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In the context of growing interest in strain engineering, we present a theoretical protocol for the reconstruction
of extrinsic and intrinsic strain tensors in single-crystals attached to a template, with an arbitrary oriented
coordinate system. Input data for the protocol are extrinsic deformations of lattice planes, i.e. measured with
reference to a template. By combining the protocol with elasticity theory, material property modification
can be elucidated. Different methods for strain measurements can take advantage of this approach. It has
been applied for reconstruction of strain tensor depth distribution in off-axis LiTaOg crystal implanted with
HT ions, which is the key step for piezoelectric thin film-on-insulator fabrication by Smart Cut process.
Modifications of composition, lattice parameters and elastic constants are indicated and discussed.

Today, crystalline thin films are widely used in the in- existing crystalline planes. However, such strain ten-
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dustry. Investigating strain inside these layers has be-
come a key subject of interest since strain is responsible
for various modifications of material properties. In semi-
conductors, strain enhances carriers mobility! and thus
performance of Metal-Oxide-Semiconductor Field-Effect
Transistors.? Strain plays a major role in complex oxide
integration in microelectronics. Piezoelectric and ferro-
electric crystals are especially of concern thanks to their
electro-mechanical and dielectric properties.? Direct epi-
taxial integration of ferroelectric thin films allowed sub-
stantial engineering of their spontaneous polarization and
Curie temperature.* Modern radio frequency front end
modules like Temperature Compensated Surface Acous-
tic Wave filters™® involve Lithium Tantalate (LiTaO3 or
LTO)-On-Insulator (SiOz) (LTOI) substrates”™® which
are fabricated by film transfer using the Smart-Cut™
technology.” There, strain gradients are introduced unin-
tentionally during the key process step based on HT ions
implantation, which should impact LTOI devices perfor-
mance.

When the [0001] c-axis is perpendicular to the wafer
surface (Z-Cut orientation) and the implanted layer is
pseudomorphic to a template, there is only one nonzero
out-of-plane strain component of the extrinsic (reference
to a template lattice) strain tensor, which can be directly
measured.'? Real devices require off-axis single crystals
with the piezoelectric axis tilted away from the nor-
mal to the wafer surface and rotated around the [1120]
direction.’! In that case, the surface does not corre-
spond to any crystallographic plane (Fig.1) and nonzero
shear strain component appears in such coordinates sys-
tem. Direct measurement of the out-of-plane and shear
strain components is impossible in this system, unless
they are reconstructed from measurable deformation of
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sor reconstruction, especially as a function of depth,
may not be that obvious to obtain and require some
approximations. 2
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FIG. 1. LTO Y42-Cut viewed along the [T 120] direction: (a)
Right-handed coordinate systems with crystallographic direc-
tions in the implanted wafer and (b) atomic structure and
orientation of some studied planes.

Various experimental techniques like Raman
spectroscopy,'® Quantitative Transmission Electron
Microscopy (QTEM),"* 17 and X-ray Diffraction
(XRD),'® different in their precision, accuracy and
sensitivity to depth distribution, allow the measurement
of single plane deformation compared to some reference
lattice present nearby. Reconstruction of an extrinsic
then intrinsic 2D or 3D strain tensor defined with respect
to its own unstrained lattice is a further step, which
has not been proposed and challenges a development of
dedicated experimental and theoretical protocol.

In this Letter, we present a theoretical protocol for the
reconstruction of the extrinsic and intrinsic strain tensors
in single-crystals, with an arbitrary oriented coordinate
system, by using the measurement of lattice plane extrin-
sic deformations. The deformation is defined as extrinsic
(intrinsic) when the reference and strained materials do
not have (do have) the same structure and composition.
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First, we construct reciprocal intrinsic and extrinsic con-
tinuum body cells that reflect the corresponding displace-
ment gradients. Any reciprocal vector of the strained
material is then expressed in units of intrinsic and ex-
trinsic cells. From the measurement of crystallographic
plane extrinsic deformations, we deduce the units of the
extrinsic cell, then the coordinates of the strained recipro-
cal vectors and, finally, the units of the intrinsic cell. The
units of the cells are used to calculate the corresponding
extrinsic and intrinsic strain tensors.

The protocol is then applied to a practical case, an off-
axis LTO 300 pm-thick substrate implanted over 1 pm
depth with H* ions. Impact of H* ions implantation on
the LTO properties is considered through the analysis of
the extracted strain tensor depth distribution.

Begin by considering the intrinsic Lagrange strain ten-
sor of a material body in real space, for an arbitrary ori-
ented coordinate system x’y’z’, within the general finite
strain theory, i.e. when large shape changes are expected.
For the sake of simplicity, we describe the 2D strain ten-
sor, here in the y’z’-plane. First, we choose an unstrained
square-like body cell with dimensions dy’ x dz" and sides
parallel to y’ and z’ axes. One of its vertices is placed
at the coordinate system origin (Fig.2(a), black dashed
lines).

©,
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FIG. 2. Unstrained and strained continuum body cells rep-
resented: (a) in real space, (b)-(d) in reciprocal space. Un-
strained and strained reciprocal lattice vectors represented in
units of the continuum body cells: (b) intrinsic case, (c) ex-
trinsic case, (d) a layer pseudomorphic to its substrate. Black,
blue and red stand for unstrained, extrinsic strained and in-
trinsic strained, respectively.

The body is strained when the three other vertices of
the cell are displaced in the y’z’-plane by u(y’,z’) (Fig.
2(a), red solid lines). The vertex placed on the y’-axis is
A,
Byy’
the z’ direction by a quantity ;;/' dy’. The displacements
of the vertex placed on the z’-axis can be described ac-

displaced in the y’ direction by a quantity dy’ and in

cordingly by exchanging v/, 2’ indexes. The components
of the Lagrange strain tensor are then given by the ex-
pressions Eij = %(% + 37: + g%glf’:) where z; = y/
and x; = 2/, g4,y is in-plane strain, €./, is out-of-plane
strain, e,/./ is shear strain. Note that the strained body
cell like presented in Fig. 2(a) has a negative shear strain
component.

Generally speaking, the strain tensor is deduced from
the relative change of the body cell shape and, alterna-
tively, can be described as a function of angles o and 8
and relative change in the distances between cell sides,
from dy’ to dy and from dz’ to do (Fig. 2(a)). From
a practical point of view, such a change has to be pref-
erentially introduced in reciprocal space. For this, we
construct a reciprocal unstrained body cell with the di-
mensions i x j where [[i]| = ||j|| = 1 and sides ¢, j are
aligned along y’ and z’ axes (Fig. 2(b)). When strained,
the reciprocal body cell obtains the dimensions i® x j°
where ||i%|| = dy'/dy, |j°|| = d2’/dy and i%, j¥ are or-
thogonal to the z’ 5 and y’” axes, respectively, which are
aligned along the sides of the real space strained body
cell. Figure 2(b) shows that i% and j¥ can be expressed
in the (i,j) reference as

i¥=iSi+idj and % =j5i+j05 (1)

So, one set of reciprocal vectors (i, j) describes the un-
strained cell and the other (i, j%) the strained one. Note
that after real-to-reciprocal space transformation shear
strain component inverts the sign. Using this formalism
and correcting for the sign of shear strain component, all
components of the intrinsic strain tensor can be redefined

in reciprocal space as

L U P SR 2%
SR S V7 I E /A
e =y UG — G
S i
ve =[5 (5 +
5 (s ~ D) + (s~ DCEN). @)

The first terms in square brackets approximate the in-
finitesimal strain tensor valid for deformations which are
much smaller than the body dimensions. In order to de-
duce such intrinsic strain tensor, the 4 coordinates of i®
and j° should be determined as a function of measurable
quantities. In practice, these are plane deformations de-
termined with respect to a template lattice.

First, one should link the continuum body reciprocal
cell (i,j) to the periodic reciprocal lattice of the studied
material. The latter is composed of reciprocal vectors
characterized by proper hkl indexes and lattice param-
eters. Let’s choose the orthogonal to y’z’-plane, the x'-
axis, to be parallel to some zone axis of the lattice. Any
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reference reciprocal vector gpnx; perpendicular to that
zone axis can be expressed in units of the (i, j) cell as

8hkl = Ghki,, 1+ ghki_J ®3)

with (gh,kl,lmghklz/) € N2 (Fig. 2(b)). When the lattice
is strained, this vector becomes g, and is expressed in
units of the (i%,j%) cell as

S = Onkt, 1% + gnrr,, 3% (4)

Assignment of the identical numerical values of Ghki,,
and gpr,, in Eqs. (3) and (4) is imposed by the lattice
periodicity.

Second, similarly, when the reference is changed to the
template material lattice (Fig. 2(c)), the reference recip-
rocal vector is defined as

uvw = Juvw,, i+ Guvds (5)
and the same gy, is redefined as a function of vectors
i%T and j°7 (the superscript ST stands for ”strained”
with reference to ”template” lattice)

s T ST | T ST
8kt = Juvw, 1 Juvw 37 (6)

Note that application of such finite strain theory allows
different crystal structures for the strained material and
that of the template. However, when the strained layer
and the template have at least similar structures, the
infinitesimal strain is more convenient to apply, because
it is linear. In that case, g,  must not be too different
(in length and direction) to gp;-

Finally, the measurable strain of the (hkl) plane with
reference to the (uvw) one, the so-called plane extrinsic
deformation, is defined by

T T
T 80w L lgauwll 2
Sh = g — 1+ [5( = 1)7] (7)
g5l 2" llgiull

The first term in square brackets describes the plane de-
formation in the frame of infinitesimal strain theory. By
combining Eqs.(1), (5), (6) and (7), it can be written

T 2 T 2
\/ Guvw,,” F Guvw,,s

[ ;ST T ;ST ;ST T ;ST
\/(gfwwzy, + o, dyt )2+ (Ghow,, BT+ ghw_,357)?

T 2. 1 2
1 \ Guvw,” + Guvw,,

T
Enkl =

+[5(
2O 57+ o s 35V (G 157+ o G572

- 17, ®)

Accordingly, by using the values of four plane defor-
mations measured with reference to the template, the

four coordinates of i°7 and j°7 are determined using
Eq. (8). These quantities, when substituted for i° and
j% in Egs. (2), provide the extrinsic strain tensor with
reference to a template lattice or, when substituted in
Egs.(6) and equalizing Eq. (4) and Egs.(6), provide the
coordinates of i® and j¥. Finally, by substituting the
latter into Eqgs.(2) one can find the components of the
intrinsic strain tensor.

In the following, we present an application of this
method for the reconstruction of the depth-resolved
strain tensor in off-axis Y42-Cut LTO wafer implanted
with HT ions at room temperature (RT) at an energy of
110 keV with a fluence of 9x10'6cm=2. This particular
off-axis orientation corresponds to the piezoelectric c-axis
being rotated around the x=[1120] direction by = 48°.
We choose the x"y’z’ coordinate system with x’ parallel
to [T120], 2’ normal to the wafer surface and y’ normal
to the x'z’-plane (Fig. 1(a)). Secondary Ion Mass Spec-
troscopy (SIMS) was used to measure hydrogen concen-
tration as a function of depth. Hydrogen is distributed
within a 900 nm-thick superficial layer (Fig. 3(b)). High
Resolution XRD (HR-XRD) measurements were realized
in skew geometry, in order to satisfy Bragg conditions
for different (hkl) reflections. HR-XRD experimental
curves were simulated by using RaDMaX software.!? One
would expect the implanted layer to be pseudomorphic
to the substrate and weakly strained similarly to the sit-
uation observed for other implanted materials!®?? and
epitaxially grown layers.>! As a consequence, all crys-
tallographic directions and interplanar distances of the
implanted layer should coincide in the x’y’-plane with
that of the substrate. Thus, one can set i%7 = i and
gl ., = gk, as represented in Fig. 2(d). That reduces
the number of unknown parameters, namely the coordi-
nates of 57, to 2. Using the approximation of infinitesi-
mal strain theory valid for weak strains, Eq. (8) is sim-

plified to a form
2 2
Ik, + e,

T
Enkl = - e
\/(gij;kly/ + G dg )+ (G, 35T

which indicates that, in the present application, mea-
surement of only two plane deformations is sufficient for
the determination of j°7. Note that here g}, =g, ., are
those of pristine hexagonal LTO (space group: R3C, a’
=5.1542 A, ¢” = 13.783 A measured at RT in this study)
with

-1 (9)

4 h? 4 hk + K2 2

lgfial® = 3+ . (10)
Following the procedure described above, the strain
tensor with respect to the template lattice has been de-
termined. First, XRD spectra were obtained for gy,
gooo12 and g;7)s making an angle of 9°, 48° and 27°
with the normal to the wafer surface, respectively. As
described in the Supplementary Material, plane defor-
mation profiles along corresponding g}, ., directions were
extracted from RaDMaX simulations and then recalcu-

lated as a function of z’-depth.
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Figure 3(a) shows the resulting 6%04(2') (ved)
eoo12(2") (blue) and 5%08(2’) (green) profiles. The pro-
files have a similar shape with non zero values at the
surface and a maximum value at the same depth of ~
720 nm. el (') and efy15(2') were used to calculate
JST(') and 737 ().

N
wn

Plane deformation (%)
w
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=3

T T T T 1
0 200 400 600 800 1000
Depth, z (nm)

FIG. 3. (a) Plane deformations and (b) strain tensor compo-
nents with H concentration as a function of z’-depth obtained
for a Y42-Cut LTO wafer implanted with H' ions.

We verified our hypothesis of a layer pseudomorphic to
the substrate (see Supplementary material) by compar-
ing reconstructed E{T"ng“(z’ ) with that obtained exper-
imentally (Fig. 3(a), green). The very good agreement
between these two profiles proves the robustness of the
hypothesis and the absence of in-plane plastic relaxation,
ie. sg/y, is equal to zero all over the depth.

The remaining unknown components of 2D strain ten-
sor defined with reference to the LTO lattice were then
calculated by substituting ij,T(z') and j57(2) in Egs.
(2). The resulting €%, _,(2) and ag,z, (2') are plotted in
Fig. 3(b). There are gradually changing negative shear
strain and tensile out-of-plane strain in the implanted
layer. The negative values of E,',j‘,z,(z') indicate that the
body cell is more strongly tensile strained along the c-
axis rather than the a-axis like shown in Fig. 2(a). Sur-
prisingly, both %, (z) and sg,z, (2") start with non zero
values of 0.5% and -0.3% at the surface, increase in ampli-
tude until reaching a maximum value of 1.5% and -1.3%

at a depth of ~720 nm, respectively, then rapidly fall
down within a distance of 300 nm. Note that in piezo-
electric actuators, strain induced by electric field when
exceeding 0.5% is considered giant.??

One would expect strain to be directly related to lo-
cal hydrogen concentration like observed in H ions im-
planted Si?*?%. Here, strain profiles being compared to
H depth distribution (Fig. 3(b), blue line) only partly
support such hypothesis. The depth where strain and H
reach their maximum values is the same (the observed
peak valley is considered to be a SIMS measurement ar-
tifact likely related to the presence of molecular H52%).
However, while there is almost no hydrogen near the sur-
face, lattice is still considerably strained there. These
data that became accessible only by properly calculating
the strain tensor using the analytical model presented in
this Letter, strongly support the idea that the implanted
layer is no more composed of pristine LT'O but of a com-
plex LTO-like alloy with its own gradually changing com-
position, lattice parameters and elastic constants.

In order to reconstruct intrinsic strain tensor (Eq. (2)),
a and c lattice parameters of the alloy should be known
(Eq. (4)), which is not the case here. To find these
parameters, one can combine our protocol with elastic-
ity theory. Stress and strain are related through elas-
tic constants by girjr = Ci/]'rkrlr.gkrlf where Ci’]’k’l’ is
the fourth order stiffness tensor defined in this particular
x'y'z' coordinate system. In case of in-plane biaxially
stressed layer where no force is applied in the z" direc-
tion, the boundary conditions, o./.» = 0 and oy.r = 0,
are applied. These two equations link strain components
through elastic constants that allows two unknown pa-
rameters to be restored. To begin with, we supposed that
elastic constants of the alloy equal that of pristine LTO.
Within such first order approximation, alloy lattice pa-
rameters were calculated. At H maximum concentration,
a is found to be larger by 19% and ¢ lower by 24.5% than
those of pristine LTO. Such differences would impose a
drastic change of the implanted LTO structure?® while
it is not confirmed by our X-ray diffraction data. Thus,
a change in the elastic constants of the implanted layer
should be taken into account as well. Some independent
in-plane stress measurements?’ could further reduce the
number of unknown parameters. But it comes out of
the scope of the present Letter. Anyway, our finding
strongly supports the idea that H* ions implantation in
LTO gradually modifies composition, lattice parameters
and elastic constants of the material.

In the context of a growing interest in strain tensor
determination in off-axis crystals, in particular, in piezo-
electric and ferroelectric materials, we provided an an-
alytical and experimental protocol for the calculation
of the 2D finite strain tensor first with reference to a
template lattice and then to its unstrained state (intrin-
sic strain tensor) regardless of crystal orientation. This
method requires a measurement of some (maximum 4)
plane deformations with reference to a template lattice.
The method was applied to successfully reconstruct the
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strain tensor depth distribution in H ions implanted off-
axis single LTO crystal, with reference to the LTO lat-
tice. Zero in-plane, strong gradually changing negative
shear and tensile out-of-plane strain were demonstrated
in the implanted layer. Our experiment highlighted a
non-direct relation between hydrogen concentration and
strain indicating a complex composition and, thus, lat-
tice parameters and elastic constants modification in such
piezoelectric material.

The robustness of the approach was approved when ap-
plied for prediction of a single plane deformation profile.
The method is perfectly compatible with QTEM tech-
niques used for plane deformation measurements.?® The
protocol is applicable to any type of crystalline materi-
als. Finally, the principles of the method can be easily
extended for reconstruction of a 3D strain tensor.

SUPPLEMENTARY MATERIAL.

See Supplementary Materials [URL will be inserted by
publisher] for a more detailed information on XRD ex-
periments and associated RaDMaX simulations, as well
as a more detailed explanation on the verification of our
hypothesis of a layer pseudomorphic to the substrate.
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