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Abstract
Objective: To quantitatively assess the hardness, elasticity, and plasticity of Li-Nb-O system films and to determine the 
influence of the structure and substructure on these parameters in them.
Experimental: Li-Nb-O system films with a thickness of ~0.8 μm were grown on non-heated substrates (oxidized single-
crystal silicon wafers (SiO₂ layer ~0.4 μm), single-crystal lithium niobate with (0001) orientation) by ion beam sputtering 
of a lithium niobate target. Thermal annealing of Li-Nb-O films on substrates was performed in air for 10 min (until complete 
crystallization) at temperatures of 550, 650, 700, 750, 800, and 850 °C. The heterostructures (film/substrate) were cooled 
with a furnace. The phase composition of the films was investigated by X-ray diffraction (XRD) and selected area electron 
diffraction (SAED). The substructure was studied by transmission electron microscopy (TEM) and high-resolution TEM 
(HRTEM, Tecnai G2 30ST) of cross-sectional specimens prepared by ion milling using a Quanta 3D setup. The surface 
morphology was investigated by scanning electron microscopy (SEM, Teskan Mira) in the topological contrast mode and 
atomic force microscopy (AFM, Solver47). The mechanical properties, hardness (H) and Young’s modulus (E), were determined 
from nanoindentation (NI, NanoHardness Tester CSM Instruments) measurements using a Berkovich diamond indenter 
under the following conditions: maximum load 10 mN, loading rate 10 mN/min, and unloading rate 15 mN/min.
Results: It was found that thermal annealing in an oxygen-containing atmosphere at 750°C induces the crystallization of 
quasi-amorphous Li-Nb-O films and the synthesis of single-phase LN films with lattice parameters closest to those of 
stoichiometric single-crystal LN. The most probable mechanisms of irreversible deformation in LN films are: brittle fractures, 
plastic deformation of crystallites, and grain boundary sliding. LN films synthesized at 650-750°C are most susceptible to 
brittle fracture. Brittle fractures occur due to the buildup of macrostresses in the films, resulting from different coefficients 
of thermal expansion (CTE) of the film and the substrate. The fracture toughness of the films increases significantly when 
using a substrate with a CTE close to that of the film. The hardness of nano- and microcrystalline LN films is always higher 
than the hardness of quasi-amorphous Li-Nb-O system films. The decrease in the hardness of films synthesized at high 
annealing temperatures is due to a decrease in the concentration of point defects and an increase in the size of the crystallites.
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1. Introduction
To realize the potential of lithium niobate 

(LN, LiNbO₃) thin films as a functional material 
in optoelectronic [1], acoustoelectronic [2], and 
memory devices [3], it is necessary to develop an 
understanding of the deformation mechanism, 
mechanical properties, and prospects for bringing 
the functional parameters of thin films closer 
to those of single-crystal LN. Elastic properties, 
hardness, plasticity, surface morphology, and 
macro- and microstresses in the near-surface 
layer of LN films significantly affect electrical 
conductivity, sound velocity, acoustic wave 
attenuation [4, 5], electromechanical conversion 
efficiency, and optical transmittance [6, 7]. A 
large number of studies have been devoted to the 
regularities of LN film growth on substrates, as well 
as structural and substructural transformations 
in LN films as a result of various influences, in 
particular, thermal processing [8, 9, 10]. There 
are several works devoted to the study of the 
mechanical properties of LN single crystals. 
For example, in [11], nanoindentation results 
established that the hardness (H) and Young’s 
modulus (E) of single-crystal LN wafers are 
~12 and 194 GPa, respectively, for the X-cut, 
and 13 and 211 GPa for the Z-cut. In [12, 13], 
transmission electron microscopy (TEM) was 
used to observe dislocations in LN single crystals 
deformed at high temperatures, showing the 
dislocation mechanism of plastic deformation 
of LN. There are isolated works concerning the 
influence of thermal stresses on the structure 
and substructure of LN films. In particular, the 
dislocation mechanism of macrostress relaxation 
in epitaxial heterostructures with large mismatch 
in composition, structure, and thermal stresses 
arising from different coefficients of thermal 
expansion was established by the authors of 
[14] and [15]. In [16], the change in the lattice 
parameters of epitaxial LN films on sapphire as 
a result of thermal stresses is considered. At the 
same time, there is practically no data on the 
dependence of mechanical properties (hardness, 
Young’s modulus, contribution of elastic and 
plastic components to deformation) of Li-Nb-O 
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system films on structure, phase composition, 
and substructure; there is no systematic data 
necessary to identify the mechanism of stress 
relaxation in Li-Nb-O system films arising during 
synthesis and subsequent thermal processing.

The purpose of this work is to quantitatively 
assess the hardness, elasticity, and plasticity, 
and to determine the influence of structure and 
substructure on these parameters in Li-Nb-O 
system films.

2. Experimental
Li-Nb-O system films with a thickness of 

~0.8 μm were grown on non-heated substrates 
(oxidized single-crystal silicon wafers (SiO₂ layer 
~0.4 μm) and single-crystal lithium niobate with 
(0001) orientation) by ion beam sputtering of a 
lithium niobate target. Sputtering conditions: 
working gas – argon; ion beam current 90 mA; ion 
source electrode voltage 2.2 kV; a compensator 
system eliminates the shielding potential on the 
substrate. The distance from the target to the 
substrate during deposition was 10 cm.

Thermal annealing (TA) of Li-Nb-O/SiO₂/Si 
heterostructures was performed in air in a coaxial 
furnace for 10 min (until complete crystallization) 
at temperatures of 550, 650, 700, 750, 800, and 
850 °C. Samples were loaded into the heated 
furnace. The heterostructures were left to cool in 
the furnace at a cooling rate of 300 °C/h.

The phase composition of the films was 
investigated by X-ray diffraction (XRD) using 
a Bruker D2 Phaser diffractometer (copper 
tube radiation) and selected area electron 
diffraction (SAED) using an EG-100M electron 
diffraction camera. The substructure was studied 
by transmission electron microscopy (TEM) and 
high-resolution TEM (HRTEM, Tecnai G2 30ST) of 
cross-sectional specimens prepared by ion milling 
using a Quanta 3D setup. The surface morphology 
was investigated by scanning electron microscopy 
(SEM, Teskan Mira) in topological contrast mode 
and atomic force microscopy (AFM, Solver47). 
The mechanical properties, hardness (H) and 
Young’s modulus (E), were determined from 
nanoindentation (NI, NanoHardness Tester CSM 
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Instruments) measurements using a Berkovich 
diamond indenter under the following conditions: 
maximum load 10 mN, loading rate 10 mN/min, 
and unloading rate 15 mN/min.

3. Results and discussion
Phase Composition. According to XRD data 

(Fig. 1, diffractogram 1), the Li-Nb-O system films 
after deposition were X-ray amorphous or quasi-
amorphous, in accordance with the terminology 
previously adopted in [17]. After isochronal 
annealing (Fig. 1, diffractograms 2–4), single-
phase LN films crystallized (Fig. 1, curves 2, 3, 
4). The single-phase composition of LN films 
was maintained throughout the used range of 

crystallization annealing temperatures. Profile 
analysis (Rietveld method) of XRD diffraction 
peaks showed an increase in the LN lattice 
parameters  a and  c with increasing annealing 
temperature (Table 1). The relative increase in 
the parameters was ~0.5%, which corresponds 
to a relative change in the volume of the unit 
cell of the crystal lattice by 1.1% with a method 
error of less than 0.1%. The significant increase 
in the lattice parameters was the result of oxygen 
diffusion into the LN lattice and a decrease in 
the concentration of oxygen vacancies. It follows 
from Table 1 that after thermal annealing at 
750 °C and above, the volume of the crystal lattice 
was closest to the lattice volume of single-crystal 

Fig. 1. X-ray diffraction of the Li-Nb-O/SiO2 heterostructure before (1) and after annealing at temperatures of 
550 (2), 750 (3), and 850 °C (4)

Table 1. Lattice parameters of lithium niobate for single crystal and polycrystalline films on the surface 
of oxidized silicon and single crystal LN orientation (0001) after TA at different temperatures (°C) of 
annealing

Substrate TA, °С a, Å c, Å (V-V0)/V0, %
(001) Si/SiO2 550 5.132 13.775 –1.3

650 5.142 13.805 – 0.7
700 5.144 13.819 – 0.5
750 5.151 13.835 – 0.1
800 5.159 13.842 0.2
850 5.156 13.843 0.1

(0001) LN 550 5.1316 13.785 –1.2
650 5.1314 13.795 –1.2
750 5.1328 13.798 –1.1
800 5.1362 13.798 –1.0
850 5.1395 13.799 –0.8

V – available lattice volume
V0 – lattice volume of single-crystal LN [18]
Lattice parameters of single-crystal LN: a = 5.149 Å, с = 13.862 Å [18]
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LN [18], which indicates a chemical composition 
closest to stoichiometric LN. An estimate of the 
average size of LN crystallites on the surface of 
oxidized silicon by the Scherrer method showed 
their growth from 25 to 75 nm throughout the 
entire range of annealing temperatures (Table 2). 
The most significant increase in crystallite size 
was observed during annealing at 850 °C (from 25 
to 75 nm). The highest rate of crystallite growth 
(i.e., the change in size per degree) was observed 
in the temperature range from 550 to 650 °C. With 
a fixed annealing time, the observed evolution of 
the film structure with increasing temperature is 
probably associated with the sequential activation 
of various grain growth mechanisms. Thus, the 
rapid growth of crystallites in the range up to 
650 °C may be due to collective recrystallization, 
while the additional increase in their size at 800 
and 850 °C is likely associated with secondary 
recrystallization.

To assess the change in lattice parameters 
under conditions of minimal macrostresses, the 
crystal lattice of lithium niobate films obtained on 
a single-crystal LN was investigated. Fig. 2 shows 
XRD patterns of films obtained on the surface of 
(0001) LN single crystal. The diffractogram shows 
a complete set of maxima corresponding to the 
LN lattice. The observed increased intensity of 
the 0006 reflection indicates the formation of 
an axial texture <0001> LN. In films after TA at 
750 °C, the intensity of the 0006 reflection was 
maximal. A further increase in TA temperature 

led to a decrease in the reflection intensity. 
The increase in the degree of texturing of 
the films was probably due to the influence 
of the substrate on the selective growth of 
grains oriented along the [0001] axis during 
the coalescence recrystallization stage. During 
the stage of secondary recrystallization, the 
relative proportion of oriented grains decreased. 
According to the profile analysis of diffraction 
peaks, the  a  and  c  lattice parameters of LN 
increased by 0.2% with increasing TA temperature 
from 550 to 850 °C. As in the case of films on the 
surface of oxidized silicon, the increase in lattice 
parameters was the result of oxygen diffusion into 
the LN lattice during TA. The smaller change in 
parameters compared to films on oxidized silicon 
can be explained by the absence of macrostresses 
associated with the difference in the coefficients 
of thermal expansion of the film and the substrate.

Fig. 3 shows TEM images and an SAED pattern 
of an ultrathin cross-section of an Li-Nb-O system 
film before annealing. There is no contrast on the 
TEM image (Fig. 3a) characteristic of regions of 
coherent scattering. On the HRTEM image (Fig. 
3b), the contrast has a stochastic character. On 
the electron diffraction patterns obtained by 
the SAED method from various regions of the 

Fig. 2. X-ray diffraction of the Li-Nb-O/(0001)LN heterostructure after annealing at temperatures of 550 (1), 
650 (2), 750 (3), 800 (4), and 850 °С (5)

Table 2. Average grain size of LN after TA

Temperature TA, °С 550 650 700 750 800 850
Average grain size, 

nm 24 47 51 54 64 73
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film, there is always a characteristic halo (see 
inset in Fig. 3), indicating a quasi-amorphous 
structure of the initial Li-Nb-O system films. 
Figure 4 shows TEM images and an SAED pattern 
of an ultrathin cross-section of an Li-Nb-O 
system film after annealing at 550 °C. Regions of 
coherent scattering are clearly visible on the TEM 
image (Fig. 4a); the film has a nanocrystalline 
structure, with an average crystallite size of 40 
nm. The HRTEM image (Fig. 4b) is dominated by 
a characteristic banded contrast with a period 
of 0.37 nm, corresponding to the period of the 
atomic planes (10 4) of the LN crystal lattice. 
Analysis of the electron diffraction pattern 
(inset in Fig. 4) also revealed a set of interplanar 
spacings characteristic of the LN lattice.

Surface Morphology. According to SEM 
data, an increase in the size of morphological 
inhomogeneities on the surface of the films as 

a result of increasing TA temperature correlates 
with a change in the size of the crystallites, as 
established by TEM and XRD results (Fig.  6). 
Cracks were observed in all films on SiO₂/Si 
substrates after annealing. Their formation is 
caused by macrostresses – a consequence of 
different coefficients of thermal expansion (CTE) 
of the film and the substrate: for silicon, the CTE 
is 5.1, and for LN it ranges from 5 to 15·10–6 °C–¹ 
in the [10 0] and [0001] directions, respectively. 
Figures 5a and b show AFM images of the surface 
of LN films on the surface of oxidized silicon after 
TA at 550 and 800 °C. Table 3 contains parameters 
obtained by AFM hardware, characterizing the 
surface relief of quasi-amorphous (Li-Nb-O) and 
crystalline LN films on the surface of SiO₂/Si. 
In films after annealing at 550 °C (Fig. 5a), the 
lateral dimensions of the relief inhomogeneities 
were 100 nm or more, and their height did not 

Fig. 4. TEM (a) and HRTEM (b) images of a cross-section of a Li-Nb-O film after annealing at 550 °C and a 
fragment of a HEED microelectron diffraction pattern

Fig. 3. TEM (a) and HRTEM (b) cross-section images of the Li-Nb-O film after deposition; inset shows a frag-
ment of HEED
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exceed 50 nm, i.e., the film relief was markedly 
flat. After annealing at 800 °C (see Fig. 5b), 
the most probable lateral dimensions of the 
inhomogeneities were ~ 150 nm, their height 
was ~170 nm, and the roughness was 20 nm; 
therefore, the film relief reflects the dispersity 
of the crystallites. The most significant changes 
in the relief were observed with increasing 
crystallization temperature. The development of 

the relief occured due to an increase in protrusions 
(presumably, crystallites). After crystallization of 
quasi-amorphous films, their roughness increased 
sharply. The roughness of films crystallized 
at 650–850 °C was practically unchanged 
(~ 20 nm), and the relief height difference was 
invariably higher in films crystallized at higher 
temperatures. That is, the development of 
the relief occured due to the selective growth 
of individual crystallites, but their volume 
fraction in the film is small. Morphological 
inhomogeneities after thermal annealing at 550 
and 800 °C indicated, respectively, the nano- and 
microcrystalline structure of Li-Nb-O films.

Fig. 6 shows SEM images of indenter imprints 
that appeared on the surface of the film on SiO₂/
Si substrates as a result of the applied loads. 
The sizes of morphological inhomogeneities 
of the surface relief of the films after thermal 

Fig. 5. AFM images of the surface of films annealed at 550 (a) and 800 °C (b) on the surface of SiO2/Si substrates

Fig. 6. SEM images of indenter imprints on the surface of films grown on SiO2/Si and annealed at 550 (a), 750 
(b), and 800 °C (c) with an indenter load of 10, 1, and 10 mN, respectively

Table 3. Relief parameters of lithium niobate 
films on the surface of oxidized silicon before 
and after thermal annealing

Relief 
parameters

without 
annealing

550 
°С

750 
°С

800 
°С

Height 
difference, nm 20 55 110 120

Average 
roughness, nm 4 15 20 20
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annealing correlate with the results of the study 
using AFM. In addition to cracks that occurred 
immediately after thermal annealing, additional 
cracks appear near the imprints after NI (Fig. 
6). The minimum load on the indenter that can 
cause additional cracking of films annealed at 
750 °C was 1 mN (Fig. 6b). The cracking of films 
annealed at other temperatures was observed 
only at higher loads on the indenter (> 1 mN). If 
the load on the indenter was > 10 mN, then the NI 
process initiated cracking of the film regardless 
of the annealing temperature (Fig. 6a, c). The 
nature of crack propagation in the films was 
different: 1)  in films after annealing at 550 °C, 
as a rule, the cracks propagated along the grain 
boundaries; 2)  after annealing at 750 °C they 
mainly propagated through the volume of grains; 
3) after 800 °C they mainly propagated along the 
grain boundaries (insets in Fig. 6).

Fig. 7 shows SEM images of indenter imprints 
on films on the surface of (0001) LN single crystal 
after TA at 750 and 800 °C. Cracks in the films 
were not observed. Comparing the obtained result 
with the result for films on oxidized silicon, it can 
be argued that the nature of crack formation in 
lithium niobate films is primarily associated with 
macrostresses caused by the difference in CTEs 
of the film and the substrate.

Elastic Modulus and Hardness. The mechanical 
properties of the films after thermal annealing at 
different temperatures were studied by NI. Table 
4 presents the results of measuring the hardness 
(H), Young›s modulus (E), and the proportion of 
elastic deformation in the indentation work (η) 

of films and single-crystal lithium niobate at a 
load on the indenter up to 1 mN. Fig. 8 shows 
P-h diagrams for annealed films and the surface 
of (0001) LN single crystal obtained by NI when 
the load on the indenter increased to 10 mN. 
The P-h diagrams of all samples, including 
the single crystal, have steps (highlighted in 
Fig. 8). Moreover, with increasing film annealing 
temperature, the minimum load for their 
appearance decreased.

According to [11], the hardness and Young’s 
modulus of bulk single-crystal LN for the X-cut are 
11.8 and 194 GPa, respectively. The experimental 
values of hardness and elastic moduli of Z-cuts 
of single crystals after technological machining 
are slightly lower (Table 4).

The hardness of quasi-amorphous Li-Nb-O 
films is lower than the hardness of nano- and 
microcrystalline LN films. Considering the 
low probability of implementing a dislocation 
mechanism of plastic deformation in such films 
and the absence of cracks in them, the most 
probable mechanism of plastic deformation is 
the movement of elementary structural clusters 
according to the mechanism described in [19] 
for hydroxyapatite ceramics and films. The 
hardness and elasticity of crystalline LN films on 
the SiO₂/Si surface also did not reach the values 
characteristic of a single crystal. A notable feature 
for the films is the decrease in the hardness of 
films annealed at temperatures of 650 and 750 °C 
compared to films annealed at 550 °C. Considering 
the minimum crack resistance of such films in a 
stressed state and the transcrystalline nature 

Fig. 7. SEM images of indenter imprints on the surface of films grown on a (0001) LN single crystal, annealed 
at 750 (a) and 800°C (b), with an indenter load of 10 mN
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of their cracking, it is possible to assume a 
relationship between their strength properties and 
a structural feature: the greatest correspondence 
of the lattice parameters to single-crystal 
stoichiometric LN. This correspondence is 
probably due to the minimum content of point 
defects (primarily oxygen vacancies) inside 
the crystallites among the obtained films. This 
feature of the substructure leads to increased 
dislocation mobility and intragranular plasticity, 
which, combined with a minimum amount of 
impurities at the grain boundaries, contributes to 
the transcrystalline nature of crack propagation. 
In [20], it was shown that the scratching depth 
at which no crack formation was observed in a 
lithium niobate single crystal was 40 nm. The 

indentation depth of the same order for our 
films corresponded to a load on the indenter of 
1 mN. That is, in films annealed at 750 °C, the 
conditions for crack formation are similar to those 
for a single crystal. A further increase in the TA 
temperature leads to saturation of the boundaries 
with excess oxygen, weakening the intergranular 
bonds and promoting crack propagation mainly 
along the boundaries.

The Young’s modulus (E) of LN films on the 
surface of (0001) LN single crystal after TA at 
550–750 °C (with the greatest correspondence 
of lattice parameters to the single crystal) was 
closest to the value of E for the single crystal. 
The hardness of crystalline films on the surface 
of LN single crystal was maximal in the case 

Table 4.  Mechanical properties of lithium niobate

Substrate: Si/SiO2

Temperature TA, °С – 550 650 750 800 850 
Н, hPa 4.6 7.4 6.0 6.7 8.1 5.0
Е, hPa 80.8 118.2 119.5 124.0 129.4 112.7
η, % 31 38 34 35 36 30

Substrate: surface (0001) of LN single crystal
Temperature TA, °С – 550 650 750 800 850

Н, hPa 6.2 10.3 9.3 7.9 7.7 6.9
Е, hPa 115.5 144.5 155.0  154.1 128.3 134.7
η, % 30 48 36 37 42 38

Single crystal LN (0001)
Н, hPa 8,5
Е, hPa 157
η, % 43

Fig. 8. P-h diagrams obtained from the results of indentation of the Li-Nb-O/SiO2/Si heterostructure after 
annealing at 550 (1) and 850°C (2) and of the surface (0001) LN single crystal (3); indenter load 10 mN
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of a fine-grained structure, exceeding the 
hardness of the single crystal, and decreased 
with increasing temperature. The observed 
dependence of hardness, considering the absence 
of macrostresses in the films, was characteristic of 
materials with a dislocation mechanism of plastic 
deformation and corresponds to the Hall-Petch 
relationship [21].

Fig. 9 shows AFM images of indenter imprints 
on the surface of films grown on SiO₂/Si, and 
profilograms in directions corresponding to 
the height (X1) and the center line (X2) of the 
triangular indenter imprint in the film plane. 
The indenter penetration depth is up to 200 nm, 
which is an order of magnitude greater than the 
roughness and four times less than the thickness 
of the tested film. The angle between the face 
and the opposite edge in the used indenter is 
142°. Consequently, the aperture angle of the 
profilogram in the X1 direction will be 142° 
under the condition of absolute plasticity of the 
material. Considering elastic recovery, this angle 
will be slightly larger. Based on the geometry 
of the indenter, the left and right parts of the 
imprint profile in the X2 direction are absolutely 
symmetrical. It was found that the profiles of 
imprints in the X1 direction had an aperture angle 
of 154°, 152°, and 146° in films after annealing at 

550, 750, and 800 °C, respectively (see Table 5). As 
can be seen from Table 5, in films after annealing 
at 550 °C, elastic recovery occurred equally in all 
directions. In contrast, in the film after annealing 
at 750 and 800 °C, the most significant elastic 
recovery occurred where the deforming effect 
was exerted by the indenter face, and not by the 
edge. This indicates a lower elasticity of the films 
annealed at higher temperatures, as well as the 
initiation of brittle fracture of the film by the 
indenter edges. The profiles of the imprints in the 
X2 direction do not differ, since the NI process 
does not cause brittle fractures of the film in this 
direction. As a result of indentation, heaping is 
formed at the edges of the imprints (Fig. 9). The 
surface of the heaping retains relief elements 
corresponding to the initial surface of the sample. 
According to SEM data, the relief elements inside 
the imprint also correspond to the initial surface 
(Figs. 6, 7). The observed relief indicates that 
plastic deformation was partially caused by the 
mechanism of intergranular sliding [19, 22]. In the 
most dispersed films, this mechanism is obviously 
dominant.

4. Conclusion
Thus, thermal annealing in an oxygen-

containing atmosphere at a temperature of 

Fig. 9. AFM images of indenter imprints on the surface of films annealed at 550 (a), 750 (b), and 800 °C (c) and 
the corresponding profilograms in the X1 and X2 directions; indenter load 10 mN
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550-850 °C induces the crystallization of 
quasi-amorphous Li-Nb-O layers and the 
synthesis of single-phase LN films with a LN 
lattice. The lattice parameters of the films 
approach the parameters of single-crystal LN 
of a stoichiometric composition with increasing 
temperature. During the deformation of Li-Nb-O 
films, the most probable mechanisms are: brittle 
fractures, plastic deformation of crystallites, and 
grain boundary sliding. LN films synthesized at 
a temperature of 650–750 °C are most prone to 
brittle fractures. Brittle fractures occur due to the 
buildup of macrostresses in the films, resulting 
from different coefficients of thermal expansion 
of the film and the substrate. The crack resistance 
of the films increases significantly when using 
a substrate with a CTE close to that of the film. 
The hardness of nano- and microcrystalline LN 
films is always higher than the hardness of quasi-
amorphous Li-Nb-O composition films. The 
decrease in the hardness of films synthesized at 
a high annealing temperature is due to a decrease 
in the concentration of point defects and an 
increase in the size of the crystallites.
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