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ABSTRACT: Energy harvesting from mechanical compression and
stretching movements is an effective strategy for powering electronic
devices. Piezoelectric materials are robust and can be activated by small
movements or physical disturbances across various frequencies. With this in
mind, the present study proposes the fabrication of monocrystalline lithium
niobate (LiNbO3) piezoelectric fibers, grown using the laser-heated pedestal
growth (LHPG) technique and their application as high-efficiency energy
converters. Electrical power generation was observed in response to
mechanical deformations applied to the fabricated monocrystalline piezo-
electric generator (PG). Under compression and stretching deformations of
the LiNbO3 piezoelectric monocrystalline fiber, one can find electric power
generation in the range of 9.85 to 32.41 μW for stretching, and 19.55 μW at
34.13 μW for compression, with the application of 1 V. These results
underscore the efficiency of monocrystalline lithium niobate (LiNbO3) fibers in converting ambient mechanical energy into electrical
energy, positioning them as a viable and environmentally friendly (lead-free materials) alternative to traditional piezoelectric
materials in energy harvesting devices.

1. INTRODUCTION
Energy harvesting devices have long been pursued to power
sensor networks and mobile devices without a battery.
Piezoelectric crystals, which can generate electrical charges
when mechanically deformed, are among the most promising
materials for the development of energy harvesting devices.
Based upon the energy conversion by the material’s piezo-
electricity, the piezoelectric generator (PG) is based on a
piezoelectric monocrystal fiber (PCF) power generator that
transforms ambient mechanical energy into a useful form of
electrical energy.1−4

The search for energy harvesting devices has become a
dynamic research field driven by the increasing demand for
battery-independent powering of sensor networks and mobile
devices. In this context, piezoelectric materials play a crucial role
due to their ability to convert mechanical energy into electrical
energy.5−9 LiNbO3 (LNO) is highly valued for its excellent
piezoelectric response, especially in the d33 mode, which makes
it ideal for the efficient conversion of ambient mechanical energy
into usable electrical power.10,11 The functionality of piezo-
electric generators (PGs) based on single-crystalline piezo-
electric fibers (PCFs) depends on their ability to transform
mechanical energy into electrical energy. When deformed by

external forces, PCFs generate a piezoelectric potential, causing
electrons to flow and balance this potential.12,13

Recent studies on LNO have focused on energy harvesting,
exploring innovative fabrication methods, such as electro-
spinning of monocrystalline fibers, and incorporating nanoma-
terials to improve performance.14 One notable technique is the
laser-heated pedestal growth (LHPG) method, which produces
high-quality oxidized crystalline fibers.15,16 This method allows
rapid growth due to the high axial thermal gradient.17−19 These
technological advances have paved the way for devices that can
efficiently capture and convert mechanical energy, contributing
to sustainable and energy-sufficient technologies.20

In this article, we propose to investigate the performance of
monocrystalline piezoelectric LiNbO3 (LNO) fiber devices,
which involves measuring electrical parameters, such as
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impedance (|Z|) and current (I), at different frequencies and
mechanical conditions, including plane strain, tensile strain, and
compressive strain. These results are essential to understand the
energy conversion efficiency and the material response to
various mechanical loads. This detailed characterization allows
optimizing the device design to maximize power generation
while ensuring stability and efficiency.

2. EXPERIMENTAL SECTION
The laser-heated pedestal growth (LHPG) technique was used to
obtain the crystalline LiNbO3 fibers used in this study. LiNbO3 was
prepared by mechanically mixing the reagents Li2CO3 (Vetec, 99%
purity), Nb2O5 (Vetec, 99% purity), and poly(vinyl alcohol) (PVA).
A 125-Evolution-CO2 laser at 10.6 μm was employed as a source of

heat for the process of obtaining monocrystalline fibers LiNbO3 in the
LHPG system, whereas fibers were grown in an air atmosphere along
the c-crystallographic axis.
Figure 1 shows the LHPG growth system, where it is possible to

observe the experimental setup of axial temperature measurement along

the pedestal/molten zone/fiber structure. Regarding the LiNbO3
pedestal, it was synthesized using the solid-state technique and shaped
into a cylindrical form through cold extrusion. Seed rods were also
produced from the same pedestal and employed in the growth process.

The pedestal was pushed toward themolten zone, where the burnout
of the binder (PVA), the decomposition of Li2CO3, the reaction of the
starting materials, the sintering of LiNbO3, and the growth of a stable
monocrystalline fiber were carried out in a single operation.21,22

Equation 1 correlates the pedestal radius and the fiber radius with the
growth rate; and this expression was employed to estimate the required
fiber radius:

R R
V
VF P

P

F (1)

RF refers to the fiber radius, RP refers to the pedestal radius, VF and VP
refers to the growth speed and feed speed, respectively.
The structural analysis of the as-preparedmaterials was performed by

XRD measurements using a diffractometer model (Rigaku D/max-B).
The diffraction patterns were obtained in a range of 20−100° with an
incident wavelength (Cu−Kα1) equal to 1.5443 Å, working at 40 kV
and 40 mA, with a scan step of 0.013°.
The Raman spectra of the samples were recorded on a LabRAMHR

HORIBA spectrometer using an argon ion laser with a wavelength of
488 nm operating at 2.54 eV as the excitation source. To focus the beam
on the samples, an optical lens with a magnificence of 100×, and a
numerical aperture of 0.90 was used as well as a grid with a density of
1800 lines/mm.

3. PIEZOELECTRIC THEORY
In the theory of piezoelectricity, the equations that describe the
mechanical behavior of materials are connected to the equations
that describe electric charges through piezoelectric constants.
These constants are essential to characterizing how piezoelectric
materials respond simultaneously to electrical and mechanical
stimuli. The electromechanical coupling factor, such as k332 , is an
important indicator of the efficiency with which these materials
convert mechanical energy into electrical energy and vice versa.
This coupling is essential for several technological applications,
from sensors to power generation devices.20

Piezoelectric energy harvesting devices, such as piezoelectric
generators, utilize the ability of piezoelectric materials to convert
mechanical energy into electrical energy. These devices’
efficiency depends on the material’s piezoelectric response and
its intrinsic “ability” to maximize mechanical deformation. In the
case of LiNbO3 crystal fiber, its monocrystalline structure allows
an optimized anisotropic response to efficiently convert
mechanical energy into electrical energy under different
deformation conditions.11−13 The deformation eq 2 for a
material under tension is expressed as

Figure 1. Schematic representation of the laser-heated pedestal growth
(LHPG) technique.

Figure 2. (a) XRD powder pattern of LiNbO3 synthesized by the LHPG method and (b) Raman spectra of the LNO (LiNbO3) LHPG fiber.
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where a is half the substrate thickness, l is the length of the
substrate from the fixed point to the free point of the
polystyrene, Dmax is the maximum strain at the free end, and z
is the distancemeasured from the fixed point to themiddle of the
fiber. This equation indicates that the relationship between the
strain ϵ and the maximum strain Dmax is linear, allowing a
uniform distribution of the strain along the fiber, essential for an
accurate analysis of the piezoelectric response.2

4. RESULTS
The XRD and Raman spectra powder pattern results of LiNbO3
synthesized by the LHPG method are shown in Figure 2a,b,
respectively. The XRD pattern exhibits sharp diffraction peaks,
where all of the peaks can be well indexed to the ferroelectric
phase LiNbO3 (ICSD No. 028297; space group: R3c). No
additional peaks of other phases have been found, indicating the
formation of a pure LiNbO3 phase under such experimental
conditions. Figure 3 shows the Raman spectra of the LiNbO3

LHPG fiber at room temperature from 50 to 1000 cm−1. The
vibrational modes found at 150, 189, 234, and 252 cm−1 (E-TO
modes) were assigned to the deformation of the NbO6
framework. Raman peaks at 429 and 365 cm−1 (E-TO) were
associated with the bending modes of the Nb−O−Nb bond.
The Raman band centered at 630 cm−1 (A1-TO) corresponded
to the symmetric stretching of Nb−O−Nb bonds, while the
Raman band above 876 cm−1 was assigned to the antisymmetric
stretching of the Nb−O−Nb bonds in the NbO6 octahedra in
the rhombohedral LiNbO3 and is attributed to the quasi
longitudinal optical (E-LO) phonon mode. Bands centered at
303, 318, 326, and 578 cm−1 were also found.
For electrical measurements, the fabricated LNO fiber shown

in Figure 3a shows that the fibers are free of cracks,
demonstrating the efficiency of growing via the LHPG method.
Figure 3b shows the fiber coated with silver paint electrodes for
electrical measurements, where its dimensions are shown in
Table 1.

Figure 4a,b shows the experimental setup used to apply
mechanical stress in the fiber. Figure 4a shows the fiber under

the polystyrene substrate and the electrode connections; the
substrate is fixed at one end, while the other is fixed to a moving
surface controlled with a stepper motor, as shown in Figure 4b.
This arrangement allowed the application of periodic torsional
and compression movements to the fiber. The motor control
allowed us to produce precise and repeatable mechanical
stresses, ensuring uniformmechanical stress during the vibration
cycles.
The electrical properties of the fiber generator were evaluated

using an HP4194A impedance/gain-phase analyzer, capable of
measurements from 40 Hz to 110 MHz. The fibers were
connected to the impedance analyzer, and electrical measure-
ments were conducted in the frequency domain to evaluate
parameters, such as impedance (|Z|). Initially, a study was
carried out only with flat geometry (no applied deformation)
with a voltage variation of 0.1 to 1 V in a frequency range of 40
Hz to 1 MHz, where it is possible to verify the influence of the
voltage on the piezoelectric fiber.
In Figure 5, the variation of the current for the different

voltages applied to the LNO fiber is observed for the entire
analyzed spectrum, whereas a gradual increase in the current is
observed with the increase of the applied voltage. It is observed
that throughout the spectrum and at all applied voltages, the
current continues to increase linearly as the frequency increases,
except for frequencies close to 540 kHz which presents a slight
distortion in the graph, a fact that is explained because it is at this
frequency that the LNO fiber presents its piezoelectric
resonance.
The relationship between the applied voltage and the

resulting current at different frequencies is shown in Figure 6.

Figure 3. (a) LiNbO3 fiber grown by the LHPGmethod. (b) Electrode
and fiber geometry.

Table 1. Monocrystalline LiNbO3-Used Fiber

sample LNO

L (mm) 6.87
d (mm) 0.89
a (mm) 3.0

Figure 4. (a) LNO fiber on the polymer plate with electrical contacts.
(b) Schematic diagram of the measurement system to characterize the
properties of the piezoelectric generator (PG).
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It is observed that for a low voltage range (0.1 to 0.4 V), the
current increases linearly with the voltage, which indicates that
the material follows Ohm’s law and presents a mainly resistive
behavior. This suggests that, at low voltages, the conduction
mechanisms are dominated by direct ohmic conduction,
without the presence of significant polarization or resonance
effects.
As the voltage increases above 0.5 V, the increase in current is

at a different growth rate, suggesting the presence of nonlinear
conduction mechanisms. These effects may be related to charge
carrier saturation or space charge limited conduction, where the
charge density in the material begins to affect the current flow in
a nonlinear manner. The existence of these effects at higher
voltages indicates that the LiNbO3 fiber has a slight nonlinear
behavior in the electrical response.
For the study of mechanical deformations, including tensile

deformation (stretching), compressive deformation, and
mechanical vibration (twisting and compression), two different
electrical voltages, 0.5 and 1 V, were used. For the starting
configuration, the measurements were done without applying
any external mechanical force. The changes in their correspond-
ing electrical properties were recorded under tensile deforma-
tion conditions.
The impedance versus frequency plots at 0.5 V are shown in

Figure 7a,b for compression and stretching, respectively. The
results indicate that compression (C) decreases the impedance
at frequencies around 540 kHz while stretching (S) increases the
impedance, in relation to the flat configuration. The applied
deformation makes it possible to calculate how much electric
current is generated when there is a deformation in the
piezoelectric fiber.
By analyzing the current results shown in Figure 8a,b, we

observed that the current variations increase gradually with
compression. The current tends to show specific peaks as
compression increases, suggesting a sensitive response of the
LNO monocrystal fiber to the applied force. Stretching also
causes variations in the current but less intensely than
compression. The amplitudes of the peaks are smaller, which
may indicate that the response of the LNO to stretching is less
pronounced at lower voltages.
The impedance response under 1 V application follows trends

similar to those observed at 0.5 V but with larger amplitudes, as
shown in Figure 9a,b. Compression further decreases the

Figure 5. Current vs frequency in a range from 40 Hz to 1 M for
different applied voltages.

Figure 6. Current vs voltage at selected frequencies.

Figure 7. Impedance spectra at 0.5 V for (a) compression (C) and (b) stretching (S).
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impedance at frequencies close to 575 kHz, while stretching
results in a significant increase in impedance, especially at higher
frequencies.
The current response at 1 V is significantly more pronounced,

with higher peaks compared with the measurements at 0.5 V, as
shown in Figure 10a,b. This indicates that the LNOmonocrystal

exhibits a higher sensitivity to compression at higher strains,
which can be attributed to the amplification of the piezoelectric
effect with an increasing electric field. As with compression,
stretching at 1 V generates higher peaks in the current. Higher
stretching (18% and 24%) appears to induce significantly
stronger responses at 1 V, suggesting that strain amplifies the

Figure 8. Current spectrum at 0.5 V for (a) compression (C) and (b) stretching (S).

Figure 9. Impedance spectra at 1 V for (a) compression (C), and (b) stretching (S).

Figure 10. Current spectrum at 1 V for (a) compression (C) and (b) stretching (S).

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c01447
Cryst. Growth Des. 2025, 25, 672−679

676

https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c01447?fig=fig10&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mechanoelectrical response for both compression and stretch-
ing, as can be more clearly observed in Table 2.

Table 2 shows the current and corresponding frequencies for
excitation voltages of 0.5 and 1 V, applied under various
mechanical deformations in the LNO crystal fiber. A frequency
of 575 kHz was chosen for the study. It is observed that, under
stretching and compression conditions, the current values
increase consistently with increasing deformation, both for
voltages of 0.5 and 1 V. This behavior indicates that the LNO
monocrystal fiber responds directly to the increase in
mechanical elongation with a higher current generation.
The increase in current is most pronounced at 1 V, which is

expected since a higher excitation voltage generates a stronger
electric field, amplifying the material’s piezoelectric response.
For a stretching of 6%, the peak current is 38.50 μA at 0.5 V and
76.60 μA at 1 V, while for a stretching of 24%, these values rise to
47.17 and 99.16 μA, respectively. This trend amplifies the
electrical response as the stress and strain increase.
Table 3 shows the generated power under different

deformations for voltages of 0.5 and 1 V. The power variation

measures the generated energy by the piezoelectric monocrystal
fiber under mechanical deformation. To calculate the generated
power, the difference between the flat power and the power
generated by the applied deformations was calculated. The
power variation for both stretching and compression tends to
increase with increasing deformation, being more expressive at 1
V. For example, during a 6% elongation, the power variation is
3.02 μW at 0.5 V and 9.85 μW at 1 V. This trend is repeated for
all deformation percentages, highlighting how the electro-
mechanical energy generated by the material is amplified by the
higher excitation voltage.
With the study carried out, it can be observed that the LNO

monocrystal fiber can function as a high-performance and

efficient generator. Table 4 shows a comparison of the power
generated by other materials used as power generators. For

comparison, the power generated with the application of a 24%
compression deformation was selected. It is possible to observe
that the power values generated by the LNOfiber presented here
are close to or higher than those presented by many materials
published in the literature, demonstrating that this material
would be a candidate with a high potential as a piezoelectric
power generator. The results of this study demonstrate that
single-crystalline LiNbO3 fibers exhibit superior performance
compared with polycrystalline materials. This is because the
absence of grain boundaries in single-crystalline fibers eliminates
energy losses associated with domain misalignment and
interactions at these boundaries, problems frequently observed
in polycrystals. As pointed out by previous research, polycrystal-
line materials tend to present intrinsic structural defects, such as
lithium (Li) vacancies, which negatively affect properties, such
as electrical polarization and piezoelectric efficiency.23,24

5. CONCLUSIONS
In this study, monocrystalline LiNbO3 (LNO) fibers were
successfully grown using the laser-heated pedestal growth
(LHPG) technique, which proved to be highly efficient in
producing crack-free fibers. Structural characterization by
Raman spectroscopy and X-ray diffraction confirmed the
crystalline structure of the fibers and formation of the pure
LNO phase. Experimental results revealed resonance frequen-
cies at around 540 kHz. The fabricated fibers were tested as
piezoelectric generators (PG), where mechanical deformations
generated electrical energy. Compression and stretching
deformations, combined with the application of an electric
tension of 0.5 and 1 V, demonstrated an increase in electrical
power with greater applied deformation. Electric power
generation ranged from 9.85 to 34.13 μW under compression
and stretching deformations with the application of 1 V. These
findings highlight the potential of LNOmonocrystalline fibers as
piezoelectric generators for powering electronic devices.
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