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h i g h l i g h t s

� Optimal recovery of crystal ion
slicing-processed LiNbO3 crystallinity
achieved through 2 h, 200 �C
annealing post crystal-ion-slicing.

� The recovery of the crystallinity
involves the rearrangement of CIS-
induces point defects and their
clusters into dislocation loops and
cascade.

� Post-CIS annealing at temperature
200 �C above the split temperature
induces non-correlated dislocations
and increases the in-plane stress.

� The findings in this work support the
optimization of the design of LiNbO3

thin-film bulk acoustic wave filters.
g r a p h i c a l a b s t r a c t

Reducing the irradiation damage in materials processed by crystal ion slicing (CIS) is pivotal for recover-
ing the properties linked to the materials’ structure, which enables the performance of related devices.
The study of the X-ray diffuse scattering allows to understand the mechanism of thermal recrystallization
in CIS-processed materials, which facilitates the optimal design of the crystallinity recovery process.
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a b s t r a c t

LiNbO3 (LNO) is a material suitable for high-frequency and wideband RF filters as well as photonic appli-
cations due to its outstanding piezoelectric and optical properties. Applications such as thin-film bulk
acoustic wave resonators or highly confined electro-optic modulators require thin films, which are still
challenging to be obtained with the necessary crystalline quality by deposition methods. Alternatively
to deposition, crystal ion-slicing (CIS) or Smart CutTM enables obtaining thin films hundreds of nanome-
ters thick from the bulk single-crystal utilizing high-energy and dose implantation of light atoms. The
price to pay is the partial degradation of the initial crystalline perfection, which translates to a degrada-
tion of the piezoelectric performance of the material if the CIS-induced damage is not eliminated.
This work aims to understand the physics of the recrystallization process of the CIS-damaged LNO crys-

tal upon thermal annealing. The study of the coherent and diffuse scattering by high-resolution X-ray
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diffraction, complemented by micro-Raman backscattering spectroscopy and Transmission Electron
Microscopy (TEM), allowed to study the recovery of the crystallinity from the CIS-induced lattice strain
and stress and the progressive reduction of the defects clusters dimension.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

LiNbO3 (LNO) and LiTaO3 (LTO) are among the most promising
materials for integrated optics and RF devices because of their
electro-optical, nonlinear optical, and piezoelectric properties.
Using these materials as optical waveguides requires the formation
of layered structures, which can be achieved by high-temperature
ion diffusion or implantation of high-energy light elements, such as
H+ or, more often He+ [1–5]. As for piezo acoustic applications,
trends such as temperature stability, operation at high frequencies
(up to 6 GHz), and broad bandwidth push Surface Acoustic Wave
(SAW) or Bulk Acoustic Wave (BAW) currently in use to their lim-
its, primarily due to the limited electromechanical factors of the
waves exploited [6]. In the field of Bulk Acoustic Wave (BAW) fil-
ters, alloying Aluminum Nitride (AlN) shows promising results,
even though the electromechanical coupling factors will probably
keep limited to 20% [6]. In this frame, LiNbO3 and LiTaO3 are
receiving considerable interest because of their outstanding elec-
tromechanical coupling factors, and researchers are going on to
integrate the material into filters of different designs [7,8]. These
works have revealed the potential for extremely large electrome-
chanical coupling resonators, up to 40 % [6].

The use of LiNbO3 for the fabrication of BAW filters operating at
high frequency (in the GHz range) requires these materials in the
form of thin films with thicknesses below one micrometer. How-
ever, depositing a thin film of such a crystal with the required crys-
talline quality is challenging [9]. A method to obtain thin films
from the CZ bulk single-crystal is based on the implantation of
light atoms such as H or He at high energy and dose, followed by
thermal processes that enable the splitting of a thin film of the
implanted materials [6,10]. The technique, called crystal ion slicing
(CIS) or Smart CutTM, has been successfully used in the fabrication
of thin-film bulk acoustic wave resonators (TFBAR) [6]. Both for
optical and piezo-acoustic applications, the aspiration is to main-
tain the crystalline structure of the materials as much as possible
unaffected by the ion-slicing, since the optical and piezoelectric
properties are manifestations of the crystalline structure itself.
On the other hand, the implantation and subsequent thin-film
splitting damage the crystalline structure, introducing point
defects such as vacancies, interstitials and substitutional, defects
clusters, and amorphization [11–13]. Fig. 1 shows the effect of
implanting an X-cut LiNbO3 single crystal with He-ions at doses
and energy usually involved in the CIS process. The LNO 110 reflec-
tion appears broadened in both directions of the reciprocal space.
The profile along qz in Fig. 1(b) shows the extended structure
and the Laue fringes, which stands for the formation of a well-
defined interface at the ions stopping range. At each qz diffraction
maxima, the diffracted intensity are spread out along the qx direc-
tion due to the presence of lattice defects introduced during ion
implantation. The distance between the fringes points out that
the stopping range is located at around 735 nm from the surface,
enabling the split and transfer of a sub-micron LiNbO3 thin film
for FBAR applications.

High-temperature annealing of implanted crystals enables par-
tial recovery from the CIS-induced crystalline damage, conse-
quently improving the related physical properties. The effect of
the thermal annealing on implanted LiNbO3 single crystals was
investigated by Zolotoyabko [14] and Avrahami [15], who described
2

the progressive reduction of the extended structure when increas-
ing the annealing temperature. Avrahami and coworkers defined a
critical temperature Tc = 200 �C above which the implanted crystal
undergoes a defects-clustering phenomenon, which brings the
optical waveguide barrier to be destroyed or the lift-off of the part
of the crystal above the stopping range in the case of ion-slicing
applications [15]. Many annealing protocols have been developed
to answer the specific demands of specific fabrication processes
[10,11,16–19]. In any case, the annealing parameters, such as the
temperature, atmosphere, time, and the possible use of etching
agents, strictly depend on the implantation / CIS conditions and
the final application of the crystal. For this reason, the identification
of a thermal treatment protocol is not the object of this paper.
Instead, this study aims to understand the influence of thermal
annealing on the evolution of the CIS-induced lattice defects in
LNO single-crystal, investigating the structural transformations
involved in the recrystallization process.

For applications related to the crystal ion slicing, the CIS-
processed material can be considered as the starting point. The
materials undergo extensive processing during the CIS, which
involves itself a high-temperature step to promote the coalescence
of the gas clusters in more giant platelets until the thin film split-
ting, which differentiates deeply the post-CIS microstructural sta-
tus from the post-implantation one. The split temperature
depends on the ion implantation parameters, i.e. dose and energy;
however, the physical phenomena bringing to the splitting are sup-
posed to remain unvaried, as well as the status of the crystallinity
after the layer split. For this reason, it appears more reasonable
that physical phenomena related to the recrystallization are
described in a scale of temperature relative to the split tempera-
ture. Reporting the absolute temperatures might be less informa-
tive because of the dependence of the split temperature on the
implantation parameters, often hidden for the sake of confidential-
ity when industrial processes are involved.

In thiswork, we started from the as-split (or post-CIS) LNO crystal
andperformed thermal annealingat temperaturesup to300 �Cabove
the splitting one. Themaximum annealing temperature represents a
threshold, above which the LiNbO3 congruent crystal undergoes
compositional changes due to Li, O, and Li2O evaporation [20]. The
influence of thermal annealing on the structure of post-CIS X-cut
black LiNbO3 single crystals has been evaluated by high-resolution
X-ray diffraction (HRXRD), complemented by Raman backscattering
spectroscopy and transmission electron microscopy (TEM). The ini-
tially implanted LNO wafer was used instead of the split thin film;
on the one hand, this avoids the influence of other materials depos-
ited during the fabrication process and before the CIS on the HRXRD
analyses. On the other hand, the implanted wafer after the CIS still
contains crystalline damage, which was proved by X-ray diffraction
and measurements of the piezoacoustic performance.

X-ray diffraction (XRD) is among the most established methods
for microstructural investigations and the study of order–disorder
transitions, chemical composition, crystalline phases, preferred
orientation and texture,[21] size of crystallites [22–24], micros-
train, and defects densities and mobility [24–27]. The extensive
processing and utilization of bulk single crystals and high-quality
epitaxial thin films by the microelectronic industry required the
improvement of the analytical performances of XRD instruments,
opening the floor to high-resolution X-ray diffraction (HRXRD)

http://creativecommons.org/licenses/by/4.0/


Fig. 1. (a) Reciprocal space map around the LNO 110 lattice point after He+-implantation. The high dose produces severe crystalline damage both in the direction radial (swelling
gradient of the d110-spacing) and azimuthal around the LNO(110); (b) qz profile at qx = 0 nm�1 extracted from the RSM in (a). The gradient of the lattice swelling is visible as an
extension of the scattered intensities at smaller values of momentum transfer along qz than the theoretical for the LNO 110 (marked with a red dashed line). The Laue fringes mark
the formation of a well-defined interface at the He-ions stopping range, corresponding to a depth equal to 735 nm; (c) HRXRD experimental configurationwith themost important
exploited angles. (d) Bruker D8 Discover DaVinci is equipped with high-resolution optics of the primary beam (Göbel mirror and Bartels monochromator) and diffracted beam
(3xGe(220) crystal analyzer). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[26,28–33]. HRXRD is a powerful method for exploring the
microstructure or highly ordered systems because of its unrivaled
high lattice strain sensitivity [34].

The analysis of the X-rays scattered in the region of the Bragg’s
peak provides different information as a function of the type of scan
- radial h/2h scans, angular scans or rocking curves (RC), reciprocal
space maps (RSMs). The diffuse X-ray scattering, i.e., the radiation
scattered in regions of the reciprocal space relatively far from the
lattice point node, provides insightful structural information [35].

The vibrational states of crystals are strongly dependent on
atomic distances, strength of atomic bonds, which can be modified
by the presence of the crystalline defect. These defects are nor-
mally revealed by changes in the Raman shift value or in the width
of the bands. In particular, degradations of the LiNbO3 microstruc-
ture were found to decrease the intensity of peaks and broaden the
linewidths of the Raman modes [36]. In this study, micro-Raman
backscattering spectroscopy has been employed to evaluate the
effect of thermal annealing on the material structure.

Our study discusses phenomena experimentally and provides
explanations based on coherent and diffuse scattering theories,
complementad by Raman spectroscopy and TEM images.
3

2. Materials and methods

The sample under study is a 525 lm-thick LiNbO3 (LNO) single
crystal wafer cut along the (110) crystallographic direction (X-
cut). The present LNO crystal belongs to the centrosymmetric trig-
onal system with space group R-3c and lattice parameters a = b = 5.
149 Å and c = 13.862 Å [37]. Additional information about the sam-
ples fabrication process can be found in work from Moulet and
coworkers [38]. After the CIS and the surface polishing, the
implanted wafer still presents residual CIS-induced crystalline
damage, analogue to that in the sliced thin film. The wafer was
diced into pieces 2x2 cm2: four parts were annealed in air, for
2 h, in a range of temperatures from + 100 �C to + 300 �C with
respect the split temperature.

High-resolution X-ray diffraction (HRXRD) measurements were
performed using a BRUKER D8 DaVinci instrument equipped with
high-resolution optics for the primary and scattered beam, as
shown in Fig. 1(b). The X-ray beam is generated by a Cu-sealed
source and collimated by a Göbel mirror. A Bartels four-crystal
symmetrical Ge(220) channel-cut monochromator is mounted to
limit the energy and angular divergence of the primary beam. A
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triple-crystal symmetrical Ge(220) channel-cut crystal analyzer is
mounted in front of the scintillation detector to reduce the angular
and energetic acceptance to the detector. Materials microstructure
was investigated by performing Reciprocal Space Maps (RSMs), i.e.,
(x +x0)-2h scans at differentx0 offsets. The width of the line beam
in the scattering plane was selected using a 600 lm slit and kept
constant for all the measurements. The length of the beam in the
direction perpendicular to the scattering plane is not reduced so
that samples are illuminated over the entire length. The HRXRD
experimental configuration concerning the investigated angles of
interest is shown schematically in Fig. 1(c), and the corresponding
diffractometer instrument in Fig. 1(d). Instead of angular units,
reciprocal space units are used, which is particularly convenient
for evaluating diffuse scattering. In particular, the scattering vector

modules are expressed in q
�
z and q

�
x, where q

�
z = Q

�
z/2p, and Q

�
z = 4p.

sin(h).k-1 related to the geometry exploited in this work. Q
�
x is here

always expressed in relative scale. The main focus of the work is on
the diffuse scattering analysis, which does not require an extre-
mely high angular resolution, the angular steps of the radial and
angular axis were set to 0.01�, equivalent to 0.0011 nm�1 in q
when Cu radiation is exploited. Accordingly, the accuracy related
to the exploited experimental configuration is estimated to
be ± 0.001 nm�1.

Micro-Raman backscattering spectroscopy measurements have
been performed by using S&I MonoVista Raman spectrometer with
a Nd:YAG 532 nm laser, finely focused onto the sample surface
through a 100X microscope objective. The spatial lateral resolution
and depth penetration of the laser into LiNbO3 are around 1 lm. To
evaluate the crystallinity of LNO, we collected Raman spectra in the

X(YZ)X
�
backscattering geometry. Backscattering arrangements are

in the standard Porto notation. The first letter (X) refers to the
propagation direction of the incident photons, normal to the sur-
face of the X-Cut LiNbO3 wafer. The letters inside the brackets
(YZ) refer to the polarization direction of the incident and scattered
photons, respectively. These are controlled by polarizers posi-
tioned along with the incident and scattered wave path. The last

letter (X
�
), refers to the propagation direction of the scattered light,

so the same (with opposite verse) with respect to the incident one
in Raman backscattering analysis. Raman modes were identified
according to the assignment given in ref. [39]. The spectra were
calibrated by recording the spectra of a X-LiNbO3 single crystal
with a congruent composition (48.34 mol. % of Li2O) for an equiv-
alent polarization configuration. Given the high sensitivity of
Raman spectroscopy data to the temperature, all measurements
were collected at the same environmental conditions. The residual
stresses were calculated from the shifts of wavenumbers of E(1TO)
and E(6TO) modes with respect to their wavenumbers in
unstressed bulk LiNbO3 as detailed in ref. [40].

TEM lamellae from pristine and annealed samples were pre-
pared using a FIB (Tescan Lyra FEG). The bright field (BF) and weak
beam dark field (WBDF) were acquired using a ThermoFischer The-
mis 200 G3 Transmission Electron Microscope (TEM) operating at
200 kV and corrected for spherical aberration. A double tilt sample
holder was used to obtain the two-beam condition for weak beam
dark field imaging.
3. Results

3.1. Coherent scattering

Conventional X-ray coherent scattering measurements have
been performed through HRXRD. In this work, information on
the coherent scattering, in the near-Bragg region, are mainly
obtained by measurements around the (110) out-of-plane
4

direction; this is because of the highest angular resolution
achievable by the symmetrical coplanar geometry. Fig. 2 shows
the RSMs collected in the vicinity of the (110) (a-d) and (012)
(e-h) LiNbO3 lattice points, respectively. This corresponds to
the broadening of the Bragg’s peaks in the reciprocal space along
the directions (110) out-of-plane and the (012), with which it
forms an angle of 43.25�. Measurements along the (012) were
performed in symmetrical non-coplanar diffraction geometry,
which is associated to partial angular resolution loss. For this
reason, the 012 reflections are used to perform the study on
the diffuse X-ray scattering, which is not affected by the partial
loss in angular resolution.

Fig. 3(a) reports the 1D profiles along qz and qx extracted from
the RSMs, while positions and broadening of the profiles are plot-
ted in Fig. 3(b–d). After the crystal ion-slicing, two maxima appear
in the RSM along qz. The maxima are separated in reciprocal space,
with Dqz = 0.0062 nm�1. The node at the larger scattering vector
module comes from the undamaged crystal substrate, while the
second maximum at smaller scattering vector module is the result
of the residually damaged crystal after the ion-slicing. The pres-
ence of a double peak along the (110) radial direction, clearly vis-
ible from the black profile in Fig. 3(a), is a consequence of the
lattice swelling, caused by the ion implantation and CIS in the
damaged part of the crystal. The distribution of the scattered inten-
sities along qz is broader by one order of magnitude for the compo-
nent related to the damaged part of the crystal compared to the
undamaged substrate. The thermal annealing at 100 �C above the
split temperature is sufficient to promote the recrystallization of
the damaged part of the crystal. This translates into the disappear-
ance of the diffraction node and peak at a smaller scattering vector
module, as shown in Fig. 2(b) and the extracted blue profile in
Fig. 3(a). Further increasing the annealing temperature does not
cause any major change in the distribution of the coherent Bragg
scattering along qz.

Observing the distribution of the coherent Bragg scattering
along the azimuthal direction, i.e., qx, it extends over the same
range for both the undamaged substrate and damaged residual
layer in the post-CIS crystal, as shown in the inset in Fig. 3(a).
The spread of the scattered intensities along qx remains substan-
tially unvaried after annealing above the splitting temperature as
far as the exploited experimental resolution allows to determine.
However, the annealing at the maximum temperature, 300 �C
above the splitting, causes a significant broadening of the coherent
scattering distribution along qx, which spreads out of a range equal
to 0.0021(2) nm�1.

3.2. Diffuse scattering

Diffuse X-ray scattering (DXS) analyses have been performed
around the (012) of LiNbO3. The presence of scattered intensity
relatively far from the Bragg lattice point is clear when observing
the RSMs in Fig. 2. The variation in the DXS behavior with the
annealing temperature along both crystallographic directions
(110) and (012) is noteworthy. In particular, the diffuse scattering
upon annealing at 100 �C and 200 �C appears much broader around
the (012) compared to the (110), in both the azimuthal and radial
directions. Upon annealing at 300 �C above the split temperature
we observe an opposite behavior of the DXS distribution, which
points out rearrangements of the crystalline disorder associated
to the generation of diffuse scattering into crystalline disorder
impacting the coherent scattering. Fig. 4 shows the logarithmic
intensity distribution profiles along qz relative, qx relative, and
Log(qx relative).

The profiles along qz and qx appear broadened in the region of
the tails with respect to a Gaussian behavior. Along qz, the most
insightful information relates to the presence of asymmetries that



Fig. 2. Reciprocal space maps around the (110) and (012) LiNbO3 lattice points. (a - d) RSMs of the (110) lattice point, from the as-split sample to the one annealed at 300 �C
above the split temperature; (e - h) RSMs of the (012) lattice point, from the as-split sample to the one annealed at 300 �C above the split temperature;
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Fig. 3. Analysis of the mainly-coherent X-ray scattering of the LiNbO3 (110) lattice point for post-CIS and annealed samples. (a) distribution profiles along the radial
direction. qz and qx are in relative units (qz - qz, max) and (qx – qx, max). In the inset, the distribution of the coherent scattering along the angular direction related to the as-split
damaged layer and the undamaged substrate; (b) relative position of the 110 reflection along qz; (c) width of the 110 reflection along qz; (d) width of the 110 peak along qx.
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affect the profiles. In Fig. 4(a), all the profiles show asymmetric
features on the left side at qz-relative < 0. Only the sample annealed
up to 300 �C above the splitting temperature behaves differently
and does not show asymmetric features. In Fig. 4(b), the tails of
the distribution profiles of scattered intensities along qx appear
highly different from sample to sample, depending on the thermal
history. The post-CIS sample shows a fast decay of the scattered
intensities: for a module of the scattering vector equal to
0.01 nm�1, normalized intensities are in the order of 10-4. Sam-
ples annealed at higher temperatures show a different DXS
behavior: first, the scattered intensity decays much slower than
in the previous samples, being still 1% of the maximum at
qx = 0.01 nm�1. Both the Huang and Stokes-Wilson regions of
the diffuse scattering are well distinguishable, and their crossover
can be visually identified. The qx values at the crossover are
0.016 nm�1 and 0.028 nm�1 for the crystals annealed at 100 �C
and 200 �C above the splitting temperature, respectively. The
crystal annealed at the highest temperature, i.e., 300 �C above
the splitting temperature, shows a profile behavior characterized
by a decay of the scattered intensity faster than the two previous
cases, where crystals were annealed at a lower temperature. The
Lorentzian tail decays faster than I ¼ qx�2, and both the Huang
and Stokes-Wilson regions are not distinguishable, and the cross-
over is not found.
6

3.3. Damping of the Raman mode and stress calculation

The broadening of Raman modes, related to the degree of order
and presence of lattice defects, have been used to estimate the pro-
cess of recovery of the crystalline perfection of post-CIS LNO crystal
after annealing. In particular, Fig. 5 (a) and 5(b) show the Raman
spectra in the HV configuration and the zoom in the E(1TO) mode,
from which the damping has been estimated. Fig. 5(c) shows the
evolution of the damping of the E(1TO) Raman mode at
155 cm�1 with the post-CIS annealing temperature, compared to
the value from the unprocessed congruent black LNO crystal used
as the reference. The damping proves larger in the LNO crystal as-
split compared to the reference. Post CIS annealing produces the
decreasing of the damping of the Raman mode, which recovers
the reference LNO crystal value upon annealing at 200 �C above
the split temperature. The highest annealing temperature, pro-
duces a slight further decreasing of the mode damping, while the
statistic dispersion is deteriorated compared to the annealing at
200 �C above the split. The stress along the Z-direction (out-of-
plane) and Y directions (in-plane) hase been calculated from the
shifts of wavenumbers of E(1TO) and E(6TO) Raman modes under
the assumption of (i) no shear stress and (ii) rx = ry. The evolution
of the residual stress, in Fig. 5(d), shows the crystals under com-
pressive stress between �40 and �70 MPa along Y and X axis,



Fig. 4. Analysis of the diffuse X-ray scattering (DXS) of the LiNbO3 (012) lattice point for post-CIS and annealed samples. qz and qx are in relative units (qz - qz, max) and (qx –
qx, max) (a) Distribution of the scattered intensities profiles along qz. (b) Distribution of the scattered intensities profiles along qx. (c) Log-Log distribution of the scattered
intensities along qx relative facilitates the distinctions of the Huang and Stokes-Wilson regions of the diffuse scattering and the crossover between the two regions. (d) Log-
Log distribution of the scattered intensities along qx relative to the sample annealed at 100 �C above the split temperature. The two red lines represent behaviors of the diffuse
scattering intensities in the Huang IH� q-2 and SW ISW� q-4 regions, respectively. The black arrow marks the crossover between the two regions at the value q0. (e) Log-Log
distribution of the scattered intensities along qx relative of the sample annealed at 200 �C above the split temperature. The two red lines represent behaviors of the diffuse
scattering intensities in the Huang IH� q-2 and SW ISW� q-4 regions, respectively. The black arrow marks the crossover between the two regions at the value q0. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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while the stress along the Z-direction is slightly tensile and close to
0, in the range between + 8 and + 12 MPa. Annealing processes up
to 200 �C above the split temperature result in minor changes in
the stress status of the crystal. The annealing at 300 �C above the
split increases the compressive stress in XY plane up to
�277 MPa, while the stress along Z turns into slightly compressive.

3.4. TEM

Fig. 5(e–h) show bright-field and weak beam dark field TEM
images of the crystals as-split and after annealing at 200 �C above
the split temperature. The change in contrast is associated to the
presence of lattice defects, allowing quantifying the extension of
the damaged regions. The damaged region extends over a depth
of 300 nm in as-split LNO crystals, as shown in Fig. 6(a) and (b).
The lattice defects appear as large clusters of defects arranged in
a spherical shape, which extend from the surface-near region to
the end of the damaged region. Such clusters are clearly visible
in both the dark-and bright-field TEM images. In the work from
Lang and coworkers, such arrangement of defects appearing in
He-implanted LNO upon low-temperature annealing are associ-
ated to dislocations loops [41]. After annealing at 200 �C above
the split temperature, the depth of the damaged part of the LNO
crystal is reduced to only 38 nm from the surface. Annealing at
7

higher temperatures does not show a clear difference in the TEM
analysis. In the reference [41], the annealing at 500 �C resulted in
the generation of so-called ‘‘heterogeneous strain” at the top sur-
face of LNO [41]. This seems in good agreement with the TEM
micrograph in Fig. 6(c) and (d).

4. Discussion

The comparison between Fig. 1(a) and 2(a) clearly shows the
reason for starting from the post-CIS sample instead of the
implanted one. The thermal and mechanical processes involved
in the CIS produce extensive modifications of the crystalline dam-
ages introduced by the implantation. When interested in the phy-
sics of the recrystallization of post-CIS crystals, implanted samples
cannot represent the microstructural damage. In particular, the
‘‘extended strain profile” has been replaced by only one peak addi-
tional to the expected for the undamaged crystal, and the Laue
fringes are not visible anymore.

The second diffraction maximum in the reciprocal space around
the (110) lattice point and the related diffraction peak at the smal-
ler scattering vector module observed in the post-CIS sample indi-
cates that the upper part of the crystal experiences a net tensile
displacement. This is the residual CIS-induced damage mark: the
d110-spacing increases because of the lattice parameter expansion.



Fig. 5. (a) Micro-Raman spectroscopy spectra of the transversal modes of LNO crystal as-split and after annealing at the different temperatures collected in the HV
configuration. (b) zoom into the E(1TO) mode for the crystals as-split and annealed at different temperatures. (c) Statistics of the damping of the Raman E(1TO) mode for
crystal as-split and after annealing at different temperatures. Black filled box represents the reference bulk congruent LNO. Each sample have been measured in 20 points and
3 measurements at each point have been performed. The bar height is the mean value on the 20 measured points, the error bar are the standard error. (d) Stress measured
along the directions out-of-plane (black) and in-plane (red) in crystals as-split and after annealing at different temperatures. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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The damaged part of the crystal presents a discontinuous strain
status with respect to the undamaged substrate and a strain gradi-
ent, which causes the broadening of the distribution of the dif-
fracted intensities in the radial direction. The annealing recovers
the post-CIS crystal from the net tensile strain and reduces the dis-
persion of the coherent scattering along the radial direction of the
(110) to the value for the undamaged LNO crystal, which remains
constant at the different annealing temperatures. Except for the
above-mentioned damaged-layer component in the post-CIS non-
annealed sample, the 110 lattice point is found at the expected
qz position for all samples, which relates to the absence of a net
strain affecting the crystal as the result of the thermal treatments.
The analysis of the coherent scattering of the 110 lattice point
along the azimuthal direction, i.e., qx, provides additional informa-
tion about the evolution of the crystallinity and the type of defects
affecting it. In particular, the diffraction component related to the
damaged layer in the untreated post-CIS is broadened in the radial
direction, sensitive to the lattice strain, but as sharp as the refer-
ence in the angular direction, sensitive to the tilt of the atomic
planes. This may indicate that point defects (vacancies, intersti-
tials) or volume defects (clusters) homogeneously distributed rep-
resent the main source of lattice imperfections in post-CIS LNO
crystals. Spherical point defects, or clusters of defects, generate a
uniform displacement field that propagates around the core of
the defect/cluster. However, this lattice displacement field, which
intuitively modifies the atomic positions, has a minor influence
on the tilt of the atomic planes.

Annealing the crystal at 300 �C upon the split temperature
results in a minor sharpening of the scattered intensity distribution
along the radial direction. However, we observe a major spread of
8

the scattered intensitiy along the azimuthal direction. In the ref.
[41], the annealing at 750 �C of He-implanted LNO provoked the
recrystallization of the most upper part of the crystal into a poly-
crystalline film. Accordingly, the formation of a polycrystalline
layer increases the mosaicity and explains the broadening of the
coherent scattering along the azimuthal direction showed by
LNO upon annealing at 300 �C above the split temperature. The
analysis of the diffuse scattering of the 012 reflections along qz

points out the presence of asymmetries in the DXS profiles, with
features more pronounced at qz-rel < 0, which relates to a predom-
inance of vacancy-type defects [35,42]. The sample annealed
300 �C above the splitting temperature does not show such asym-
metric features at qz-rel < 0, highlighting the different nature of the
revealed crystalline defects.

Information about the dimension of the defect clusters can be
obtained from the profiles of the diffuse scattering along qx

[35,42]. The DXS profiles for the post-CIS and annealed LiNbO3

crystals results in three different behaviors: (i) the untreated
post-CIS sample shows diffuse scattering, mainly Gaussian and
characterized by the rapid fall of the scattered intensities. The
decay is much faster than the predictions from the theories of
Huang and Stokes-Wilson, with the Lorentzian broadening con-
stituted by a bump before the thermal diffuse scattering region.
(ii) Samples annealed at 100 �C and 200 �C above the split tem-
perature show DXS profiles characterized by a slow decay of
the intensities that follows the predicted behavior in the Huang
and Stokes-Wilson regions. (iii) The annealing at 300 �C above
the split temperature produces a different pattern of DXS, with
faster intensity decay compared to the lower annealing
temperature.



Fig. 6. TEM images of CIS-processed LNO crystals. (a) Weak-beam dark-field image using the 110 reflection at the [001] zone axis of the LNO crystal as-split. The change in
color contrast highlights the damaged region, which is estimated to extend around 300 nm from the surface. (b) Bright-field TEM image of the LNO crystal as-split. The defects
clusters appear as darker regions. (c) Weak-beam dark-field image using the 110 reflection at the [001] zone axis of the LNO crystal annealed at 200 �C above the split
temperature. The change in color contrast highlights the damaged region, which is estimated to extend around 38 nm from the surface. (d) Bright-field TEM image of the LNO
crystal as-split. The damaged region appears as a darker part close to the LNO surface.
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According to the theories on diffuse X-ray scattering, when cor-
relative enhancement between microstructural deviation from the
ideality occurs, the tails of the Lorentzian profile become broader
and their decay slower. When considering a cluster of defects, it
generates a displacement field around the core. Observing the dif-
fuse scattering in the region close to the Bragg peak, at a small qx

relative, means observing the far-field displacement, where q �
1/R0 (R0 is the radius of the defect core). This is the Huang region
of the diffuse scattering. At larger qx relative values, farther from
the Bragg region, the near-field displacement is observed and the
magnitude of the lattice displacements increases. The larger degree
of disorder in this region – called Stokes-Wilson region - causes a
faster decay of the scattered intensities. For even larger q � 1/R0,
the region of the defect core is approached where the lattice dis-
placement increases again, provoking a decay of the scattered
intensities with slope < -4. However, this region is usually not
observed due to the thermal scattering, which becomes predomi-
nant. In microstructural features like clusters of point defects or
dislocation loops, the core of the defect will be represented by a
part of the crystal affected by a certain strain field. In the case
where many of these clusters with a narrow size distribution are
included in the crystal, there will be a certain amount of the crystal
lattice affected by the same strain field, which will scatter the radi-
ation coherently. As expected, this raises the amplitude of the elec-
tric field and the scattered intensities. In the case of large defect
clusters, the distance between the unstrained lattice (out from
9

the strain field of the defect or defects cluster) and the core of
the defect will be large. That corresponds to seeing the effect of
the correlation at small modules of the scattering vector along
the angular direction qx relative, i.e., in the vicinity of the lattice
point representative of the unstrained lattice. When defects clus-
ters are smaller, the distance between the unaffected lattice and
the cluster’s core will be smaller. Consequently, the coherent
enhancement will be observed farther in the reciprocal space at
larger modules of the scattering vector with respect to the lattice
point. As always when treating correlative effects, the fundamental
condition for observing a net variation in the Lorentzian profile
decay is the existence of an ‘‘ordered pattern of disorder” in the
structure, i.e., clusters with a narrow size distribution. Uncorre-
lated defects or systems presenting a broad distribution of defects
size will not produce coherent enhancement. In this case, the scat-
tered intensities decay fast until vanishing into the thermal diffuse
scattering. Also, in the case of very large clusters, the diffuse scat-
tering behaves differently from the description provided by Huang
and Stokes-Wilson. In particular, the large size of defects reduces
their concentration in the irradiated volume; since the intensity
of the scattered radiation is proportional to the cluster concentra-
tion [35], only a minor, or even none, enhancement effect is
observed. The Post-CIS sample does not show a remarkable
enhancement of the diffuse scattering: this may be related to the
large size and size distribution of defects clusters after the crystal
ion-slicing. It seems reasonable that clusters reduce their size, and
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perhaps the size distribution becomes narrower, promoting the
coherent enhancement of the radiation scattered relatively far
from the lattice point. After annealing, an average cluster size from
around 60 nm down to around 35 nm is identified from the cross-
over positions with increasing temperatures up to 100 �C and
200 �C above the split temperature, respectively.

Maeta and coworkers observed the behavior of the diffuse scat-
tering in Ni single crystal impanted by Xe10+ ions [43]. In particular,
the as-impanted crystal displayed diffuse scattering with typical
Stokes-Wilson behavior, which disappear upon thermal annealing.
The authors suggested a mechanism of rearrangement of the crys-
talline defects from point defects and their clusters, to dislocations
loops and cascade [44]. Accordingly, post-CIS annealing produces
an opposite effect in LNO crystals: point defects, clusters of point
defects, and dislocations loops are predominant in the as-split crys-
tal and they rearrange into smaller dislocations loops upon thermal
annaling, raising the intensity of the diffuse scattering in the region
farther from the Bragg peak (Stokes-Wilson). The rearrangement of
point defects clusters into dislocation loops eventually acting as sin-
gle dislocations, can explain the broadening broadening of the 110
reflection rocking curve [26,45] in the crystal annealed at 300 �C
above the split temperature. In this sample, the effect of the coher-
ent enhancement of the scattered intensities vanishes as a conse-
quence of the rearrangement of the clusters and loop into single
dislocations, which translates into a mosaic-block microstructure
in the region close to the surface. A similar effect has been recently
reported in He-implanted LNO crystals upon annealing at high tem-
perature [41]. Even though such a mosaic-block structure is more
likely to occur in epitaxial thin films than in single-crystalline mate-
rials, the exceptional level of crystalline damage induced by the CIS
process might eventually generate high mosaicity.

The rearrangement of the crystal associated with the decreasing
the amount of damaged crystal has been confirmed by the TEM
pictures in Fig. 6(a–d). In particular, the TEM image of the crystal
as-split shows the damaged part extending up to a depth of
300 ± 30 nm, with spherical clusters related to dislocations loops
[41]. Operating the annealing at 200 �C above the split temperature
reduces the extension of the damaged layer to only 38 ± 1.5 nm
beyond the LNO surface, as shown in Fig. 6(c) and (d); this result
is in agreement with the calculation of the size of the defects clus-
ters obtained by HRXRD, confirming the validity of our method. To
compare results from DXS and TEM we assume that defects clus-
ters are spherical and their diameter is approximately equal to
the extension of the damaged layer. This hypothesis is enforced
by the TEM image in Fig. 6(a), where the defect cluster diameter
is approximately equal to the damaged zone of the crystal. Unfor-
tunately, the resolution of the TEM analysis in Fig. 6(c) and (d) is
insufficient to prove the presence of smaller clusters upon anneal-
ing at 200 �C above the split temperature.

Further increasing the annealing temperature does not promote
an additional broadening of the diffuse scattering, at least along
the (012) crystalline direction. Instead, crystallinity along the
(110) out-of-plane direction appears degraded, with broadened
distribution of the tilt of atomic planes.

The trend of improving the crystalline order with the annealing
temperature is confirmed by Raman spectroscopy analyses. In par-
ticular, the damping of the E(1TO) mode, here used as a figure of
merit of the lattice disorder, decreases upon annealing compared
to the maximum value found in the crystal as-split. Annealing up
to 200 �C above the split temperature results in the recovery of
the damping compared to the black congruent LNO crystal used
as a reference. The width of the Raman modes further decreases
upon annealing at 300 �C above the split temperature, even if the
decrease is accompanied by the broadening of the distribution,
which relates to the fact that annealing at such high temperature
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influences the crystal in aspects related not only to the CIS-
induced damage. The discrepancies between the diffraction and
spectroscopic methods are related to the sample annealed at the
highest temperature, whose microstructure seems already sub-
stantially recovered from Raman spectroscopy, while the HRXRD
analysis points out the degradation of the crystallinity. The differ-
ences in the probed volumes between HRXRD and Raman and a
different sensitivity for different types of lattice disorder must be
considered for evaluating results from the different techniques.
Raman spectroscopy uses a green laser that penetrates the LNO
crystal around 1 lm in depth, while X-rays penetration extend
over a range of several microns. With the CIS-induced defects being
located at the top of the crystal and extending around 300 nm in-
depth before the annealing, Raman spectroscopy is probably more
sensitive to the effects induced by such defects. Raman spec-
troscopy being much more sensitive to the surface maintains the
sensitivity to the crystalline damage even if the thickness of the
damaged layer decreases. Also, HRXRD, especially when the coher-
ent scattering is taken into account, sees the effect of the crys-
talline imperfection - such as strain gradients and tilt - more
than the crystalline imperfection itself. Lattice defects might be
invisible in XRD patterns if they do not produce any of the observ-
ables. Instead, Raman is also sensitive to the defect itself because of
its influence on the vibrational state of the crystal. Accordingly, a
second hypothesis is that the annealing at relatively low tempera-
ture already recovers the crystal from the net tensile strain
observed in the CIS-damaged part and revealed by HRXRD, but a
high density of lattice defects remains in the crystal and is detected
by Raman. The degradation of the crystallinity observed by HRXRD
after annealing at 300 �C above the split temperature can be
related to the phenomena of deterioration of LNO, occurring simul-
taneously with the recovery of the residual CIS-induce damages.
The effect of the latter is predominant in Raman spectroscopy
due to its higher surface-sensitivity, which results in a further
decrease of the damping of the Raman mode, while the degrada-
tion of the bulk is visible in terms of deterioration of the statistic
dispersion of the Raman measurements. According to theoretical
calculations, the E(1TO) mode at 155 cm�1 is linked to Nb-O octa-
hedron distortions due to Nb-O bonds stretching, Li-O octahedron
distortion due to Li-O bonds stretching, and two sets of O-Nb-O
and O-Li-O bonds bending [46]. The increasing dispersion of the
damping of this mode might be related to the creation of oxygen
vacancies due to O diffusion and LiO2 evaporation upon LNO con-
gruent crystal partial decomposition.

Raman spectroscopy being much less sensitive to the bulk, the
degradation of the LNO crystallinity due to the high annealing tem-
perature results minor compared to the effect of the recovery of
the CIS-induced damage. The broadening of the Bragg peak along
the in-plane (qx component of the scattering vector) direction
may be also related to the generation of residual stress, which
was confirmed by the higher value of compressive stress extracted
from the Raman measurements.

5. Conclusions

This work evaluates the influence of thermal annealing on the
crystalline quality and level of stress in X-cut LiNbO3 single crystals
undergoing crystal ion-slicing fabrication processes. The approach
based on the study of the X-ray diffuse scattering, complemented
by Raman spectroscopy and TEM allowed the following findings:

� The CIS process leaves a part of the crystal under a tensile strain
in the out-of-plane direction; the lattice swelling is typically
observed in ion-implanted crystals as an effect of the in-plane
compressive stress generated.
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� The crystal recovered from the net tensile strain induced by the
CIS upon annealing at 100 �C above the splitting temperature;
further increases of the annealing temperature have minor
effects on the coherent scattering features.

� The thermal annealing promotes the recovery of the crystalline
perfection through the rearrangement of clusters of point
defects into dislocations loops. TEM analyses point out the
reduction of the extension of the damaged layer up to 38 nm
upon annealing at 200 �C above the split split temperature. This
result is in agreement with the value calculated from the diffuse
scattering, i.e., 35 nm, under the assumption that defects clus-
ters are spherical and their diameter is approximately equal
to the extension od the damaged layer.

� Thermal annealing at 300 �C above the splitting produces a fast
decay of the diffuse scattering, which hide the correlative
related to the recovery of the residual CIS-induced damage,
now affecting the very near-surface region. The broadening of
the Bragg peaks in the in-plane direction may be related to
the increasing of the dislocations density resulting from the dis-
location loops rearrangement and the level of compressive
stress calculated by Raman spectroscopy.

In conclusion, HRXRD and DXS studies, complemented by
Raman spectroscopy and TEM analyses, point out that the recovery
from the CIS-induced crystalline damage in LNO (and likely in
every crystalline material) occurs through recrystallization of clus-
ters of point defects into dislocation loops and eventually non-
correlated dislocations.
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