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Near-surface nanoscale thermal conductivity (k) variation of ion-irradiated single-crystalline ZnO was studied by
time-domain thermoreflectance. ZnO was irradiated by 710 MeV Bi swift heavy ions (SHI) in the 10'°-10'% jon/
cm? fluence range to investigate the progression of radiation damage both from single ion impacts and ion path
overlapping regimes. Structural characterization using X-ray diffraction, Raman spectroscopy, and transmission
electron microscopy indicated the absence of amorphization. The degradation in k was attributed primarily due to

phonon scattering on point defects. The results of measured k were used to validate several models including the
semi-analytical Klemens-Callaway model, and a novel hybrid modeling approach based on the Monte-Carlo code
TREKIS coupled with molecular dynamics simulations which captures the effects of single ion and ion path over-
lapping regimes, respectively. The findings promote a novel approach to developing radiation-controlled ther-

mally functional materials.

1. Introduction

Heat transport is one of the primary phenomena present in almost all
energy systems, and significant efforts have been devoted to pushing the
lower [1] and upper [2] limits of materials’ thermal conductivity (k) and
to control the interface thermal boundary conductance (G) between a set
of dissimilar materials [3]. Traditionally, control of thermal transport at
the nanoscale is achieved via nano-structuring such as creating multi-
layers and superlattices [4,5] that are usually aimed at suppressing G by
through interfacial diffusive scattering of phonons or enhance it by
ballistic transport of phonons. On the other hand, ion implantation and
SHI irradiation have been shown to be versatile and efficient methods of
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generating defects to control material properties, including k [6-8].
Recent studies have shown that ion-induced defects can both suppress
and enhance k, owing to recrystallization in single crystalline [9] and
amorphous structures [10].

Irradiation with swift heavy ions (SHIs) has recently attracted sig-
nificant attention as a promising technique for materials nano-
engineering [11-13]. SHIs are ions with a mass ranging from 6 to 239
atomic mass units and energies in the hundreds of MeV. During the
ion-matter interaction, SHIs excite the electronic subsystem along the
ion path, and the subsequent relaxation of electronic excitations results
in the formation of nanoscale structures [12]. For certain materials, they
can be in the form of cylindrical ion tracks with a typical diameter of
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several nanometer or near-surface defects such as nano-hillocks [14,15].
However, it is still not clear to what extent thermal transport can be
controlled in SHI-irradiated structures and how exactly heat conduc-
tivity is affected by the radiation-induced near-surface structural
variations.

In our recent works using laser-based thermoreflectance methods,
we were able to spatially resolve and isolate the thermal conductivities
of nanometer and micrometer thickness sub-surface damaged layers of
various SHI irradiated insulators [16]. It was found that SHIs can induce
disorder in the form of point defects, color centers, and ion tracks.
Interestingly, in some materials, they can also lead to subsurface
amorphization [16-18]. Moreover, our studies suggested that the crystal
structure, ionic bonding strength, and crystal complexity have a strong
correlation with the heat conducting behavior of irradiated insulating
solids. For example, materials with a larger degree of ionicity and less
complex crystal structures are more resistant to track formation, making
them more efficient in recrystallization, which therefore leads to re-
covery of their k to their pristine values at certain ion penetration
depths. In addition, we demonstrated that ion-induced nanoscale tracks
can lead to anisotropy in thermal transport [19], which opens an avenue
for SHI based defect engineering of thermally functional materials.

Fig. 1 shows the degradation in k for various SHI-irradiated insu-
lating single metal oxide and alkali halide crystals, among which ZnO
exhibits the highest radiation resistance. Studies have shown that ZnO can
retain its crystallinity even at extreme radiation doses [20]. The main
defects caused by ion irradiation are vacancies and interstitials [21].
ZnO is highly resistant to the formation of ion tracks and therefore ex-
hibits a very high threshold electronic stopping power for the creation of
visible tracks. This is due to the rapid recrystallization of the melt after
SHI-induced thermal spike [22], which is related to the intrinsically high
k of ZnO. Several prior studies suggest that highly heat-conductive
materials are unlikely to form latent tracks due to efficient heat dissi-
pation and recrystallization [23,24]. The inelastic thermal spike model
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Fig. 1. Thermal conductivity, k, vs ion fluence for materials irradiated with
various SHIs: LiF (Bi 710 MeV, [18]), Al,03 (Xe 167 MeV, [17]), Y3Al501, (Xe
167 MeV, [16]), MgO (Xe 167 MeV, [16]), ZnO (Xe 167 MeV, [16]) and (Bi 710
MeV, [this work]).
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has proven successful in predicting track diameters in some dielectrics
and semiconductors [25]. In this model, k is one of the critical ther-
mophysical properties determining the material response to irradiation.
There is thus a fundamental interest in the evolution of k upon SHI
irradiation. Depending on the ion fluence, two different regimes may be
distinguished: single ion (non-overlapping) and ion path overlapping re-
gimes. Both have significant importance in studying the mechanisms of
track formation and amorphization of materials [13,25], and it is
therefore important to study how thermal transport is affected in these
two regimes.

Wide bandgap semiconducting ZnO is also considered as a material
for thermoelectric applications due to its relatively low cost, excellent
electrical conductivity, and stability at high temperatures [26], and thus
the suppression of k is highly desirable. Several approaches have been
proposed to enhance the thermoelectric power factor by decreasing the
lattice heat transport via nanostructuring [27,28] or by imposing strain
to the lattice [29]. Given these considerations, SHI irradiation might also
be utilized as an alternative approach to control both thermal and
electrical transport properties.

In our prior studies, we used a semi-analytical phonon-mediated
Klemens-Callaway kinetic theory to model k in irradiated structures.
However, this model is based on fitting specific parameters to experi-
mental data and cannot accurately represents the realistic impact of SHI
damage on k. In this study, we present a hybrid modeling approach
based on the Monte-Carlo code TREKIS (Time-Resolved Electron Ki-
netics in SHI Irradiated Solids) coupled with molecular dynamics (MD)
simulations to model the impact of SHI irradiation on nano-scale heat
propagation in zinc oxide. The simulated structure is used to directly
calculate k in the subsurface ion-damaged region. The obtained nu-
merical results are then validated by X-ray diffraction (XRD), Raman
spectroscopy, and transmission electron microscopy (TEM). We believe
that this research has a far-reaching potential in the further development
of advanced laser metrology combined with multi-scale modeling for the
assessment of structural defects. It also lays the foundation for further
research into radiation-tuned thermally functional materials.

2. Materials and methods
2.1. Materials

High-purity [0001] oriented single crystalline ZnO samples with a
wurtzite structure were acquired from MTI Corporation. The investi-
gated samples were (5 x 5 x 0.5) mm?® parallelepipeds polished on the
side exposed to SHI irradiation. Irradiation was performed at 60 °C with
710 MeV Bi ions to fluences in the range of 10'° - 10 ion/cm?, using
the U-400 FLNR JINR cyclotron facility in Dubna, Russia. The irradia-
tion fluences were selected to cover both single (isolated) impacts and
overlapping areas of radiation damage. Ion fluence homogeneity better
than 95 % on the irradiated surface was achieved using beam scanning
in the horizontal and vertical directions. The ion beam was aligned
parallel to the [0001] direction (perpendicular to (0001) planes (c-
planes)). For clarity, throughout the manuscript, we refer to the prop-
erties parallel to the c-planes of ZnO as “in-plane” and those perpen-
dicular to these planes as “out-of-plane”.

Fig. 2a shows the sample geometry for thermal transport measure-
ments (see Section 2.3) and calculated energy loss profile in the irradi-
ated samples. Both the ionization energy loss (Se) and vacancy profiles
along the ion projection range were simulated using the Stopping and
Range of Ions in Matter (SRIM 2013) code in full cascade mode [30]. The
results are shown in Fig. 2b. The density of ZnO was taken as 5.68 g/cm?>,
and the displacement energy for both Zn and O was taken as 50 eV. The
heat penetration depth was around 1 um, while the damage peak was at
24 um, therefore the probed thermal region was characterized by the
maximum ionization losses.



A. Abdullaey et al.

Materials Research Bulletin 175 (2024) 112786

SHI ions c[0001]
Pump Probe
(a) (0001) surface , (b) S_ (keV/nm)
— 15 W & W
Transducer layer =S = = = S S
fee eat pene onde TDTR heaé;netrationdeptl

 Peak damage Bi 710 MeV

(wr) ppdoq

Fig. 2. (a) Schematic view of the SHI irradiated ZnO structure with deposited Al heat transducing layer for thermal measurement (see Section 2.3 below). The
direction of the cross-plane thermal conductivity (k..) and SHI irradiation are along the [0001] direction. The black dashed line denotes peak damage imparted by Bi
ions. (b) Ionization energy loss (solid line) and vacancy production profile (dotted lines) in ZnO as a function of projected depth for 710 MeV Bi irradiation. The
bottom axis (Niot) shows the corresponding total estimated number of radiation-induced vacancies.

2.2. Structural characterization

For the characterization of SHI-driven structural evolution, the XRD
technique was employed using a D8 ADVANCE ECO (Bruker, Germany)
powder diffractometer. The single crystal diffraction patterns were
recorded in the Bragg-Brentano geometry in the angular range of
20=35-75°. Prior to taking X-ray diffractograms, specimens were posi-
tioned for azimuthal alignment of the c-planes. Defect characterization
was performed using a Nanofinder SP Raman microscope (Sol In-
struments, Belarus) with 1800 grooves/mm grating and 532 nm single
longitudinal mode excitation laser (Torus, Laser Quantum, USA) in
backscattering geometry. The incident laser beam was focused onto the
sample surface in a spot with a diameter of ~ 2 pm using a 40x micro-
scope objective. The laser power incident on the samples was kept below
10 mW to prevent local heating while maintaining a high signal-to-noise
ratio for the measured spectral peaks. The surface roughness of pristine
and irradiated samples was characterized by atomic force microscopy
(AFM).

Transmission electron microscopy (TEM) analyses were conducted at
the center for HRTEM at Nelson Mandela University (South Africa). The
samples were imaged in a JEOL ARM-200F TEM operating at 200 kV. All
TEM specimens were prepared by FIB using an FEI Helios NanoLab 650.
Cross-sectional lamellae were extracted from the bulk irradiated mate-
rial using the standard FIB lift-out technique. Final polishing of the
lamellae was performed at 2 keV Ga beam energy to minimize FIB-
induced specimen damage.

2.3. Thermal transport measurements

Thermal characterization was conducted using the well-established
femtosecond laser-based time-domain thermoreflectance (TDTR) tech-
nique [31], the details of which have been detailed elsewhere [17,18].

Briefly, the emitted laser beam was divided into pump and probe beams.
The pump beam was modulated at a 9.8 MHz by an electro-optic
modulator to thermally excite the samples while the probe beam was
optically scan-delayed by a motorized delay stage. Both light beams
were focused onto the sample surface with 1/e? diameter ~10.5 pm. The
heat penetration depth is given by Dy, = \/k/nCf, where C is the volu-
metric specific heat and f is the pump beam modulation rate, which was
varied to control the heat diffusion length in the material. Because the
heat penetration depth was negligible compared to the diameter of the
focused heating pump laser beam in the TDTR setup, the thermal mea-
surements were sensitive only to cross-plane conductivity as shown in
Fig. 2a.

Prior to the thermal probing, pristine and irradiated samples were
coated by ~90 nm thick DC magnetron sputtered Al films, serving as
metal thermal transducers heating the underlying samples under ex-
amination. The thickness of the Al layer was measured using picosecond
acoustics. A model based on heat diffusion across a double (Al/ZnO)
layer was used to extract the k values of the samples under study by
fitting a time-delayed signal of the ratio of in-phase to out-of-phase
voltage (—Vin/Vout) [32] as shown in the supplementary material. The
material properties, such as density and specific heat, are detailed in
Table S1 of the supplementary material, while the thermal conductivity
of Al was measured using a reference sample. Two unknown parameters
were simultaneously fitted, namely the effective thermal conductivity of
the subsurface-damaged region affected by electronic stopping as shown
in Fig. 2b, and the interface thermal conductance across the Al/ZnO
interface. The measurement errors and uncertainties related to the
transducer film thickness were taken into account, and the details are
explained elsewhere [17].
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2.4. Modelling

2.4.1. Simulation of ion-driven structural damage

The SHI damage was modeled by a hybrid simulation technique
combining TREKIS and MD [33-35]. In this integrated approach, TRE-
KIS [33-35] was used to predict the radial distribution of energy
transferred into the crystal lattice which was then inserted as initial
parameters into a classical MD model using the Large-scale Atom-
ic/Molecular Massively Parallel Simulator (LAMMPS) code [36]. This
approach was previously successfully applied to different non-metals
[33,37], including ZnO [37].

TREKIS simulates the dynamics in the ZnO lattice within the first 100
fs following an SHI impact. The simulations used Barkas model for SHI
charge [38] in a wurtzite ZnO lattice having a density of 5.68 g/cm® and
a longitudinal sound velocity of 5850 m/s. A total of 1000 Monte-Carlo
iterations were performed for each type of ion.

Utilizing the LAMMPS MD code, the structural relaxation following
the impact-induced excitation was studied on a longer time scale
ranging from 100 fs to 150 ps [36]. For single ion damage simulations, a
ZnO supercell with dimensions of 20.1 x 20.2 x 9.9 nm® containing 339
264 atoms was used with periodic boundary conditions applied along all
three spatial dimensions. Radial track energy was used to calculate the
initial velocities of atoms in cylindrical layers along the [0001] direction
of ZnO assuming a Gaussian distribution of kinetic energy in each layer.
A microcanonical statistical NVE ensemble (constant number of atoms
N, volume V, and total energy E) was applied to internal atoms. Atoms at
the boundaries of the supercell along the X- and Y-directions were
cooled down by a Berendsen thermostat [39] to an ambient temperature
of 300 K. A total relaxation time of 150 ps was found to be sufficient for
cooling the atoms down to ambient temperature.

For two sequential incident ions, a damaged ZnO supercell with di-
mensions 40.3 x 20.2 x 9.9 nm® containing 678,528 atoms was
considered. The radial distance between the sequential ion paths was
varied from 1 to 7 nm.

The resulting damaged ZnO lattices were visualized with OVITO
software [40]. Initially, four different Zn-O interatomic potentials (IAP)
were considered in our MD simulations, namely Tersoff [41], ReaxFF
[42], PCRIM [43] and Buckingham-Coulomb [44] potentials. However,
the Tersoff potential yielded an extremely low pristine k value, while the
ReaxFF potential was computationally too expensive to determine k. The
Buckingham-Coulomb and PCRIM potentials showed similar results.
However, PCRIM resulted in better agreement of the predicted results
with experimental values. Therefore, we have subsequently employed
the PCRIM [45,46] IAP for the rest of the study.

2.4.2. Calculation of lattice k
The lattice k was modeled by three computational methods, as
described below. Firstly, equilibrium molecular dynamics (EMD) with
the Green-Kubo formalism relates the heat current autocorrelation
function (HCACF) to k via [47,48]:
t

e fomn §

0

where V is the volume of the simulation cell, kg is the Boltzmann con-
stant, T is the system absolute temperature and ¢ is the correlation time.
The heat flux J is defined as:

1 1
J:V |:Z:€zVi+ZZ(F[/’(V1+V/))rij ) (2)

i<j

where e; is the total energy, r; is the position, and v; is the velocity of the
ith atom. F; is the force applied to the ith atom.

The EMD method was employed on a 3.9 x 3.9 x 4.1 nm® supercell
containing 5376 atoms. Before performing the Green-Kubo integration
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the supercell was equilibrated for 250 ps with the isobaric-isothermal
ensemble (NPT) at 300 K and ambient pressure with the subsequent
microcanonical ensemble (NVE) held at 300 K for 250 ps. With a 2 fs
time step and 100 ps correlation time, a total accumulation duration of 8
ns was achieved. In EMD simulations the above-mentioned PCRIM IAP
was employed. Long-range Coulombic interactions were calculated in

the reciprocal ?—space with a particle-particle-particle-mesh (PPPM)
solver [49,50] and with 107° relative accuracy of estimating the inter-
atomic forces. To calculate k for ion-damaged ZnO crystals, the atomic
structure was simulated by TREKIS coupled with MD.

The second numerical method for calculating k was based on solving
the Boltzmann transport equation using the relaxation time approxi-
mation (BTE-RTA) by ALAMODE software [51] coupled with LAMMPS.
The lattice k tensor xﬁ;(T ) was estimated within RTA as:

v 1 v
kﬁh(T) = VNq ZCKII'(T)I/z;qu/Tfii(T)r 3
qJ

where V is the unit cell volume, cg; = hwgiong;/dT, vy; is group velocity
and 74;(T) is the phonon lifetime. Interatomic force constants were ob-
tained from LAMMPS using the MD PCRIM IAP with the supercell con-
taining 64 atoms. Thermodynamic functions including the occupation
function, heat capacity, and mean square displacements of atoms were
determined using the classical formulae to be consistent with MD sim-

ulations in the ?—space 15 x 15 x 15.
The third numerical approach to calculate k was based on the semi-
analytical Klemens-Callaway approximation [52]:

7(x)V*C(x)dx, @

where C(x) is the frequency dependent specific heat capacity, 7(x) is the
total phonon relaxation time, 6 is the Debye temperature, x = ,f’Bi’T isa
reduced frequency variable, # is the reduced Planck’s constant,  is the
phonon angular frequency and v is the group velocity of phonon heat
carriers. The details of this semi-analytical model applied to different
materials including Xe ion irradiated ZnO is given in [16,17]. In brief,
the degradation in k due to SHI induced damage was captured by
phonon scattering via point defects and expressed through a scattering
cross section Ty, = ¢irS?, where ¢y, is the average defect density across
the probing depth and S? is the phonon point defect scattering

cross-section defined as S2 = (AM/M)?. AM is the mass difference due to
the introduced defects, and M is the atomic mass of host atoms (oxygen).
A direct impact model [16,17] was used to determine the Cirr = Csat[1 —
exp( — o®)|, with @ being the ion fluence, while cs,r and o were used as
free parameters representing the maximum defect concentration and
damage cross-section, respectively.

3. Results and discussion
3.1. Structural characterization

The measured XRD patterns indicate that ZnO preserves its crystallinity
even at high ion fluences as shown in Fig. 3a. The two main observed
diffraction peaks at 34.2 and 72.5° were attributed to c-plane 0002 and
0004 reflections, respectively. Both peak intensities decayed with an
increase in ion fluence. There was also a shift in both peaks toward lower
angles with increasing fluence indicating an expansion of the lattice
perpendicular to the c-planes and thus accumulation of compressive
stresses. The shift was more pronounced for the 0004 peak as it should
be for the higher order reflection. SHI radiation induced swelling is a
commonly observed phenomenon and has been reported for several
materials for example AlyO3 and ZrO5:Y203 [53-56]. Both peaks
exhibited slight broadening with increasing fluence. Again, this effect
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Fig. 3. (a) 20 XRD pattern and (b) Raman spectra of pristine and irradiated ZnO samples.

was more pronounced for the 0004 peak. This peak broadening is
indicative of increased strain in the crystal due to ion induced defects.
Due to the specimen geometry, only the c-planes were accessible for
X-ray diffraction measurement. However, based on consistent reports in
the literature it seems reasonable to also expect an increase in the length
of the crystal a-axis due to irradiation. A more thorough analysis of the
XRD data can be found in Table S2 of the supplementary material.

The results of Raman measurements are shown in Fig. 3b. The three
main vibrational optical phonon mode peaks observed at 330 cm ™2, 436
em™! and 575 cm™! are characteristic of the wurtzite zinc oxide struc-
ture. The highest intensity peak at 436 cm™! is a high frequency Es
(high) mode attributed to the vibration of the nonpolar bonds of O and
Zn sub-lattices, and it is an indicator of the purity of the host ZnO crystal
structure. The Raman peak at 330 cm ! is an E (high)-E5 (low) mode
assigned to a multiphonon scattering process [57]. Bi ion irradiation did
not cause any significant changes to these two peaks apart from a small
variation in intensity. The main difference was seen between 500 cm ™
and 600 cm ™! with two split peaks at 553 and 578 cm ™, assigned to E;
(LO) and A; (LO) mode, respectively. These phonon modes are related to
intrinsic defects such as zinc interstitials or oxygen vacancies [57-59]
present in the as-received unirradiated samples. Both peaks increased
gradually in intensity and got broader with ion fluence. This spectral
behaviour is consistent with that observed in other SHI irradiated ZnO
crystals [58,59]indicating an increase in point defect concentration with
fluence.

Fig. 4 shows a cross sectional bright field TEM image of unirradiated
ZnO. At the bottom of the image the Al transducer layer can be seen.
Image contrast is quite flat over the surface of the ZnO apart from a
stronger diffracting region at the bottom left where the foil was slightly
bent. Faint “dark spot” contrast is visible uniformly distributed over the
specimen surface due to low level FIB induced specimen damage. ZnO is
extremely sensitive to ion induced damage in the FIB but the low in-
tensity and uniform distribution of these fain spots made them easily
discernable from the much more pronounced Bi induced defects visible
in later images.

Fig. 5a shows a bright field TEM image of the 5 x 10! ion/cm?
irradiated ZnO. Irradiation direction was from the bottom right as
indicated by the arrows. Image contrast is dominated by strain contrast
aligned with the ion direction. Defects produced along the ion tracks
caused a local lattice distortion that leads to variations in the local
diffraction condition. The image in Fig. 5b was recorded at higher
magnification in an underfocused condition. Bright streaks are visible
just below the irradiated surface from where material was ejected into
surface hillocks leaving behind under dense or hollow track cores. The

Fig. 4. Cross sectional bright-field TEM image of unirradiated ZnO showing
uniform contrast across the ZnO foil.

specimen surface appears rather rough due to Ga beam induced sput-
tering while depositing a protective carbon layer during FIB lamella
preparation as this specimen was prepared for TEM prior to depositing
the Al transducer. This damage was limited to about 20-30 nm below
the surface as indicated by the dashed line. Deeper into the material,
several bright dotted lines are visible along the ion direction and
represent small, aligned clusters of vacancies.

Fig. 6a shows the 6 x 10'? ion/cm? irradiated specimen after quasi-
static annealing at 600 °C in air for 60 min. Strain contrast was largely
reduced, and the individual features were much smaller and no longer
elongated along the ion direction. Raman results suggested that most of
the optically active point defects have recombined after annealing
(disappearance of 578 cm™! mode) and while TEM is not sensitive to
isolated point defects, it is clear that some defect clusters remained,
which were able to locally strain the crystal. The two techniques
together suggest that the defect population evolved from a combination
of isolated point defects and clusters to mostly clusters (with some level
of strain reduction) after annealing. The higher magnification,
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Fig. 5. (a) Cross-sectional bright-field TEM image of 5 x 10'! ion/cm? irradiated ZnO. (b) Higher magnification, underfocussed view showing under dense tracks

near the surface as well as deeper in the crystal.

underfocused inset shows that the hollow core tracks were still present
below the surface. No void clusters were visible beyond these surface
related tracks as in the 5 x 10! ion/cm? irradiated specimen. Fig. 6b
shows a bright field image of the 6 x 10'2 ion/cm? irradiated specimen
after annealing at the same condition as the low dose sample. Several
dislocations were clearly visible after annealing due to defect migration
and coalescence. The underfocused inset shows a high density of hollow
tracks remaining near the surface down to about 200 nm as well as
several void trains deeper below the surface as indicated by the arrows.
These features were stable under annealing and increased in size and
density with increasing irradiation fluence. They also did not seem to
produce much strain contrast suggesting that the surrounding material
was not significantly stressed by the presence of these defects.

3.2. Thermal conductivity measurements

Prior to conducting TDTR, an AFM surface morphology analysis was
carried out as TDTR measurements are sensitive to surface roughness.
The surface roughness of the unirradiated, as-received sample was < 3
nm. Irradiated ZnO samples had slightly elevated roughness in the range
of 3-8 nm. The overall ion-induced roughness were acceptable and did
not affect the accuracy of TDTR results. AFM images can be found in the
supplementary material.

Fig. 7a shows TDTR results for Bi irradiated ZnO. The dashed line
corresponds to the measured k. ~ 42 Wm ~ ! K ~ ! for pristine ZnO
along the [0001] direction which is in agreement with prior literature
values [29,60]. Overall, k.. gradually decreased with ion dose, dropping
to half of its initial value at 6 x 10'? jon/cm?. Based on the Raman, XRD
and TEM analysis, we conclude that the main reason for such a drop was
the formation of mostly radiation-induced O vacancies and Zn in-
terstitials, together with small voids/vacancy clusters in the bulk and
hollow tracks near the surface.

Recovery of the thermal conductivity to the level of pristine ZnO was
detected after quasi-static annealing of low ion dose irradiated ZnO at
600 °C in air for 60 min due to effective annihilation of radiation
induced point defects. Recovery in the higher dose specimens was not
complete, and the conductivity values saturated at ~35 Wm ~ ' K ~ 1.
However, the Raman spectrum of the 6 x 102 ion/cm? irradiated

sample showed that the broad peak at 578 cm™! mostly disappeared
after annealing (inset of Fig. 7a). This behavior can be attributed to the
migration of point defects and the subsequent formation of complex
defect structures such as vacancy clusters [57] and dislocations [61] as
observed in TEM above. Earlier studies [57] have shown that oxygen
vacancies produced in ZnO by P' implantation become mobile at
elevated temperatures and significant agglomeration into vacancy
clusters was observed above 400 °C with almost no detectable optically
active vacancies remaining after annealing between 600 and 700 °C. It is
worth mentioning that the porosity near the irradiated surface observed
by TEM could also affect the interface thermal conductance (ITC) be-
tween the Al transducer layer and the ZnO surface as shown in Fig. S3 of
the supplementary material. However, the ITC did not change signifi-
cantly after annealing (and from TEM results these structures appear
unaffected by annealing) and were thus not a major factor in the
observed recovery in the thermal conductivity after annealing.

Our TDTR measurements were performed at 9.8 MHz, which corre-
sponded to a heat penetration depth of ~ 620 nm. TEM analysis reveals
considerable porosity in the first ~200 nm below the irradiated surface,
which should adversely affect the k. value. To verify this point, we
performed frequency modulated TDTR measurements on the 6 x 10'2
ion/cm? irradiated sample before and after annealing. The pump beam
was modulated at lower frequencies in order to increase the heat
penetration depth. From Fig. 7b it is evident that the thermal conduc-
tivity of the annealed sample increased slightly as the modulation fre-
quency was reduced from 9.8 MHz to 6.8 MHz. We also observed a slight
drop in the thermal conductivity at 1.3 MHz but a similar drop was also
observed for the unannealed sample. This was likely because at this
modulation rate our measurement sensitivity was rather low, leading to
a lower signal-to-noise ratio and corresponding drop of the measured
thermal conductivity. A recovery in conductivity between 9.8 MHz and
6.8 MHz was not seen for the unannealed specimen suggesting that the
effect of the surface porosity was relatively insignificant compared to
that of scattered point defects and lattice strain. This again suggests that
the crystalline quality was reasonably high in the annealed specimens
despite the obvious porosity.
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Fig. 6. (a) Bright field TEM image of 6 x 10'° ion/cm? irradiated ZnO after annealing. The inset shows a higher magnification underfocused image of the same
region. (b) Bright field image of a 6 x 102 ion/cm? irradiated ZnO after annealing. The inset shows an underfocused higher magnification image of the same region.

3.3. Simulation of k in pristine zno

To calculate the effect of SHI induced defects on k, simulations for
pristine ZnO were initially performed. Fig. 8a shows the normalized
autocorrelation function at room temperature as a function of correla-
tion time. The plot exhibits an oscillatory pattern, which was previously
reported for ZnO [29]. The large oscillations in the autocorrelation
function made determining the thermal conductivity using the
Green-Kubo relation difficult because the noise levels were too high to
identify a convergence region. In order to improve the statistics, ten
independent trajectories were calculated as shown in Fig. 8b, where the
room-temperature k along the c-direction is given as a function of cor-
relation time. The k.. value already reached saturation at 100 ps cor-
relation time. The estimated value of k. for the PCRIM potential was
27.2+1.6 Wm ~ ! K ~ 1. This value is approximately 30 % lower than
the experimental measurements and lower than the previously reported

EMD value for Buckingham potential [29]. This discrepancy is likely due
to the IAP that was used and might be attributed to the uncertainty in the
EMD method itself [62]. Nevertheless, to check the reliability of these
values, we also performed calculations of k.. using BTE-RTA. The esti-
mated k.. value for the PCRIM potentials obtained from BTE-RTA was
312 Wm ~ ! K ~ 1. The values are consistent with EMD results and
earlier reported work for the Buckingham IAP [29]. We thus obtained
optimal correlation and simulation times for further Green-Kubo
calculations.

3.4. Simulated k of SHI irradiated ZnO

Fig. 9 shows the TREKIS simulated relaxation process of a damaged
ZnO supercell at 1, 5, 30 and 100 ps after 710 MeV Bi ion passage. It
shows the diamond structure identified in OVITO software using a
modified version of common neighbor analysis [63]. The black dots
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Fig. 7. (a) Thermal conductivity vs ion fluence of irradiated ZnO samples before (open squares) and after (solid squares) annealing. The inset shows the Raman
spectra of the 6 x 102 ion/cm? irradiated sample before and after annealing. (b) k. vs pump modulation frequency of the 6 x 10'2 ion/cm? irradiated sample before

and after annealing.
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Fig. 8. (a) Correlation function dependence on correlation and simulation times from eq. (1) for the PCRIM potential. (b) k.. as a function of correlation time for
different trajectories of atoms for the PCRIM potential. The red line indicates the average k. value.

represent atoms displaced from their diamond crystal lattice positions
while the white area indicates an undamaged ZnO lattice. At 1 ps after
ion passage, a large damage area ~ 5 nm in diameter was formed. This
region rapidly shrunk (over ~30 ps) due to recrystallization and finally
formed a discontinuous ion track containing individual vacancies and in-
terstitials (at 100 ps) which was validated by the above structural anal-
ysis. The simulated structure confirmed the absence of amorphization and
extended defects such as dislocations. Simulation results showed that ion
irradiation produces only point defects (vacancies and interstitials) in
ZnO, which is in agreement with our Raman measurements performed in
this work and TEM results shown above. It should be noted that we did
not take the lattice strain into account in our simulations. The reason is
two-fold: firstly, the simulations were performed under constant volume
as was described in the methods section. Secondly, our measured strain
values (from XRD) were too low to have an observable impact on the
thermal conductivity [29]. TEM images indicated that the stress fluc-
tuates significantly over small distances and thus quantification of the
stress is not trivial and will be the subject of future investigations.

Fig. 10 shows TREKIS simulated damaged structures after relaxation
to room temperature. We performed Wigner-Seitz defect analysis
implemented into OVITO software to visualize point defects (Fig. 10)

and estimate their concentration [64]. This method involves comparing
a disturbed crystal with a perfect, defect-free crystal, which reveals
whether the initial atomic site (Wigner-Seitz cell) is occupied by the
absence of an atom (vacancy) or by more than one atom (interstitial).
Simulations of two sequential ions in the ZnO lattice were performed to
estimate the ion interaction distance (see details in Section II, Model-
ling). Ation paths separations of < 6 nm, the second ion annealed all defects
produced by the first ion impact (example of 3 nm separation is shown in
Fig. 11(a) and (b)). In contrast, at 6 nm separation, the first ion-induced
point defects remain after the second ion impact Fig. 11(c) and (d).
Therefore, at separations < 6 nm, nearest neighbor ions start to affect
existing tracks.

To calculate k in the ion damaged region, the simulation box was cut
into a 6.2 x 6.2 x 9.9 nm® box by sustaining the lattice periodicity as
shown in Fig. 10, corresponding to the calculated threshold separation
distance of 6 + 1 nm between isolated ion tracks and, approximately, to a
fluence of ~ 2.6 + 0.8 x 10" ion/cm?. The extracted supercell was
directly fed into the EMD Green-Kubo method for determination of k.
The estimated thermal conductivity of the extracted cell for the PCRIM
potential was 15.2 + 1.1 Wm ~ 'k ~ ! which is almost half of the
pristine thermal conductivity determined by the Green-Kubo method.
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Fig. 9. Top view of different time snapshots of a ZnO supercell after 710 MeV
Bi ion passage.

We also determined the effective k using the Rayleigh model based on an
effective medium approximation [65,66]. Although this model is typi-
cally applied to spherical particles embedded in a continuous matrix
[65], it was found to be compatible with ion track structures [66]. We
assumed that the damaged volume created in a track is approximately
cylindrical in shape. According to the Rayleigh model the effective k is
given by [66]:

Kefp = Kp(1 —04) + K404, @

where «, and k4 are conductivities of the pristine and central damaged

regions, respectively. 64 = 1 — e™® and r is the radius of the damaged

region, estimated to be ~ 3 nm. This is very similar to the direct impact
model mentioned previously for the Klemens model [16,17].

Fig. 12 shows the calculated thermal conductivity as a function of ion
dose and ion path separation distance for simulated ZnO crystals along

20 nm

(2)

6 nm
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with TDTR data. The k. decayed with increased ion fluence and satu-
rated at the highest doses due to overlapping of the damaged volumes.
This is in overall agreement with the trend of measured conductivities.
The difference among the various models is evident. The semi-analytical
Klemens model appears to align most closely with the experimental
results. However, it requires accurate representation of phonons with
different mean free paths. TREKIS+MD+Rayleigh k.values for the
PCRIM potential shows a reasonable agreement with the experimental
data. Although it underestimates the effect of SHI damage on the
degradation of thermal conductivity for the normalized k., the model
still captures the effect of track overlapping at the highest doses.

It should be noted that the presented TREKIS+MD-Rayleigh model
is one of the first attempts to simulate the thermal conductivity of SHI
irradiated semiconducting solid crystals without free parameters.
Currently, the model is oversimplified mainly due to the use of the
Rayleigh model which does not fully capture the effective conductivity
of nanoscale tracks, because it assumes a cylindrical shape of tracks. In
reality, ion tracks in ZnO are more complicated consisting of loosely
aligned point defects and small defect clusters. Another issue is related
to interatomic potentials. We tried several potentials as mentioned in the
text and PCRIM was found to be the most suitable in terms of stability of
the final structure and computational cost. However, it might underes-
timate the concentration of defects and does not take into account sur-
face damage that results from SHI irradiation such as hillock formation
and the associated hollow tracks in the near surface region. Future work
will be dedicated to identifying a suitable potential that can account for
all these effects. IAPs play a major role in correctly predicting radiation
damage-induced crystal straining and more work should be done to
develop a suitable IAP using novel approaches such as machine learning
methods [67].

Nevertheless, the current TREKIS+MD+Rayleigh model involving
the PCRIM potential still reproduces the transition from single impact to ion
path overlapping regimes occurring at the threshold fluence of > 2.6 + 0.8 x
10" ion/cm? corresponding to a critical track separation of 6 + 1 nm.
Below this distance the thermal conductivity tends to saturate, which
can be explained by the effective thermal annealing of radiation induced
point defects. Such annealing is mediated by the intense heat generated
from neighboring ion impact events, provided that the distance between
these neighboring ion paths is below 6 nm.

4. Conclusion

In this study, we introduced a novel approach of multiscale defect
characterization in SHI irradiated single crystalline ZnO. The method

®)
A 20 nm i
] 6 nm
o,
9.9 nm

Fig. 10. Visualization of resulting lattices after TREKIS and MD simulation of a single 710 MeV Bi ion impact (a) top view, (b) side view. Red lines indicate the

boundary for EMD calculations.
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encompasses nanoscale thermal conductivity (TDTR) validated by
structural characterization (XRD, Raman and TEM), and a hybrid
atomistic modelling technique based on TREKIS and MD with the PCRIM
interatomic potential along with the Rayleigh effective medium
approximation and semi-analytical Klemens phonon scattering models.

ZnO crystals were irradiated with 710 MeV Bi ions at room tem-
perature and with fluences ranging over 10'°-10'% ion/cm? XRD
analysis demonstrated that ZnO undergoes radiation-induced straining
and defect formation, but maintains its crystallinity with no sign of
amorphization, or phase transformation, which proves the extreme ra-
diation resistance of this material. Raman measurements revealed that
irradiation by Bi ions produce point defects in the form of oxygen va-
cancies and zinc interstitials which are effectively removed by annealing
at 600 °C.

TEM analysis supported the XRD result regarding the presence of
strain and maintained crystallinity and further showed the presence of
vacancy clusters and hollow tracks as well as the formation of disloca-
tions after irradiation at higher fluences followed by thermal annealing.

TDTR measurements demonstrated a thermal conductivity reduction
with increased ion dose in the single ion impact regime, and saturation of the
thermal conductivity reduction in the ion path overlapping regime. Quasi-
static temperature annealing resulted in near complete removal of
point defects, but with the start of ion path overlapping, complex clus-
ters and extended defect formation lead to only partial recovery of k
after annealing.

A pivotal aspect of this research was the integration of TREKIS with
MD simulation to directly calculate the thermal transport change in a
SHI damaged structure without adjustable parameters. The numerical
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results show a fair agreement with the experiments, clearly capturing the
effect of single ion impact and ion path overlapping regimes. Therefore, this
method may provide the most accurate representation of the nanoscale
evolution of point defects during SHI bombardment. It elucidates their
eventual effect on thermal transport degradation at low doses and satura-
tion at high doses due to mutual thermal annealing of radiation defects. This
annealing occurs by ion induced events taking place in the nanometer-scale
vicinity of ion trajectories.
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