Received: 9 January 2018 Accepted: 19 March 2018

DOI: 10.1111/jace.15576

ORIGINAL ARTICLE

J «American Ceramic Society

Effects of intermediate energy heavy-ion irradiation on the
microstructure of rutile TiO, single crystal

Kassiopeia A. Smith' I

Darryl P. Butt* | Hui Xiong'

"Micron School of Materials Science &
Engineering, Boise State University,
Boise, Idaho

“Center for Advanced Energy Studies,
995 University Boulevard, Idaho Falls,
Idaho

3Department of Physics, Boise State
University, Boise, Idaho

4College of Mines and Earth Sciences,
University of Utah, Salt Lake City, Utah

3School of Nuclear Engineering, Purdue
University, West Lafayette, Indiana

Correspondence

Hui (Claire) Xiong, Micron School of
Materials Science & Engineering, Boise
State University, Boise, ID.

Email: clairexiong @boisestate.edu

and

Janelle P. Wharry, School of Nuclear
Engineering, Purdue University, West
Lafayette, IN.

Email: jwharry @purdue.edu

Funding information

National Science Foundation, Grant/Award
Number: DMR-1408949; Nuclear
Regulatory Commission, Grant/Award
Number: NRC-HQ-84-14-G-0056

1 | INTRODUCTION
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Abstract

This study reports the microstructure evolution of single crystal rutile TiO, under
3 MeV Nb™* ion irradiation, with the irradiating ions incident on the {100} plane.
A complex, multi-layered microstructure evolution is observed with 4 distinct
regions: (i) short-range disorder in the first 60 nm below the specimen surface,
(ii) dislocation loops oriented parallel to the incident ion beam direction, located
along the increasing slope of the irradiation damage profile at ~60-650 nm from
the surface, (iii) loops oriented perpendicular to the incident ion beam direction,
at depths encompassing the ion implantation and irradiation damage peaks ~650-
1250 nm, and (iv) a high density of nano-scale atomic rearrangements with long-
range order, located at depths ~1250-1750 nm. These results present evidence that
multiple defect mechanisms occur during irradiation including ion channeling,
nuclear stopping, and electronic stopping interactions as a function of depth and

disorder accumulation.
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the TiO, must be understood. In recent years, a body of
work has been generated on the effects of irradiation on

Titanium dioxide (TiO,) is an important material used
across many scientific and industrial sectors with applica-
tions ranging from cosmetics and plastics to water purifica-
tion and energy storage.'™ TiO, is widely regarded as an
ideal functional material because of its low cost, high
chemical stability, and safety in terms of both human and
environmental impact. TiO, is also an important material
for a variety of sensor, optoelectrical, nuclear waste, and
absorption applications, during which the material will be
exposed to irradiation. Hence, the effects of irradiation on

TiO, + 3

Separate studies by Zheng et al and Qin et al indicated
that photovoltaic properties were increased in thin film ana-
tase substrates when irradiated with low-energy metal ions
to nominal doses (1013 to 10'° ions cmfz),m’20 though
Zheng et al later argued that higher doses (10'7 ions cm™?)
caused recombination centers to form resulting in reduced
overall photocatalytic activity.'> In addition to photocat-
alytic applications, Jensen et al observed that irradiating
with Fe ions at doses of 10'® ions

cm ™2 induced
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ferromagnetic  behavior.”>  Other
enhancement of UV and optical absorption, and water split-
ting behaviors in anatase thin films with similar irradiation
conditions.">** In studying rutile thin films, it has been
observed that rutile has better resistance to amorphization
than other TiO, polymorphs, possibly due to atomic pack-
ing densities.'>'®** Computational simulations by Uberu-
agua, Qin, and Lumpkin have supported these experiments
and given details into the mechanisms of defect accumula-
tion and amorphization 121922 Temperature
dependence studies by Li et al have shown that when irra-
diating at higher temperatures, point defects were more
mobile and allowed for damage recovery. Conversely, at
room temperature the irradiation damage was more likely
to form stable irradiation-induced point defects’® which
was later supported by Zhang and coworkers.”® Hartmann
et al showed that using lighter irradiation species such as
He" are more likely to amorphize target substrates than
heavy noble gases such as Xe** and Ne** Our recent
study showed that proton irradiation could induce phase
transformation in amorphous TiO, nanotubes to a disor-
dered rutile phase at temperature of 250°C.**

Although these recent studies have shed light on the
effects of irradiation on the order and functionality of
TiO,, there remains limited understanding of the underlying
microstructure-based mechanisms for these irradiation-
induced changes. Fundamental microstructural phenomena
are difficult to ascertain because many of these aforemen-
tioned irradiation studies of TiO, have utilized low-energy
implantations (i.e., tens to a few hundred keV) on poly-
crystalline substrates. The shallow damage profiles from
~keV irradiation renders it difficult to resolve differences
in microstructure evolution as a function of depth, a task
which is further complicated by the presence of interfaces
and grain boundaries in polycrystalline materials. Basic
irradiation-induced microstructure evolution mechanisms
may be more readily observed if a single crystal specimen
is irradiated with intermediate-energy heavy ions. Nb™ ions
have been chosen in this case, as niobium doping has
widely been used to enhance a variety of properties of
TiO,.35 4

The objective of this study is to examine the defect
microstructures, which arise from Nb* ion irradiation on
the {100} orientation of rutile single crystal TiO,. Though
rutile is thought to be more resistant to irradiation-induced
amorphization, it is selected for this study because the
mechanism for atomic rearrangement and the resulting dis-
ordered crystalline matrix is not yet known. Microstructure
characterization utilizes a combination of X-ray diffraction,
Raman spectroscopy, and transmission electron micro-
scopy. Results from each technique will be presented indi-
vidually and then integrated to understand the complex
layered microstructure evolution.

resistance.
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studies have shown 2 | METHODS
2.1 | Materials and irradiation
Rutile  single  crystal TiO,  (100)  specimens,

5 x 5 x 0.5 mm, were obtained from MTI Corp. for ion
irradiation. The surface finish was <5 A to reduce the
amount of surface residual stress and damage, to which the
near-surface ion irradiation damage layer is sensitive. Spec-
imens were oriented such that the (100) plane was perpen-
dicular to the ion beam. Irradiation with 3 MeV Nb* ions
was conducted using a raster-scanned beam at high vacuum
(<1077 torr) in the 1.7 MV General Ionex Tandetron at the
Michigan Ion Beam Laboratory with an average current of
52.8 nA, and a fluence of 4.03 x 10'' ions/s over a
0.4 cm?, which translates to a dose rate of 9.28
x 107* dpa/s. Raster scanning occurred at a frequency of
2061 Hz in the vertical direction and 255 Hz in the hori-
zontal direction. The duration of one scanning cycle was
0.48 ms in the vertical and 3.92 ms in the horizontal. The
ratio of the vertical to horizontal scanning cycles was a
noninteger number, such that that the beam path was offset
from the previous scan cycle, ensuring good spatial unifor-
mity of the scanned beam area. Because the beam scanning
occurred at such a rapid frequency, and because the beam
cycle fully and uniformly covered the specimen, the ther-
mal effect on the specimen was uniform (i.e., nonlocalized)
heating. We utilized a thermal imaging system to initially
calibrate the specimen to the desired room temperature and
then monitored the specimen temperature continually
throughout the experiment. The thermal imaging system
had temperature resolution +2°C and spatial resolution 5-
14 pm (depending on the distance between the specimen
and the thermal imaging system’s focal plane). This spatial
resolution was significantly lower than the 3 mm diameter
of the rastered beam and thus would be sufficient to detect
local heating from the beam. During irradiation, the speci-
men back temperature was maintained using a combination
of a liquid nitrogen cooling loop and a cartridge heater.
This combined heating and cooling approach enabled
higher precision control of the specimen temperature. Tem-
peratures recorded throughout the experiment show that all
regions of the specimen never exceeded more than 20°C
above room temperature.

The irradiation damage profile (Figure 1) was calculated
from the “Quick Calculation” or Kinchin-Pease mode*?
within Stopping Range of Ions in Matter (SRIM) 2013*;
displacements were obtained from the vacancy.txt file.
SRIM calculations used a 0.5 mm compact layer of TiO,,
with a density of 4.23 g/cm?, and displacement energies of
25 and 28 eV for Ti and O, respectively. The damage pro-
file corresponded to a dose of 6.5 displacements per atom
(dpa) at the sample surface, rising to 23 dpa at the damage
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peak, which was located ~900 nm from the surface. The
Nb* implantation peak was located
1100 nm below the sample surface with a maximum
implantation depth of ~1.45 pm.

approximately

2.2 | Microscopy

Site-specific transmission electron microscopic (TEM)
lamella lift-out specimens were made using the FEI Quanta
3D FEG FIB at the Microscopy and Characterization Suite
(MaCS) Center for Advanced Energy Studies (CAES).45
Prior to milling, a layer of platinum was deposited to pro-
tect the original irradiated surface. The TEM lamellae were
bulk milled at 30 kV to form a rectangular cross section
that was approximately 15 pm x 10 pm x 100 nm, fol-
lowed by further milling at 5 kV to a thickness of about
50-100 nm. Last, a 2 kV cleaning step was applied to
reduce surface damage incurred on the surface of the sam-
ple by the milling steps. Two sets of TEM lamellac were
made in order to observe the microstructure in 2 directions:
the first set was oriented perpendicular to the irradiated sur-
face (i.e., parallel to the ion beam direction), such that the
ion irradiation damage profile was observed through the
depth of the specimen, while the second set was perpendic-
ular to the ion beam direction.

Transmission electron microscopic specimens were ana-
lyzed using an FEI Tecnai TF30-FEG STwin STEM at
CAES, which had a point-to-point resolution of 0.19 nm in
TEM mode. In order to characterize the mesoscopic irradi-
ated microstructure, specimens were tilted to the pole axis
and observed in bright field imaging mode.*® High-resolu-
tion-TEM (HR-TEM) imaging was subsequently utilized to
ascertain information about crystallinity.
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FIGURE 1 SRIM calculation of implanted Nb* ions (dashed
line, left axis) and the resulting irradiation damage profile (solid line,
right axis) for rutile TiO,. SRIM, Stopping Range of Ions in Matter
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2.3 | Raman spectroscopy and X-ray
diffraction

The single crystal samples were evaluated using Raman
spectroscopy and X-ray diffraction (XRD). Raman has long
been used to characterize the local and long-range order of
crystalline samples by giving insight to dynamic interac-
tions of the lattice structure, and has been widely used to
investigate the various polymorphs of TiO,. Hence, there is
a wide body of literature on the Raman response of this
material.*’ > XRD is a complimentary technique, which
provides information on the overall crystallinity and phase
of the material.>*

Raman spectra were measured in backscattering geome-
try using a Jobin Yvon T64000 triple spectrometer
equipped with a liquid nitrogen cooled multichannel charge
coupled device detector. The 325 nm line of He-Cd laser
and 514.5 nm line of Ar ion lasers were used for excita-
tion; maximum laser power density is 0.5 W/mm? at the
sample surface. Spectra are recorded at 10 K using an
evacuated closed cycle helium cryostat. XRD was obtained
by Rigaku Miniflex diffractometer with Cu K, irradiation
at . = 1.5406 A.

3 | RESULTS AND DISCUSSION

TiO, is a wide band-gap material and absorbs light in the
ultraviolet (UV) region. The Nb-ion irradiated rutile TiO,
(100) samples evolved from transparent to an opaque black
color, which was indicative of defect production that
altered the band structure of TiO,. The irradiation-induced
structural and microstructural changes were studied using
TEM, Raman, and XRD.

3.1 | Structural characterization

Rutile is the most thermodynamically stable form of TiO,
with a tetragonal P4,/mnm space-group, where a = b
=4.625 A and ¢ = 2.959 A. The unit cell is comprised of
2 TiO, molecules with each Ti atom having 6 oxygen near-
est neighbors. The 4 Raman active vibrational modes found
in rutile TiO, are B, (143 cm ), E, (447 cm™ ), A
(612 cm™ "), and B,, (826 em™ 1).5%%% Raman spectroscopy
can be conducted at a range of energies by altering the
laser excitation wavelength, which in turn affects which
vibrational modes are activated, in addition to the depth of
the investigation.

Raman spectra were first obtained using a UV laser
(325 nm wavelength), which sampled the top 5-10 nm of
the specimen.>® In this region (Figure 2A), both the unirra-
diated and Nb™ irradiated samples exhibited a broad band
near 213 cm~!, which was attributed to a combinatorial



SMITH ET AL.

38 Journal

iAmerican Ceramic Society

band,’” as well as a sharp peak at 612 cm™ ' corresponding
to the A, band. These 2 bands were largely unaltered by
the irradiation. On the other hand, in the Nb" irradiated
sample, a sharp B,, peak emerged at 826 cm™'. This band
is not commonly observed in TiO,, and when it does
appear, it is typically a weak signal®® unlike the clearly
defined peak shown herein. The B,, vibrational mode rep-
resents an antisymmetric Ti—O distortion of the TiO¢ octa-
hedra, which is sensitive to the local environment of the Ti
ions.”®>” This marked increase in the B,, mode suggests
that the local Ti environment changed, leading to an
increase in the vibrational intensity of this mode.

Raman spectra were also obtained using an argon
laser (514.4 nm wavelength), which sampled depths of
approximately 1 um for TiO,.>® There was no significant
difference between the Raman spectra of the unirradiated
and irradiated samples at this wavelength (Figure 2B).
Results from both excitation wavelengths (325 and
514.4 nm) collectively suggest that while the majority of
the irradiated region appears to maintain long-range
order, the surface 5-10 nm region of the specimen has
an altered binding state containing a higher concentration
of defects.

The XRD spectrum (Figure 3) exhibited 20 peaks at
approximately 39.3° and 84.3°, which correspond to the
100 rutile structure. After Nb* irradiation, these peaks
shifted to smaller angles by ~0.1-0.2°, suggesting that the
irradiated rutile structure has larger unit cell. This finding
corroborates the Raman results, which indicate disorder at
the surface of the specimen. The irradiated rutile XRD
spectrum also exhibited peak broadening and a reduction in

intensity, which can be attributed to the disorders induced
by irradiation.

3.2 | Microstructural characterization

Transmission electron microscopic revealed microstructure
evolution induced by Nb* irradiation. Cross-sectional TEM
lamellae were prepared from the ion-implanted crystals to
examine the nature and distribution of defects as a function
of depth along the damage profile. In-plane lamellaec were
also prepared to characterize the spatial extent of defects at
depths of interest as determined by the results of imaging
the cross-sectional lamellae. Results from both lamellae ori-
entations are presented below.

The cross-sectional TEM lamella revealed 4 distinct
damage regions (Figure 4), ranging from the surface to a
depth of ~1700 nm. It is not unusual for irradiated rutile
single crystals to exhibit different damage microstructures
near the damage and implantation peaks, as compared with
the near-surface region.”® ¢! However, none of these previ-
ous studies reported such a complex, multi-layered defect
structure as that observed herein. The multi-layered damage
structure could be associated with the energy of the irradia-
tion ion, which is an order of magnitude larger than those
reported.”® ! Characteristics of each of these 4 layers are
described below in greater detail.

3.2.1 | Region 1

The damage region within 60 nm of the initial irradiated
surface, which corresponds to an irradiation dose of
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FIGURE 2 Raman spectra of unirradiated rutile TiO, single crystal (black), and niobium-irradiated rutile single crystal (red) using (A)

325 nm laser wavelength with ~10 nm sampling depth and (B) 514.5 nm wavelength laser with ~1000 nm sampling depth
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short-range disorder of the surface region while maintain-

This 650 nm region contains defects, potentially ion tracks
or dislocation loops, that tend to be aligned parallel to the
ion beam direction (Figure 6A, B). However, it has been
reported that ion tracks only form in rutile TiO, under
stopping
exceeds 6.2 keV/nm.°>% Since the 2.5 MeV Nb* ions
herein do not provide sufficient electronic stopping, amor-
phous ion tracks are not expected to form. In-plane TEM
lamellae from this region clearly reveal a network of dislo-
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FIGURE 4 Cross-sectional TEM micrograph of 4 distinct
damage regions created in rutile single crystal TiO,, with SRIM
calculated damage profile (solid) and Nb™ implantation profile
(dashed) overlayed. TEM, transmission electron microscope

~9 dpa, exhibits a homogeneous bright field (BF) contrast.
From the HR-TEM imaging of this region (Figure 5A,
B), we see that within the first 10 nm of Region 1 the
sample is heavily disordered and the corresponding con-
vergent beam electron diffraction (CBED) of the region
indicates reorientation into the 101 direction (Figure 5C).
Since this region is only about 60 nm, CBED technique
is selected rather than general selected area electron
diffraction (SAED) technique. This result is consistent
with an earlier report from Li et al, in which rutile 100
single crystals were irradiated with 360 KeV Xe®* ions,
and the 12 nm region nearest to the surface was
reoriented into the 011 orientation.®® This finding is in
agreement with our UV Raman result, which shows

cations (Figure 6D-F), ranging from 125 to 582 nm in
length with a nonuniform branching structure. The disloca-
tion loops appear as dark contrasting regions and exhibit
significant disorder, while the lighter surrounding material
consists of highly-ordered®® oriented rutile regions. The
order-disorder morphology of the loops and their immedi-
ate surroundings suggests that the loop formation mecha-
nisms may partly be associated with electronic energy

In-plane TEM characterization revealed that the shape
of the pristine material between dislocations is amebic and
~12 nm £ 4 nm in width, and are spaced 20-160 nm apart
(Figure 6D). In Region 2, the dislocations tend to form
perpendicular to the highly stable {100} plane. Incoming
Nb ions create a knock-on effect in the direction of irradia-
tion causing dislocations to form in their path along the
<010> direction. As Raman spectroscopy indicates, long-
range order is maintained and so the {100} plane is
unchanged with irradiation. Towards the peak of the SRIM
calculated damage cascade, the microstructure transitions
into Region 3.

3.2.3 | Region 3

Dislocation loops were observed in the same lace-like
microstructure as in Region 2, but are instead oriented per-
pendicular to the ion beam direction, or along the {100}
plane (viz. 90° change in orientation from the loops in
Region 2). Region 3 overlaps with the SRIM-calculated Nb
ion implantation peak and encompasses the irradiation
damage peak. This peak dose is 23 dpa and is approxi-
mately a factor of 2 larger than the dose in Region 2,
which can explain the increased density of dislocation
loops in Region 3 as compared with that in Region 2.
Because the implanted ions come to rest as interstitials, the
material must accommodate the excess volume. It is there-
fore reasonable that interstitial agglomerations or loops
would be oriented on the {100} habit plane, enabling accu-
mulation of defects along the [100] direction.®® This is
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100 nm

because the atoms on the (100) plane tend to reconstruct
when broken due to the high energy of the plane, causing
the natural direction for growth and expansion in rutile
TiO, to be in the [001] direction.

3.24 | Region 4

The final damage regime begins immediately beyond the
Nb* implantation zone, then extends a further 500 nm into
the substrate. The defects in this region are densely packed
and comprised of nano-scale atomic rearrangements, main-
taining the long-range crystalline ordering, as observed by
SAED (Figure 7B). While the presence of defects deeper
than the irradiation damage and implantation peaks may
initially seem unusual, it is likely that ionic channeling is
occurring as the ion beam is aligned with a major symme-
try direction. While some of the incoming Nb™ ions inter-
act with the specimen as modeled, a percentage of the ions

FIGURE 5 HR-TEM (A) and (B) of
the damage Region 1 in Nb+ irradiated
single crystal TiO,, and (C) corresponding
CBED pattern

10 1/nm

FIGURE 6 (A) Bright field cross-
sectional TEM of the transition between
Region 1 and Region 2 of the irradiated
single crystal, (B) HR-TEM showing
dislocations parallel to the ion beam
direction, and (C) corresponding SAED
diffraction of Region 2. The in-plane TEM
of Region 2 showing (D) low magnification
and (E-F) high-resolution TEM images of
the defect regions

do not come close enough to the atomic rows to cause
scattering until farther along the ion trajectory. Similar
results were shown by Weber et al when comparing chan-
neling to nonchanneling orientations of SiC, whereas the
channeling conditions experienced ionic penetration at
much greater depths.®®

3.3 | Energy deposition mechanisms through
depth

The multi-layered defect structure, and the nature of these
defects, can provide information about the unique energy
loss mechanisms occurring at various depths.

Crystal reorientation in Region 1 may be attributed to
ion channeling or one of several other mechanisms. Ion
beam-induced or ion beam-assisted crystalline reorientation
has been readily observed in a variety of materials, includ-
ing transition-metal ceramics,67_69 using ion beams as low



SMITH Et AL.

FIGURE 7 HR-TEM and
corresponding SAED patterns from (A)
Region 3 and (B) Region 4 of the Nb+
irradiated rutile single crystal TiO,

as a few hundred eV.®” The reorientation can be under-
stood to be driven by the ion channeling mechanism.®®?
However, other mechanisms such as sputtering, surface
energy, and deformation energy, are also plausible and all
lead to the same reorientation as channeling.®® The reorien-
tation is also influenced by factors such as ion energy,
defect population, and system temperature.”> It has also
been shown that bombardment with noble metal ions (e.g.,
Nb used in this study) induces more extensive reorientation
in ceramics than does bombardment with noble gas ions.”*

In Region 2, defect formation is an effect of irradiation
damage. However, irradiation damage induced by “interme-
diate” energy ions (i.e., within the range ~0.5-5.0 MeV) is
not well understood. The intermediate energy range has
been most extensively studied by Backman and co-work-
ers’>’® for Au ions incident on silica (Si0O,). Within this
energy range, both nuclear and electronic stopping are
important to the defect and microstructure evolution.
Nuclear stopping is understood through binary collision
approximation (BCA), while electronic stopping is under-
stood through the inelastic thermal spike model.”””’® The
thermal spike model uses dense electronic excitations to
transfer energy to the material through electron-phonon
coupling, resulting in local heating along the ion trajectory
(which often culminates in the formation of visible ion
tracks). Backman’s results are noteworthy because they
reveal that nuclear and electronic stopping exhibit a nonlin-
ear synergy within the ion energy range of interest, result-
ing in a higher local defect density than would result from
sequential evolution of atomic recoil processes and an
inelastic thermal spike.”>’® The synergistic effects of
nuclear and electronic stopping have been described in the
intermediate ion energy range in several ceramic sys-
tems.”? 2

Although nuclear stopping is the dominant mechanism
for defect creation for 3 MeV Nb ions, Backman’s work
implies that electronic stopping processes can also con-
tribute to damage creation. This is consistent with the
order-disorder morphology of the loops and their local sur-
roundings in Region 2—Iloops are created primarily by
nuclear stopping event, but the disordering may partly be
associated with inelastic thermal spike-type electronic
stopping.®*

iAmerican Ceramic Society
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Once the incident ion has lost its energy, it is likely that
the microstructure evolution is influenced by the accumula-
tion of defects in Region 3. As defects accumulate within
Region 3, which corresponds to the peak of the calculated
damage profile, the loop structures collapse along the (100)
plane perpendicular to the ion beam. Because the ion flu-
ence is not constant through the studied depth, it is worth-
while to consider the role of fluence on the microstructure
evolution. Through Region 2, the fluence varies by approx-
imately a factor of 2, with a higher fluence occurring dee-
per into the material. While this factor is not sufficient to
induce an entirely different microstructure, it could poten-
tially explain the appearance of a slightly higher density of
defects deeper into Region 2 than at the shallower portion
of Region 2. The fluence peaks within Region 3, which
could explain the higher density of defects in Region 3
than in Region 2.

4 | CONCLUSIONS

We examined the microstructure evolution of single crystal
rutile TiO, irradiated with 3 MeV Nb™ ions, in which the
ions are incident on the {100} plane. Characterization by
TEM revealed a complex microstructure evolution, marked
by 4 distinct layers or regions of damage. The TEM
results, together with XRD and Raman spectroscopy, help
to understand the four-region structure. The regions con-
tain: (i) near-surface short-range disorder, (ii) dislocation
loops parallel to the incident ion beam direction, (iii) loops
perpendicular to the incident ion beam direction, and (iv)
high-number density defects beyond the SRIM damage and
implantation peaks.

The microstructures within each region are consistent
with theories of varying irradiation damage mechanisms as
a function of energy loss along the ion range. Ion-channel-
ing-based damage is thought to account for crystallite reori-
entation and defect formation when the electronic stopping
energy is high (i.e., near the surface of the specimen);
this explains the formation of a high density of disorder
in Region 1. When electronic stopping energy is lower,
however (viz. deeper into the specimen), damage occurs
primarily through nuclear stopping with a nonlinear
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synergetic effect from electronic stopping inducing addi-
tional disorder. Near and beyond the ion implantation peak,
buildup of defects cause collapse of the dislocation loops
in Region 3, while ionic channeling can account for the
accumulation of damage in Region 4, beyond the SRIM
calculated damage profile.
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