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ABSTRACT

Understanding energy dissipation in electronic and atomic subsystems and subsequent defect evo-
lution is a scientific challenge. Separate and combined effects of electronic and nuclear energy depo-
sition in z-cut LiTaO3 have been investigated. Irradiation of pristine LiTaO3 samples with 2 MeV Ta
ions leads to amorphization due to atomic displacement damage, described by a disorder accumula-
tion model. While 21 MeV Si ions do not produce significant damage in pristine LiTaO3, introduction
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of pre-existing defects sensitizes LiTaO3 to the formation of ion tracks from the electronic energy loss
by 21 MeV Si ions that induce a synergistic two-stage phase transition process.
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IMPACT STATEMENT

Experimental study shows that the introduction of pre-existing defects prior to high energy irra-
diation sensitizes LiTaO3 to ion track formation leading to a synergistic two-stage phase transition

process.

1. Introduction

Understanding the mechanisms involved in energy dis-
sipation to the electronic and atomic subsystems and
their effects on defect evolution is a long-standing chal-
lenge in materials science. Lithium tantalate (LiTaO3) has
outstanding nonlinear optical [1], pyroelectric, piezo-
electric, acousto-optic and electro-optical properties that
make it a promising ferroelectric material in many fields,
including surface acoustic wave devices, laser and pho-
tonic devices [2]. The attractive properties of LiTaO3
make it a superior alternative to LINbO3 for device appli-
cations [3], since it has smaller birefringence and higher
resistance to optical damage compared to LiNbO3 [4].
Moreover, optical waveguides can be successfully fabri-
cated by light-ion irradiation [4].

Knowledge about material response to ion irradiation
is critical for a wide range of research and applications,

since ion beam techniques can modify and tune material
properties [5,6]. Fundamental understanding is essential
to utilize jons to functionalize and analyze materials, cre-
ate nanostructures and emulate radiation environments
[7]. Damage creation under inelastic ionization processes
and elastic nuclear collisions is well established [5-7].
Inelastic and elastic processes are generally assumed to
be independent and noncorrelated. This concept has
been disproved by several studies performed in differ-
ent ceramics, such as LiINbOj3 [8,9], SiC [6,10,11] and
SrTiO3 [7,12]. Ionization effects and the combination of
elastic and inelastic processes in Li-based oxide ceramics,
specifically LiTaO3, have not been established in the MeV
energy regime, and little is understood about the coupled
electronic and atomic processes.

In this Letter, we report the separate and coupled
effects of electronic and atomic processes induced by
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irradiation with 2 MeV Ta ions and 21 MeV Si ions in z-
cut LiTaOj3 single crystal. The 2 MeV Taions are also used
to introduce initial disorder that sensitizes LiTaOj3 to ion-
ization damage by 21 MeV Si ions. A two-stage synergy
occurs between the initial disorder and the electronic
energy deposition from the highly ionizing beam. The
investigation of the combined effects of elastic and inelas-
tic energy losses contributes to the atomic-level founda-
tion for the design and control of new functionalities in
oxide electro-ceramics.

2. Experimental methods

Surface acoustic wave (SAW) grade stoichiometric
LiTaO3 (+z-cut) one-side-polished samples, provided by
MTI Corporation (Richmond, CA), were used in this
study. A thin layer of carbon, tens of nanometers thick,
was used to coat sample surfaces to avoid surface charg-
ing [13] during ion irradiation and analysis by Ruther-
ford Backscattering Spectrometry in channeling config-
uration (RBS/C). Irradiations and RBS/C analyses were
performed using the 3 MV tandem accelerator within
the University of Tennessee Ion Beam Materials Labora-
tory [14]. Irradiations were conducted at room temper-
ature (RT) at 7° off the surface normal to avoid chan-
neling effects: 2 MeV Ta>* ion irradiations (low energy)
of pristine samples, with fluences ranging from 0.02 to
0.05 ions/nm?, to create a damage peak at a depth of
about 165 nm, deep enough to minimize surface effects;
and highly ionizing 21 MeV Si’™ ion irradiations (high
energy) of virgin and pre-damaged samples to fluences
ranging from 0.001 to 0.3 ions/nm?. For sequential irra-
diations, a virgin area was initially pre-damaged with
2MeV Ta** to 0.17 ions/nm? to create low-level frac-
tional disorder (fo ~ 0.20); this was subsequently irra-
diated with 21 MeV Si’" to different ion fluences. The
change in disorder profile of each damage area was char-
acterized by RBS/C [14]. A 3.5 MeV He™ beam was used
only for the case of Ta?*" irradiations of virgin LiTaO;
samples; 2 MeV He™t was used for the rest of the experi-
ments to gain better depth resolution and statistics. The
He™ backscattered yield was collected using a silicon
detector located at a scattering angle of 155° with respect
to the incident beam [8].

The nuclear (S,) and electronic (Se) energy loss pro-
files predicted by the Stopping and Range of Ions in
Matter code (SRIM-2013) [15] are shown in Figure 1
for 2MeV Ta and 21 MeV Si ions, assuming a density
of 7.46 g cm™. For the 2 MeV Ta** irradiation (Table 1),
Sp ~ 4S8, at the damage peak (DP ~ 165 nm); thus, dam-
age evolution is primarily due to energy lost by ions
via elastic nuclear collisions. In contrast, under 21 MeV
Si/* irradiation, S. is about 6.23 keV/nm near the surface
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Figure 1. SRIM: Nuclear (red curves) and electronic (blue) energy
loss distribution as a function of penetration depth for 2 MeV TaZ+
and 21 MeV Si’* ions in LiTaO3 based on SRIM-2013 simulation
code.

Table 1. lon energy (£: MeV), electronic (Se: keV/nm) and nuclear
(Sn: keV/nm) stopping powers calculated at the surface (S) and
at the damage peak (DP) for 2 MeV Ta%+ and 21 MeV Si’* using
SRIM-2013.

lon E (Se)s  (Sn)s  (Se/Sn)s  (Selop  (Sn)op  (Se/Sn)op
Si’+ 21.0 6.232 0.011 567 6.213 0.013 478
Ta2t 2.0 2.245 4.879 0.46 1.581 5.596 0.28

region, and the ratio S./S, is about 567 at the surface
and 478 at ~165nm. These high ratios indicate that
electronic processes are predominant for 21 MeV Si ions,
while nuclear energy deposition is negligible.

3. Results and discussion
3.1. 2MeV Taion irradiation

The RBS/C spectra were collected from pristine and
2MeV Ta?* irradiated regions. The relative disorder on
the Ta-sublattice was extracted from the RBS/C spectra
using an iterative procedure [16], and channel number
was converted to depth, as shown in Figure 2(a). For
visual clarity, data for some fluences are omitted. The
Ta disorder increases with ion fluence, and the damage
peak reaches the random level at 0.4 ions/nm? (~0.3
displacements per atom), which indicates that an amor-
phous state has formed. With further irradiation to 0.5
ions/nm?, a homogeneous amorphous layer is formed
that extends from the surface to a depth of ~ 300 nm. The
disorder accumulation on the Ta-sublattice at the DP is
shown in Figure 2(b) as a function of Ta?* fluence. Due
to the rather high S, and low S, at the DP (see Table 1),
the damage accumulation is mainly attributed to elastic
collisions created by S, along the ion path and is in good
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Figure 2. (a) Relative disorder profiles on Ta-sublattice after
2 MeV Tat irradiation at different fluences, (b) Relative disorder
of Ta-sublattice at the damage peak as a function of Ta%* fluence.
Solidred lineis afit to the damage peak data using a disorder accu-
mulation model. Table 2 summarizes the corresponding fitting
parameters.

Table 2. Disorder accumulation model parameters from fit to
2 MeV Ta?* irradiation data in Figure 2.

oa (nm?) o5 (nm?) S B (nm?)

Fit parameters 0.24 18.87 0.31 0.69

Notes: o, is amorphization cross section, o is cross section for defect-
stimulated amorphization, Sz is saturation value for defect disorder and B is
proportional to recombination volume for interstitials and small interstitial
clusters.

agreement with the SRIM-predicted displaced atom pro-
file. The damage build-up can be described by a disorder
accumulation model [17], where the amorphous frac-
tion is given by the direct impact/defect stimulated model
[18]. The fit parameters are summarized in Table 2.

3.2. 21 MeV Siion irradiation in pristine crystal

The RBS/C spectra recorded for pristine LiTaOs3 irradi-
ated with 21 MeV Si ions are shown in Figure 3. The
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Figure 3. RBS/C spectra of pristine LiTaOs irradiated with 21 MeV
Si’* atRT.

damage induced by nuclear collisions is very low and
negligible; thus the increase in the backscattering yield is
mainly attributed to S.. The relative disorder was deter-
mined near the surface region as a function of Si-fluence
using the Kamarou et al. method [19]. The small increase
in disorder may be attributed to an ionization effect that
leads to bond breakage or formation of space-charge
regions around the charged domain walls, which is fre-
quently observed in ferroelectric semiconductors, such as
in LiNbO3 [20].

3.3. 21 MeV Siion irradiation in pre-damaged
crystal

The effect of pre-damage on the response of LiTaO3 to
21 MeV S§i ions is studied using RBS/C (data not shown
here). The derived disorder profiles, shown in Figure 4,
exhibit a continuous increase of the disorder as a func-
tion of fluence, with a more pronounced effect around the
pre-existing DP. The results show a clear synergy between
the S. and pre-existing defects. A fully amorphous state
is reached at the DP for a Si’ T fluence of 0.3 ions/nm?.

The relative disorder on the Ta-sublattice after subse-
quent 21 MeV Si’" irradiation of pre-damaged LiTaO;
samples is determined at different depths as a function
of Si ion fluence, using the Kamarou et al. method [19].
The results are shown in Figure 5. For virgin LiTaO3 irra-
diated with 21 MeV Si’™, the disorder accumulation at
the same depth as the DP is determined from the data in
Figure 3 and included in Figure 5 for comparison.

The results in Figure 5 indicate two distinct stages for
accumulation of disorder as a function of ion fluence, ¢,
for both pristine and pre-damaged LiTaOs. Each stage
has been fit to a direct impact disorder accumulation
model [21]. For the initial accumulation stage (Stage 1),
the disorder, S, has been fit to the expression:

S =81+ Ai[l — exp(—019)], (1)
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Figure 4. Disorder profiles on Ta-sublattice after 21 MeV Si’* irra-
diation of pre-damaged LiTaOs.
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Figure 5. Relative disorder as a function of 21 MeV Si ion flu-
ence for pre-damaged LiTaOs at different depths (30, 80, 120 and
160 nm); for the 21 MeV Si ion irradiated pristine LiTaO3 near the
surface (from analysis of data in Figure 3). Solid lines are the best
fits obtained with a direct impact disorder accumulation model at
each step for the pre-damaged case.

where §; is the initial pre-damage disorder at a given
depth, A; is the change in disorder at the saturation level
for Stage 1, and o is the damage cross-section for Stage
1. In the case of the second disorder accumulation stage
(Stage 2), the disorder has been fit to the expression:

S =8+ A1 —exp(—02(¢p — ¢0))], (2)

where S, is the sum S; + A, A, is the difference 1.0 -
S2, 02 is the damage cross-section for Stage 2, and ¢, is
the ion fluence for the onset of Stage 2. The fit parame-
ters for pre-damaged LiTaO3 are summarized in Table 3.
For pristine LiTaO3, the linear increase in disorder with
ion fluence above 0.10 ions/nm? indicates a damage cross

Table 3. Fit parameters using direct impact disorder accumula-
tion model at each step.

Depth

(nm) S A or(m?) Sy az  oa(nm?) ¢, (ions/nm?)
30 010 009 207 019 081 103 0.040
80 017 013 245 031 069 169 0.044
120 021 0.16 249 037 063 230 0.047
160 023 018 242 041 059 296 0.049

section of ~ 1.0 nm?2, which is one to two orders of mag-
nitude lower than the synergistic cross sections for Stage
1 and 2.

The Stage 1 cross-section is large due to the rapid
increase in disorder that saturates. While due to S, this
increase in disorder may be associated with excitation
of pre-existing defects, but it is more likely due to a
local ferroelectric phase transition at ~610°C [22] that
is induced and quenched within an ion track by the ther-
mal spike associated with Se. The radius of these phase
transition tracks is very large, ~ 8.8 nm, and the over-
lap of these tracks leads to the phase transition of the
pre-damaged layer, which is described as a displacive or
order—disorder transition [22].

The Stage 2 cross-section is an order of magnitude
smaller than Stage 1, and since the damage evolution in
Stage 2 follows a direct impact model to a fully amor-
phous state, it is consistent with direct impact amor-
phization along the ion path, similar to that observed in
SrTiO3 [7] and KTaOs3 [23]. This process starts at about
the same ion fluence for each depth. Both pre-existing
defects and the step change in disorder, or phase tran-
sition, may be required for initiating the Stage 2 process.
Comparing pre-damaged to pristine LiTaO3 in Figure 5,
we note the large increase in disorder in the case of
pre-damaged LiTaO3. Unambiguously, this highlights the
strong interaction between initial disorder and S, simi-
lar to behavior observed in LiNbOj3 [8,9], but with less
sensitivity to amorphization. Although possessing many
similar structural properties, LINbO3 and LiTaO3 exhibit
significant difference in melting temperatures (T, ), curie
temperatures (T¢) and band gaps, which may explain the
differences in track formation. The T for LiTaO3 is low
(610°C) and the Ty, is high (1650°C); thus a thermal
spike may be sufficient to cause phase transition above
T, but insufficient to cause melting (amorphous track
formation). In contrast, T. (1160°C) and T, (1250°C)
for LiINbOj3 are similar, and much below T4, for LiTaO3
Thus, a thermal spike that is sufficient to cause melting in
LiNbO3 may be insufficient to cause melting in LiTaO3
but sufficient to cause a phase transition in LiTaOs3. As
noted, the first stage in LiTaO3 may be due to a fer-
roelectric phase transition above 610°C, and this tran-
sition may sufficiently change the electronic structure



(e.g. bandgap and electron-phonon coupling), similar to
adding defects, such that the thermal spike is now suf-
ficient to cause local melting and quenching of LiTaO3
as the 21 MeV Si™ ions overlap with the phase transi-
tion layer. Although the damage in LiTaO3 is consistent
with a thermal spike model, it should be pointed out
that other relevant models for insulators, such as exciton
[24] and thermo-elastic [25] models, may also be con-
sistent with the observed behavior. In the exciton model,
structural modification is initiated in the lattice relax-
ation stage ( < 0.5 ps) due to exciton concentrations close
to the molecular concentration, and the observed sensi-
tization due to pre-existing defects may be partly due to
increased energy localization in excited states. Both mod-
els address track formation and morphology, but the exci-
ton model is more reliable for determining the threshold
stopping power for track formation. The thermo-elastic
model uses the thermal spike model and concomitant
elastic deformation; however, track diameter can only be
correctly described in the elastic limit [25].

The introduction of defects in materials is well known
to introduce scattering centers for electrons and phonons,
which lead to decreases in the electronic and lattice ther-
mal conductivity and increases in the electron-phonon
coupling, which within the inelastic thermal spike model
lead to increases in intensity and radial confinement of
the thermal spike. Another explanation is based on the
generalized Lindemann melting criteria [26], in which
point defects, defect clusters and disorder introduced into
a crystal will decrease its melting temperature. These are
possible mechanisms by which the pre-existing defects
sensitize LiTaO3 to track formation and eventual amor-
phization. Thus, the local disorder produced by 2 MeV
Ta®* ions intensifies and localizes the thermal spike from
21 MeV Sit ions, leading first to a phase transition and
then to amorphization.

As an important material for photonic applications,
the synergistic interaction between the initial damage
and S, in LiTaO3 could be used as a powerful tool to pat-
tern and tune the optical properties of the material, i.e.
change the refractive index and optimize waveguide per-
formance. Through a wise choice of initial damage level,
ion mass and energy of subsequent ionizing ion irradia-
tion, one can tailor the track size and structure within the
material.

4. Conclusions

Separate and coupled effects of low and high energy irra-
diations have been investigated. Irradiation of LiTaO3
with 2 MeV Ta?* results in amorphization through dam-
age accumulation processes, driven by nuclear collision
cascades between Ta ions and target nuclei. The highly
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ionizing irradiations, using 21 MeV Si ions, do not pro-
duce significant damage in pristine LiTaO3. However, a
small amount of pre-existing damage sensitizes LiTaO3
to the formation of ion tracks, via the thermal spike
associated with electronic energy loss, that induce a syn-
ergistic two-stage phase transition process that leads to
amorphization. This synergistic effect could be a promis-
ing tool to functionalize materials for optical devices
applications.

Acknowledgements

This work was supported by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences, Materials Sciences
and Engineering Division. One of the authors (M.L.C.) was
supported by the University of Tennessee Governor’s Chair
program.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by U.S. Department of Energy, Office
of Science, Basic Energy Sciences, Materials Sciences and Engi-
neering Division. One of the authors (M.L.C.) was supported by
the University of Tennessee Governor’s Chair program.

ORCID

Neila Sellami (© http://orcid.org/0000-0001-8048-3329
Miguel L. Crespillo (© http://orcid.org/0000-0001-5941-8426
Yanwen Zhang 2 http://orcid.org/0000-0003-1833-3885
William ]. Weber (2 http://orcid.org/0000-0002-9017-7365

References

[1] Ashkin A, Boyd GD, Dziedzic JM, et al. Optically-induced
refractive index inhomogeneities in LiNbO3 and LiTaO3.
Appl Phys Lett. 1966;9:72-74.

[2] Liu G, He R, Akhmadaliev S, et al. Optical waveguides
in LiTaO3 crystals fabricated by swift C 5+ ion irra-
diation. Nucl Instruments Methods Phys Res Sect B.
2014;325:43-46.

[3] Holtmann E Imbrock J, Baumer C, et al. Photorefrac-
tive properties of undoped lithium tantalate crystals for
various composition. ] Appl Phys. 2004;96:7455-7459.

[4] Pun EY, Zhang DL, Yang XF. Near-stoichiometric LiTaO3
optical waveguides. In: Photonics and fiber technology
2016. Optical Society of America; 2016. Available from:
https://doi.org/10.1364/ACOFT.2016.JM6A.6

[5] Weber WJ, Dufty DM, Thomé L, et al. The role of elec-
tronic energy loss in ion beam modification of materials.
Curr Opin Solid State Mater Sci. 2015;19:1-11.

[6] Zhang Y, Xue H, Zarkadoula E, et al. Coupled electronic
and atomic effects on defect evolution in silicon carbide
under ion irradiation. Curr Opin Solid State Mater Sci.
2017;21:285.


http://orcid.org/0000-0001-8048-3329
http://orcid.org/0000-0001-5941-8426
http://orcid.org/0000-0003-1833-3885
http://orcid.org/0000-0002-9017-7365
https://doi.org/10.1364/ACOFT.2016.JM6A.6

344 N. SELLAMI ET AL.

[7]

(8]

[12]

[13]

Weber W], Zarkadoula E, Pakarinen OH, et al. Synergy of
elastic and inelastic energy loss on ion track formation in
SrTiOs. Sci Rep. 2015;5:7726.

Sellami N, Crespillo ML, Xue H, et al. Role of atomic-
level defects and electronic energy loss on amorphiza-
tion in LiNbOj3 single crystals. ] Phys D Appl Phys.
2017;50:325103.

Liu P, Zhang Y, Xue H, et al. A coupled effect of
nuclear and electronic energy loss on ion irradiation
damage in lithium niobate. Acta Mater. 2016;105:429-
437.

Xue H, Zhang Y, Weber WJ. In-cascade ionization effects
on defect production in 3C silicon carbide. Mater Res Lett.
2017;5:494-500.

Zhang Y, Sachan R, Pakarinen OH, et al. Ionization-
induced annealing of pre-existing defects in silicon car-
bide. Nat Commun. 2015;6:8049.

Xue H, Zarkadoula E, Liu P, et al. Amorphization due
to electronic energy deposition in defective strontium
titanate. Acta Mater. 2017;127:400-406.

Crespillo ML, Graham JT, Zhang Y, et al. Temperature
measurements during high flux ion beam irradiations.
Rev Sci Instrum. 2016;87:24902.

Zhang Y, Crespillo ML, Xue H, et al. New ion beam mate-
rials laboratory for materials modification and irradiation
effects research. Nucl Instr Methods Phys Res Sect B.
2014;338:19-30.

Ziegler JF, Biersack JP, Littmark U. The stopping and range
of ions in solids. New York: Pergamon; 1985.

Zhang Y, Lian J, Zhu Z, et al. Response of strontium
titanate to ion and electron irradiation. ] Nucl Mater.
2009;389:303-310.

[17]

[18]

(21]

[22]

(23]

(24]

[25]

Zhang Y, Weber W], Jiang W, et al. Effects of implantation
temperature on damage accumulation in Al-implanted
4H-SiC. ] Appl Phys. 2004;95:4012-4018.

Weber WJ. Models and mechanisms of irradiation-
induced amorphization in ceramics. Nucl Instruments
Methods Phys Res Sect B Atoms. 2000;166:98-106.
Kamarou A, Wendler E, Wesch W. Charge state effect
on near-surface damage formation in swift heavy ion
irradiated InP. ] Appl Phys. 2005;97:123532.

Eliseev EA, Morozovska AN, Svechnikov GS, et al. Static
conductivity of charged domain walls in uniaxial ferro-
electric semiconductors. Phys Rev B. 2011;83:1-8.
Gibbons JFE Ion implantation in semiconductors. Part II.
damage production and annealing. Proc IEEE. 1972;60:
1062-1095.

Miiller KA, Luspin Y, Servoin JL, et al. Displacive-
order-disorder crossover at the ferroelectric-paraelectric
phase transitions of BaTiO3 and LiTaOs. J Phys Lett.
1982;43:537-542.

Zarkadoula E, Jin K, Zhang Y, Weber WJ. Synergistic
effects of nuclear and electronic energy loss in KTaOj3
under ion irradiation. AIP Adv. 2017;7:015016.

Itoh N, Dufty DM, Khakshouri S, et al. Making tracks:
electronic excitation roles in forming swift heavy ion
tracks. ] Phys Condens Matter. 2009;21:474205.

Singh E Stoquert JP, Pivin JC. Study of classical thermo-
mechanical equations in ultrafast thermo-elastic domain:
electronic sputtering from metal-dielectric nanocompos-
ites. ] Phys D Appl Phys. 2013;46:325305.

Lam NQ, Okamoto PR. Generalized melting criterion
for beam-induced amorphization. Surf Coat Technol
1994;65:7-14.



	1. Introduction
	2. Experimental methods
	3. Results and discussion
	3.1. 2MeV Ta ion irradiation
	3.2. 21MeV Si ion irradiation in pristine crystal
	3.3. 21MeV Si ion irradiation in pre-damaged crystal

	4. Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	ORCID
	References

