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ABSTRACT

We studied the degradation of thermal conductivity in single crystal sapphire (a-Al,O5) irradiated by 167 MeV Xe swift heavy ions (SHIs)
over the multiple fluences in the range of 10'>~10"* ions/cm®. Thermal conductivity was measured primarily in the cross-plane direction
using a noncontact ultrafast optical pump-probe technique called picosecond time domain thermoreflectance (TDTR). Multiple samples
with variable ion fluences allowed us to probe distinct regions resulting from different regimes of microstructure evolution caused by
electronic energy loss. By tuning the penetration depth of the thermal waves using different modulation frequencies, two regions with distinct
conductivities were identified and the values of which were found to be consistent with phonon-mediated thermal transport models while
the microstructure was confirmed by electron microscopy characterization. These damaged regions were determined to be a several
micrometer thick ion track region and several tens of nanometer-thick amorphous layer present only above 5.0 x 10" ions/cm® These
results demonstrate the applicability of TDTR to resolve thermal transport behavior in SHI irradiated oxides having nonhomogeneous
damage profile on a nanometer scale. The presented approach facilitates future studies aiming at resolving the impact of distinct damage
resulting from electronic and nuclear stopping regimes under irradiation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126413

I. INTRODUCTION

Methods utilizing energetic ions, such as ion implantation to
introduce dopants and ion beam lithography to pattern nanostruc-
tures, have been extensively used for electronic and optoelectronic
applications.'™ Additionally, the potential of high energy ions
induced microstructure to tailor material properties for a wide range
of applications has been investigated.”™” Propagation of energetic
ions in insulators is divided into two regimes: electronic and nuclear
stopping, where ions are slowed down by transfer of energy to either
electrons or the nuclei of target materials’ atoms, respectively. Impact

of these regimes on defect production and microstructure evolution
is extensively discussed.

From the thermal management perspective, the ability to
control thermal conductivity of material has attracted a lot of atten-
tion. This control is especially useful in the areas of thermoelectrics,
electronics, and ceramics for advanced energy systems.””'’ Recently,
the importance of single-effect studies for development of predictive
thermal transport models in ceramics under irradiation has been
recognized.'' ™" These studies have been enabled by the development
of new experimental approaches that can be used on ion beam
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irradiated samples with tailored microstructure to measure physical
properties of the damaged layer."*™'® These early studies primarily
focused on a damage resulting from displacement damage caused by
the elastic nuclear stopping process induced by a few million electron
volt energy ions. Currently, very little is known about the impact of
damage resulting from inelastic electronic stopping on thermal con-
ductivity.”'” Under irradiation with swift heavy ions (SHIs), electronic
and nuclear stopping regimes are spatially isolated, which makes them
well-suited for addressing the above need. Additionally, bombardment
with high energy ions offers a unique opportunity to simulate fission
fragment-induced damage and its impact on thermal transport.'*"”

Energetic ions bombarded into ceramic materials are initially
slowed by electronic interaction where the ion excites electrons of
the insulating material.”””" These excited electrons thermalize by
transferring their energy to the lattice, which results in local
heating around the ion trajectory. Above a certain energy threshold,
the amount of deposited energy is too large to be dissipated and
the material undergoes localized melting resulting in latent track
formation.””** The ability of SHIs to produce aligned ion tracks
can also be utilized as a tool to tailor physical properties of insulat-
ing ceramics, which can be useful for electronics applications.

In addition to practical importance, experimental data on the
SHI induced changes in thermal properties are of interest for devel-
opment and validation of models describing damage evolution
mechanism along ion track trajectory. In particular, it has been
demonstrated in many reports that the electronic energy loss
threshold for latent track formation scales with the value of
thermal conductivity of the corresponding pristine material.””

Traditionally, thermal property assessment of irradiated mate-
rials has been achieved using a laser flash technique, which pro-
vides resolution on a millimeter scale and is suitable for neutron
irradiated samples with a uniform damage profile.”® For microme-
ter scale resolution, modulated thermoreflectance microscopy uti-
lizing continuous wave lasers with pump modulation frequencies
ranging from 10kHz to 1 MHz has been shown to provide the
necessary resolution to resolve thermal transport in ion irradiated
samples whose damage is confined to a few micrometers on the
irradiated surface.'™”>*” To explore thermal transport degradation
in irradiated structures with nanometer scale damage profiles,
techniques utilizing pulsed lasers such as picosecond time domain
thermoreflectance (TDTR) with modulation rates in excess of
1 MHz**""" and transient grating,”'® as well as the electron beam
heating technique,’" have been employed.

In this work, we explore the utilization of SHI induced ion
tracks to tailor thermal transport properties of insulators. To the
best of our knowledge, this is the first report where thermal
conductivity of different radiation damaged zones resulting from
electronic stopping is depth-resolved on a nanometer scale using
the TDTR approach. Also, we have not found any previous reports
of thermal conductivity degradation due to ion tracks associated
with SHI radiation damage. Here, we study the degradation of
cross-plane thermal conductivity in sapphire (o-Al,Os) irradiated
by SHIs using frequency-dependent TDTR and characterize the
microstructure of subsurface layers using the thermal transport
model. We demonstrate the importance of TDTR for the analysis
of an insulator with ion tracks, especially at higher doses, where a
few nanometer-thick amorphous subsurface layer proliferates.

ARTICLE scitation.org/journalljap

Il. EXPERIMENT
A. Sample structure

High purity polished single crystal c-cut (0001) sapphire
samples of 0.5 mm thickness and (10 x 5 mm?) area were purchased
from the MTI Corporation. The samples were irradiated at 60 °C
with 167 MeV Xe ions along the c-axis with fluences in the range
of 10'>-10"*ions/cm® using the IC-100 FLNR JINR cyclotron
facility in Dubna, Russia. This energy corresponds to the initial elec-
tronic stopping power ~24 keV/nm. Ion beam homogeneity better
than 5% on irradiating specimen surface has been reached using
beam scanning in horizontal and vertical directions. An average Xe
ion flux of 2.3 x 10°cm™s™" was continuously monitored by mea-
suring the ion beam current using a Faraday cup to an accuracy of
15%. The samples were mounted on water-cooled copper holders,
maintained at 25-30°C, using a double sided carbon tape. The
temperature rise in Al,O; due to Xe irradiation was determined in
reference experiments using thermocouples attached to the samples.

Figure 1 presents cross-sectional (a) and plane-view (b) bright
field TEM images of swift Xe ion-induced latent tracks in sapphire
at 2.0x 10" and 2.0 x 10'%ions/cm?, respectively. In accordance
with previous observations,” the tracks are discontinuous, highly
porous regions along ion trajectories [Fig. 1(a)], likely formed
during solidification of the molten material. Figure 1(b) was taken
at low (2.0 x 10" ions/cm?) ion fluence, to isolate individual tracks
and demonstrate crystalline nature of single latent track.

B. Experimental setup

To perform near surface nanoscale thermal transport mea-
surement on irradiated sapphire samples, we have implemented the
TDTR setup.z‘3 The Ti:Al,O; mode-locked femtosecond laser
(Tsunami, Spectra Physics) at 782 nm wavelength, 80 MHz repeti-
tion rate and 80 fs pulse duration, was used as pump and probe
beams. Modulation frequency-dependent TDTR*>** was performed
by tuning the pump modulation frequency within a 1-10 MHz fre-
quency range, with corresponding RLC filter [an electrical circuit
consisting of a resistor (R), an inductor (L), and a capacitor (C)]

(a) (b)

200 nm
g0 ALY

FIG. 1. TEM images of latent tracks in sapphire irradiated by 167 MeV Xe ions.
(a) Bright field §BF) cross-sectional TEM (XTEM) image of tracks at a fluence of
2.0x10"2em™, (b) High resolution plain-view image of tracks at a fluence of
20x10"cm2
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for each modulation frequency and phase adjustment of the lock-in
amplifier.”* Prior to these measurements, the RF magnetron sput-
tering was employed to sputter an 85nm thick aluminum (Al)
transducer layer, whose thickness was measured using picosecond
acoustics. The surface roughness of SHI irradiated samples was
negligibly low. Previous studies demonstrated the formation of
small hillock defects of ~5 nm height on the top surface of sapphire
irradiated by SHIs,””° thus with no affect to our measurements.

Recorded picosecond TDTR signal of —V;,/V,, as a function
of delay time between pump and probe beams was fitted with a
thermal diffusion model to extract unknown thermal conductiv-
ity.”” The thermal analysis was based on the iterative algorithm
applied to a multilayer geometry with thermal conductivity, volu-
metric specific heat capacity, and thickness defined for each layer.
The pump and probe beams had Gaussian radial profiles with 1/¢>
diameters of 12.8 and 12.2 um, respectively. The root mean square,
1/¢* beam diameter is measured to be ~12.4 um. For modulation
frequencies (1-10 MHz), the heat penetration depths were typically
on the order of hundreds of nanometers, which are much smaller
than the thickness of the subsurface ion irradiated region (approxi-
mately several micrometers), which enables us to probe thermal
transport in the near-surface damaged region resulting from the
electronic stopping regime. The aligned nature of ion track implies
anisotropic thermal transport within that region. However, since
cross-plane heat penetration depth is on the order of 1um and
much smaller than the laser pump beam diameter, the subsurface
temperature gradient is essentially one-dimensional, and measure-
ment is primarily sensitive to cross-plane conductivity. While
simultaneous measurement of in-plane and cross-plane conductivi-
ties using TDTR has been demonstrated in highly anisotropic
materials, here an alternative approach is needed and is a subject of
separate work.”®

11l. MODELING

A. Phonon-mediated thermal transport model for
pristine and SHI irradiated Al,Oz

Thermal conductivity in dielectric solids such as sapphire is
primarily governed by phonons and limited by intrinsic anharmonic
processes and phonon scattering with defects.”” To model cross-
plane thermal conductivity k of pristine and irradiated AlL,O;, we
used the semianalytical phonon-mediated kinetic theory model,”**’

3 WO i
k= %Zj L 7.i(@)v} C(T, ©)Dy(w)do, (1)
where v; is the phonon group velocity of each acoustic phonon
branch (one longitudinal v; =8800m/s and two degenerate trans-
verse v, = 3988 m/s"") C(T, w) is the frequency-dependent specific

2 hw kpT
m, where Fl
is the reduced Planck constant, kg is the Boltzmann constant,
D;(w) = 2”2 5 is the phonon density of states, and 7.;(w) is the total
phonon relaation time." * Equation (1) is derived using Debye’s
phonon density-of-states with assumption of a linear phonon disper-
sion curve having one longitudinal and two transverse acoustic

branches. Maximum frequency of the phonons for each branch is

heat of the phonon mode given by C(T, w) =

ARTICLE scitation.org/journalljap

calculated as 9.5 and 5. 6THZ, respectively, using the Debye expres-
sion @,,; = v;(67>/Q, )3, where Q, = 8.51 x 107® m~? is the
atomic density. For simplification of analysis, we neglected the slight
thermal anisotropy of pristine sapphire due to its trigonal crystal
structure.”” Total phonon relaxation time is the combination of
three-phonon, phonon-point defect, and phonon-boundary scattering
processes added using the Mathieson’s rule, 7! = 73, + 7' + 75"
Three-phonon or umklapp scattering process defines the phonon
relaxation time, r;l,h(w) Biw?T, which is the thermal resistance
2%k
only due to crystal anharmonicity, where B; = g/ = cl is the
parameter associated with umklapp scattering and C; is the elastic
constant in ith direction. For the model, the value of elastic constants
was taken from the literature as C;; = 496 GPa and C,, = 148 GPa."’
The phonon scattering rate by intrinsic impurities is 7;!(0) = Aqw?,
where A, is the measure of the strength of the phonon defect scatter-
ing. Lastly, the boundary term, 73" is due to phonon scattering with
the boundaries of the discontinuous latent tracks generated by SHIs
(Fig. 1). While a literature search did not reveal any expression partic-
ular to ion tracks, extensive literature exists considering thermal
transport in low dimensional systems such as thin films and nano-
wires.”***> We assume that the high density of well oriented tracks
resembling a two-dimensional nanowire “forest” confines propagation
of phonons in a similar manner as the boundaries of the nanowire
and thin films, which leads to the following expression for the
phonon-boundary scattering rate:"

T =yo—. ()

This term captures phonon scattering characterized by a
frequency-dependent specular reflection parameter with latent
ion tracks,” where y; = (6Bw,,;)"". Here, § =0.47 and g = 2/3
are numerical constants originally used for columnar grains and
obtained from Ref. 45. The effective “domain” size D, in this
model is expected to be equal to the average distance between the
tracks. Based on the estimate for the fraction of the damaged
volume obtained from direct impact model & = ag(1 — e7°%®),">"
we obtain

D' = Dyi(1 — e o®), 3)

where « is a disorder parameter, D, is the maximum domain size,
o is a damaged cross section, and @ is the ion fluence.

B . The lower limit for thermal conductivity of
amorphous Al,Oz

The lowest value of thermal conductivity is evaluated based on
the expression by Cahill et al for minimal thermal conductivity,®

( )f(ex—l) » @

where ©; is the Debye temperature and all other parameters were
previously defined in Eq. (1). Equation (4) is valid for fully dense
amorphous materials and highly disordered crystals."” This

Knin = ( ) k%S
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expression has been also applied to materials with small voids.”
The estimated minimal thermal conductivity is based on an amor-
phous sapphire density of 2.95 g/cm?®, which was obtained from the
literature,”’ and results in ky, ~ 1.55 W/mK.

IV. RESULTS AND DISCUSSION

Transient TDTR signals measured for samples with different
irradiation fluences at modulation frequency f= 10 MHz are shown
in Fig. 2. The observed trend for decreasing ratio of in-phase (V;,)
to out-of-phase (V,,) components of lock-in signal with an
increase of irradiation fluence is similar to that reported for ion
irradiated SiC samples and is attributed to the reduction of thermal
conductivity.”

The measurements were performed across a 1-10 MHz
frequency range, and the results are shown in Fig. 3. The effective
thermal conductivities k. shown in Fig. 3 were determined assum-
ing a uniform thermal conductivity across the ion damaged layer.
Evaluation of ke follows a standard procedure used in TDTR anal-
ysis for determining thermal conductivity of the substrate, which
includes fitting of the substrate conductivity and thermal interface
resistance with the metal transducer layer.”* The error bars pre-
sented here reflect uncertainty in the transducer film thickness and
sensitivity to fitted parameter. The latter was estimated using the
Levenberg-Marquardt method.”>>* This involves numerical evalua-
tion of the Jacobian matrix using Jj :g—fk :%W,
where the subscript i enumerates data points measured” at each
delay time f;, k enumerates the fitting parameters y,, and H is the
calculated value of TDTR signal. All other parameters such as
thermal properties of different materials are assumed to be accurately

Pristine

1.0x10" ions/cm”

out

mn

-V./V

100 1000
Time (ps)
FIG. 2. Transient TDTR signal measured at f= 10 MHz for pristine and SHI irra-

diated sapphire samples at different fluences. Open circles represent experiment
and solid lines represent fitting model.
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= Pristine
= 1.0x10"jons/cm’
T i T i T i T = 5.0x10"jons/cm’

35 L g_{\}_\-i%xlomions/cmz
0T T i 1

25F .

20 I - 4

15k Tt T :

L\l
AN}

Effective thermal conductivity, Wm 'K

2 4 6 8 10

Modulation frequency, MHz

FIG. 3. Measured effective thermal conductivity kes of virgin and SHI irradiated
sapphire as a function of pump beam modulation frequency neglecting the
amorphous layer. The dots represent experimental data and solid lines serve as
a guide to the eye to demonstrate frequency dependence of measured k. Red
dashed line shows the minimum thermal conductivity of amorphous sapphire
based on Ref. 48.

known. This analysis clearly demonstrates a gradual reduction of ke
with an increase of ion fluence, which is consistent with the previous
work.'~'77#7*7 A fairly constant ke is detected in pristine and
SHI irradiated sapphire at small ion dose, ie., for the fluence of
1.0 x 10"? ions/cm” across all modulation frequencies. For two large
dose samples, i.e., 5.0x 10" and 1.0 x 10'* ions/cm?, the measured
values exhibit a notable dependence on the modulation frequency,
where kg is lower at a higher modulation rate.

To understand this behavior, we need to consider the details
of the microstructural changes induced by swift Xe ions. Nuclear
and electronic energy loss profiles of 167 MeV Xe ions in Al,O;
calculated using SRIM 2013 code are shown in Fig. 4.”* It is well
documented that over the range where the electronic stopping
power is above 10keV/nm, the ion tracks are formed, whose
density (TEM visible tracks) gradually increases with fluence and
saturates at the dose of about 4.0 x 10'* ions/cm?.** This saturation
is attributed to partial annealing of the ion tracks when they
overlap and was confirmed by molecular dynamic simulations.”*”
Below the discontinuous ion track region extending down to
7.6 um,” additional peak damage layer induced by nuclear stop-
ping exists. For current samples, the calculated peak damage is
located in the 9-12um range as shown in Fig. 4(a). However, a
submicrometer depth probed by TDTR does not capture this peak
damage region. Therefore, for 1.0 x 10'? ions/cm? sample, the use
of an effective single layer is justified and no frequency dependence
of k. was observed, as evidenced from Fig. 3.

There is strong experimental evidence that at sufficiently
high doses, the ion tracks undergo extensive overlapping where
crystal structure experiences significant disordering, ultimately leading
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FIG. 4. (a) Cross-sectional dama%e profile in high dose irradiated sapphire cal-
culated using SRIM 2013 code.” (b) Schematic representation of damage
profile by three layers [Al (85 nm)/a-Al,O4fion track c-Al,Oj].

to formation of an amorphous layer. Previously reported thick-
ness of the amorphous layer is 250 nm-500 nm”*°” at the fluence
of 2.0x10'*ions/cm®* and 800nm at 3.5x 10'*ions/cm>.®
The minimum threshold fluence for amorphization has been
reported to be ~ 2.0 x 10"? ions/cm” for 90.3 MeV Xe ions”” and
~1.0 x 10'*ions/cm” for 80 MeV Xe ions.™

Therefore, at high fluences, the nonuniform damage profile
probed by TDTR effectively represented by amorphized and ion
track regions [Fig. 4(a)] is postulated to be responsible for the mod-
ulation frequency dependence of k.5 reported in Fig. 3. It is impor-
tant to note that the k. degradation curve achieves saturation at
fluences >10'? ions/cm?, when the amorphization begins.

Thermal conductivities of each individual layer in the afore-
mentioned nonuniform ion-affected region can be determined if we
consider a multilayer thermal model.”>*’ Before discussing the
details of a multilayer data analysis, we present some initial conclu-
sions that simplify further analysis without diminishing physical
insight. We start by considering the penetration depth of the
thermal waves typically estimated using Dy, = +/key /#Cf, where f
is the modulation frequency and C is the volumetric heat capacity.
For a sample irradiated with a fluence of 10*? ions/cm?, whose con-
ductivity was determined to be around 16 W/mXK, the diffusion
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length at 1.9-10 MHz is estimated to be between 0.90 and 0.39 um,
which implies that only a damage region characterized by ion
tracks is probed. This combined with the absence of amorphous
layer is the reason for negligible frequency dependence in ke as
shown in Fig. 3.

For the largest dose sample, keff: 1.6 W/mK measured at
10 MHz is comparable to the lowest conductivity of Al,O; evalu-
ated using Eq. (4). Additionally, using measured k. values, the
penetration depth of Dy, =128 and 416 nm at f=10 and 1.9 MHz,
respectively, is estimated. This suggests that the largest dose sample
underwent amorphization with a thickness of the affected (amorph-
ized) zone on the order of 100 nm. This observation is in agree-
ment with our HRTEM results (discussed below) and earlier
measurements of amorphization in SHI irradiated sapphire.”””>""

Using this qualitative analysis, we attribute the frequency
dependence of k. in high dose samples to a weighted average of
amorphous and ion track layer conductivities, where lower modula-
tion frequency, i.e., equivalently longer penetration, response has a
larger contribution from the ion track region whose conductivity is
expected to be larger than that of the amorphous layer. We con-
clude that the multilayer analysis of the two largest dose samples
should include both the amorphous and ion track regions, while
the peak damage region can be neglected as the thermal waves
do not penetrate deeper than 1um below samples surface for the
modulation frequencies used in this work.

Our comprehensive analysis of TDTR signals from amorph-
ized samples is based on the multilayer representation of the
damage region.’””’ Specifically, we implement thermal data
analysis based on three layers (Al/a-Al,Os/ion track AlOs) as
depicted in Fig. 4(b) for two high dose samples (5.0 x 10"* and
1.0 x 10" ions/cm®) to extract thermal conductivity of the damaged
layer. In the case of the highest dose sample (1.0 x 10'* ions/cm?),
it was possible to measure the thickness of the amorphous layer
using XTEM analysis as shown in Fig. 5 with corresponding
selected area diffraction (SAD) patterns. From this electron micros-
copy analysis, the presence of the amorphous layer was confirmed
and its thickness was measured to be ~189 nm. Corresponding
energy dispersive spectroscopy (EDS) scan of the amorphous
Al O3 layer shows a slightly higher concentration of oxygen in the
first few nanometers after which a relatively stable 40% Al and 60%
oxygen (O) is achieved. We analyzed the highest dose sample
(1.0 x 10" ions/cm®) using multifrequency analysis taking amor-
phous layer thickness obtained from TEM to determine thermal
conductivities of the ion track region and amorphous layers as
46%0.1 and 1.9+£0.1W/mK, respectively. In the analysis of
5.0 x 10"* ions/cm® sample, the conductivity of the amorphous
layer determined in the previous case was assumed to be known,
and thermal conductivity of the ion track region layer and the
thickness of amorphous layer were used as fitting parameters. This
multifrequency analysis was performed on all four samples, and the
results are listed in Table 1.

The conductivity values presented in Table I for pristine and
low dose sample (1.0 x 10'% jons/cm?) are close to that of the mea-
sured from single frequency analysis. This reaffirms our earlier con-
clusion that frequency dependence of k. is because of the presence
of an extra amorphous layer at the top. As seen from the table, our
measured a-Al,O3 thickness is in the range of previously reported

J. Appl. Phys. 127, 035108 (2020); doi: 10.1063/1.5126413
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FIG. 5. (a) Bright field XTEM of sapphire irradiated with 1.0 x 10™ions/cm? 167 MeV Xe ions. (b) and (c) are SAD patterns from the subsurface region indicating crystal-
line structure and amorphous layers, respectively. (d) EDS line scan starting from the protective carbon layer on the left of the image, through the amorphous Al,O5 zone,
and ending in the crystalline Al,O3 on the right. Ga is present in the protective carbon layer from the FIB used to deposit it. Carbon was deposited on the Al,O3 surface
prior to trench milling during FIB lamella preparation in order to protect the surface from FIB induced damage.

values of 50 and 120 nm, determined by Rutherfgrd backscattering 40 prr——— e
spectrometry in channelling geometry (RBS-C)’” where the same - Model ) )
. . . i O Experiment (ion track region)
Xe ions were used, but with a lower Xe ion energy of 90.3 MeV. In 35 « Experi ;
| xperiment (amorphous region) |

Ref. 56, the amorphous layer of ~500 nm was measured using TEM
at a fluence of 2.0 x 10" ion/cm” with a Xe ion energy of 92 MeV.
We employed the phonon-mediated thermal transport model

defined by Egs. (1)-(3) to analyze reduction of thermal conductivity 3 | Pristine sapphire |
in the irradiated samples. First, we determined the value of 20k 4
Ap=10x107*s’ by fitting intrinsic thermal conductivity of the .
pristine sapphire sample. Next, we analyzed irradiated samples. This 15 .
did not consider anisotropic effects that may arise from the aligned "

10 | .

structure of the ion tracks parallel to the c-axis. Also, the impact of
nondiffusive behavior of phonons with mean free paths longer than
thermal diffusion length was not considered.”” Systematic analysis of
these effects falls beyond the scope of this work but is expected to be DRr=orronreccsensrcccconnhoncanneoras -4-
a contributing factor in the future analysis.

The experimental thermal conductivity data were fitted using

Minimum k limit

Thermal conductivity, W/m-K

W
T
-—

(=]
T
1

10° 10" 10" 10" 10" 10"

Eq. (1) and are shown as a solid line in Fig. 6. The solid line corre-
sponds to the best fit of experimental data with the model using Ton fluence, ions/cm’
the average distance between ion tracks Dy = 14 nm and damage

- —13 2 .
cross section 6=2.0 x 107" cm” as fitting parameters. The model FIG. 6. Measured values (green triangles—amorphous layer and orange
captures the gradual decrease of thermal conductivity until it levels circles—ion track region) and fitted thermal conductivity (blue line) of sapphire
off due to saturation of ion track density reported in previous vs ion fluence in the SHI regime. Blue dashed line represents Ky, for amor-
studies.””** Horizontal line corresponds to Ky, calculated using phous sapphire obtained from Eq. (4).

TABLE I. Fitting results from heat diffusion models based on three layer (Al/a-Al,04/Al,05) representation of damage profile. G is the interface resistance, k is the thermal
conductivity, and d is the thickness.

Fluence (iOl’lS/ G of a_AIZOS_Al (mzK/W) kian track layer (W/m K) kumorph layer (W/m K) damarph layer (nm)
cm?) measured by TDTR measured by TDTR measured by TDTR measured by TDTR
Pristine (1.8+02)x107% 31.2+4.8
1.0x 10" (1.5+0.1)x 1078 145+23
5.0 x 10" (12+04)x 1078 58+0.7 122.8+18.3
1.0x10™ (21+1.7)x1078 48+0.7 1.9+0.1
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Eq. (4) is in agreement with experimental results. The fitted values
for Dy and o are larger than 3.4nm and 1.2 x 10~ cm® reported
in the literature because of the effective domain size approximation.
This can also be attributed to the fact that present simplified analy-
sis considers only the analytical form of the anharmonic scattering
term [Eq. (4)], which results in inaccurate representation of the
spectral contribution of phonons with different phonon mean free
path (mfp).°” This simple expression for anharmonic phonon scat-
tering rate tends to shift the weight distribution toward a lower mfp
phonons. More accurate representation of the anharmonic term
remains a subject of a future work.

V. CONCLUSION

We have performed cross-plane thermal conductivity mea-
surements of pristine and SHI irradiated sapphire samples at
various ion doses. We demonstrated the use of modulation
frequency-dependent TDTR to probe the conductivity variation in
nanometer-scale thick ion irradiated subsurface regions. TDTR
measurement revealed that the amorphous phase is formed only in
the case of high dose irradiation and it was shown that thickness of
this amorphous layer can be accurately measured using this tech-
nique. This demonstration opens up opportunities for further
research on nano-to-micrometer thermal depth profiling in ion
beam modified insulators to isolate the impact of damage resulting
from inelastic electronic stopping (on a nanometer scale) and from
elastic nuclear stopping (on a micrometer scale) on subsurface
thermal conduction.
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