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ABSTRACT

To enhance the performance of surface acoustic wave filters, industries are actively investigating the substitution of bulk lithium tantalate
piezoelectric single-crystal substrates with thin films integrated onto silicon substrates. Ion implantation in these single crystals serves as the
initial stage of the Smart-Cut process, widely recognized for enabling material transfer onto silicon. Identification of the physical phenomena
behind ion implantation in piezoelectric single crystals remains a challenge due to the emergence of strain and, thus, local electric fields
gradients. In this work, we address strain generated in LiTaOs single crystals by H" ion implantation in relation to the structural modifications
and as a function of implanted fluence. We show that strain is not only proportional to the local H concentration, the case found in common
target materials, such as Si crystals, but also proportional to the fluence with some non-linear coefficients depending on the modified elastic
constants of the implanted material. We evidence that the damage redistribution is at the root of this intriguing phenomenon, which is
probably linked to the emergence of gradual electric fields. Targeting a unified law for the evolution of strain with local H-concentration
and H-fluence and generated damage, we provide the generalized form for fluence-normalized strain as a function of the H-to-damage
concentration ratio, which is independent of fluence. Depending on the ratio range, four distinct evolutionary regimes describe the function.
These are discussed in detail.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0291228

I. INTRODUCTION process allows performing single crystal thin film transfer by com-

bining H* ion implantation and wafer bonding technologies in such
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Lithium tantalate (LiTaO3 or LTO) piezoelectric single crystals
have been used for many years as a bulk substrate for surface acoustic
wave (SAW) filters, which are some of the most common radio fre-
quency (RF) filters in mobile phones.! In an effort to enhance device
performances, that is achieve higher frequencies, more stable opera-
tion with temperature variations, and lower energy losses in devices,
industries are currently considering replacing these bulk substrates
with LTO thin films integrated on a Si substrate.” In order to be effi-
cient, SAW filters require a single crystal LTO thin film separated
from the Si substrate by an amorphous SiO; layer, in a piezoelectric-
on-insulator (POI) heterostructure. Unfortunately, epitaxial growth
of LTO single crystals has never been achieved on any kind of a
substrate.’

Currently, one of the most promising approaches for the fabri-
cation of a single crystal POI is the Smart Cut™ technology.” This

a way that POIs can now be fabricated at the wafer scale.” Several
studies have shown the superiority of the Smart Cut™ POI based
devices compared to the traditional ones.”’

Understanding the Smart Cut™ process physics that was
developed for Si more than 30 years ago took a long time.* A
comprehensive study was necessary until recently to fully grasp
the physical phenomena and the mechanism underlying the frac-
ture process of the H* ion implanted Si substrate.” " Basically, Si
fracture occurs due to a low solubility limit of H in Si and the
presence of vacancies generated by ion implantation. Following ion
implantation, they jointly precipitate in form of a wide range of rela-
tively stable complexes. Only few of them (namely, VH4 and V,Hjs)
transform into gas filled cavities (platelets),‘\"k)‘l " which competitively
grow in line with inelastic interactions and form microcracks during
thermal annealing. Besides functioning as gas sources and platelet
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seeds, they generate strain gradients,”' "> which have a significant

effect on platelets’ crystallographic orientation, subsequent inelastic
interactions, and material fracture.*'*'®"

The comprehension of the Smart-Cut process developed for
LiTaO;'®" remains today relatively constrained. Indeed, LiTaO;
is significantly more complex than silicon, as it consists of three
different atoms forming a solid solution around the stoichiomet-
ric composition (ﬁ = 0.5). It exhibits a trigonal structure (space
group R3C)*" and possesses a spontaneous polarization aligned with
the c-axis.”! The most common composition used is the congru-
ent one (CLT), slightly deficient in Li LiffTa = 0.485). As a result, it
inherently exhibits a certain level of intrinsic point defects, including
lithium vacancies, tantalum antisites, and tantalum interstitials.””
In addition, some H is unavoidably incorporated during crys-
tal growth in the vicinity of a Li vacancy.”” In addition, a key
distinction from silicon is that hydrogen has no solubility limit
in CLT.”"

Strain in H* ion-implanted silicon crystals arises from the
material elastic reaction on the in-plane biaxial stress created by
the population of (multi)vacancy hydrogenated complexes and
interstitial agglomerations formed following H* implantation. The
out-of-plane strain component remains positive, with an increase
in interplanar distances perpendicular to the wafer surface.'””
The depth profile of the deformation has been shown to depend
solely on hydrogen concentration and the elastic constants of
silicon.'*

Recent research has shed light on certain aspects of the strain
configuration in CLT following H" ion implantation. Strain induced
by H* ion implantation in Y-rotated LTO, especially Y42-cut LTO
with 75 keV ions at fluences 1.8 to 2.2 x 10'® ion/cm?, was investi-
gated.”’ In this orientation, the deformation of (012) planes nearly
parallel to the wafer surface was deemed to provide a reasonable
estimate of the out-of-plane component. They also measured defor-
mation of the (030) at —42° from the parallel to the surface. The
(012) planes showed tensile deformation, while the (030) planes
exhibited compressive deformation. The negative value is rather
unexpected because one would expect the implanted layer to be
pseudomorph to the substrate similarly to the situation observed for
other implanted materials."”*’ The study of H* implantation in Z-
cut LTO with 180 keV ions at fluences 6x, 8x and 10x 10'° ions/cm?
concluded that H* ion implanted mainly introduces O vacancies and
H interstitials that generate strain in LTO, which increases with H
fluence.’’ As far as we know, only one study has attempted to recon-
struct the strain depth profiles in Z-cut LTO implanted at 110 keV
with a fluence of 3 x 10" cm™.%> Damage due to nuclear interac-
tions of the incident ion with the lattice atoms, i.e., lattice disorder
and vacancy-interstitial pairs, is considered there as the origin of the
localized strain. Strain depth distribution approximately follows the
vacancies profile simulated by Stopping and Range of Ions in Matter
(SRIM).*”*

The first two investigations cited above provide only a lim-
ited perspective on strain in implanted LTO, focusing solely on the
maximum deformation along the piezoelectric axis. They do not
establish any relation between hydrogen content in the implanted
crystal and the induced damage. Moreover, in the third study, the
resolution of XRD experiments is somewhat constrained, and the
correlation between the experimental and simulated diffractograms
is not entirely ideal.

ARTICLE pubs.aip.org/aip/apm

This paper aims to conduct a comprehensive investigation
into the effects of hydrogen ion implantation on the structural
modifications of Y42-cut oriented LTO single crystals varying the
total implanted fluence. This is achieved by reconstructing the full
strain tensor and damage depth profiles through simulations of
x-ray diffraction data’ and integrating these findings with mea-
sured implanted hydrogen concentrations (SIMS). First, we provide
a detailed description of the studied samples. Next, we examine
the depth distributions of hydrogen, damage, and strain as a func-
tion of implanted fluences. Finally, we analyze their correlations and
investigate the origin of strain in H* ion-implanted LTO.

Il. SAMPLES AND METHODS

We investigated Y42-cut oriented LTO single crystals, widely
employed as substrates for SAW filters (Fig. 1). Commercial wafers,
grown by the Czochralski method and provided by Sumitomo Metal
Mining, were used. They have a congruent composition of 48.5
mol. % Li;O and 51.5 mol. % Ta,Os. In the particular Y42-cut orien-
tation, the normal to the wafer surface (labeled z’ in Fig. 1) makes an
angle of 42° with the [ 1100] axis (labeled y) and 90° with the [1120]
axis (labeled x) of the crystal. The piezoelectric axis is inclined at 48°
from the surface normal, which deviates from any low-index crys-
tallographic plane [Fig. S1(b)]. Wafers were implanted with H* ions
at an energy of 110 keV, in a NISSIN iG4HY ion implanter with an
incidence angle of 7° from the normal to the surface. During implan-
tation, the temperature was monitored using the electrostatic chuck
cooling system and fixed at T = 20 °C. In order to avoid dynamical
annealing of the damage, implantation was realized at a low current
density of 15 yA cm™.

The samples were implanted under the same conditions with
three different hydrogen fluences, 1.4 x 10'® H* cm™ (sample

!

VA
Surface T
Implanted
layer
Substrate — ! \‘

x=x' =[1120]

FIG. 1. Continuum body of the implanted LTO Y42-cut wafer viewed along the
[1120] direction with the xyz system of the coordinates related to the LTO
crystallographic directions and the user defined x’y’z’ right-handed coordinates
system associated with the wafer geometry. The dotted white squares represent
unstrained continuum body cells corresponding to the pristine LTO bulk structure.
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1.4 x 10%), 4 x 10" H* cm™ (sample 4 x 10'°), and 1 x 10"
H* cm™ (sample 1 x 10"), later on measured by secondary ion
mass spectroscopy (SIMS). The desired fluence was reached through
multiple passes of the ion beam over the sample.

Hydrogen concentration depth profiles were extracted by SIMS
measurements performed by EAG Laboratories materials charac-
terization service in New Jersey. Cs ions were used as the primary
beam, and a quadrupole mass analyzer was used for the detection.
Calibrations were carried out using EAG’s own reference samples.

Hydrogen and damage profiles were simulated by the SRIM
package,” using the monolayer collision steps calculation mode.
Displacement energies for each chemical element were set to 19.3 eV
for Li, 24.4 eV for Ta, and 36.79 eV for O, as calculated in Ref. 35.
The total number of simulated ions was limited to 2 x 10°. These
simulations allow the calculation of the H concentration (cg) pro-
files normalized by the fluence (f), i.e., Cy = %, and enable to assess

the distribution of damage within the implanted layers, represented

CSRIM _ ey

by a fluence normalized vacancy concentration ( =5 ) profile.

Strain tensor depth profiles in the implanted layers were
extracted from high resolution XRD measurements combined with
diffractogram simulations by the Radiation Damage in Materials
Analyzed with x-ray diffraction (RaDMaX) program.’* Here, we
reconstruct extrinsic strain, i.e., strain defined with reference to
the Bravais lattice of LTO crystal following the detailed method
already presented in our previous work.”® Experimental and simu-
lated diffractograms, as well as the deduced corresponding deforma-
tion profiles of the (2204) plane (the nearest crystallographic plane
aligned with the wafer surface) and the (00012) plane (the plane per-
pendicular to the c-axis direction) and for the three fluences, are
available in the supplementary material [Figs. S2, S3(a), S3(b) and
S4(a)-S4(d)].

RaDMaX simulations yield static Debye-Waller (sDW) factor
profiles in addition to plane deformation profiles. With appropriate
adjustment, these profiles provide a good fit of simulated diffrac-
togram intensities to the experimental ones. The sDW is unit-less
and characterizes the damage inside the implanted layers.”*” It
ranges from 0 to 1, where 1 corresponds to the ideal perfect crystal
and 0 corresponds to the amorphous crystal.”***’

Lamellas for transmission electron microscopy (TEM) were
extracted from the implanted wafers and thinned with focused ion
beam (FIB) in a FEI Helios Nanolab 600i microscope. We followed
the same sample preparation protocol as in Ref. 40, which was specif-
ically adapted to LTO crystals. Lamellas were oriented perpendicular
to the [1 120] direction.

Atomic resolution scanning transmission electron microscopy
(STEM) images were used to measure strain at the local scale.
Images were acquired in an FEI Titan 60-300 microscope operated
at 300 kV and equipped with a high-brightness Schottky field emis-
sion gun (X-FEG) and a CEOS probe aberration corrector. Cross-
sectional (1120) images were recorded using a high angle annular
dark-field (HAADF) detector, which provides imaging of Ta atomic
columns only. The collected HAADF STEM image dataset was pro-
cessed using the AbStrain method presented in Ref. 41, allowing the
measurement of strain tensor components with reference to the Bra-
vais lattice of LTO at different depths of the implanted layer. The
detailed protocol and results are presented in the supplementary
material (Sec. S2).

pubs.aip.org/aip/apm

Conventional bright-field (BF) TEM images were acquired in
a JEOL 2010 microscope equipped with a LaBs thermo-ionic elec-
tron gun and high contrast objective lens. It was operated at 120 kV
to reduce sample damage during observation. BF imaging was per-
formed in two-beam conditions using g,,, and slightly out of focus
to enhance defects contrast.

Ill. RESULTS
A. Strain as functions of H concentration and fluence

The additional hydrogen introduced into the crystal is the most
evident source of strain in ion-implanted LTO. Consequently, as
a first step, we determined the strain tensor component (e, and
g,) profiles for the three hydrogen fluences (1.4, 4, and 10 x10'

H* cm™) as a function of depth (supplementary material, Fig. $7).
Figure 1 illustrates the resulting depth evolution of the shape of the
strained implanted LTO, where zero in-plane strain (the implanted
region remains pseudomorph to the pristine bulk substrate’®), grad-
ual tensile out-of-plane strain ¢/, and negative shear strain ¢,/ are
schematically represented. In a second step, hydrogen concentration
(cH) profiles as a function of depth were independently measured
(Fig. S8). Then, by cross-referencing these two results, we were able
to associate the strain values €./, (solid lines) and N (dashed lines)
generated at different depths to the corresponding cy values for
the three samples 1.4 x 106 (red lines), 4 x 10'® (blue lines), and
1 x 10" (black lines) [Fig. 2(a)].

All e, curves share several common features. To illustrate,
we focus on the case of the 1 x 10'7 sample (solid black curve). A
non-zero value appears just below the surface of the implanted LTO
layers at very low H concentration [Fig. 2(a), see insert]. From here,
strain amplitude (upper segment of the curve where arrow is point-
ing to the right) increases with cy following two quasi-linear regimes
until reaching a maximum value at the maximum concentration of
H, cii™. This curve segment reflects the ascending part of the strain
and cy depth profiles (Figs. S7 and S8, respectively). Further into the
depth, which corresponds to the descending part of the strain and
cu depth profiles, the curve goes back from cj;™* to zero H concen-
tration following the lower segment of the curve [the arrow pointing
to the left in Fig. 2(a)]. At the tail of hydrogen depth profile, where
¢H < 1, strain rapidly drops to zero. The negative components ¢,/
follow similar trends as ¢,/ components.

Remarkably, for a given fluence, the strain does not have the
same value for the same H content corresponding to two depths
on either side of a cy peak. Furthermore, for the different fluences,
the strain is not the same for the same H content, increasing as flu-
ence increases. Such a strain-to-H concentration relationship differs
a lot from that found in H* ions implanted Si (001) with fluences
ranging from 1 x 10" to 3 x 10'® cm™!* [Fig. 2(b)]. In Si, strain
increases linearly with cy from zero at low cy and remains fluence
independent. In LTO, a fluence dependent non-zero strain exists
already at very low H concentration (at the surface of the wafer).
Second, the slopes of the two linear regimes detected for both LTO
and Si are different. In LTO, strain increases more rapidly when
the H concentration is low, and above a certain cy threshold value,
the rate of strain evolution becomes slower. In Si, the trend is the
opposite, with the rate of strain evolution becoming larger for the
range of higher H concentration values [see green and red dashed
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FIG. 2. (a) Strain as a function of hydrogen concentration ¢y obtained for the sam-
ples 1.4 x 10 (red lines), 4 x 10'® (blue lines), and 1 x 10" (black lines). The
solid and dashed lines correspond to the out-of-plane and shear strain compo-
nents, respectively. The arrows represent the direction of increasing depth (only
showed for sample 1 x 10'7). The insert shows the zoomed part of (a) for low
cy and (b) out-of-plane strain as a function of cy obtained in H* ions implanted
Si (001) with fluences ranging from 1 x 10'® to 3 x 10'"® cm=2 (adapted from
Ref. 14).

lines in Fig. 2(b), representing the average slopes of the two linear
regimes].

Such behaviors of strain evolution with ¢y in LTO suggest
that H concentration is not the sole contributor to strain. One or
more further sources of strain should be taken into account. Dam-
age associated with fluence is likely a significant factor contributing
to the overall strain in H*-implanted LTO. Consequently, we ana-
lyzed the evolution of strain with fluence in relation to the amount
of generated damage.

B. Strain as a function of damage

Damage profile is typically assumed to be mirrored by the dis-
tribution of Li, Ta, and O vacancies, as extracted from the SRIM

ARTICLE
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. The area under this fluence normal-

ized vacancy profile, ASEM - corresponds to the upper limit for

the available number of vacancies since the SRIM does not con-
sider dynamical recombination between vacancies and interstitial
atoms. On the another side, the actual shape of the damage profile

can be represented by D(z') - 12DW(E) function, where sDW(z")
is the Debye-Waller factor profile extracted from the experiment
(sDW =1 corresponds to the perfect crystal). The D(z') function
reaches its maximum at maximum damage and is found to be pro-
portional to the fluence (Fig. S10). As it is a unit-less function, we
averaged its shape for the different fluences and normalized it by its
area Ap and weighted by the area ASX™ [Fig. 3(a), green curve]. The
resulting fluence normalized damage depth distribution is shown in
Fig. 3(a) (black line) and given by

simulation (noted c?,RIM )

(a) 30
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)
5 _ 120
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3
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Q
2 SERS
5] . Q
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FIG. 3. (a) Fluence normalized profiles of vacancies obtained by SRIM (green line),
of damage derived experimentally using Eq. (1) (black line), of hydrogen measured
by SIMS, and of ratio %‘; (red line) and (b) shape function of the out-of-plane strain

(solid lines) and shear strain (dashed lines) depth profiles, for samples 1.4 x 10
(blue lines), 4 x 10 (red lines), and 1 x 10" (black lines).
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, , A%RIM
cd(z ) = D(z ) A (1)

It is worth noting that, contrary to the fluence-normalized
hydrogen concentration depth profile cy [Fig. 3(a), blue line], the
damage curves start with non-zero values at the surface and reach
a maximum value at a shallower depth of 650 nm than that of the
hsydrogen peak concentration. Compared with the simulated curve

, the experimentally obtained profile represents more damage
in the 400 nm-thick superficial layer and less damage deeper in the
substrate. Such a finding is likely to indicate some chemical redistri-
bution of elements after or during ions implantation in LTO, which
must be fluence dependent. Up to the damage peak, the damage con-
centration far outweighs the H concentration. Thus, it is tempting
to assume that damage is the main source of strain. Let us verify the
proportionality of the strain with the damage.

The damage being normalized by the fluence as SRIM calcu-
lated, we need first to normalize the strain by the fluence. When the
strain profiles si,-(z', f ) (Fig. S7) are normalized by their respective
fluences f, the resulting curves do not align, indicating a non-linear
strain—fluence relationship. However, a strong superposition of the
curves is achieved when the strain profiles are normalized by the
product kij(f) - f, where kij(f) is a fluence-dependent, unit-less
proportionality factor (unit-less). Figure 3(b) shows the resultant
normalized profiles Sij(z') of the out-of-plane and shear strain
components given by

5;(2) = ) )

which are plotted for the samples 1.4 x 10" (blue lines), 4 x 10'°
(red lines), and 1 x 10" (black lines).

The values of the k;j(f) factors are summarized in Table I,
where the k;;( f) of the sample 1.4 x 10" is set to 1. Note that when
fluence increases, ks decreases while k,/,» increases.

Such changes in empirical coefficients can plausibly be
attributed to variations in the elastic properties of the implanted
material, as was found in other H* ion implanted materials.*"’
Those studies showed that different elastic constants change differ-
ently when the local hydrogen concentration exceeds a threshold.
In particular, the Poisson ratio increases while the shear modulus
decreases, meaning the material becomes less compressible. Since
the k. decreases and k,/ increases with fluence in our experiment,
we attr1bute this to 51m11ar changes in LTO’s elastic constants. In
principle, Hooke’s law could be used to calculate how the elastic con-
stants change. However, due to the anisotropic structure of LTO and
the complexity of the rotated stiffness tensor, there are not enough
equations to determine these changes from our data alone. Studying

TABLE . Strain—fluence proportionality factors.

Sample k. (f) Ky (f)
1.4 x 10% 1 1

4% 10'° 0.96 1.52
1x 107 0.85 1.73

ARTICLE pubs.aip.org/aip/apm

ion implantation in LTO crystals of several orientations, combined
with in-plane stress measurements,* could help, but this is beyond
the scope of the present study.

Because hydrogen is present at a quasi-zero concentration
at the surface, S;j(z") can be expressed as a function of damage
concentration profile as

5i(2) - 205~ (), o

'}(Z 0)

where w(7=0) is the rate of normalized strain change with dam-

age concentration, with S / /(z = 0) = 58 x 107 %%cm? and
cd(z = 0) = 5.4 x 10* cm™. However, it is readily apparent that the

calculated S;j(z") values significantly surpass the experimental mea-

—17% cm2

surements. For example, Sn};f‘ reaches a value of 1.94 x 10
at the damage peak of 7™ = 1.8 x 10° cm ™', which is 30% larger than
the value of 1.49 x 10_17% cm? found experimentally [Fig. 3(b)].
Moreover, strain continues increasing at the descending part of the
damage profile, i.e., maximum damage does not provide the max-
imum strain. Our findings are corroborated by Ma et al.,”> who
showed that, following He" ion (heavier than H*) implantation
in LTO, which results in a greater damage and a minuscule con-
tent in helium at the wafer surface, strain is not generated. Thus,
vacancies or damage alone are unlikely to be the only source of
strain in LTO. On the other hand, we note that H cannot be the
only source of strain as neither too low H concentration is present
at the surface nor strain is fluence dependent. We must conclude
that a combination of damage and H atoms is required for strain
generation.

C. Strain as a function of hydrogen-to-damage ratio

In order to take into account both species, we divided the H
concentration profile by the damage one and obtain the CC—’; ratio
depth distribution [Fig. 3(a), red line], which is fluence independent.
The 2 begins with a small but non-zero value at the surface, and
then quasi-linearly increases until a depth of 640 nm, where dam-
age concentration peaks. Furthermore, the ratio starts to increase
more rapidly until reaching the depth of H maximum concentra-
tion at 735 nm. Afterward, it grows linearly with a much stronger
slope than before until a depth of 840 nm. Finally, the ratio rapidly
decreases with depth.

The evolution of the two normalized strain components with
”C—‘; is shown in Fig. 4 and follows four different regimes: (i) linear
increase (green zone), (ii) transition regime (cyan zone), (iii) linear
decrease (pink zone), and (iv) linear decrease (yellow zone).

Let us analyze the different regimes of S s/ evolution in relation
to the depth and {* ratio.

(i) Linear increase (0 < ‘C—’; < 0.14)
This regime corresponds to the depth region extending
between the surface (i—;’ < 1) and the position of the damage peak

(% ~ 0.14) (green area in Fig. 4). Within this depth range, H and
damage concentrations increase monotonically, leading to a linear
rise in normalized strain with 2
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FIG. 4. Out-of-plane (black line) and shear (red line) strain shape functions Sj;
and the fluence normalized cy profile (blue line), as a function of the ”“ ratio, for

all the samples. The linear fits are indicated by green dashed lines. The damage
dominated strain regime is highlighted by the green area, the transition region by
the cyan area, and the hydrogen distribution tail by the red and yellow areas.

(ii) Transition region (0.14 <U< 0.41)

This regime corresponds to the depth range between the peak
positions of damage and H (cyan area in Fig. 4). There, normalized
strain reaches saturation and begins to decline, losing its proportion-
ality to %: Up to the H peak depth, strain components rise with
H concentration, but their growth rate diminishes as damage con-
centration decreases. Both S,/ (z') and S/ (z') reach a maximum

value of 1.7 x 107" and —7.25 x 107'%% cm?, respectively, at the H
concentration maximum.

(iii) Linear decrease (0.41 < %’; < 2.5)

This regime corresponds to the descending part of the H depth
distribution, i.e., the region deeper than the H peak position (red
area in Fig. 4). Strain components decrease linearly with the {* ratio.
Such a behavior is consistent with a decrease in the concentration
of both H and damage. A lower linear slope than that detected in
the sub-surface region is related to a slower rate of H concentration
decrease with .

(iv) Linear decrease (2.5 > fc—’; > 0.41)

This range of & values is inverse to the (iii) regime and cor-
responds to the H distribution tail at a depth deeper than 840 nm.
Here, both H and vacancy concentrations are very small with a range
of values similar to that of H in the superficial layer. Strain compo-
nents decrease linearly with a decrease in CC—;’ ratio like is found for
the (i) regime with a much lower slope. Such a fact is consistent with
a small change in H concentration values.

IV. DISCUSSION

The observed evolution of strain components in H* ion
implanted LTO can be qualitatively interpreted as follows: Strain

ARTICLE pubs.aip.org/aip/apm

occurs when H and damage are simultaneously present in the
matrix. Hydrogen and point defects incorporation in the LTO unit
cell changes its volume and modifies the elastic properties of such a
new structure.

The generalized shape function Sij(cc—*d‘) weighted by both the

fluence f and the fluence dependent proportionality coefficient
kij(f) (likely to be related to the modified elastic constants of the

material C{-}ZIO*) can be used to calculate the dependence of the
absolute strain components as functions of ¢y and ¢4, which is
given by

&ijem ca) = kii(f) - f - Sij(%:). ?

The strain dependence on fluence is likely to be related to the inter-
nal electric fields generated by the as-formed H/damage distribution.
The lattice enrichment in interstitial hydrogen and interstitial lat-
tice defects is the first source of the lattice expansion. LTO is a
piezoelectric material. When implanted, damaged, and expanded,
it is subjected to in-plane compressive stress, which induces ten-
sile out-of-plane and shear strain (through the Poisson effect).
This strain induces polarization, creating local electric fields in
the implanted regions. These fields follow the strain depth profile.
It is expected to generate (increase) the internal electric ﬁelds of
~40 kV/cm already existing in the congruent LTO crystals."*"” Any
increase in the off-stoichiometry would further increase the inter-
nal electric fields,”** ** which are expected to act on a part of the
damage sensitive to it. To preserve charge neutrality, and because
LTO contains charged defects, such as O vacancies and metallic Li
atoms, these species redistribute to produce compensating fields.
This redistribution explains the observed spatial shift of damage
after H* implantation in LTO. Hydrogen has a high solubility and
bonds with oxygen to form OH™ dipoles. Although they can move
under an applied electric field, significant redistribution requires ele-
vated temperatures.””** Comparison between SRIM simulations and
SIMS measurements shows no noticeable hydrogen redistribution
after implantation, unlike for damage. Therefore, further damage
redistribution might be the origin of the strain profile modifica-
tion. For a given fluence, sij(cH,cd) can be different for the same
cy or the same for different cy as H atoms can be surrounded
by a larger or smaller concentration of damage. This explains
the asymmetry of the strain profiles with respect to the H peak
position.

We can question about the chemical nature of defects encoun-
tered in virgin CLT and after implantation. Some information can
be found in recent published works. The most stable defect struc-
ture in as-grown CLT is a Ta interstitial cluster, which consists
of one Ta>* ion on an empty octahedral site surrounded by five
Li vacancies Vi;~.”""" Hydrogen is also already present in virgin
CLT, having been incorporated during the crystal growth process.
It tends to preferentially decorate oxygen atoms, forming a con-
figuration, where hydrogen surrounds lithium vacancies Vi;~.”
Intrinsic H content is determined at 12 x 10'"/cm®.”” Extrinsic
hydrogen introduced through ion implantation (180 keV, Z-cut,
6, 8, and 10 x10'° jons/cm®) has been shown to primarily gener-
ate oxygen vacancies and H-ion interstitials in CLT. This leads to
lattice distortion, manifesting as an increase in strain within the
lattice.”!
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V. CONCLUSION

In this work, we examined the effects of H' ion implantation
at different fluences and the same energy on the modification of
the structural characteristics of LTO, with a focus on identifying the
sources of strain generated in the implanted matrix.

By using SIMS, we measured the implanted fluences and
extracted fluence normalized H concentration profile. By using
XRD measurements and RaDMaX simulations, we measured
the strain and damage profiles. We found implanted lay-
ers to be pseudomorph to their substrates, gradually tensile
strained in the out-of-plane direction and gradually sheared
along the piezoelectric axis. We evidenced a clear discrepancy
between the SRIM simulated and experimental damage profiles,
which indicates damage redistribution following ions implantation
in LTO.

By combining damage, H, and strain profiles, we elucidated
that strain appears when both H and damage are present in the
structure. The strain profiles were found to depend non-linearly
on the fluence with the proportionality coefficients dependent on
the modified elastic constants. We provided a formula for calcu-
lating the out-of-plane and shear strain components in the H* ion
implanted LTO as functions of hydrogen and damage concentra-

tions by using generalized shape function Sij(% ), which is fluence

independent.

The recent studies on the nature of defects in implanted
CLT warrant further investigation. Experimental methods previ-
ously explored, such as Fourier transform infrared spectroscopy
(FTIR) and Raman spectroscopy for hydrogen configuration and
concentration, inelastic neutron scattering, nuclear magnetic reso-
nance (NMR) for defect identification, and glow-discharge optical
emission spectroscopy (GDOES) for elemental analysis, should be
complemented by theoretical calculations, such as density func-
tional theory (DFT). Some theoretical and experimental studies of
the elastic constants of H* ion implanted LTO can be of interest
as well, as their modification could be detrimental for SAW filter
applications.

SUPPLEMENTARY MATERIAL

The first section of this supplementary material presents the
experimental XRD patterns and the corresponding RaDMaX sim-
ulation results for LTO samples implanted with H" ions at 110 keV
with fluences of 1.4 x 10 H" cm™ (1.4 x 10%), 4 x 10%
H' em™ (4 x 10), and 1 x 10" H* cm™ (1 x 10'7). The sec-
ond section details the methodology used to quantify the strain
components via AbStrain analysis of HAADF HR-STEM images
obtained from H*-implanted LTO samples. The third section
compares the depth profiles of the strain tensor components recon-
structed from XRD measurements and AbStrain analysis for the
different implantation conditions. Subsequent sections present
hydrogen depth profiles measured by SIMS and discuss observed
artifacts associated with extended defects, as revealed by BF-TEM
micrographs. Damage-related (1-sDW) curves extracted from the
XRD experiments are also shown, confirming the presence and
depth distribution of implantation-induced damage within the
modified layer, as evidenced by atomic-resolution STEM-HAADF
imaging.
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