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Abstract—The article deals with the results of a study of
2D and 3D ferroelectrics as multifunctional converters of
light, heat, motion, and deformation into electricity with their
subsequent accumulation. A description of a prototype of a
multifunctional generator based on CulnPdV and SmPiS«
crystals has been presented. A study of the parameters of
crystals was carried out, as well as the results of their
optimization to improve their characteristics.

Keywords—ferroelectrics; energy harvesting; triboelectric;
piezoelectric; pyroelectric, parameters determination.

l. Introduction

Recently, in connection with the crisis of classical
energy and the development of alternative one, developers
of electronic devices are increasingly attaching importance
to reducing the power consumption of modem electronic
devices. Thanks to this trend, the power consumption of
modern devices, such as microprocessors and
microcontrollers, memory devices, analog microcircuits,
etc. has decreased tenfold compared to a decade ago. This
has led to the possibility of developing alternative micro-
energy devices that allow the creation of self-powered ones
with virtually unlimited service life.

Figure !. Dielectric, piezoelectric, pyroelectric, and ferroelectric
material, relationships and physical effects in them that can be used
to generate electricity.

This has become especially relevant with the
introduction of the so-called Internet of things (10T), smart
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toothbrushes, wheels, clothes, etc. into our daily lives. They
can be powered by mechanical movement, deformation,
heat or lighting. These devices use different physical
effects, such as photovoltaic, piezoelectric, pyroelectric or
triboelectric effects. Most micro converters are based on
one of the above phenomena, however, functional devices
that are capable of using several effects simultaneously are
more promising.

One of the most interesting materials for modem
functional electronics is ferroelectrics [1] which can
simultaneously use at least 3-4 of the listed physical effects
(Figure. 1). Many articles and books have recently been
devoted to the prospects and possibilities of their
application in the field of alternative micro-energy [2-10].
However, before real serial devices, there is still a lot of
work to be done on the choice of suitable materials,
engineering of complete solutions with low cost and a wide
range of applicable parameters. We have developed an
alternative microgenerator based on CuTnPiSc, layered
crystals and SmPzSs 3D crystal which is capable of
simultaneously converting deformation, movement or
vibration as well as changes in heat and lighting into
electric current and with wide scaling capabilities (from
tenths of millimeters to square meters).

1. Transducer Material Selection

In most practical developments based on ferroelectric?,1
oxide crystals, ceramics or composites are used. This is due
to their manufacturability, wide operating temperature
range and good stability. However, as devices are reduced
in size, there is a limitation due to the size effect which
complicates the creation of devices smaller than 50
microns. Interface problems also arise when it is necessary
to combine them widi other materials of electronic
engineering, especially two-dimensional ones, such as
graphene. Therefore, inrecentyears, it has become relevant
to use materials of the type Me’MeThSfSeL or
Me2P)S(Se)s [11,12], Figure 2. This class includes both 3D
crystals of the type (PbySni_y)2P2(SexSi_x)e [13], layered 2D
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stoichiometry. The fact that the phase transition occurs at
higher temperatures and the dielectric constant anomaly is
greater in crystals obtained with an excess of CujS indicates
that, most likely, there are copper vacancies in the crystals
grown from the stoichiometric composition. In the crystals
obtained from the charge with an excess of Tn2Ss,
apparently, the degree of non-stoichiometry with respect to
copper increases even more.

We can conclude, that the occurrence of ferroelectric
polarization in CulnP2Se is mainly caused by the difference
in the occupancy of two non-equivalent non-central
positions in the crystal lattice by copper ions [33], copper
vacancies can be considered as soft defects that can
reorient, and which, as is known [34], shift the phase
transition to the region of higher temperatures. Such a
qualitative conclusion is well consistent with the situation
observed in the experiment.

VLI

We propose to use layered CulnlVS/, crystals as an
active substance for the transducer of deformation, lighting,
and heat into electric current. In contrast to the converter,
which we implemented earlier [1] based on a composite
using 3D ferroelectrics SmPiSj,, the use of layered
QtInPjSr crystals provides many advantages. First, its
photoelectric sensitivity, as shown earlier, is two to three
times higher than in the case of .SmPiSs- In addition, there
is no need to orient the crystals when applied to the
supporting electrode, due to the spontaneous polarization in
them is directed perpendicular to the layers. By reason of
the layered van-der-Waals nature of CulnPoSf, crystals, it is
much easier to create thin-layer and ultra-thin-layer
converters. In the case of Sn"PiSs, the layer thickness was
limited by the minimum size of microcrystals (-50 pm),
below which the ferroelectricity phenomenon disappears in
them.

MULTITYPE ENERGY CONVERTER

Figure 6. Schematic section of the converter of deformation,
lighting, heat and motion into electric current.

The design of the converter proposed by us is very
simple and is shown in Figure 6. The active single-crystal
layer 2 of the CulnP7Sr, crystal is placed between the
translucent electrode 1 (sputtered thin layer of gold or
stanum oxide) and the main carrier electrode 3 made of thin
(@ mm) aluminum. This sandwich structure, due to the
ferroelectric properties of the active material, converts
deformation or compression (due to the piezoelectric
effect), illumination (due to the photovoltaic effect), and
temperature change (due to the pyroelectric effect) into an
electric current, all at the same time.
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The lower part of the transducer, consisting of
aluminum electrodes 3, flexible rubber insulators 4, arid
active substance (SniPiS* powder) 5, remained practically
unchanged [1], not counting the shape of electrodes 3,
which, due to 3D architecture, were able to use movement
not only in vertical but also in the horizontal direction. This
part of the transducer uses the triboelectric [35] arid
piezoelectric effects to convert motion or vibration into
electrical current.

The operation of this cascade is based on the movement
of particles of the active powder (as in a liquid) [1], its
friction on the electrodes and particles on each other, arid
the formation of a charge on the particles of the active
substance due to the triboelectric and piezoelectric effect,
and its transfer between the electrodes. In this cascade, it is
better to use 3D Sn2?2Se crystals as an active substance, in
which both the dielectric constant and the piezoelectric
coefficient are higher compared to CulnP-rSs. The effect of
rapid destruction of active particles with the formation of a
parasitic blocking layer on the electrodes described in is
proposed to be eliminated by applying a solid protective
Al203 [36] layer on the SniP2Sfi micro crystallites. The
parameters of this layer are given in the work [1] and has
an output voltage of 180-200V.

Table 2. Comparison of the main characteristics of CulnP2S,,
and SnPZSGsinglecrystals

With a slight modification of this design, namely by
adding a multilayer structure based on LiiFePjSs,
LiiNiP7ASs [23,24] or SnPiS« [37], we can also add an
energy storage device or battery which will make it possible
not only to generate but also to store the created energy.

Because different cascades of this converter have
different output voltages, namely, the upper cascade is
hundreds of millivolts and the triboelectric cascade is
hundreds of volts, it is necessary to use special energy
harvesting circuits, for example, Analog Devices
LTC3330, ADP5092, STMicroelectronics SPV1050 and
others [35].

VIL.

Based on the studies carried out, we can conclude that
using 2D and 3D ferroelectric and superionic crystals it is
possible to create multilayer structures capable of
simultaneously converting illumination, deformation, heat,
and motion into electricity with its subsequent
accumulation.  Using layered ferroelectric crystals
CulnP;Sfi we can easily create multifunctional transducers
of submicron thickness. To increase the operating
temperature range, crystals obtained with a stoichiometry

Conclusion



for this phenomenon is probably to be a large difference in
the rate of mass transfer of copper and indium. Therefore,
in order to optimize the properties of these crystals, we
studied samples that were grown by the chemical transport
reaction (CTR) method, both from a charge with a
stoichiometric composition and a composition of
0.9CuTnP2S6 - 0.1Cu2S with a deviation from
stoichiometry in the direction of CU2S and 0.9-CuTnP256 -
O.ITniSa in the L12S3 side, which involves the enrichment
of the resulting crystals with copper and indium,
respectively.

The studied samples were in the form of thin plates with
a thickness from 0.05 mm to 0.3 mm and an area of
5 ~ 3x3 mm2for crystals grown by the CTR method and a
thickness of about 1 mm and an area of S ~ 5x5 mm2 for
crystals obtained by directed crystallization from the melt.
For dielectric measurements, electrodes made of indium-
gallium amalgam were applied to large sample planes
(peipendicular to the layers), obtained by mechanical
chipping. In the frequency range of 100 Hz - 10 kHz,
measurements were made by using an LCR-819 LCR-
meter.

A sharp jump in s' upon heating, due to a phase
transition of the first kind, in a crystal that was obtained by
the CTR method from a charge of stoichiometric
composition, is observed at a temperature of 311.3 K,
which is very close to the value of Tc, in a crystal grown by
the Bridgman method at 312.0 K (Figure 5(a)). The peaks
of e'(T) practically coincide in temperature in both types of
crystals. The temperature hysteresis of the phase transition
for both samples was -1 K.

In the entire temperature range, a dielectric dispersion
is observed, which stretches in a very wide frequency range
- from 10' Hz to the lowest measured frequencies. This
phenomenon can be due to the ionic contribution to the
conductivity of the sample, which increases with increasing
temperature. During long-term application of a constant
electric field to the CulnP256 sample, one of the electrodes
peels off, and copper oxide is observed on its surface. The
ionic conductivity of CulnPiSs, and CuCrP2S6 crystals was
studied in detail in work [31], and is explained by the jump
conductivity of Cu+ ions.

The temperature dependences of the real s' and
imaginary s" parts of the dielectric constant for crystals
obtained from a charge with different degrees of
stoichiometry are shown in Figure 5. The measurements
were performed at a frequency of 100 kHz, at which the
low-frequency dielectric response associated with
conductivity is practically unaffected by the measurement
results in the vicinity of the phase transition. In the crystals
obtained from the charge enriched with indium sulfide, the
phase transition is shifted to the region of higher
temperatures (Tc = 319.8K) in relation to the crystal
obtained from the charge of stoichiometric composition. At
the same time, in a crystal grown from a charge with an
excess of copper sulfide, the phase transition is observed at
lower temperatures Tc= 305.3 K. The maximum dielectric
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constant in this crystal is much higher and the shape of the
anomaly is "sharper". In the sample obtained at a high
concentration of the CuJ carrier, the phase transition occurs
at almost the same temperature as in the crystals grown
from the CuiS-enriched charge. However, it should be
noted that the s'(T) peak in this sample is more blurred.

T, K

2
b

0
300 310 320 330 340

Figure 5. Temperature dependences of €' and /e for crystals
grown: 1 - from a stoichiometric composition. 2 - from a
composition OACulnPiSs-O.1-CuiS; 3 - from a composition of
0.9-CulnP,Sfi - 0.1-1rnSj; 4 - from a stoichiometric composition at a
concentration of the transport agent CuJ of 20 mg/cm5; 5 - by the
method of directed crystallization (heating).

The degree of blurring of the dielectric constant
anomaly can be seen more clearly from the temperature
dependences of V£(T) (Figure 5(b)). For samples obtained
from a stoichiometric charge and enriched with CuZS, the
dependence 1/s '(T) in a wide temperature range obeys a
linear law with the Curie-Weiss constant C ~ 6.6x10J K

Deviation from the Curie-Weiss law occurs in the range ofo.t»

several K above Tc. In a sample obtained from a charge
with an excess of indium sulfide, the Curie-Weiss constant
is C ~ 45x10-' K 1 This value is close to the value C ~
4.7x103 K | obtained for these crystals in [32]. Judging by
the degree of blurring of the dielectric anomaly, its
temperature position, and the maximum value of £ in the
CulnP2S6crystal grown from the melt, it can be concluded
that these crystals can be compared in terms of quality with
crystals obtained from the gas phase from a charge of
stoichiometric composition.

Based on the above results, it is possible to qualitatively
explain the dependence of the temperature of the phase
transition in CulnP2S5 crystals on the degree of their
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As a result, monolithic CuTnPjSg boules with a diameter
of 14 mm and a length of 20-25 mm (cylindrical part) with
a well-developed cleavage were obtained, which makes it
possible to easily manufacture samples of different
thicknesses (Fig. 3). It should be noted that the optical
characteristics of the obtained crystals slightly changed
along the length.

Compared to crystals obtained from the gas phase, these
samples are much larger (both in area and thickness), which
provides an easier and cheaper way to create large-size
transducers.

The chemical composition of all grown and further
investigated crystals was confirmed using TESCAN MIRA
3 Scanning Election Microscope with EDAX EDS.

The photovoltaic characteristics of the studied samples
were measured using LED light sources produced by
Thorlabs: M505L3 (505 nm), M660L4 (660 nm), M810L3
(810 nm), and M940L3 (940 nm). The Thorlabs PM 100
High Sensitivity Optical Power Meter was used to measure
the illumination level with the S120B (Si) sensor, which
works in the wavelength range of 400-1100 nm and power
range of 50 nW to 50 mW. The output photovoltage level
was fixed using OWON XDM 3041 digital multimeter.

The temperature dependence of permittivity and losses
were measured using an automated measuring system [27]
based on an LCR-819 impedance meter. To measure the
temperature, we used the LabVIEW controlled
Measurement Computing USB-TEMP-AI data acquisition
device. As a temperature sensor, the PT100/1509A
platinum thermistor of TDT Ltd. company (England) was
applied. The temperature measurement accuracy
was +0.01 K. The heater power was changed using a Linear-
Programmable DC Power Supply OWON ODP3033.

Experimental Setup

V. Photoelectric properties

To study the photovoltaic characteristics, we used a
CulnP2s crystal, obtained from the melt by the method of
directed crystallization, with a size of 10x10 mm2 and a
thickness of 0.5 mm.

An aluminum plate was used as the lower electrode to
which the crystal was glued with a silver paste. We used a
semitransparent vacuum deposited SnO electrode as the top
electrode.

As we can see in Figure 4(a), with an increase in the
illumination level, the initial, highly non-linear dependence
ofthe output voltage, above 20 mW, goes into amore linear
mode. The initial nonlinearity may be due to the presence
of blocking space charges in the near-electrode regions.

As for the spectral characteristics of the photosensitivity
(Figure 4(b)), it strongly resembles the behavior of
CulnP2s6 crystals, which is not surprising, based on the
close values of the band gap of both crystals (for CulnP2S6,
Et s 2.8 eV, and Eg= 2.5 eV for .Sn>P2X). True, it should
be noted the higher photosensitivity of CulnPiSs crystals,
which is two to three times higher than in the case of
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SnP2S6 [1]. The maximum photosensitivity falls in the
near- infrared range with a wavelength of 800 nm, which is
most likely due to the depth of penetration of radiation into
the bulk of the crystal. Based on this, it is possible to
experimentally find the optimal thickness of the
photosensitive layer for each wavelength.

500 600 700 800 900 1000
K, nm
Figure 4. The dependence of the output voltage of the converter on

Che intensity of illumination - u.b - spectral sensitivity of the
transducer ar. an illumination power of 50 mW.

V. Increasing the phase transition

TEMPERATURE OFCu TNP2S6 CRYSTALS

One of the significant drawbacks of the CulnP2%6
crystal is the relatively low phase transition temperature,
which as noted earlier, is slightly more than 40 degrees
Celsius [28]. In the case of practical application this
parameter is a significant limiting factor. For example,
when using them as photoconverters or pyroelectric
converters, due to heating, the crystal can easily overheat,
passing into the paraeiectric phase, and losing its
ferroelectric properties. In this regard, the search for ways
to increase the phase transition temperature of CulnP2Ss
crystals remains very relevant. At the moment, there are
two ways to increase the phase transition temperature of
CulnP26 samples. This is a uniaxial or hydrostatic
compression of crystals (which is very difficult to
implement in practice) [29] or a change in the chemical
composition of the material [30]. We went the second way.

When studying the dielectric properties of CulnP2S6
crystals, it was established that both the phase transition
temperature and some properties of the crystals change
significantly from batch to batch. This is obviously due to
the deviation from stoichiometry. The most likely reason



crystals CulnP2SexSi-x)6, CuCrP256, CuBiP2e6 and
others, as well as ID needle crystals Cs2Ag2P2Seg. From a
practical point of view, sulfides are of greater interest,
because of the phase transition temperatures in selenide
compounds are in the low-temperature region. 3D crystals
SnZ2S6 can be used as an active medium in nonlinear
optical devices [14], in piezoelectric transducers and
sensors [15,16], in pyroelectric devices [17,18], as a matrix
for solid electrolytes [19], and others. Based on layered
CulnP2S6 crystals, the main components of electronic
devices have already been created, starting with diodes and
transistors [20] and ending with memory cells [21]. To date,
this material is the only ferroelectric in which, at room
temperature, it was possible to observe stable polarization
switching in a sample with a thickness of 4 nm [22]. In
addition, similar crystals (for example, Li2FeP2Sr,,
Li2NiP2S6) are candidates for creating solid-state batteries
with ultra-high capacity [23,24].

Among them, the most interesting are layered van-der-
Waals crystals, for which there is the possibility of easy
delamination by both mechanical and chemical methods,
with the prospect of creating nanometer-sized devices
consisting of one or two structural layers of the material. In
addition, intercalation, the introduction of various chemical
compounds into the van-der-Waals interlayer space, can be
easily implemented in such crystals, which allows them to
be used as a matrix for creating batteries or supercapacitors
to store the generated electricity. In addition, the layered
structure of such crystals makes it easy to combine them
bodi, to create heterostructures and with existing and
promising functional materials of modem electronics such
as graphene, MoS2, silicon, etc.

! is
A \EIA

——————— Antifsrromagnetic  ------- - ionic conductor
*—*'" Catalyst H, Storage
Figure 2. Functional properties of compounds in metal-pliosphoms-

chaicogen systems. Filled blocks represent elements for which the
M'MXP;S6 structure has been reported tofonn (based on [11, 12] and
our data).

CulnP2s6 crystals are an unusual example of a collinear
ferroelectric system and illustrate the general features of
cooperative dipole effects in layered chalcogen phosphates
[25]. CulnPZSs is a ferroelectric at T < Tc = 315 K
(monoclinic spatial group Cc) because it contains polar
lattices of Cul and Inll that are shifted in antiparallel

directions relative to the median plane and detects
spontaneous polarization Ps = 3.5 - 4 pC/cm2 in the
direction, perpendicular to the layer. The latter
circumstance is very important for practical use since it
does not require orientation of the samples before use (as
in the case of 3D ferroelectrics SnZ°2S6. as shown in our
previous work [1], where the orientation of crystallites in
an external electric field is required) and it is enough only
to apply electrodes to its upper and lower planes, and the
converter of illumination, temperature changes and
deformation into electric current is ready. This crystal
belongs to the group of "weak" ferroelectrics, the so-called
ferroelectrics with the value of the coercive being 70
kV/icm. Besides, CulnP256 crystals are wide-gap
semiconductors with a band gap Eg-2.8 eV, which, has a
positive effect on its photovoltaic properties and as shown
in [25], they have an ionic component of the conductivity.
To create the generator, we used single crystals of
CulnP2S6 obtained by the method of directed crystallization
from the melt according to the method described in the
work [26]. The resulting crystals were large, from which
plates with an area of 1cm2and a thickness of 0.5 mm were
cut. As can be seen in the Figure 3, depending on the
cooling rate and the purity of the initial components, the
quality of the obtained crystals can differ significantly.

Table i.Parameters for obtaining CuThP2S6single crystals

1
j 11k w at«fc-
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t "I, r1 <1 s 1'i, , = 1 i

The process was carried out in two-zone furnaces, and
the temperature of the zones was regulated by using
RIF-101 devices. The main technological parameters of the
production process are given in Table 1

The synthesis of the starting material was carried out by
a two-temperature method from elementary components of
high purity, taken in stoichiometric quantities directly in
growth quartz ampoules, and pumped up to 0.013 Pa. The
ampoule had a cylindrical "spout" with a length of 20 mm
and an inner diameter of 4 mm for the formation of a
monocrystalline seed.

Figure 3. Single crystals of CulnP2Ssgrown from a melt of

different quality



deviation, namely, those enriched with indium are most
suitable.
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