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SPECIAL TOPIC — Ion beam modification of metals and applictions

Investigations on ion implantation-induced strain in
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The monocrystalline LiNbO3 (LN) and LiTaO3 (LT) plates have been qualified as a kind of material platform for high
performance RF filter that is considerable for the 5G communication. LN and LT thin films are usually transferred on handle
wafers by combining ion-slicing and wafer bonding technique to form a piezoelectric on insulator (POI) substrate. The ion
implantation is a key process and the implantation-induced strain is essential for the layer transfer. Here, we reported the
strain profile of ion implanted rotated Y-cut LN and LT. The ion implantation generates the out-of-plane tensile strain of
the sample surface and (006) plane, while both the tensile and compressive strain are observed on the (030) plane. The
implanted ions redistributed due to the anisotropy of LN and LT, and induce the main tensile normal to the (006) plane.
Meanwhile, the (030) planes are contracted due to the Poisson effect with the interstitial ions disturbing and mainly show a
compressive strain profile.

Keywords: x-ray diffraction (XRD), implantation, strain, piezoelectric

PACS: 61.72.Hh, 85.40.Ry, 68.55.Ln, 77.84.−s DOI: 10.1088/1674-1056/ac1416

1. Introduction

With the momentous demand of mobile communication,
the new generation of mobile network is introduced approx-
imately every ten years. The fifth-generation (5G) network
provides high data rate and extended capacity via accessing
higher frequency bands and larger physical bandwidths.[1–6]

Compared with 4G LTE, sub-6 GHz 5G network requires im-
proved filter performances such as high frequency, large frac-
tional bandwidth (FBW), low insertion loss, high out-of-band
rejection, and excellent temperature stability. However, the
low central frequency of the surface acoustic wave (SAW) res-
onator and the insufficient FBW of the film bulk acoustic res-
onator (FBAR) are the main challenges of the acoustic wave
filters.[7] In recent years, the characteristics of acoustic wave
propagating in piezoelectric single-crystalline plate have been
attracting attention.[8–11] Micro actuators with a record-high
figure of merit were realized on the (YXl)36◦ cut LiNbO3

(LN) thin plate,[12] and the incredible-high-performance SAW
(IHP SAW) filters with high Q factor and minimal TCF have

been fabricated on (YXl)42◦ cut LiTaO3 (LT) thin film.[8]

Due to the high anisotropy of LN and LT, the large prop-
agation velocity and high electromechanical coupling coef-
ficients k2 are achieved in special orientations, i.e., func-
tional cuts.[5,6,13,14] The ion-slicing technique, combining the
crystal-ion-slicing (CIS) and heterogeneous wafer bonding,
is one of the mainstream methods of fabricating thin LN/LT
plates with versatile orientations.[8–11,15] Ion implantation in-
troduces microscopic defects and strains,[16,17] and the strain
profile have a significant influence on the defect evolution
and CIS, although it will be disappeared trough a high tem-
perature anneal.[18] The defects and strains of ion-implanted
LN were widely investigated by the x-ray diffraction (XRD),
but the strain profile in rotated Y-cut LN and LT was less
investivated.[19–21] Hence, it remains a lack of the detailed in-
formation of desired crystallographic planes changes to inves-
tigate the detail information of CIS.

In this work, the strain profiles in ion-implanted (YXl)36◦

cut LN and (YXl)42◦ cut LT were investigated. The out-of-
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plane strain of the (012), (006), and (030) planes were mea-
sured through the high resolution x-ray diffraction (HRXRD),
and the reciprocal space maps were plotted. A compressive
strain exhibited in (030) plane among all the implanted rotated
cut LN and LT samples, which is attributed to the large tensile
strain in the z direction of crystal structure ((006) plane) after
ion implantation.

2. Experimental details
In the present study, the (YXl)36◦ cut LN was implanted

by 160-keV He ions and the (YXl)42◦ cut LT was implanted
by 75-keV H ions.[8,18,22] Both the ion species and the ion flu-
ence are based on the conditions for CIS of LN and LT. The
ion implantation was conducted at room temperature and the
samples were titled 7◦ from normal to minimize the channel-
ing effect. The damage profile was calculated using the Stop-
ping and Range of Ion Matter (SRIM 2008).[23] According to
the SRIM simulation, the depth of the damage peak is about
530 nm for LN and 570 nm for LT, respectively. The coupled
ω–2θ measurements were performed on the (012), (006), and
(030) planes to investigate the strain profile using the Philips
X’pert x-ray diffractometer. The symmetric and asymmetric
RSM scans of (YXl)36◦ cut LN were conducted to further in-
vestigate the strain state.

3. Results and discussion
Owing to the strong anisotropy of single-crystalline LN

and LT, SAW devices are fabricated on wafers with particular
cut.[24,25] The orientation of the cut is specified by a series of
rotations defined by the IEEE standard on piezoelectricity. As
shown in Fig. 1(a), the x, y, z and x′, y′, z′ represent the co-
ordinate systems of the crystal and the substrate, respectively.
The z′ axis of the substrate is rotated 54◦ counter clockwise
around the x (x′) axis for the (YXl)36◦ LN, and the z′ axis
of the substrate is rotated counter clockwise around the x (x′)
axis 48◦ for the (YXl) 42◦ LT. Therefore, the angle between
the wafer surface and the z axis of the crystal is 36◦ for the
(YXl)36◦ cut LN and 42◦ for the (YXl)42◦ cut LT, respec-
tively. LN and LT exhibit a similar crystal structure that can be
described with a rhombohedral or a (three times larger) hexag-
onal unit cell containing 30 atoms.[26–28] The hexagonal unit
cell of LN is shown in Fig. 1(b). From the crystallographic
structure point of view, the angle between (012) plane and
[001] is 36.6◦ (as the crystal unit cell parameters for LN are
a = b = 0.515 nm and c = 1.386 nm)[28] for the (YXl)36 LN.
Therefore, the (012) plane can be regarded to be quasi-parallel
with the surface of (YXl)36◦ LN wafer.

For the rotated Y-cut LN and LT with angle ϕ , it is
difficult to define a crystal plane which is exactly paral-
lel with the sample surface. Therefore, the (012) planes

can be characterized to investigate the out-of-plane strain in
(YXl)36◦ LN. In addition, the HRXRD measurements can
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Fig. 1. (a) An illustration of the relationship between the coordinate system
of the material crystal and the substrate structure for (YXl)36◦ cut LN. The
angle between the sample surface and the z axis of LN crystal is 36◦. (b) The
atomic arrangement in the hexagonal unit cell of LN. The angle between the
(012) plane and the z axis is about 36.6◦.
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Fig. 2. The XRD coupled ω–2θ spectra of the (012) plane (a), the (006) plane
(b), and the (030) plane (c) for He-implanted (YXl)36◦ cut LN samples.
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be executed on the (030) and (006) planes by tilting the sam-
ples with certain offset angles. The ω–2θ XRD spectra of
the He-implanted (YXl)36◦ LN are plotted in Fig. 2. The
fringe patterns arise from the interferences between scattered
beams induced by the damaged part of the crystal, and the
fringe spacing is related to the width of the strained region
for a given strain level.[29,30] The implantation-induced strain
can be calculated according to the Bragg’s theorem εmax =

(sin(θ)− sin(θ +∆θ))/sin(θ +∆θ), where θ is the position
of the main Brag diffraction peak and θ is the distance be-
tween the last peak and the main Bragg peak in angle. As
shown in Fig. 2(a), the interference fringes of the XRD spec-
trum on the (012) plane extends from the left side of the main
diffraction peak, indicating that the interstitial He induces out-
of-plane tensile strain.[20,21,31] The relative lattice strain ε(012)

is calculated to be about 1.618% by extracting the distance
between the (012) Bragg diffraction peak and the farthest in-
terference fringe. Meanwhile, a set of satellite peaks appear at
the left side of the (006) LN main diffraction peak as shown in
Fig. 2(b), and the relative lattice strain ε(006) deduced from the
Bragg’s theorem is 2.577%. However, the XRD spectrum on
the (030) plane in Fig. 2(c) displays an intriguing strain pro-
file. The main Brag peak is broadened at the left side while a
series of satellite peaks exhibit at the right side. It is explic-
itly that the He ion implantation induces non-uniform strain
in the (030) plane and the compressive strain dominates the
strain profile. The out-of-plane strain of the (030) plane ε(030)

is calculated to be −0.837%, in which the minus represents
the lattice contraction of the implanted region compared with
the undisturbed deeper region.

In addition to the strain gradient of irradiated layer which
is characterized along the direction normal to the desired crys-
tallographic plane, a complete description of the strain state of
the implanted layer is presented. Figure 3(a) shows the XRD
intensity of the symmetric RSM scanning on the (012) plane
of the implanted (YXl)36◦ LN. The positions are located by
the in-plane (qx) and out-of-plane (qz) components of the scat-
tering vector, and the intensity is in logarithmic scale. The in-
sert grey solid line represents the coupled ω–2θ scan of (012)
plane. The strong signal (dashed part of the intensity map)
corresponds to the main Bragg diffraction of Fig. 3(a) which
represents the unirradiated part of the crystal. The spread-
ing of the intensity in the region of higher lattice parameter
emerges from the scattering by the damaged layer. Since the
2θ(hkl)/2−ψ (ψ represents the angle between the (hkl) plane
and the surface) of (030) and (006) planes are less than zero for
the (YXl)36◦ cut LN samples, an asymmetric RSM around the
(113) diffraction was recorded using the same ion implanted
sample. As shown in Fig. 3(b), the two arrows, which share
the same starting point located at the maximum intensity cor-
responding to the undisturbed part of the (YXl)36◦ cut LN,
indicate the values of the in-plane (about 2.385 nm−1) and out-

of-plane (about 5.082 nm−1) scattering vector components in
the substrate. The intensity spreading of the RSM derives from
the diffraction caused by the damaged layer. It is noteworthy
that the intensity distributions of the symmetric and asymmet-
ric RSM are confined in a sharp qx region, which indicates that
there is no difference between the damaged layer and the sub-
strate. In another words, no deformation occurs in the planes
perpendicular to the surface (at least at this low damage level).
On the contrary, the wide spread of the intensity along the qz

direction suggests a tensile normal strain in the damaged layer.
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Fig. 3. Reciprocal space maps in the vicinity of the (012) Bragg diffraction
(a) and the (113) Bragg diffraction (b) of the He-implanted (YXl)36◦ cut LN.
The positions are located by the in-plane (qx) and out-of-plane (qz) compo-
nents of scattering vector while the intensity is in logarithmic scale. The
grey solid line displayed in panel (a) represents a coupled ω–2θ scan. The
two arrows in panel (b) represent the values of the in-plane and out-of-plane
scattering vector components in the unirradiated part of the crystal.

The schematic diagram of ion implanted (YXl)36◦ cut LN
is shown in Fig. 4. For simplification, only the Nb atoms
are plotted in the LN crystal structure. The red balls rep-
resent the implanted interstitial He ions. Similar with abun-
dant reports of ion implanted Si,[32] He implantation induces
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out-of-plane tensile strain along (012) plane. However, the
insert the interstitial He ions rearranged due to the strong
anisotropy of LN.[33,34] Different from the ion implantation
which is widely used in the CIS of Si or SiC, the ion implanta-
tion induced strains in LN appear a distinct gap between main
Bragg diffraction peak and the nearby interference fringe, it
assumed to be a highly damaged or even amorphous layer
which is similar to the ion implanted KTiOPO4.[35] There-
fore, it is distinguishing from the in-plane state of Si or SiC
which is locked to the thick substrate. The redistribution of
implanted He ions modified the strain profile and induced a
large tension strain normal to the (006) plane. The measured
lattice expansion ε(006) is approximately equal to the calcu-
lated value of 2.670%, which is deduced from the equation
of ε ′(006) = ε(012)/sin(36.6◦). From the geometric point of
view, the ε(012) can be regarded as one component of the
ε(006). Meanwhile, the lattice contraction occurred in the (030)
plane induces compressive strain. The ε ′(006) is calculated to be
−0.786% according to the equation of ε ′(030) = −νzyε(006), in
which νzy = 0.29 refers to the Poisson coefficient of LN for
tracks along the z and y crystal axes.[34] The measured and
calculated strain values are compared in Table 1, and the error
between the calculation and the measurement is quite small
for both the (006) and (030) plane. Therefore, the intriguing
strain profile is inferred to be dominated by the ion redistri-
bution. The redistributed He ions induce tensile strain normal
to the (006) plane and then lead to the contraction of (030)
planes, while some interstitial He ions disturb the strain profile
mainly in the left side. In addition, the effect of the He fluence
on the strain profile is investigated. The XRD coupled ω–2θ

spectra on (030) plane of (YXl)36◦ cut LN implanted with var-
ious He fluence are plotted in Fig. 5. With the increase of the
He fluence, the compressive strain increases from−0.811% to
−0.895%, while the broaden at the left side of the peak dimin-
ished gradually. It indicates that the effect of interstitial ions
is clear at low strain level while the ion redistribution plays a
more important role with increasing the strain level.

Table 1. The measured and calculated strain values of different crystallo-
graphic planes in LN.

Crystalline plane Measured ε (%) Calculated ε ′ (%)

(012) 1.592 –
(YXl)36◦ LN (030) −0.837 −0.786

(006) 2.577 2.670

In addition, the similar strain profile is observed in H-
implanted (YXl)42◦ cut LT, and the coupled ω–2θ spectra are
shown in Fig. 6. The intriguing strain profile is more obvi-
ous for the (YXl)42◦ cut LT. Two satellite peaks are observed
on both sides of the main peak while the fringe patterns ap-
pear at the right side. That can be owing to the implanted
induced strain level of H ions in LT is smaller than that of the
one of He ions in LN. The redistributed H ions induce tensile

strain normal to the (006) plane and then lead to the contrac-
tion of (030) planes, while some interstitial H ions in different
depth disturb the strain profile mainly in the left side. The ion-
induced lattice expansion normal to the (006) plane and (012)
plane is 1.213% and 0.655%, respectively. Meanwhile, the
lattice contraction of (030) plane is about -0.295%. Similarly,
the ε ′(006) is calculated to be 1.094% deduced from ε(012) di-
vide by sin(36.7◦), and the ε ′(030) is calculated to be −0.303%
via −νzyε(006), in which 36.7◦ is the angle between (012) and
(006) planes and the νzy of 0.25 refers to the Poisson coeffi-
cient of LT. The measured and calculated strains are shown
in Table 2. In addition, the lattice contraction phenomenon is
also observed in the highly anisotropic KTiOPO4 implanted
with H and He ions.[35]

tensile strain

compressive strain

(006)
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implanted ions

(012)

sample surface

ion implant

x
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z

Fig. 4. The corresponding crystalline schematic diagram of the strains in im-
planted (YXl)36◦ cut LN. To facilitate the presentation of the structure, only
the biggest Nb atoms are shown in this diagram, and the red balls represent
the implanted He ions.
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Fig. 5. The XRD coupled ω–2θ scan of (030) plane of implanted He ions in
(YXl)36◦ cut LN with different fluence.
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Table 2. The measured and calculated strain values of different crystallo-
graphic planes in LT.

Measured plane Measured (%) Calculated (%)

(012) 0.655 –
(YXl)42◦ LT (030) −0.295 −0.303

(006) 1.213 1.094
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Fig. 6. The XRD coupled ω–2θ spectra of the (012) plane (a), the (006)
plane (b), and the (030) plane (c) for H-implanted (YXl)42◦ cut LT samples.

4. Summary
The understanding of implantation-induced strain is of vi-

tal importance to transfer single-crystalline piezoelectric film
with various orientations. Here, we investigated the strain pro-
file in the implanted rotated Y-cut LN and LT with ω–2θ scan
and RSM. As the (012) plane is nearly parallel with the sur-
face, the out-of-plane strain is calculated using the XRD spec-
tra measured on the (012) plane. The ion implantation induced

tensile strain of the (012) and (006) planes, while the strain of
the (006) plane was bigger than that of the (012) plane due to
the ion redistribution. From the geometry point of view, the
tensile strain of the (012) plane can be regarded as one com-
ponent of the strain of the (006) plane. Meanwhile, the lattice
expansion of the (006) plane induces compressive strain of the
(030) plane due to the Poisson effect, while the interstitial ions
disturbs the strain profile. This work opens avenues to further
understand the ion implantation induced strain in LN and LT
for the preparation of POI substrate that seems to best satisfy
the requirements for high performance SAW filters in mobile
applications.
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