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Crystalline Ta2O5 powder is shown to amorphize under 2.2 GeV 197Au ion irradiation. Synchrotron X-ray
diffraction (XRD), Raman spectroscopy, small-angle X-ray scattering (SAXS), and transmission electron
microscopy (TEM) were used to characterize the structural transition from crystalline to fully-
amorphous. Based on Rietveld refinement of XRD data, the initial structure is orthorhombic (P2mm) with
a very large unit cell (a = 6.20, b = 40.29, c = 3.89 Å; V = 971.7 Å3), ideally containing 22 Ta and 55 O
atoms. At a fluence of approximately 3 � 1011 ions/cm2, a diffuse amorphous background becomes evi-
dent, increasing in intensity relative to diffraction maxima until full amorphization is achieved at approx-
imately 3 � 1012 ions/cm2. An anisotropic distortion of the orthorhombic structure occurred during the
amorphization process, with an approximately constant unit cell volume. The amorphous phase fraction
as a function of fluence was determined, yielding a trend that is consistent with a direct-impact model for
amorphization. SAXS and TEM data indicate that ion tracks exhibit a core-shell morphology. Raman data
show that the amorphous phase is comprised of TaO6 and TaO5 coordination-polyhedra in contrast to the
TaO6 and TaO7 units that exist in crystalline Ta2O5. Analysis of Raman data shows that oxygen-deficiency
increases with fluence, indicating a loss of oxygen that leads to an estimated final stoichiometry of
Ta2O4.2 at a fluence of 1 � 1013 ions/cm2.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Ta2O5 is a complex and versatile material that has many appli-
cations in materials engineering. One of the most notable charac-
teristics of Ta2O5 is its high dielectric constant (relative
permittivity) [1–11], which has an unusually high value in the
range of 25–100 depending on processing factors such as synthesis
methodology and annealing temperature [1]. Although the crys-
talline state has a higher absolute dielectric constant than the
amorphous phase (ranging from 56 to 59) [12], it is highly aniso-
tropic. Therefore, the amorphous form is often used in microelec-
tronics in order to avoid this effect [7]. The amorphous form also
exhibits improved leakage current properties due to the decreased
loss at grain boundaries [13]. The high dielectric constant, high
dielectric breakdown strength [2], and good leakage current prop-
erties [2,14] make Ta2O5 a useful material for gate dielectrics in
transistors [1,6], dielectric resonators in microwave communica-
tion devices [1], and charge capacitors in dynamic RAM devices
[5]. Due to these properties, Ta2O5 is also regarded as one of the
best candidate materials to replace conventional SiO2 and Si3N4

thin-film circuit devices [12]. This is because Si containing materi-
als have reached their physical limit for size reduction [12] and use
of Ta2O5 will allow the down-scaling that future microelectronic
devices will rely on [4].

Tantalum pentoxide is also widely used due to its optical prop-
erties, typically in the amorphous state, in order to avoid scattering
loss at grain boundaries [7]. Ta2O5 is commonly used as a coating
on solar cells due to its high refractive index, forming a low loss,
anti-reflective layer that increases cell efficiency [1,5,7,8,15]. This
material is used in optical waveguides [6], electroluminescent dis-
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plays [6], and also as a photocatalyst [8,15,16]. In addition, it is uti-
lized as a chemical catalyst [7], gas sensor [5,15], proton conductor
[7], and in surface acoustic wave devices [6]. As the structure
highly affects its usefulness, the crystalline-to-amorphous transi-
tion is of great interest.

The structures of various polymorphs are not well defined for
Ta2O5, largely due to the complexity of their crystallization behav-
ior. There are two common ambient pressure structures, the low
temperature L-Ta2O5 (or b-Ta2O5) phase and high temperature H-
Ta2O5 (or a-Ta2O5) phase. L-Ta2O5 is generally considered to be
orthorhombic [17–20], comprised of corner- and edge-sharing
TaO6 octahedra and TaO7 pentagonal bipyramids [21]. A mono-
clinic model has also been proposed [17]. Although many unit cell
parameters have been reported, the value of the longest parameter
varies greatly, ranging from approximately 3.66 Å [22] to over
69.55 Å [17] in order to obtain cell symmetry. One of the most
widely accepted models, given by Stephenson & Roth [20], is
orthorhombic (P2mm) with dimensions: a = 6.20, b = 40.29,
c = 3.89 Å. This model contains 11 formula units and relies on sev-
eral O-vacancies and/or Ta-interstitials for charge neutrality; a rep-
resentation of this structure is shown in Fig. 1.

A hexagonal structure, d-Ta2O5 [23,24], has also been reported
and is thought to be stable at ambient conditions along with L-
Ta2O5. This phase has been shown to have tantalum coordination
numbers of both 6 and 8 [25], which has been confirmed by com-
putational simulations of the structure [26]. Transformation of d-
Ta2O5 into an orthorhombic structure occurs upon heating to
900 �C [23]. At temperatures above �1340 �C, L-Ta2O5 transforms
to H-Ta2O5 [5,19]. This structure is often considered to be
orthorhombic [27,28], though it apparently has several variants
including tetragonal [22,28,29], monoclinic [1,21,22,30], and tri-
clinic [22]. Because the transformation from H-Ta2O5 is slow, and
cooling of H-Ta2O5 has been shown to form several intermediate
phases [19], it is difficult to prepare high quality L-Ta2O5 crystals
by conventional high-temperature methods.

Two main high-pressure phases have been reported, both with
monoclinic structures. B-Ta2O5 is comprised of TaO6 polyhedra
only [31]; whereas, Z-Ta2O5 consists of TaO7 polyhedra only
[24,31]. These two structures are closely related, easily transform-
ing from one to the other, and a mixture of the two structures has
been shown to form at 8 GPa and 1197 �C [31]. Another monoclinic
phase has been shown to form at 297–347 �C and 20 MPa, denoted
e-Ta2O5 [24], which is 6-coordinated and is likely equivalent to B-
Ta2O5. This e-Ta2O5 phase has been shown to irreversibly trans-
form into L-Ta2O5 at 887 �C [24]. Transformation from amonoclinic
to trigonal structure has also been observed by very slow cooling
from 1000 �C [32].

Materials subjected to swift heavy ion irradiation undergo com-
plex structural modifications at the nano-scale; the extent of mod-
ification is dependent on the material as well as the ion species and
energy. The effects on relatively radiation-resistant materials con-
sist of defect production and clustering, grain growth, fragmenta-
Fig. 1. Orthorhombic structure model proposed by Stephens
tion, swelling, and polygonization [33,34]. In materials with a
higher susceptibility to damage accumulation, the effects include
crystalline-to-crystalline phase transformations (often into high
temperature or high pressure phases) [35–38], amorphization
[2,36,39–43], and cation reduction with associated anion loss
[44–48]. Because the properties of a material are so highly depen-
dent on structure, nano-scale structure modifications using ion
beams are of great interest.

Swift heavy ions are highly charged heavy atoms accelerated to
energies of over 1 MeV/nucleon (often in the GeV range). As the
ions bombard a target material, their energy is deposited into the
material’s electronic subsystem, causing intense electronic excita-
tion and ionization as the ions slow. This energy deposition (ion
energy loss, represented by dE/dx) is concentrated in a very small
cylindrical volume, with radii of a few nanometers around the ion’s
trajectory, resulting in extremely high energy densities. The subse-
quent transfer of energy to the atomic lattice induces a cylindrical
damage zone, termed an ‘‘ion track”. Although there have been
many models proposed, there exists no single theory that describes
all aspects of ion track formation. According to the thermal-spike
model, energy from the electronic subsystem is transferred to
atoms within the lattice through electron-phonon coupling, caus-
ing a sharp increase in temperature throughout the ion track
[49–52]. This high-temperature transient results in the melting
or vaporization of material within this region, leaving behind a
highly modified and defective structure (often amorphous) after
rapid quenching to the bulk. This model also provides a framework
for understanding the high-temperature and high-pressure phase
formation during irradiation, as rapid kinetics may lead to crystal-
lization of these structures during the transient. The Coulomb-
explosion model provides an alternative model for track formation,
and focuses on the massive charge separation caused by dense ion-
ization, inducing strong electro-static forces that displace atoms
from their sites [53–55]. Alternative models have also been pro-
posed, that describe damage formation based on the decay of
self-trapped excitons [56,57] and bond-weakening [58,59].

Ion tracks are typically on the order of several nanometers in
diameter and many microns in length. This geometry is unique
to swift heavy ion effects. Due to the significance of Ta2O5 in engi-
neering applications, nanoscale modifications to its structure may
have significant technological implications. This paper describes
the first swift heavy ion irradiation study of crystalline Ta2O5,
which leads to amorphization along the ion tracks. Synchrotron-
XRD data were obtained for detailed structural characterization
over a wide fluence regime, Raman spectroscopy for details on
short-range order modifications, along with SAXS and TEM analy-
ses for ion track and grain morphology characterization.

2. Experimental methods

Tantalum(V) oxide powder was obtained from MTI Corpora-
tion with a theoretical density of 8.2 g/cm3 and particle sizes on
on & Roth [20], comprised of TaO6 and TaO7 polyhedra.



Fig. 2. Synchrotron-XRD patterns of unirradiated and irradiated samples for a range
of ion fluences, u (in ions/cm2). The peaks labelled on the unirradiated profile
correspond to the most prominent diffraction maxima of orthorhombic L-Ta2O5.
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the order of 5–10 mm. Sample holders were fabricated by drilling
sets of 130 mm diameter holes, using electron discharge machin-
ing, into 12.5 mm thick molybdenum foils. The powder was then
pressed into these holes using a hydraulic press with a pressure
of 20 MPa. This formed sets of cylindrical sample pellets held
within the foils, each approximately 130 mm in diameter and
12.5 mm thick. Each set contained seven samples for redundancy,
in the event that pellets were lost from the foils during
transportation, irradiation, or characterization. Further detail of
the sample preparation method can be found in Ref. [60].Ten sets
of samples were prepared and irradiated with 2.2 GeV 197Au ions
(11.1 MeV/u) at room temperature, using the UNILAC linear
accelerator at the GSI Helmholtz Centre for Heavy Ion Research
in Darmstadt, Germany. Each set was irradiated to a different
fluence, increasing from 5 � 1010 to 1 � 1013 ions/cm2. The flux
was kept sufficiently low to avoid sample heating during
irradiation, which was on average 4 � 109 ions/cm2�s. SRIM code
[61] simulations indicated a projected ion range of approximately
58 mm (with a straggle of 1.13 mm) based on the material’s
theoretical density. Therefore, all incident ions passed
completely through the sample thickness and are not implanted
into the sample. The electronic stopping power, dE/dx, was
determined to have an approximately constant profile
through the sample thickness, with an average value of
43.5 ± 1.0 keV/nm.

Post-irradiation analysis included synchrotron XRD with high
energy X-rays (k = 0.496 Å) at the Advanced Photon Source
(APS), Argonne National Laboratory. Data were collected from
several sample pellets irradiated to each fluence level, including
unirradiated samples. Measurements were performed in trans-
mission mode using a MAR345 image plate, with an X-ray spot
size of 4.5 � 12 mm (at FWHM) and an exposure time of 120 s
[60]. The diffraction images were integrated with Fit2D software
[62]. The unirradiated sample diffraction patterns were then
quantitatively analyzed using Rietveld refinement conducted
with FullProf software [63], in order to characterize the initial
structure. Deconvolution of each XRD profile, by manually fitting
peaks with Pseudo-Voigt functions, allowed the quantitative
separation of intensity contributions from diffraction maxima
and amorphous backgrounds (see [64]). Because the relative
quantities of the crystalline and amorphous phases are propor-
tional to the relative diffraction pattern area contribution, an
‘‘amorphous fraction” was determined for each fluence by calcu-
lating the area ratio of amorphous peaks vs. the total pattern
area (the sum of amorphous and crystalline peak areas). Peak
positions were used to calculate the orthorhombic unit cell
parameters as a function of fluence, using the UnitCell code
[65].

Raman measurements were performed in backscattering geom-
etry with a red-orange solid state laser (k = 633 nm) and 20�
microscope objective. The laser power was limited to 0.64 mW to
avoid thermal effects during the 40 s exposure times. Several mea-
surements were performed on samples irradiated to all fluences,
and analysis of this data was conducted using a deconvolution
and peak-fitting procedure. Samples at various fluences were then
dispersed onto holey carbon films supported by Cu grids for TEM
characterization. Imaging and selected area diffraction was com-
pleted using an FEI Tecnai G2 F20 X-TWIN TEMwith the field emis-
sion gun operated at 200 keV. SAXS data were collected in
transmission mode from samples irradiated to 5 � 1010 ion/cm2

at the SAXS/WAXS beamline at the Australian Synchrotron, using
11 keV X-rays and a camera length of approximately 1600 mm.
Spectra were collected using a Pilatus 1 M detector and exposure
times of 5 and 10 s. More details on SAXS measurements of ion
tracks using this beamline can be found in Ref. [66,67].
3. Results

3.1. XRD analysis

The evolution of the diffraction patterns as a function of fluence
is shown in Fig. 2. The unirradiated sample profile was best fit with
an orthorhombic structure model (P2mm), PDF#: 04-007-0695,
published by Stephenson & Roth in 1971 [20]. Thus, the initial
phase is considered to be pure with no contamination or other
phases observed. Manual peak fitting was used to track the posi-
tions and widths of the crystalline phase diffraction maxima as
the fluence increased, as well as the amorphous background as it
increased in intensity. The diffraction maxima broaden with
increasing fluence due to the accumulation of defects and micros-
train during irradiation. The maxima corresponding to (001), (1, 11,
0), and (1, 11, 1) shift to higher 2h values with increasing fluence,
whereas those corresponding to (0, 13, 0) and (211) shift to lower
values. Therefore, the two double-peaks (centered around approx-
imately 9.1� and 11.8�) appear to merge with increasing fluence.
These peak shifts were used to determine the change in unit cell
parameters using the UnitCell code; the results of which are shown
in Fig. 3. The unit cell undergoes an anisotropic distortion during
irradiation, where the a parameter expands while b and c parame-
ters contract. The a parameter changes by approximately 0.40%,
the b parameter by 0.08%, and the c parameter by 0.29%. The unit
cell volume remains approximately constant over the entire flu-
ence range.

At a fluence of 3 � 1011 ions/cm2, a diffuse amorphous back-
ground becomes evident in the XRD profile. As fluence increases,
the intensity of this background increases with respect to the crys-
talline diffraction maxima. At 3 � 1012 ions/cm2, crystalline peaks
are no longer evident, indicating that the material has become fully
amorphous. The amorphous fraction represents the proportion of
amorphous material within the sample as a function of fluence,
and is shown in Fig. 4. Errors were determined using the standard
deviation of five separate Pseudo-Vogt function fits used to calcu-
late the average amorphous fractions. Three mathematical models
were used to determine a best-fit to this data: direct-impact,
double-overlap, and direct-impact/defect-stimulated models.
These models and corresponding mechanisms are discussed in
detail by Weber et al. [39].



Fig. 3. The evolution of unit cell parameters a, b, and c, along with the corresponding unit cell volume, as a function of ion fluence. Curves are shown only to guide the eye.

Fig. 4. The amorphous fraction as a function of fluence, with each of the four
mathematical model fits.

Fig. 5. Raman spectra for a range of fluences up to 1 � 1013 ions/cm2. Peaks labelled
A through E correspond to Raman-active modes in crystalline Ta2O5, associated
with TaO6 and TaO7 polyhedra. Peaks F and G correspond to TaO5 polyhedra within
the amorphous phase.
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The closest fit to the data is given by the simplest model, repre-
senting a direct-impact mechanism of amorphization, shown in Eq.
(1). The direct-impact mechanism is associated with phase trans-
formations originating from within each cylindrical ion track.

f A ¼ 1� e�ra/ ð1Þ
In this model, the amorphous fraction, f A, is represented in

terms of the amorphization cross-section, ra, and ion fluence, /.
A fit to the data yielded ra = 1.695 � 10�12 cm2 (169.5 nm2), which
gives an amorphous track diameter of 14.7 nm, assuming a cylin-
drical track.

3.2. Raman spectroscopy

The Raman spectrum for unirradiated Ta2O5 shows many
Raman-active bands between 200 and 1000 cm�1, consistent with
previously published data [3,7,8,68,69]. This spectrum is shown in
Fig. 5, with bands labelled A through E. Peak A at 265 cm�1 has
been attributed to inter-polyhedral Ta-O-Ta bending [3,69,70],
and peak B at 498 cm�1 is associated with torsional motion within
polyhedra [69]. Peaks labelled ‘‘C” correspond to symmetric Ta-O
vibrations in TaO6 polyhedra [3,69,71], and peak D, at approxi-
mately 845 cm�1, has been ascribed to Raman-active modes in
TaO7 polyhedra within b-Ta2O5 [3]. Peak E is currently unassigned
but is likely due to secondary scattering. The determination that
both TaO6 and TaO7 polyhedra are present in the unirradiated crys-
talline sample is consistent with the orthorhombic structure model
used to fit the XRD data.
Little change is observed in the Raman spectra until 3 � 1011 -
ions/cm2, at which point the Raman-active modes become over-
whelmed by a high intensity background. This background
appears to increase linearly with wavenumber, and reaches a max-
imum intensity of over six times that of all other profiles. This is
due to enhanced photoluminescence (PL) emission, which has been
attributed to high concentrations of O vacancies in crystalline
Ta2O5 [72,73]. Very broad PL emission bands have been observed
for O-deficient Ta2O5, centered around 695 or 705 nm depending
on annealing temperature [72,73], which correspond to wavenum-
bers of 1409 and 1613 cm�1. The Raman spectra are therefore
showing only the left-hand portion of the broad luminescence peak
that reaches a maximum at over 1400 cm�1, just beyond the high-
est wavenumber investigated (1200 cm�1). High PL intensity is not
associated with either amorphous or well crystallized Ta2O5, it has
only been observed in substoichiometric crystalline samples [72].
Therefore, the intense PL background reflects high concentrations
of radiation-induced O vacancies introduced into the crystalline
Ta2O5. These concentrations then decrease as the proportion of
the amorphous phase increases, causing the observed drop in PL
intensity as fluence further increases.

As the PL intensity diminishes, several Raman-active modes are
revealed. These are labelled F, C, and G in Fig. 5. Peak C is associated
with the same symmetric Ta-O vibrations in TaO6 polyhedra as
seen in the unirradiated sample. However, peaks F and G, emerging
at 220 cm�1 and 815 cm�1, respectively, are both associated with
Raman-active modes seen only in substoichiometric amorphous



Fig. 7. Intensity profiles for Ta2O5 irradiated to 5 � 1010 ions/cm2, showing the
quality of fit for both hard cylinder and core-shell models (green line and black line,
respectively). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Ta2O5. Peak F is related to Ta-Ta interaction, likely across basal
planes of TaO5 pyramids [3,69], and G is associated with Ta-O
vibrations in the same coordination [3]. These bands are prominent
only for O-deficient samples [3], and the TaO5 configuration does
not exist in orthorhombic Ta2O5 [20]. This indicates that not only
is long-range order lost during irradiation-induced amorphization
(as evidenced by the XRD measurements), but the short-range
order is also modified. The increase in intensity of peak G is com-
plimentary to the decrease in intensity of peak D, which is consis-
tent with the proposal by Tsuchiya et al. [3], that amorphous Ta2O5

is mostly comprised of TaO5 and TaO6 polyhedra and the absence
of TaO7. The short-range order modification from TaO6 and TaO7

polyhedra only, to having a significant presence of TaO5 (at the
expense of TaO7 [3]), suggests a loss of oxygen from the material
during irradiation.

In order to evaluate the change in stoichiometry and proportion
of TaO5 in the amorphous material as a function of fluence, Pseudo-
Voigt functions (assuming a linear background) were used to fit
peaks C, G, and E, to compare the intensity contributions from
TaO5 (peak G) and TaO6 (peak C) coordinations, while separating
out contributions from secondary scattering (peak E). Area ratios
were calculated, in the form A5

ðA6þA5Þ, where A5 is the area of peak

G and A6 is the area of peak C. The results are shown in Fig. 6.
The relative proportion of TaO5 increases as a function of fluence,
indicating an increased preference for this coordination geometry
over TaO6 as irradiation ensues. This suggests that O is preferen-
tially lost from the amorphous material with increasing fluence.
A previous study calculated these Raman-band intensity ratios
for samples in which stoichiometry was directly measured using
Rutherford backscattering spectroscopy (RBS) [3]. Using these rela-
tions, the stoichiometry of samples irradiated to the maximum flu-
ence of 1 � 1013 ions/cm2 was estimated to be Ta2O4.2.
3.3. SAXS

Samples irradiated to 5 � 1010 ions/cm2 showed strong X-ray
scattering. High intensity curved streaks were observed when the
tracks were tilted with respect to the X-ray beam, consistent with
high-aspect ratio damage structures. Thus, these data provide evi-
dence of ion tracks [66,67]. Several models were used to fit this
data, shown in Fig. 7, including a simple cylinder model (assuming
a constant density) and a core-shell cylinder model. Both models
yield very similar total track diameters of 12.7 ± 0.4 nm and
12.9 ± 0.2 nm, respectively, though the core-shell model provided
Fig. 6. Estimates for the proportion of ion-induced TaO5 polyhedra (left axis) and
stoichiometry of amorphous Ta2O5 samples (right axis) as a function of fluence.
a better fit to the data. This model yielded a core diameter of
5.2 ± 0.2 nm, with a slightly lower density compared to the shell.
The total track diameter is consistent with the direct-impact model
estimate of 14.7 nm, as determined through XRD analysis.

3.4. TEM

TEM images were obtained from samples irradiated to
5 � 1010 ions/cm2, and are shown in Fig. 8. Bright-field image (a)
shows ion tracks as long parallel trails of modified contrast, and
(b) shows a contrast difference between inner and outer portions
of each track, consistent with a core-shell morphology. The lighter
inner portions are track cores, and the surrounding darker regions
are track shells. Using these images, the average track core diame-
ter was calculated by averaging 10 separate measurements, yield-
ing a value of 5.7 ± 0.5 nm, with an average total track diameter of
11.1 ± 0.4 nm (errors are standard deviation values between mea-
surements). Because images were lacking strong contrast between
the track shells and matrix, this total track diameter value is con-
sidered to be a lower bound. These measurements agree well with
the SAXS and XRD analysis. A close-up of a single ion track core is
shown using dark-field imaging in Fig. 8c, revealing its non-
cylindrical and irregular nature. This may indicate an efficient epi-
taxial recrystallization process during quenching. The width of
each track is greater near the particle surface, possibly indicating
the loss of material to the environment before melt-quenching.
However, particles were crushed before TEM analysis and the
observed surface may not represent the original surface during
irradiation. Tracks are also seen from approximately the direction
of ion irradiation in Fig. 8d, with diameters consistent with the
aforementioned total track diameter measurements.

4. Discussion

Crystalline Ta2O5 samples begin showing a diffuse amorphous
background at a fluence of 3 � 1011 ions/cm2. Within an order of
magnitude increase in fluence (up to 3 � 1012 ions/cm2), the mate-
rial becomes completely amorphous. This fluence is quite low as
compared with many other oxides, as full amorphization occurs
for similar ions typically between 5 � 1012 and 1 � 1013 ions/cm2

(for example, Al2O3 [74], ZrO2 [75], La2Ti2O7 [43], Gd2Ti2O7 [64],
and various compositions of M2TiO5 [42]). During the accumula-



a.

c.

b.

d.

Fig. 8. TEM images of a Ta2O5 particles irradiated to 5 � 1010 ions/cm2. Bright-field images (a) and (b) show ion tracks and their core-shell morphology. Dark-field images (c)
and (d) show the irregular nature of the track cores.
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tion of amorphous material, the crystalline portions of the samples
undergo anisotropic lattice strain. This is likely due to stress
applied by the surrounding, lower density amorphous material,
but may also reflect a reorientation of Ta-O polyhedra that relates
to the amorphization process. Inter-polyhedral connections along
the b-axis are relatively weak, consisting primarily of corner-
shared polyhedra. Collapse has been shown to occur first along this
axis in hydrostatic pressure-induced amorphization of crystalline
Ta2O5 [5], reflecting the relative instability of the structure along
this axis. As bonds break and polyhedra rearrange (for example,
due to remnant thermal or pressure transients from nearby ion
impact), they may preferentially tilt along the direction of the a-
axis, thereby providing additional space in the b and c-directions.
This would account for the observed anisotropic strain, as it would
lead to an expansion of the a axis and contraction of the b and c
axes. This hypothesis may be further supported by the propensity
for polyhedra to become plane-sharing in amorphous Ta2O5, espe-
cially in substoichiometric conditions [3].

The amorphous fractions calculated from the XRD data show a
continuous increase as a function of fluence. The best fit of these
data was obtained using a direct-impact model, suggesting that
amorphous material is formed within a single ion track, without
the requirement of multiple impacts for defect accumulation. The
track diameter deduced from this model is approximately
14.7 nm, which is large in comparison to many other amorphizable
oxides [76–78]. This may be due to the very large and complicated
crystalline structure of Ta2O5, which may more easily lose long
range order as compared with simple oxide structures. SAXS
analysis yielded a total track diameter estimate of 12.9 nm, which
is in agreement with the estimate from TEM analysis of 11.2 nm.
Both techniques independently suggest the existence of a core-
shell track morphology with a core size of approximately 5.2 nm
(SAXS) and 5.7 nm (TEM). The direct-impact model overestimates
the track diameter as calculated from SAXS and TEM data, while
assuming a fully amorphous structure within the track. This sug-
gests that the defect accumulation within the track shells, most
importantly on the O sublattice, plays a significant role in the
amorphization. In other words, the amorphous fraction increases
at a rate comparable to the formation of large (14.7 nm) fully
amorphous tracks, and because the amorphous cores are much
smaller (as calculated by SAXS and TEM), the defect-rich shells
must play a role in further amorphization.

At a fluence of 3 � 1011 ions/cm2, where amorphization is first
evident in the XRD data, the Raman spectra have become over-
whelmed by a broad PL emission band. This PL is not associated
with the amorphous phase, but rather O vacancies existing within
the crystalline Ta2O5 structure [72]. These vacancies may be
related to defect-rich track shells and/or the loss of connectivity
between polyhedra resulting in dangling bonds. As point defects
(in respect to Ta-O coordination polyhedra) are not dominant in
the amorphous structure [3], the PL intensity diminishes as this
phase is formed at the expense of the defect-rich Ta2O5 structure.
High levels of O deficiency are achieved and stabilized in the amor-
phous structure by a decrease in the coordination of Ta from 6 to 5,
and preferential plane-sharing of polyhedra as opposed to simple
corner- and edge-sharing [3]. Therefore, the observation that the
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TaO5/TaO6 ratio increases with fluence indicates that ion irradia-
tion increases O deficiency. In other words, a preferential loss of
oxygen occurs as a result of irradiation, leading to an O deficient
coordination. The actual stoichiometry of irradiated samples was
estimated using a previously published relation between the
TaO5/TaO6 Raman-band intensity ratio and directly measured sto-
ichiometry values using RBS [3]. Using these data, the stoichiome-
try of samples irradiated to 1 � 1013 ions/cm2 is estimated to be
Ta2O4.2. Preferential loss of O during heavy ion irradiation has been
observed in several oxides [45,79–81], including the direct obser-
vation of O ejection from track cores [46,47]. This anion ejection
has also been observed in fluoride materials [44,48], and remains
poorly understood.
5. Conclusion

Swift 197Au ions have induced amorphization in polycrystalline
Ta2O5. During this process, the crystalline unit cell undergoes an
anisotropic distortion in which the network of TaO6 and TaO7 poly-
hedra that comprise the structure lose connectivity, likely along
the long b-axis. Polyhedra may then rotate to align more closely
with the a-axis, leading to a contraction of b and c axes while
expanding along the a axis. The amorphous phase created during
irradiation is comprised of TaO5 and TaO6 polyhedra in the absence
of TaO7, and the ratio of TaO5 to TaO6 was found to increase with
fluence. Because O deficiency is balanced by a transition from
corner-sharing polyhedra to an edge- and plane-sharing configura-
tion (causing a decrease in Ta coordination from 6 to 5), these data
clearly indicate a loss of O during ion irradiation. The final stoi-
chiometry of samples irradiated to 1 � 1013 ions/cm2 is estimated
to be Ta2O4.2. SAXS data suggest that ion tracks exhibit a core-
shell morphology, in which the amorphous core is surrounded by
a defect-rich shell. The average diameter of the track cores and
shells (total track diameter) were estimated to be 5.2 ± 0.2 nm
and 12.9 ± 0.2 nm, respectively. TEM data support these results,
as images directly show the core-shell boundaries and measure-
ments estimated core and total track diameters of 5.7 ± 0.5 nm
and 11.1 ± 0.4 nm, respectively. These total track diameter mea-
surements are both lower than the direct-impact model estimate
of 14.7 nm, which assumes that tracks are large and fully amor-
phous. This observation of a core-shell morphology, along with
the interrelation of amorphization and O deficiency, suggest that
defects within track shells may play a significant role in the amor-
phization of Ta2O5 under irradiation.
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