
lable at ScienceDirect

Carbon 157 (2020) 97e105
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
Orders of magnitude reduction in the thermal conductivity of
polycrystalline diamond through carbon, nitrogen, and oxygen ion
implantation

Ethan A. Scott a, Khalid Hattar b, Jeffrey L. Braun a, Christina M. Rost a, John T. Gaskins a,
Tingyu Bai c, Yekan Wang c, Claire Ganski c, Mark Goorsky c, Patrick E. Hopkins a, d, e, *

a Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville, VA, 22904, USA
b Sandia National Laboratories, Albuquerque, NM, 87185, USA
c Materials Science and Engineering, University of California Los Angeles, Los Angeles, CA, 90095, USA
d Department of Material Science and Engineering, University of Virginia, Charlottesville, VA, 22904, USA
e Department of Physics, University of Virginia, Charlottesville, VA, 22904, USA
a r t i c l e i n f o

Article history:
Received 8 July 2019
Received in revised form
20 September 2019
Accepted 25 September 2019
Available online 28 September 2019
* Corresponding author. Department of Mechanica
University of Virginia, Charlottesville, VA, 22904, USA

E-mail address: phopkins@virginia.edu (P.E. Hopk

https://doi.org/10.1016/j.carbon.2019.09.076
0008-6223/© 2019 Published by Elsevier Ltd.
a b s t r a c t

Despite the exceptional thermal and mechanical functionalities of diamond, its superlative properties are
highly subject to the presence of point defects, dislocations, and interfaces. In this study, polycrystalline
diamond is ion implanted with C3þ, N3þ, and O3þ ions at an energy of 16.5MeV, producing an amorphous
layer at the projected range and a damaged crystalline region between the surface and amorphous layer.
Using time-domain thermoreflectance in combination with thermal penetration depth calculations
based upon the multilayer heat diffusion equation, it is determined that reductions in the thermal
conductivity can span nearly two orders of magnitude while still maintaining a polycrystalline structure
within the regions thermally probed. Dynamical diffraction simulations of high-resolution x-ray
diffraction measurements demonstrate the formation of a strained layer localized at the end of range,
with much lower levels of strain near the surface. Furthermore, within the polycrystalline region above
the amorphous layer, the average number of displacements-per-atom from the ion irradiation is found to
be <1%, with mass impurity concentrations much less than 1%. These low defect concentrations within
the thermally probed region demonstrate the remarkably large impact that dilute levels of defects from
the ion implantation can have on the thermal conductivity of diamond.

© 2019 Published by Elsevier Ltd.
1. Introduction

Diamond has long been used in industrial applications due to its
superlative elastic modulus, hardness, and heat dissipation prop-
erties. As power density requirements in modern electronics
continue to grow, researchers have become increasingly interested
in diamond for heat sink applications for high power amplification
and radio-frequency electronic applications, for example, AlGaN
and GaN-on-diamond devices [1,2]. Since their introduction in
2007 [3], GaN-on-diamond composite wafers have demonstrated
superior thermal dissipation capabilities over silicon and SiC
counterparts [4,5], enabling enhanced efficiency and significant
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reduction in device size. The property most critical for these per-
formance increases is high substrate thermal conductivity, which,
for single crystal diamond, is in excess of 2000Wm�1 K�1 at room
temperature [6,7]. The thermal conductivity, however, is highly
sensitive to purity [8e10], which may be dependent on
manufacturing and device integration processes that yield defects
in the material, serving as phonon scattering sites.

In this study, we investigate phonon scattering induced via ion
implantation, as it provides for a controlled means of altering
thermal conductivity through disorder [11]. We implant poly-
crystalline substrates with ions of C3þ, N3þ, and O3þ at a beam
energy of 16.5MeV and fluences ranging from 4� 1014 to
4� 1016 cm�2. Beyond industrial application, the insight gained
through ion implantation studies provides an opportunity to
explore new avenues in defect physics. For example, this ability to
control the mass of the implant ion at a given energy and fluence
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serves as a mechanism to perturb the mass defect scattering term
in well established phonon scattering models [12e14], allowing us
to build-upon the current understanding of phonon defect
interactions.

While there have been numerous investigations of ion implan-
tation effects in diamond, a limited number have reported associ-
ated measured thermal conductivities, with most focusing on
electron or neutron irradiation [15e17]. However, in the case of
neutron irradiation, thermal conductivities as low as 71Wm�1 K�1

are reported for samples implanted at a dose of 4.5� 1018 cm�2

[15]. A number of studies have investigated the role of point defects
in diamond in the form of isotopic impurities, such as 13C content in
12C diamond crystals [10,18e21]. Among these studies, the thermal
conductivity can be reduced by hundreds of Wm�1 K�1 for isotopic
impurity concentrations less than 1%, demonstrating the strong
influence of impurity scattering on the thermal conductivity of the
lattice. In this study, at the highest dose, we ultimately find the
implanted mass impurity concentration to be much lower than 1%
within the regions measured, but in combination with other forms
of residual lattice defects generated during the implantation pro-
cedure, these defects are capable of reducing the thermal conduc-
tivity by two orders of magnitude.

In short, ion implantation is a bombardment procedure inwhich
ionized atoms are accelerated into a targetmaterial. In industry, it is
a fundamental process used in the manufacture of transistors and
integrated circuits, traditionally utilized to implant semiconductors
with acceptor or donor dopants [22,23]. However, ion implantation
is also capable of producing material modification in the form of
surface modification or amorphous layer formation [24,25]. A
simple schematic of the process is represented in Fig. 1. Prior to
implantation, the target, in this case diamond, maintains the peri-
odicity of its lattice as a polycrystalline material. Upon bombard-
ment of the lattice, ions of C3þ, N3þ, or O3þ are accelerated into the
lattice at an energy of 16.5MeV. At some point during the implant,
the accelerated ions will come into contact with an atom at rest,
and transfer a portion of the kinetic energy, creating what is known
as a primary knock-on atom, whichwill in turn collidewith another
atom at rest [26]. Throughout the implantation, this process will
happen repeatedly, yielding recoil cascades within the lattice,
potentially generating high degrees of damage. When the
Fig. 1. Visualization of ion implantation. Prior to bombardment of the accelerated ions (a),
lattice (b), the kinetic energy of the accelerated ions is transferred to the carbon atoms at rest
until collision with other atoms at rest. This process repeats to create recoil cascades. Followi
region, and above this layer, leave behind both point and extended defects.
accelerated ions no longer have sufficient energy to move a lattice
atom from its equilibrium position, it comes to rest at its projected
range. With doses and energies high enough, an amorphous layer
will be produced at the end of range [27e29] with residual damage
remaining above this layer in the form of point defects including
vacancies, interstitials, substitutional impurities, as well as
extended defects such as vacancy clusters. In this manuscript, we
quantify the role of this residual damage in the layer above the end
of range on the thermal conductivity of ion irradiated diamond.
2. Experimental

2.1. Sample fabrication and SRIM

Polycrystalline diamond substrates (with grain sizes extending
up to 65e75% of the sample thickness) were purchased from
Element Six and laser diced into quarters, yielding dimensions of
5mm � 5mm in area and 0.3mm in thickness. Polycrystalline
substrates were selected due to their prevalence in high-power
heat-sink applications [2,30]. Samples were then implanted,
normal to the surface, at Sandia National Laboratories with either
C3þ, N3þ, or O3þions at a beam energy of 16.5MeV using a 6MV
Tandem Van de Graaf accelerator. Fluences of 4� 1014, 4� 1015, and
4� 1016 cm�2 were used for each ion, yielding a total of nine
implanted samples. To ensure spatial uniformity of the implant, the
beam was rastered across the sample surface during the
implantation.

To estimate the longitudinal projected range of implantation
depth, simulations were performed with Stopping and Range of
Ions in Matter (SRIM) software. SRIM is a widely accepted Monte
Carlo simulation software capable of modeling a number of features
related to ion implantation including implant depths and concen-
trations on scales that would be prohibitively large for other
modeling techniques such as molecular dynamics, for example
[31,32]. We utilize detailed calculations with full damage cascades
to predict damage profiles following implantation at a beam energy
of 16.5MeV for each ion. In each case, we specify the beam energy
as 16.5MeV and diamond substrate density as 3.515 g/cm3 [33]. We
utilize an average displacement energy of 37.5 eV [34,35], a lattice
binding energy of 7.5 eV [36e38], and a surface binding energy of
the substrate maintains a diamond cubic crystal structure. Upon impingement of the
, which become primary knock-on atoms, and are then launched further into the lattice
ng implantation (c), the ions come to rest at the projected range, creating an amorphous



Fig. 3. (a) - (c) cropped STEM images for diamond samples implanted with ion of C3þ,
N3þ, and O3þ, respectively, at a fluence of 4� 1016 cm�2. The depth from the sample
surface to the center of the amorphous region is tabulated in Table 1. (d) Higher res-
olution STEM of the N3þ sample at the region of highest damage; amorphicity is
demonstrated from the lack of diffraction via SAD measurements. The presence of
diffraction confirms crystallinity immediately outside of the region of highest damage.
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3.69 eV [39,40]. The output of the ion distribution and damage
event calculations are combined in Fig. 2. The vacancy output of the
damage event calculations are used to calculate the displacements
per atom (dpa), assuming an atomic density of 1.77� 1023 atoms
cm�3 [41], and a fluence of 4� 1016 cm�3.

2.2. Structural characterization

To experimentally determine the range of damage in the
implanted samples, an FEI Titan is used to perform scanning
transmission electron microscopy (STEM). Fig. 3(a)-(c) display the
results of the STEM measurements for each ion after exposure to a
fluence of 4� 1016 cm�2. In both the SRIM simulations and STEM
measurements, we find C3þ, the ionwith the lowest atomicmass, to
have the highest longitudinal projected range and depth of peak
damage along with the lowest dpa. Conversely, O3þ, the ion with
the highest atomic mass, produces the highest dpa but has the
lowest longitudinal projected range and depth of peak damage. In
general, the experimentally determined depth of peak damage for
each ion is also found to be larger than those estimated through
SRIM. We note that while SRIM is a widely used simulation tool
within the ion implantation community, the quantitative results
provide for a first order approximation of the actual projected range
[42e44]. For instance, the crystal structure is not taken into account
as a SRIM parameter, nor potential changes in composition of the
target as a consequence of the implantation process. However, to
obtain the most accurate results, we utilize detailed calculations
with full damage cascades, and adjust the surface binding energy,
lattice binding energy, and displacement energy of the diamond
target to reflect those provided in the literature. To provide a
comparison of the ranges found via experiment and simulation, we
tabulate the results in Table 1.

To assess the structure of the diamond, we employ selected area
diffraction (SAD). As shown in Fig. 3(d), non-diffracting regions
approximately 5e9 mm beneath the sample surface are evident,
suggesting the presence of an amorphous layer. Outside of this
layer, diffraction is observed, demonstrating crystallinity of the
material. We designate the center of the amorphous region as the
longitudinal projected range of the ion, which corresponds to the
point of highest damage shown in Fig. 2.
Fig. 2. SRIM calculations of ion concentrations (solid lines) as well as dpa as a function
of depth for C3þ, N3þ, and O3þ (dashed and/or dotted textured lines). For each case,
detailed calculations with full damage cascades were performed. The dpa is calculated
from SRIM vacancy outputs assuming using a dose of 4� 1016 cm�2, an energy of
16.5MeV, and atomic density of 1.77� 1023 atoms cm�3 [41].
For insight on strain within the material, we employ high res-
olution x-ray diffraction (HRXRD). Triple axis measurements were
performed with a Jordan Valley (Bruker) D1 diffractometer, utiliz-
ing Cu K a1 radiation. For all samples, 2 q : u summary scans reveal
the presence of (111) and, at lower intensity, (311) reflections. Triple
axis scans of the (111) peak demonstrate the presence of strain
within the irradiated materials, as shown in Fig. 4(a) for all samples
implanted at 4� 1016 cm�2. The peak to the lower angle of the (111)
peak is indicative of strain within the material, caused by lattice
damage as a result of the ion irradiation [23,45,46]. In samples
implanted at a lower dose (4� 1014, 4� 1015 cm�2), the strain was
found to be lower than the detection limit, which is expected, as the
level of damage between doses varies by an order of magnitude. For
comparison, Fig. 4(a) displays diamond implanted with C3þ at a
dose of 4� 1015 cm�2, and does not display a strain shoulder to the
lower angle of the (111) peak.

While the triple axis scans demonstrate the presence of strain
within the samples, we also employ Bruker RADS simulation soft-
ware [47] to gain quantitative insight into sample strain as a
function of depth. In short, RADS software is a dynamical x-ray
diffraction modeling software allowing for calculation of a number
of parameters, including strain within thin films and crystalline
materials. We utilize RADS to model the (111) peak of the
4� 1016 cm�2 implanted samples; carbon implanted at
4� 1016 cm�2 is displayed as an example in Fig. 4(b and c), which
demonstrates the formation of a strained layer. A similar result was
obtained for the nitrogen implanted sample, however, the strain
layer intensity was insufficient to adequately model the oxygen
implanted sample (see supplementary data). Due to diamond’s low
scattering factor, simulations were insensitive to the thickness of
the diamond prior to the end of range, and therefore the precise



Table 1
Comparison of ion and peak dpa ranges as calculated with SRIMmodeling software against experimentally observed values. The averagemeasured range displays the distance
measurement from STEM of the sample surface to the center of the amorphous region. The peak dpa values are calculated from SRIM and display the distance from the sample
surface to the point of highest calculated dpa. In a similar manner, the longitudinal projected range values from SRIM display the calculated distance from the sample surface to
the point of highest implanted ion concentration.

Ion Average measured range (mm) Peak dpa (mm) Longitudinal projected range (mm)

C3þ 8.9 7.65 7.74
N3þ 7.3 6.21 6.21
O3þ 5.8 5.36 5.44

Fig. 4. (a) u : 2q HRXRD measurements of the (111) peak of the samples implanted at
the highest dose (4� 1016 cm�2). For comparison, diamond implanted with C3þ at
4� 1015 cm�2 is shown, displaying an absence of the satellite peak. (b) u : 2q mea-
surement of the 4� 1016 cm�2 C3þ sample (black squares), which is modeled with
RADS software (solid green line). The corresponding RADS simulation of the strain as a
function of dose is shown in (c), which is plotted along with the SRIM results of the
dpa, demonstrating similarity between the strain and dpa profile. The depth of the
amorphous region, as measured by STEM, is displayed by the dashed black line. (A
colour version of this figure can be viewed online.)
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location of peak strain could not be determined from dynamical
modeling. However, the profile of the strain is found to correspond
with the dpa profile found through SRIM modeling: prior to the
longitudinal projected range, the strain is maximized, in shallower
regions, the strain is below the detection limit. Furthermore, for
samples implanted at doses below 4� 1016 cm�2 strain levels are
also beneath the detectable limit.
2.3. Thermal conductivity measurements

Following implantation, all samples were cleaned with an
alcohol sonication (5min sonication in isopropanol, acetone, and
methanol, respectively) as well as a 30min O2 plasma clean to
remove surface contaminants. O2 plasma cleaning has been found
particularly effective at removing carbon contamination attributed
to vacuum pump operation in implantation procedures [48e50],
and is additionally capable of etching an uncontaminated surface.
However, we note that in this study, thermal conductivity mea-
surements are representative of a region extending several microns
beyond the surface, and can be decoupled from the thermal
boundary conductance at the diamond surface, as discussed in the
following section. Following cleaning, samples were coated with an
80 nm aluminum layer via electron beam evaporation to prepare
them for thermal property measurements via time-domain ther-
moreflectance (TDTR). In summary, TDTR is a laser-based pump-
probe technique that produces an oscillatory heating event at the
surface of a sample, which in turn yields a corresponding change in
the reflectivity, measured with a photodetector. An ultrafast
Ti:Sapphire pulsed laser is used as the heat source, which enables
fine temporal resolution of the thermal decay. We utilize a repeti-
tion rate of 80MHz, a central wavelength of 800 nm, and spot sizes
of 18 and 7.3 mm in diameter, respectively, for the pump and probe
beams. The thermal properties of the samples were measured by
fitting the ratio of the in-phase to out-of-phase lock-in signal to a
thermal model which has been thoroughly detailed in the literature
[51e54]. In this model, we consider the sample to consist of two
layers: the 80 nm aluminum transducer followed by the ion
implanted diamond, which we treat as a semi-infinite medium.
Each layer of the sample is assigned three parameters: volumetric
heat capacity (Cv), thermal conductivity (k), and thickness (d). Be-
tween layers, the thermal boundary conductance, (h), produces an
additional unknown [55].
3. Results and discussion

3.1. Thermal conductivity

The results of the TDTRmeasurements of the implanted samples
are contrasted with an unirradiated sample in Fig. 5(a). For the
unirradiated diamond, the thermal conductivity is measured to be
1996 ± 213Wm�1 K�1, which is in range of other reported CVD
grown polycrystalline diamond thermal conductivities [56e58].
Following implantation, there is a significant decrease in thermal
conductivity; at the lowest dose of 4� 1014 cm�2, the thermal
conductivity is reduced by an approximate factor of 3, ranging from
718 to 599Wm�1 K�1, depending on the species of implanted ion.
As the dose is increased, there is a corresponding reduction in
thermal conductivity, which is reduced to as low as 23.7Wm�1 K�1

in the case of diamond implanted with O3þ at a dose of
4� 1016 cm�2. Furthermore, the thermal conductivity is found to
scale with the mass of the implanted ion; C3þ implanted samples
retain the highest overall thermal conductivity, whereas O3þ

implanted samples display the largest reduction in thermal
conductivity.

As previously mentioned, while numerous studies have inves-
tigated the results of ion implantation in diamond, few have also



Fig. 5. Thermal conductivity of the implanted diamond samples as a function of im-
plantation dose. The data displayed in (a) were measured using a modulation fre-
quency of 8.8MHz, where the data in (b) display the thermal conductivity of the
4� 1016 cm�2 implanted samples measured over a modulation frequency range
spanning 1.49e9.4MHz. The error bars of the measurements account for measurement
repeatability as well as uncertainty in the aluminum transducer thickness.
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reported the corresponding reduction in thermal conductivity. In a
study investigating the correlation of optical absorption to thermal
conductivity in diamond [15], the thermal conductivity is reported
for samples irradiated with neutrons, which reduced the thermal
conductivity of the diamond from over 2100Wm�1 K�1e71
Wm�1 K�1 at the highest dose of 4.5� 1018Wm�1 K�1. For C3þ,
N3þ, and O3þ, we observe larger reductions in the thermal con-
ductivity. Such a result is expected as implant ions of larger mass
are known to yield larger reductions in thermal conductivity [46].

As the damage produced through implantation spatially varies
with depth, the depths thermally probed with TDTR are insightful
when analyzing the results. The modulation frequency of the pump
is of particular importance, and has been noted in other works
focused upon the thermal conductivity of irradiated materials
[46,55], as it directly influences the penetration depth of the
measurement. While the measurements in Fig. 5(a) were taken at
8.8MHz, the effects of modulation frequency are investigated by
measuring the thermal conductivity of the samples implanted at
the highest dose for a number of frequencies spanning
1.49e9.4MHz. However, as the measured thermal conductivities
are within error for each ion species, we observe no dependence
upon the modulation frequency.

Although there is no observed change in thermal conductivity
within the range of applied modulation frequencies, as shown in
Fig. 5(b), it remains an important feature of the analysis to under-
stand the depth probed by the measurement. To a first approxi-
mation, the thermal penetration depth, d, which represents the 1/e
temperature decay used in the analysis of TDTR data, can be
approximated as
d¼
ffiffiffiffiffiffiffiffiffiffiffi
k

pCvf
;

r
(1)

where k is the thermal conductivity of the material of interest, Cv is
volumetric heat capacity, and f is the modulation frequency of the
pump [59]. While this calculation can provide a reasonable
approximation of the thermal penetration depth, we utilize a more
accurate approach to calculate d, discussed in detail by Braun et al.
[60,61], which accounts for effects of the transducer, pump and
probe spot size, and the interface between the transducer and
substrate.

To visualize the depths thermally probed with TDTR, we calcu-
late representative temperature distributions for the C3þ implanted
samples, shown in Fig. 6(a)e(c). For each calculation, we apply the
same parameters used in the thermal response model for TDTR
analysis: an 8.8MHz modulated pump beam impinging upon an
80 nm aluminum transducer with a thermal conductivity of
98Wm�1 K�1, and volumetric heat capacity of 2.43MJm�3 K�1,
followed by a defected diamond substrate with a volumetric heat
capacity of 1.78MJm�3 K�1 [62e65] and measured thermal con-
ductivity of 718, 229, or 44.8Wm�1 K�1, depending on the sample.
In general, it can be seen in all cases that the vast majority of the
associated temperature rise is dispersed within the aluminum
transducer. As the thermal conductivity is decreased, there is
greater diffusion of heat into the substrate, and therefore, slightly
larger depths are represented in the measurement. For reference,
the 1/e thermal penetration depth calculated via Equation (1) is
represented in Fig. 6(a)e(c) by the vertical dotted line. We find this
calculated thermal penetration depth to be 3.82, 2.16, and 0.95 mm
for the 4� 1014, 4� 1015, and 4� 1016 cm�2 implanted samples,
respectively. In contrast, the 1/e penetration depth for the same
samples is calculated with the exact solution as 0.09, 0.65, and
0.70 mm. As mentioned previously, the disparity between the two
calculations arises from the fact that Equation (1) does not take into
consideration the size of the pump or probe, nor the transducer
layer and the corresponding thermal boundary conductance across
the transducer/substrate interface (i.e., Al/diamond). In reality,
there is a high degree of radial heat dissipation in the aluminum
transducer, which reduces the thermal penetration depth that
would be expected from Equation (1) [61].

In addition to the two dimensional temperature profile of the
carbon implanted samples, we calculate the cross-plane tempera-
ture profile for all samples at the radial center of the pump. This
profile is shown as a normalized temperature rise in Fig. 6(d)e(e)
and non-normalized in Fig. 6(g)e(i) (assuming a pump power of
30mW) to provide reference for the magnitude of the temperature
rise induced by TDTR. The range is plotted on a log scale to more
easily observe trends along the depth of the sample. In all cases,
there is a temperature drop at the interface of the transducer and
diamond substrate followed by a temperature decay spanning
approximately 10 mm.The degree of the temperature drop between
the transducer and substrate is generally attributed to the thermal
boundary conductance of the interface but is also affected by the
thermal conductivity of the substrate. This is demonstrated here, as
a thermal boundary conductance of 150MWm�2 K�1 is applied to
all samples, yet a difference in temperature drop at the interface is
observed depending on the thermal conductivity. The thermal
boundary conductance, G, can be expressed as G ¼ Q=DT , where Q
is the applied heat flux and DT is the temperature change across the
interface. As G is constant for each case, differences in DT can be
attributed to changes in Q due to greater radial heat spreading
within the aluminum transducer [60]. The total depth at which a
temperature rise is induced by the pump pulse is proportionally
related to the thermal conductivity such that samples implanted at



Fig. 6. (a) - (c) display the normalized two dimensional temperature distribution of the C3þ implanted diamond at 4� 1014e4� 1016 cm�2. The depth of the amorphous region is
represented by the dashed line, and for reference, the 1/e thermal penetration depth, as calculated by Equation (1), is displayed by the dotted line. (d)e(f) display the normalized
temperature profile in the cross-plane direction, at the center of the pump radius for all samples and doses, which is also non-normalized in (g)e(i) for a pump power of 30mW. All
figures are of the temperature profile induced 100 ps following the impingement of the pump pulse.
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the lowest dose are probed furthest by the applied temperature
rise. However, even in the case of O3þ implanted diamond, which
produced an amorphous region 5.8 mm from the surface, only 4% of
the temperature rise produced at the sample surface is capable of
penetrating to the amorphous band, and therefore the measure-
ment has negligible sensitivity to the region.
Fig. 7. (a) 1/e thermal penetration depths calculated for each ion as a function of dose.
(b) Percentages of the dpa profile thermally probed by TDTR, which is calculated by
taking the ratio of the total integrated area of the dpa profile to the profile integrated
from the surface to the 1/e thermal penetration depth.
3.2. Sampled defect concentration

The generally accepted thermal penetration depth, or the depth
at which the induced temperature rise falls to 1/e of that of the
surface, is plotted as a function of dose for all samples in Fig. 7(a). In
this case, it is found that the 1/e depth generally increases with
dose, but is less than 1 mm, in all cases. STEM demonstrates that
amorphous regions are produced 5.8e8.9 mm beneath the surface.
Furthermore, SRIM calculations demonstrate very small ion con-
centrations and displacements within 1 mm of the surface. To esti-
mate the degree of general damage probed by the measurement
relative to the total amount of damage within the implanted
samples, we integrate the dpa profiles of SRIM from the surface of
the sample to the 1/e thermal penetration depth, then divide this
value by the integration of the entire dpa profile. Fig. 7(b) displays
the results of the calculation, which demonstrates that even in the
case of high dose implants (4� 1016 cm�2), only 1% of the total dpa
is probed by the TDTR measurement. Furthermore, we note that
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this calculation would provide for a slight overestimation of the
actual percentage of sampled dpa profile, as STEM measurements
demonstrate that the peak of the damage profile is shifted slightly
further into the sample than is calculated in SRIM. We apply this
same integration procedure for the ion concentrations probed by
the measurement, however, for all ion species, the implant con-
centrations at depths less than 1 mmare reported as zero in SRIM, as
they are much less than the concentrations found at the projected
range, which suggests that the sampled volumetric ion concen-
trations are correspondingly much less than 1%.

In addition to the implanted ion concentration and dpa profile,
localized strain has also been demonstrated as subject to changes in
ion dose [23,66e69]. This is also demonstrated in the present study,
as satellite peak formation is not observed in HRXRD measure-
ments for doses lower than 4� 1016 cm�2 (Fig. 4(a)). However, as
determined from dynamical diffraction simulations of the mea-
surements, the induced strain within the implanted samples is
found to be similar in profile to the dpa, and is beneath the
detectable limit in the region thermally probed. In a prior study
investigating phonon scattering within single crystal silicon wafers
self implanted with various isotopes of silicon at 3.75MeV [46],
localized strain was found to provide a key source of phonon
scattering. However, the strain per defect was found to decrease
with increased ion fluence, corresponding with the formation of
extended defects, and is also probable in the current study, as
extended defect formation, including the formation of vacancy
clusters, has been previously demonstrated in diamond targets
subjected to electron or ion irradiation[70e72].

An additional form of extended defect prevalent in irradiated
crystals implanted with heavy ions of sufficiently high energy is the
formation of ion tracks, or voids, within the lattice left in the path of
incident ions or recoiling knock-on atoms. In a recent work by
Abdullaev et al. [27], bright field cross sectional TEM imaging was
used to demonstrate the clear formation of latent ion tracks left
behind in sapphire crystals implanted with Xe ions at 167MeV
before culminating in an amorphous band at the end of range.
While the formation of amorphous layers is also demonstrated in
the present study, diamond is known for its resistance to the for-
mation of latent tracks [73,74], and there is limited evidence of their
formation in either experimental or computational studies [75].
Even for heavy ion implantation including Auþand Agþ at ion en-
ergies up to 130MeV, latent track formation is not observed [76]. As
the samples in the present study are implanted with lighter ions
and at a lower energy, there is no expected contribution to the
thermal conductivity reduction from latent ion tracks.

4. Conclusions

In summary, we report on the measured thermal conductivity
reduction of diamond samples irradiated with C3þ, N3þ, and O3þ

ions with a beam energy of 16.5MeV, and fluences ranging from
4� 1014 to 4� 1016 cm�2. The irradiation produced amorphous
regions within the samples at depths ranging from 5.8 to 8.9 mm.
Through time-domain thermoreflectance, reductions in thermal
conductivity were found to trend with the mass of the implant ion,
and span two orders of magnitude, decreasing the thermal con-
ductivity from nearly 2000Wm�1 K�1 to approximately
20Wm�1 K�1 at the highest dose. HRXRD analysis in combination
with dynamical diffraction simulations reveal the formation of a
strained layer in the samples implanted at a dose of 4� 1016 cm�2,
which is similar in profile to the dpa calculated through SRIM
simulations, and is maximized prior to the amorphous region.
Thermal penetration depth calculations demonstrate that TDTR
measurements thermally probe the regions above this amorphous
band where the samples maintain a polycrystalline structure and
the sample strain is below detectable limits of HRXRD techniques.
Furthermore, within these regions, mass impurity concentrations
are found to be much less than 1%. In spite of these low concen-
trations, however, the degree of high frequency phonon defect
scattering is found to be sufficient to yield orders of magnitude
reductions in the measured thermal conductivity, demonstrating
the remarkably large impact of dilute levels of defects induced
through ion beam modification.
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