sample EP Poly is given together with specifications of the manufacturer
Element Six (gray square). The resistivity decreases exponentially with the rela-
tive density change (straight line). The error bars are within the data points.
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the boron-doped samples are due to local disturbances in the trans-
lational symmetry by the defects, which cause the selection rules to
be relaxed. In such cases, Raman scattering can occur for phonons,
which would be inaccessible in an ordered ideal lattice and is most
likely to occur at those frequencies where the phonon density of
states (pDOS) has maxima.67

2. Irradiated samples

Spectra obtained from the irradiated diamond sample SC Ib
are shown for the different fluences as colored lines in Fig. 13.

The spectra are rather similar, i.e., they do not depend signifi-
cantly on the fluence applied. No difference for the various samples
is observed. The three broad maxima are centered at �380, �1250,
and �1630 cm�1 (marked as I, II, and III in Fig. 13). Weaker spec-
tral features, such as those observed in the pristine samples due to
boron doping, are not readily observable anymore.

It has been discussed that irradiation-induced defects lead to a
relaxation of the selection rules (e.g., Khomich et al.68), and then,
the pDOS can partially be probed by Raman spectroscopy.
Figure 14 shows a superposition of a theoretical pDOS obtained for
diamond and a Raman spectrum obtained from an irradiated
sample.

In order to achieve a more quantitative description of the
change in the spectra due to irradiation, the two broad maxima in
the region of 1000–1700 cm�1 were decomposed into Gaussians,
on the assumption that the underlying spectral features have a fre-
quency distribution due to a distribution of local atomic arrange-
ments. Typical fits are shown in Fig. 15, and the peak positions of
the Gaussian curves fitted to the maxima II and III for all samples
as a function of fluence are shown in Fig. 16. For all samples, the
band positions shift slightly for the different fluences. The band at
�1540 cm�1 shows significant shifts to higher wavenumbers for all

FIG. 12. Raman spectra of pristine single crystal diamond samples SC Ib and
SC CVD, polycrystalline diamond samples TM 100, and boron-doped polycrys-
talline samples EP Poly. The dashed lines represent two Gaussians fitted to the
data to determine the position and FWHM of the D- and G-bands.

FIG. 13. Stacked Raman spectra of pristine (black line) and irradiated (colored
lines) single crystal diamonds SC Ib.

FIG. 14. Comparison of the phonon density of states (pDOS) of diamond com-
puted by DFPT with the experimentally determined Raman spectrum of high
fluence (2:4� 1015 ions/cm2) irradiated diamond SC Ib. The broad maxima in
the Raman spectra, which coincide with maxima in the pDOS may be due to a
relaxation of selection rules due to damage to the lattice.

FIG. 15. Raman spectra of pristine (black line) and single crystal sample SC
CVD irradiated with 5:3� 1014 ions/cm2 (low fluence). The broad maxima II
and III were fitted with three and two Gaussian contributions, respectively.
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the samples. The background subtracted spectra of the pristine
sample SC CVD (black line) are also shown as a reference in
Fig. 15. The diamond line of the pristine sample has a FWHM of
6(1) cm�1.

E. X-ray reflectivity

1. Pristine samples

The wave vector dependencies of the experimentally deter-
mined XRR intensities of the pristine diamonds show the expected
monotonous decrease of the reflectivity for angles above the critical
angle for total reflection θc (Fig. 17). In the graph, the absolute
reflectivity for sample SC Ib is plotted as a function of the momen-
tum transfer vector, where qz ¼ 4π sin θ=λ, with λ ¼ 0:12 nm. The
results of a model fit (see Section II I) are superposed on the mea-
sured data in Fig. 17, and the parameters for the roughness and
electron density for the single crystal samples are listed in Table IV.

The model describes the observed decrease of the intensity over
five orders of magnitude very well. For all pristine samples, the fits
yield the expected electron density of diamond [�1:1(1) e�/Å3],
which corresponds to a mass density of 3.5(2) g/cm3.

2. Irradiated samples

The XRR data obtained from irradiated areas exhibit well-
defined Kiessig fringes61 (Fig. 18). The experimental data can, in all
cases, be satisfactorily described by assuming the formation of
either two (low fluence) or three (high fluence) layers on top of
diamond. The thicknesses of the layers, their electron density and
roughness were obtained from a numerical fit (see Section II I) and
are listed in Table V.

The XRR data from diamonds irradiated with the lower
fluence of 5:3� 1014 ions/cm2 can be described by a model consist-
ing of an Ångstrom thick surface layer, followed by a 4–5 nm thick
modified layer on top of the diamond (Fig. 19). Based on the
numerical fit, the surface layer has an electron density of
0.16(5) e�/Å3. The layer underneath (Layer 1) has an electron
density of 0.82(5) e�/Å3. Fitting the XRR data of both samples
independently, we obtain a very similar parameter set (layer thick-
ness, roughness, and electron density) for the low-density layers
(Table V). This implies that the surface modification due to ion
irradiation is independent of whether a single crystal diamond has
been grown at HPHT or by CVD.

The scattered intensity from samples irradiated with a higher
fluence (2:4� 1015 ions/cm2) needs to be described with three layers
on top of diamond (Fig. 20) in order to achieve a satisfactory match
of the experimental data. Again the uppermost surface is modeled by
a very thin layer with an electron density of 0.16(5)e�/Å3. The two
layers underneath show decreasing electron densities toward the
surface, with �1:0(1) e�/Å3 (Layer 1) and �0:6(2) e�/Å3 (Layer 2).

The models for the low fluence samples with one layer and a
surface layer were fitted with eight parameters. The models with
two layers and a surface layer on top of the diamond were fitted
with 11 parameters. The numerical fit is robust in the sense that
any model with one parameter less yields a substantially poorer
description of the experimental data. The numerical errors are
given in Table V. The set of parameters obtained by fitting the
XRR data of the two high fluence samples differ more than the set
of parameters for the low fluence samples but clearly show that the
structural changes induced by high fluence irradiation are qualita-
tively different from those at low fluences (Table V).

F. Electron backscatter diffraction

EBSD measurements were carried out on the pristine and irra-
diated areas of the sample SC Ib (Fig. 21). The patterns were

FIG. 16. Peak positions of the Gaussian curves fitted to the maxima II and III
of Raman spectra obtained for the irradiated diamond samples as a function of
fluence. The error bars are within the data points.

FIG. 17. Intensity as a function of momentum transfer vector qz for the experi-
mental and calculated data of the pristine diamond sample SC Ib. The parame-
ters obtained by fitting are reported in Table IV.

TABLE IV. Summary of XRR parameters for the pristine single crystal diamond
samples obtained from fitting.

Sample Roughness σ (nm) Electron density ρe (e
−/Å3)

SC Ib 1.1(2) 1.03(5)
SC CVD 1.1(2) 1.08(5)
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successfully indexed based on the crystal structure of diamond [space
group: Fd3m (Int. Table 227), lattice parameter a ¼ 3:54 Å] using 11
Kikuchi bands, a Hough-space resolution of 95 and 41 reflectors.
The mean angular deviation (MAD) between the detected bands and
the theoretical model for the pristine, the low irradiated and the high
irradiated region were found to be 0:17� (a), 0:23� (b), and 0:36� (c),
respectively (Fig. 21). The sharp and well-defined bands for the pris-
tine sample are indicative of the high quality of the sample. With
increasing irradiation, the Kikuchi patterns become increasingly
blurred. The information depth of backscattered diffracted electrons
is a few tens of nanometers.69 Hence, these measurements show a
degradation of the crystallinity at and directly below the surface.

IV. DISCUSSION

The transformation from transparent single crystal samples to
dark samples due to irradiation is the first evidence for the
expected formation of sp2-bonded carbon. According to the SRIM
calculations, the graphitization threshold Dc between 1 and
9� 1022 vacancies/cm3 was reached or surpassed for all fluences.
We observed swelling for the irradiated areas. The step height of
the swollen areas was measured with AFM. The densities estimated

from the swelling for the different fluences are close to or slightly
less than the value for the critical density for amorphization pro-
posed by Fairchild et al.21 [3.0(1) g/cm3]. This is consistent with
the density of defects obtained from SRIM calculations. For the
samples exposed to the highest fluence, the density saturation value
proposed by Fairchild et al.21 [2.2(1) g/cm3] (Fig. 8) is probably
reached, but due to lack of data at higher fluences, it remains open
if the density really became independent of the fluence. The
density obtained by combining our swelling data with the ion
range from SRIM calculations is consistent with findings in earlier
studies. For example, Bosia et al.22 conclude that in their implanta-
tion experiments (500 keV He), a vacancy density of 4� 1022 cm�3

is associated with a mass density of about 2.2 g/cm3. This is similar
to our results, where a vacancy densities of 1–2� 1023 cm�3

yields a mass density of 2.2–2.0 g/cm3. However, these are values
averaged over the whole irradiated volume with a thickness of
1.75 μm.

Electrical resistivity was measured for the irradiated
samples and correlated with the density calculated from swelling.
The electrical resistivity decreases with decreasing density. Vance
et al.66 show a strong correlation between the electrical resistivity of
neutron-irradiated diamonds and the relative density reduction of

FIG. 18. Intensity as a function of momentum transfer vector qz for the experimental and calculated data of the diamond samples Ib and CVD irradiated with
5:3� 1014 ions/cm2 (low fluence samples) (a) and (c) and 2:4� 1015 ions/cm2 (high fluence samples) (b) and (d). The parameters obtained from fitting are reported in
Table V.
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the samples. They observed a decrease in resistivity over several
orders of magnitude with decreasing density. For a density reduced
by 45%, they observed an average resistivity of 0.3Ω cm. The values
for our ion-irradiated samples agree well with the data of
Vanceet al..66 Figure 11 shows that the resistivity decreases expo-
nentially with the relative density change. These results support the
densities calculated from the swelling.

As expected, the Raman spectra of the irradiated samples
differ significantly from the spectra observed for the pristine
samples. The spectra observed here are generally quite similar to
those measured after irradiation of diamond with mega-electron
volt alpha particles,15 He ions (3.5 MeV),14 (24–350 keV),24

130MeV Xe and 112MeV Kr ions,26 9 MeV B ions,31 and fast
neutrons.26,68

Three broad maxima were observed, and the two maxima in
the region of 1000–1700 cm�1 were decomposed into Gaussians.
A decomposition of the broad maximum at �1600 cm�1

(maximum III in Fig. 15) into two components yields one compo-
nent with an energy of �1540 cm�1. This is typical for Raman

scattering of sp3-bonded amorphous carbon (e.g., Prawer et al.14).
The second component is centered around 1620 cm�1. In a Raman
spectroscopic study by Orwa et al.,15 a prominent peak with,
depending on the damage, a Raman shift between 1636 and
1616 cm�1 is observed. This peak is ascribed to the presence of
C=C double bonds. The intensity of this peak is expected to be
essentially independent of damage once a threshold of about 1022

vacancies/cm3 has been exceeded. For high damages, a FWHM of
55 cm�1 is reported,15 in agreement with our finding.

The decomposition of the broad maximum at � 1250 cm�1

(maximum II in Fig. 15) into three components yields one compo-
nent with an energy of 1280–1290 cm�1 and a FWHM of 90 cm�1.
This is the expected position and width of the first-order diamond
line in irradiation-damaged diamond.15 Orwa et al. showed that
there is a near-linear increase of the FWHM of the first-order
diamond line with the redshift of the peak position due to irradiation
damage, and for the Raman band at 1296 cm�1, they obtained a
FWHM of �90 cm�1, i.e., very close to the values we obtained here.
They associated the shift from 1333 to 1296 cm�1 with the formation

TABLE V. XRR parameters obtained from fitting for single crystal samples SC Ib and SC CVD irradiated with 5.3 × 1014 ions/cm2 (low fluence) and 2.4 × 1015 ions/cm2 (high
fluence).

Sample Layer Roughness σ (nm) Layer thickness t (nm) Electron density ρe [e
−/Å3]

SC Ib (Low fluence) Surface 0 0.1(2) 0.16(5)
Layer 1 1.8(1) 4.2(2) 0.82(5)
Diamond 0.7(1) 1.03(5)

SC CVD (Low fluence) Surface 0 0.3(2) 0.14(5)
Layer 1 1.9(1) 4.8(2) 0.82(5)
Diamond 0.8(1) 1.08(5)

SC Ib (High fluence) Surface 0.4(1) 3.9(2) 0.16(5)
Layer 2 1.5(1) 13.3(2) 0.41(5)
Layer 1 1.7(1) 7.8(2) 1.03(5)
Diamond 1.6(1) 1.08(5)

SC CVD (High fluence) Surface 0.8(1) 1.2(2) 0.16(5)
Layer 2 3.0(1) 7.5(2) 0.73(5)
Layer 1 0.6(1) 1.5(2) 0.97(5)
Diamond 1.2(1) 1.20(5)

FIG. 19. Schematic of the layers fitted for sample SC Ib and SC CVD (low fluence) together with the obtained parameters. With σ ¼ Roughness, t ¼ Layer thickness,
ρe ¼ Electron density.
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of �1:1� 1023 vacancies per cm3, which is close to the damage we
introduced into our diamonds (Fig. 3). We, therefore, conclude that
this component is the redshifted and broadened first-order diamond
line. The second component is centered at �1200 cm�1. From
theory and experiment, Prawer et al.14 concluded that this spectral
feature is due to sp3-bonded “amorphous diamond,” i.e., severly
damaged diamond with significant short range ordering. This is
illustrated in Fig. 14, where a superposition of a Raman spectrum of
an irradiation-damaged diamond, and a theoretical phonon density
of states is shown. It has been discussed that defects induced by irra-
diation lead to the relaxation of selection rules (e.g., Khomich
et al.68). We observe some correspondence between maxima in the
DFT calculated pDOS and the experimentally determined Raman
spectrum. The same argument holds for the third component at
�1120 cm�1, which also coincides with a further distinct maximum
in the pDOS. The origin of the often observed maximum at
�350 cm�1 cannot be directly associated with a maximum in the
phonon density of states. However, based on a simple oscillator

model, the appearance of Raman scattering in the irradiated sample
above the highest frequency mode of diamond implies the formation
of stronger bonds such as CvC double bonds.

Raman spectroscopy, however, also probes a comparatively
large sample volume, and the Raman signal is a superposition of
scattering contributions from a typical depth of the order of micro-
meters into the sample. In the present case, the incident laser light
has to transverse a nearly opaque layer and any scattered photons
also have to pass through this layer before reaching the detector.
This is the most likely explanation for the absence of a sharp
Raman diamond line due to unperturbed diamond present below
the irradiated volume.

According to our XRR analysis, the irradiation with 14MeV
Au6þ ions, leads to the formation of subsurface layers of
reduced density. For the samples irradiated with the low fluence
(5:3� 1014 ions/cm2), the subsurface layer has a thickness of
4–5 nm, which increases to about 10–20 nm at a fluence of
2:4� 1015 ions/cm2 and can only be modeled by adding an

FIG. 20. Schematic of the layers fitted for sample SC Ib and SC CVD (high fluence) together with the obtained parameters. With σ ¼ Roughness, t ¼ Layer thickness,
ρe ¼ Electron density.

FIG. 21. Electron backscatter patterns collected with the EBSD camera for a single crystal diamond sample SC Ib. (a) Pristine diamond, (b) diamond irradiated with a low
fluence (1:8� 1015 ions/cm2), and (c) diamond irradiated with a high fluence (2:4� 1015 ions/cm2).
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additional low-density layer. The fits to the XRR data conclusively
show that, irrespective of the details, the thickness of the subsurface
region which is severely damaged strongly depends on the fluence.

Markwitz et al.70 investigated the changes of alternating
deposited Al - Au multilayers upon MeV Heþ ion irradiation with
XRR. The authors observed a significant decrease in density in the
near-surface region, an increase in surface roughness, and the
appearance of an ultra thin layer at the surface, with significantly
reduced density compared to the underlying layers. This layer
increases in thickness after irradiation. Markwitz et al.70 conclude
this ultra thin layer to be due to the influence of light element
impurities, mainly hydrogen and oxygen on the near-surface
region. Stachura et al.71 investigated deposited titanium oxide
nanolayers irradiated with low-energy highly charged Xe ions with
XRR. The authors found that the density and thickness of the top
layer slightly changes only for the sample irradiated with highly
charged Xe ions. The density of the layer decreased, while the
thickness increased. They suggest amorphization of the top layer.
However, the layers described by Markwitz et al.70 and Stachura
et al.71 were deposited on substrates before irradiation, unlike the
modified layers in our experiments. We also observed an ultra thin
layer at the surface with a significant reduced density. The thickness
of the layer increases with increasing fluence.

The results from XRR clearly show layered, highly damaged
surfaces for the ion-irradiated diamonds. The densities of the surfa-
ces are significantly reduced, which indicates an amorphization of
the first 5–20 nm of the samples. The densities of the layers imply
that the produced damage has its maximum close to the surface
and decreases with sample depth until a significantly less damaged
material with the density of diamond is observed.

The surface roughness was measured by AFM. For both single
crystal samples, the irradiation caused a noticeable surface rough-
ening. It seems that higher fluences lead to slightly less surface
roughening, but there are too few data points to conclude this reli-
ably. Comparing the roughness from AFM (50� 50 μm2) and XRR
measurements (0:7� 0:03 mm2), we find similar values in the
order of 1–5 nm. For the irradiated samples, the AFM data show a
roughness increase by a factor of �2–3. The results from AFM
support the XRR data, which imply that the irradiated surface and
the immediate subsurface are strongly modified. A direct compari-
son with the AFM data is not possible, as the XRR data are fitted
with a complex layer model, which cannot be easily interpreted in
terms of the surface topology.

The finding from the analysis of the XRR data is further sup-
ported by the observation of a significant decrease in the quality of
electron backscatter patterns on irradiation. Winkelmann69 con-
cluded that for EBSD studies of silicon with a primary beam
energy of 20 kV the measured diffraction pattern reflects the atomic
arrangement of the first few tens of nanometers. With EBSD, we
were not able to distinguish whether the damage is homogenous in
the volume illuminated by the electron beam or whether we have a
layered structure with more damage closer to the surface and less
damage deeper in the sample.

We have to reconcile the observation that swelling and
decreased resistivity implies the presence of material with an average
density of 2:0–2:9 g/cm3, depending on the irradiation fluence. The
only model fitting all of these observations is that there is a highly

damaged buried layer with strongly reduced density due to ion stop-
ping at �1:75 μm depth. Above this layer, the structural damage
must decrease continuously (and the density correspondingly
increase) toward the surface so that a few tens of nanometers below
the surface there is only slightly damaged diamond with a density
close to that of pristine diamond, and the ability to cause construc-
tive interference in diffracted electrons but with enough defects to
substantially shift and broaden the first-order diamond Raman line.
The top 5–20 nm are then highly damaged.

V. SUMMARY

The densities (deduced from our swelling data) are all below
the critical density for amorphization given by Fairchild et al.21

For the highest applied fluence (2:4� 1015 ions/cm2), the damage
saturation value suggested by Fairchild et al.21 was probably
reached. Electrical resistivity was measured for the irradiated
samples. An exponential decrease in electrical resistivity with
decreasing density is observed, and the results support the densities
calculated from the swelling. With Raman spectroscopy, we clearly
observe the well-defined significant shift and the broadening of the
diamond line and the spectroscopic signatures of amorphous sp3

carbon and structural modifications, such as the formation of
CvC double bonds due to irradiation.

XRR provides clear evidence of highly damaged surfaces and
the formation of subsurface layers of reduced density upon irradia-
tion. The layers increase in number and thickness with increasing
fluence. The significantly reduced density indicates the amorphiza-
tion of the samples surface. The observed densities imply that the
damage has its maximum close to the surface and decreases with
sample depth. These findings are supported by the observation of a
significant decrease of the quality of electron backscatter patterns
on irradiation. An increased surface roughness due to irradiation
was further measured by AFM.

In summary, by a combination of complementary characteri-
zation techniques, we have shown that the ion-irradiation induced
changes to the surface and subsurface of diamonds are rather
complex. By studying differently doped single crystal and polycrys-
talline samples, we showed that these changes are independent of
the doping and microstructure of the samples. Specifically, the radi-
ation damage in the first few nanometers is much more severe than
at greater depths and so far not predicted by model calculations.
We expect that the damage close to the surface has a strong influ-
ence on any surface process such as etching. Based on our existing
data set, it is not clear if continued irradiation will lead to an exten-
sion of the highly damaged top layer. Further experiments are
needed to clarify how the structure and density of the first few tens
of nanometers evolve under more extensive ion irradiations.
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