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Abstract— In this study, epitaxial LiNbO3 thin films were
successfully grown on a- and c-Al2Os substrates by Pulsed Laser
Deposition (PLD). In order to control the film crystallinity and
chemical composition, the influence of different growth
parameters, such as substrate temperature, oxygen pressure,
and target composition, were studied. The physical and
chemical properties of the as-deposited LiNbO3 layers were
characterized.
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I. INTRODUCTION

With the deployment of the fifth generation of mobile
communications (5G) and the Internet of Things,
radiofrequency (RF) filters performances have to be
improved. Nowadays, RF filters are mainly based on acoustic
resonators such as Surface Acoustic Waves (SAW) and Bulk
Acoustic Wave (BAW) resonators [1]. Thanks to their high
electromechanical coupling coefficient (from 5.6% to 45.8%
for bulk waves, depending on the crystalline orientation) and
large acoustic velocity (from 3488 to 4750 m/s), single-crystal
LiNbO; or LiTaOs layers are widely used in these applications
[2].

LiNbO3 is a piezoelectric material with a trigonal crystal
structure (R3¢ space group), a Curie temperature around 1200
at near-stochiometric compositions, low transmission loss,
and high stability [3, 4].

Despite LiNbO3 being known for more than 40 years,
no growth technique has yet demonstrated layers with
sufficient physical performances for practical use in optical or
acoustic devices [4]. Indeed single-phased LiNbOs films are
notoriously difficult to grow due to their lack of line
composition, which makes the chemical composition control
difficult. Li volatility is also an important factor to be taken
into account. Another difficulty in the growth of this material
lies in its high thermal expansion coefficient (TEC a, is 14.1
1076 (K1) at 300 K) which can cause the presence of cracks
[4]. As the natural growth orientation is along the c-axis, pure
epitaxial growth along with specific directions (e.g. (1 1 0))
compatible with device specifications is also hard to be
performed [2, 5]. Congruent composition of LiNbO; is
nonstoichiometric (48.38 mol% of Li,O). The physical and
structural properties of LiNbO; are dependent on the amount
of Li in the film. For example, elastic constants,
electromechanical coupling (k?), acoustic velocity, and
refractive index, are highly dependent on the Li content of the
film. So, for large-scale production of devices, it is necessary
to precisely control the chemical composition [2, 6].

LiNbO3 films are usually crystallized at substrate
temperatures of 500-800°C [6, 7, 8]. Due to the high
temperature of the deposition and high probability of growth
mixes of LiNbO; with either LizNbO4 or LiNbs;Og that
represent centrosymmetric and hence non-ferroelectric
phases, achieving the growth of stoichiometric LiNbOs3 thin
films is challenging [4, 9].

In the litterature, lithium niobate films were grown
epitaxially on c-Al,O; substrate using a thermal chemical
vapor deposition method from the metalorganic compounds
Li(Ci1H1902) and Nb(OC:Hs)s, in other words, by
MOCVD[10]. Epitaxial LiNbO; thin (110) and (001) films
were deposited on 10x10 mm? a-plane sapphire (AL,O3) and
12x7 mm? c-plane sapphire (Al,O3) substrates by Pulsed
Laser Deposition (PLD) [11-12]. It was found that during the
PLD process lower oxygen pressure (0.133 mbar) favors a-
oriented LiNbOs film growth while higher oxygen pressure
(0.667 mbar) favors c-oriented growth [13].

In this article, LiNbOs thin films have been deposited by
Pulsed laser deposition (PLD) on c- and a-Al>Os substrates at
500 and 600°C. The atmosphere of oxygen (O) with pressures
0f 0.007 and 0.2 mbar was used during the growth. In order to
compensate a potential Li loss during PLD process, different
targets were used: LiNbO3 and LiNbO; with an additional
10% of Li»O. Dependences of the characteristics of the films
on substrate orientation, pressure, temperature, and amount of
Li in the target were studied.

This paper is organized as follows. The film growth
process is described in Section II, and characterizations of the
surface morphology and structural properties are shown in
Section III. Finally, conclusions are presented in Section I'V.

II. EXPERIMENTAL PROCEDURE

The PLD system used in this study is a wafer-based PLD
reactor made by Solmates. Laser ablation was done with a KrF
excimer laser operating at 248 nm, with a repetition rate of
100 Hz and a laser fluence of 2.1 J/cm?. The target-substrate
distance was 55 mm. Two targets with different compositions,
namely a stoichiometric (LiNbO3) and a Li-enriched (10% of
Li added to LiNbO3) were used to study the dependence of the
films on the amount of Li atoms in the target. 4-inch c- and a-
AlO3 wafers were chosen as substrates since their structure is
compatible with LiNbOs;. Two different oxygen pressures
have been used in LiNbO; film deposition on c- and a-
sapphire substrates, i.e., 0.2 mbar and 0.007 mbar. The
deposition temperatures were 500°C and 600°C. Finally,
combinations of deposition parameters are summarized in
Table 1.



TABLE L DEPOSITION PARAMETERS USED FOR LINBO; GROWTH ON

SAPPHIRE SUBSTRATES

Substrate Pressure Deposition

orientation (mbar) tem[zféa;ture Target
c-AlLO; 0.2 500 LiNbO,
¢-ALO; 0.007 500 LiNbO,
c-AlLOs 02 600 LiNbO3
c-ALO; 0.2 600 Li; ;1NbO3 05
¢-ALO; 0.007 500 Li; 1NbOs; o5
a-ALO; 0.2 500 LiNbO,
a-ALO; 0.007 500 LiNbO,
a-ALO; 0.2 600 LiNbO3
a-ALO; 0.2 600 Li;.1NbO3 05
a-AlLO; 0.007 500 Lii.iNbOs o5

The growth rate of the films was about 11 nm/min and the
film thicknesses are about 200 nm.

The surface morphology of LiNbOs films was studied by
both Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). X-Ray Diffraction (XRD) in different
configurations (0-20 scan, ® scan, ¢ scan) was used to
investigate the microstructural properties of the as-deposited
LiNDbO:; layers.

III. RESULTS
A. LiNbO:s films grown on c-Al;,O;3 substrate
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Fig. 1. 6/20 XRD pattern of the LiNbO; c-sapphire heterostructure grown
at: (1) 0.2 mbar, 500°C, LiNbOs target; (2) 0.007 mbar, 500°C, LiNbO;
target, (3) 0.2 mbar, 600°C, LiNbO; target; (4) 0.2 mbar, 600°C, Li+LiNbO;
target; (5) 0.007 mbar, 500°C, Li+LiNbOjs target.

XRD patterns reveal that LiNbOs; films grown on c-
sapphire show a strong (0 0 1) texture (Fig. 1). The film are
single-phased and no parasitic phase (such as LisNbO4 and
LiNb3Os) was observed. The film grown at 500°C with the
0.007 mbar O, pressure and LiNbO; target is the only sample
showing also (1 0 4) orientation, but still preferred texturation
remains (0 0 6).
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Fig. 2. ¢-scan LiNbOj; c-sapphire heterostructure grown at 0.2 mbar,
600°C, LiNbO; target performed on LiNbO; (0 0 6).
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Fig. 3. AFM micrographs of LiNbO; films deposited on c- Al,O; substrates
grown at different conditions: (1) 0.2 mbar, 500°C, LiNbO; target, (2) 0.007
mbar, 500°C, LiNbO; target; (3) 0.2 mbar, 600°C, LiNbOs target;(4) 0.2
mbar, 600°C, Li+LiNbO; target; (5) 0.007 mbar, 500°C, Li+LiNbO:; target.
Scan size: (5 x 5) um?’.

Full Width at Half Maximum (FWHM) of LiNbOs (0 0 6)
peak obtained through symmetric w-scans is ~0.8°, through
asymmetric m-scans in between ~1.6-2.1° for (0 1 2). All ¢-
scans (for example, Fig. 2) are having 6-fold symmetry
confirming the epitaxial nature of all the samples.

The surface morphology of pulsed laser deposited LiNbO3
films was investigated by AFM measurements as shown in
Fig. 3. Layers consisting of rounded grains can be seen
whatever growth conditions. Little particles such as droplets
are present in all cases.

As it is seen, the sample deposited at 0.007 mbar, 500°C,
with LiNbOs3 target has the highest root mean square (RMS)
roughness, around 10 nm, which can be connected to
coexistence of (001) and (104) orientations. For other samples
surface of the layers is quite smooth with much lower
roughness (~2 nm), but lower roughness (~1 nm) was already
reported for z-cut of LiNbO3 [2]. SEM micrographs (Fig. 4.)
confirm the low surface roughness of the films and the
absence of the cracks.

=

Fig. 4. SEM micrographs of LiNbOj; c-Al,Os heterostructures grown at: (1)
0.2 mbar, 500°C, LiNbO; target; (2) 0.2 mbar, 600°C, LiNbO; target.



B. LiNbO; films grown on a-Al,O;s substrate

Structural properties of the film were found to be greatly
affected by the substrate orientation. Fig. 4 depicts the 6/26 -
XRD patterns from a LiNbOs film when crystallization
occurred during deposition on the a-Al,Os substrates. In
contrast to what was previously observed for LiNbO; films
deposited on c-Al,Os (Fig. 4), a growth competition between
(006) and (110) are systematically present (Fig. 5).
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Fig. 5. 6/20 XRD spectra of the LiNbO; a-sapphire heterostructure grown
at: (1) 0.2 mbar, 500°C, LiNbO; target; (2) 0.007 mbar, 500°C, LiNbO;
target, (3) 0.2 mbar, 600°C, LiNbO; target; (4) 0.2 mbar, 600°C, Li+LiNbO;
target; (5) 0.007 mbar, 500°C, Li+LiNbOjs target.

XRD pattern reveals that LiNbO; film deposited on a-
sapphire at 600°C, under 0.2 mbar O atmosphere with the
help of additional Li in the target is polycrystalline, with
strong (1 1 0) texturation. Interesting is also the combination
of both (0 0 6) and (1 1 0) orientations were grown on x-cut
sapphire also with additional Li in the target, at 500°C with
the 0.007 mbar O, atmosphere. This indicates that nucleation
at the point of solid-phase crystallization does not result in an
ideal selection of the (1 1 0) orientation, although (1 1 0) is
the major domain in the first growth stage, crystallization has
selectivity to c-axis orientation.
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Fig. 6. ¢-scans of the LiNbO; a-sapphire heterostructures grown with
Li+LiNbO; target at: (1) 0.2 mbar, 600°C; (2) 0.007 mbar, 500°C.

All @-scans of samples grown with LiNbOs target on the
x-cut sapphire (not shown there) are having 6-fold symmetry
confirming the epitaxial nature of the (0 0 1) layers. In Fig. 5
¢-scans of the LiNbOs/c-Al,O3 heterostructures grown with
additional Li. The sample deposited at 600°C is having only
(1 10) LiNbO; grown. Heterostructure grown at low pressure
with 10% of Li added to LiNbOs target is having both
epitaxial (0 0 1) and (1 1 0) oriented crystals in the film,
which also confirms selectivity to c-axis orientation.

Full Width at Half Maximum (FWHM) of LiNbO;3 (0 0 6)
peaks grown with unenriched target obtained through
symmetric ®-scans are ~0.9°-1.7°, through asymmetric -
scans in between ~2.0-2.6°. The same indicators of
heterostructure grown at low pressure with 10% of Li added
to the LiNbOs target are ~1.2° and ~2.2°, respectively. Finally,
for epitaxial LiNbOs3 (1 1 0) grown at 600°C, FWHM obtained
through symmetric and asymmetric ®-scans are ~1.5° and
~1.9°, respectively.
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Fig. 7.  AFM micrographs of LiNbO; films deposited on a-Al,O; substrates
grown at: (1) 0.2 mbar, 500°C, LiNbO; target; (2) 0.007 mbar, 500°C,
LiNbO; target; (3) 0.2 mbar, 600°C, LiNbO; target;(4) 0.2 mbar, 600°C,
Li+LiNbO; target, (5) 0.007 mbar, 500°C, Li+LiNbO; target. Scan size: (5
x 5) um?.

The surface morphology of LiNbOs3 films grown on a-
AlO; substrate was also investigated with AFM
measurements as shown in Fig. 6. Compared to lithium
niobate grown on ¢-Al,O3, layers are also consisting of grains
that can be seen in each sample but the number of particles on
the surface is much bigger. Root mean square (RMS)
roughness is also bigger in comparison to deposition on z-cut.
Interestingly, the LiNbO; film presenting the (1 1 0) epitaxial
layer, i.e. film deposited at 600°C from a Li-enriched target,
shows the least rough surface.



IV. CONCLUSIONS

In this work, LiNbOs thin films have been grown on 4-inch
sapphire wafers in a wafer-based PLD reactor with film
thicknesses of about 200 nm. The influence of different
growth parameters, such as substrate orientation, temperature,
oxygen pressure, and target composition, were studied.
Single-phased films without parasitic phases (such as LisNbO4
and LiNb3;Os) were observed.

Epitaxial, single-phase lithium niobate films with c-axis
and a-axis orientations have been deposited and characterized.
Predominant orientation toward the c-axis was shown. The
conditions for LiNbOs; film growth on a- and c¢-AlO;
substrates have been clarified. The a-axis orientation of
LiNbO; thin film on a- Al,O; was achieved through the
deposition with the help of an additional 10% of Li in the
LiNbO; target and at 600°C substrate temperature. The
possibility of growth of LiNbO3/Al>O3 heterostructures with
both epitaxial (0 0 1) and (1 1 0) oriented crystals in the film
same time was shown. Future work will be devoted to the
integration of the LiNbO3/ALLOs heterostructure in Surface
Acoustic Wave device.
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