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Abstract—The current—voltage characteristics and frequency dependences of the impedance of composite
nanostructures fabricated on the basis of layered anisotropic semiconductor p-GaSe and ferroelectric KNO;
are studied. Multilayer nanostructures were obtained by introducing nanoscale pyramidal ferroelectric inclu-
sions into a layered GaSe matrix. Hysteresis phenomena in current—voltage characteristics and abrupt
changes in the conductance and capacitance in frequency dependences of the impedance are detected. These
phenomena are associated with the collective effect of electric polarization switching in nanoscale 3D ferro-
electric inclusions in the layered matrix, features of its local deformation, and polytype phase transitions in
this matrix. X-ray, atomic-force microscopy, and impedance studies in a low (B < 400 mT) magnetic field
show that the electrical characteristics of nanostructures are associated with the Maxwell—Wagner effect in
nanostructures, the formation of quantum wells in GaSe during deformation of crystals in the region of
nanoscale inclusion localization, and carrier tunneling in the structures.

DOI: 10.1134/S1063782611030067

1. INTRODUCTION

Nanostructures based on ferroelectric materials are
of interest in relation to their use in information tech-
nologies in high-density memory systems (FeRAMs)
in which the phenomenon of polarization switching by
an external electric field [1] is used and in sensors,
capacitors, and electrical energy storage devices [2, 3].
The sizes and shapes of ferroelectric (FE) nanoparti-
cles, the depolarization field, surface effects, and
stresses resulting from the deformation interaction
between nanoparticles and matrix have a significant
effect on phase states of nanoparticles and their phys-
ical properties [4]. Layered semiconductors feature
anisotropic properties and molecular bonds between
layers. The interlayer space (the Van der Waals gap)
can be filled with foreign atoms, ions, and molecules
the number of which can be comparable to or exceed
the number of matrix material molecules. If a method
for introducing a foreign material (from a vapor phase,
electrolyte, liquid, or melt) to the crystal region where
molecular forces act makes it possible to perform this
process without chemical and deformation interac-
tions between an introduced material and the matrix,
such a method (intercalation) allows the formation of
a multilayer nanostructure. In this structure, a two-
dimensional (2D) matrix layers of the layered crystal
will be arranged between intercalate layers of nanos-
cale thickness. The electrical properties of such inter-
calated crystals (e.g., graphite—bromine [5]) are well
described by the model according to which they are
considered to be a set of independent 2D objects

arranged along the crystallographic C symmetry axis.
During chemical and deformation interactions that
can take place between the material introduced into
the matrix and the layered crystal matrix, nanoscale
cavities filled with the foreign material and separated
from each other are formed on Van der Waals (VdW)
surfaces of layers. They encompass several crystal lay-
ers and propagate into the crystal to a depth of about
several nanometers from the VAW surface [6—8]. Such
a composite nanostructure can be considered as a bulk
layered crystal (natural superlattice [9]) in which
three-dimensional (3D) nanostructures (NSs) are
incorporated. In the last few years, FE properties of
NaNO, nanoparticles [10] and mixed NaNO,—KNO;
FEs were actively studied under constrained geometry
conditions in MCM-41 nanoporous silica molecular
sieves [11]; dielectric properties of these composite
structures were also studied [11, 12]. Composite nano-
structures consisting of nanoscale layers of semicon-
ductor materials and FE inclusions almost have not
yet been studied. In [13—15], the conductivity, permit-
tivity, and spectral distribution of photoconductivity of
InSe and GaSe layered crystals intercalated with
sodium and potassium nitrite were studied. The
authors of [13—15] failed to explain temperature
dependences of the conductivity, permittivity, and
photoconductivity spectra of these crystals within the
model of a multilayer structure consisting of alternat-
ing semiconductor crystal layers (“host”) and layers
with FE properties (“guest” material).
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As an external electric field is applied to a compos-
ite nanostructure containing FE inclusions, electric
field polarization occurs in the latter. In this case, the
sizes of these inclusions change due to the inverse
piezoelectric effect, which can result in LC matrix
deformation. The deformation interaction between
inclusions and the matrix depends on the elastic con-
stants of these materials, features of deformation pro-
cesses in the anisotropic layered crystal and in ferro-
electric, and on the voltage applied to the structure.
This interaction can also change due to the magneto-
plastic effect in FE inclusions when the structure is
under a weak external dc magnetic field [16]. Defor-
mation of FE inclusions affects their properties [4] and
changes the FE nanostructure morphology on which
electric polarization switching processes depend [17].
Deformations affect the band structure of semicon-
ductors; in the quantum-confinement structures, they
control the carrier energy spectrum. They have a sig-
nificant effect on the luminescence, electrical, and
photoelectric properties of semiconductor layered
crystals [18, 19] and nanostructures based on them [7].
It is of interest to study carrier accumulation and
transport in composite nanostructures based on lay-
ered crystals and ferroelectric in the presence of the
deformation interaction between the layered semicon-
ductor matrix and nanoscale FE inclusions. In this
paper, we present the results of the study of electrical
properties of composite nanostructures based on a
“soft” (in the sense of mechanical properties) semi-
conductor layered crystal GaSe and a “rigid” FE crys-
tal KNO; [11] at various applied voltages under a weak
dc magnetic field.

2. EXPERIMENTAL

The structures were fabricated using undoped
GaSe crystals (e-polytype) grown by the Bridgman
method. The resistivity of these crystals at 7= 300 K
was ~10°—10* Q cm; the hole concentration was p ~
10'* ¢m™3. Potassium nitrate compound was intro-
duced into the interlayer space of these crystals from
the melt of this compound at 7= 335 + 0.5°C [20].
X-ray diffraction analysis was performed before and
after fabrication of structures using a DRON-2 X-ray
diffractometer with CuKo radiation (A = 1.5418 A).
As ohmic contacts to the structures under study,
In—Ga contacts were used in electrical measurements.
The area of the samples under study in the GaSe
(0001) basal plane did not exceed 0.2 x 0.3 cm?; the
thickness was ~0.1 cm. The dark current—voltage
(I-V) characteristics and impedance spectra of com-
posite nanostructures were studied using a Solartron
FRA 1255 frequency analyzer in the frequency range
of 10~'—4 x 10° Hz at temperatures of 220—420 K. The
voltage variation rate in the measurements of quasi-
stationary /—V characteristics was ~5 mV s~'. The
transverse ac impedance was studied at an ac signal
amplitude of ~10 mV and various dc bias voltages
No. 3 2011
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Fig. 1. X-ray diffraction pattern of the composite structure
formed after KNO; penetration into Van der Waals gaps of
the GaSe layered crystal.

applied to In—Ga contacts arranged along the C axis of
the GaSe(0001) crystal. The effect of the magnetic field
on the carrier transport was studied at room temperature
with structures placed between permanent magnet poles
(the magnetic induction was B < 500 mT).

3. RESULTS AND DISCUSSION

In the X-ray diffraction pattern of layered GaSe
crystals after KNO; penetration into VAW gaps
(Fig. 1), in addition to intense diffraction lines corre-
sponding to reflections from (002), (004), (006),
(008), (0010), (0012), and (0014) planes of the layered
e-GaSe matrix, we can see low-intensity lines at angles
20 = (16.65° and 39.5°). They correspond to reflec-
tions from the (006) and (0014) planes, respectively,
for 4H &-polytype GaSe modification with lattice
parameters @ = 3.7551 and ¢ = 31.9091 A. This X-ray
diffraction pattern also contains lines at angles 20 =
20.08°, 23.50°, 29.38°, 29.68°, 38.62°, and 41.17°
that correspond to a new unidentified phase. The
result obtained suggests that the structure under study
was formed due to chemical reactions between KNO;
and GaSe and in the presence of deformation interac-
tion between crystalline inclusions (chemical reaction
products) and the layered matrix. We note that this
process, as well as the KNO; FE introduction into
GaSe [14, 15], was accompanied by pronounced ther-
mal energy release. The study of the KNOj; introduc-
tion kinetics showed that this process is a “stage-by-
stage” one [20] characteristic of ordered penetration
of the material introduced into VAW gaps along the
C axis of the layered crystal [21]. It is known that GaSe
consists of layers incorporating Se—Ga—Ga—Se
atomic planes. Depending on the number of such lay-
ers in the unit cell and on their relative orientation, the
layered crystal can exist in various (e-, y-, B-, and 5-)
polytype modifications [22]. Due to high anisotropy of
GaSe elastic properties (C,/Cy > 10, C,,/Cs3 > 3),
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Fig. 2. Two-dimensional (2D) AFM image of the (0001)
surface of GaSe layers after composite nanostructure for-
mation. The distribution of height deviations of this sur-
face along the line indicated in the 2D image is shown.

stress relaxation in this crystal is accompanied by dis-
placement of layers with respect to each other [23].
Polytype modifications of layered crystals are
described by various space groups. They can be formed
by changing layer orientations with respect to each
other during layered-crystal deformation. The lines
corresponding to the GaSe g-polytype were previously
observed in X-ray diffraction patterns of Ni-GaSe bar-
rier nanostructures [24] and nanoporous GaSe crystals
[25], the formation of which was accompanied by
ge-GaSe lattice deformation. A large number of NSs
were observed in the image of the surface of the GaSe
(KNO;) hybrid structure (Fig. 2); the image was
obtained using a Nanoscope Illa Dimension
3000SPM (Digital Instruments) atomic force micro-
scope (AFM) in the Tapping mode in GaSe (0001)
basal planes. The surface obtained by cleaving samples
along layers at the structure synthesis temperature (7=
335°C) after introduction of KNOj into the interlayer
space was studied. The surface morphology was stud-
ied in air after cooling the samples to room tempera-
ture. Lateral sizes of an overwhelming majority of NSs
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Fig. 3. Current—voltage characteristics of the composite
nanostructure at 7= 293 K. Arrows indicate the direction
of variation in the structure bias voltage.

do not exceed ~20 nm, whereas vertical sizes (less than
2.5 nm) significantly exceed the interlayer spacing for
GaSe (~0.38 nm) [22]. The distribution of the surface
height deviation for the samples under study indicates
the existence of depressions and protrusions (heights
of ~1—2 nm, lateral sizes of ~120—150 nm) that con-
tain NSs. Such a surface shape (complex corrugation)
is typical of layered crystals with molecular (weak)
bonds between layers in the presence of a large number
of foreign material inclusions or nanoscale depres-
sions on the surface. The surface is corrugated due to
relaxation of stresses caused by the deformation inter-
action between defects and crystal layers [6—8, 24, 25].

The I—V characteristics of composite structures are
nonlinear (Fig. 3). Current hysteresis is observed in
them. This effect was observed in /—V characteristic of
FE Schottky diodes [26] and was attributed to electric
polarization switching in FE. Current flow mecha-
nisms in these structures was studied by analyzing the
impedance spectra Z" = {Z"'), where Z' and Z" are,
respectively, real and imaginary parts of the total com-
pleximpedance Z* = Z' — jZ" of the structure. To this
end, the frequency dependences of the impedance
magnitude |Z] = (Z'? + Z"?)!/? and the phase angle 0 =
flogf) (where 6 = arctan(Z"/Z') and f is the fre-
quency) were used. When analyzing the relaxation
processes in the structures under conditions of high
conductance, the frequency dependences of the phase
angle [27] were used. A comparison of Nyquist dia-
grams for the composite structure and pure crystal
(without introduced FE) shows that the KNO; intro-
duction into GaSe decreases the active conductance in
a layered crystal (Fig. 4a, curves / and 2). The relax-
ation process is observed in the frequency dependence
of the phase angle for the composite structure (indi-
cated by arrows in the inset in Fig. 4b, curve /), which
is not observed in Bode diagrams for the pure layered
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crystal (Fig. 4b, curve 2). It is shown by a curve that is
asymmetric and a straight portion in the frequency
range from f; = 2.52 x 10* to f, = 3.16 x 10* Hz. We
note that relaxation processes in barrier structures
based on layered crystals [24], processes associated
with Maxwell—Wagner (interlayer) polarization [27],
and processes involving impurity levels [28] manifest
themselves in Bode diagrams as symmetric curves with
broad peaks. The relaxation process observed for the
pure layered crystal and composite structure in the
higher frequency spectral region (> 10° Hz) (Fig. 4b)
can be caused by carrier relaxation in GaSe near con-
tacts [28]. The Nyquist diagram for the composite
structure in the low-frequency spectral region (f <
10° Hz) (Fig. 4a, curve 1) reflects two processes corre-
sponding to different shapes of impedance diagrams.
A relaxation process featuring an asymmetric shape
(Fig. 4b, curve 1) is observed in the studied tempera-
ture range of 220—420 K for the structure under a dc
bias voltage V. and at V. = 0. It almost does not shift
along the frequency axis as temperature varies. The
phase angle in this frequency region depends on the ac
voltage amplitude V. of the measuring signal. This
process can be associated with domain wall relaxation
in nanoscale FE NSs arranged in the GaSe matrix.
The domain nucleation time for FE materials is
~107—10"? s [1], and the velocities of the domain
walls responsible for polarization switching in FE
capacitors are rather long [2]. It is known that bulk
KNO; crystals can exist in three phases (a, B, 7). At
room temperature, the o-phase is stable and features
rhombic symmetry. Upon heating near 7'~ 130°C, the
crystals exhibit transition from the o-phase to the
-phase with rhombohedral symmetry. When crystals
are cooled, the f—y-phase transition occurs near 7 =
124°C, and the transition to the a-phase occurs near
T~ 110°C. Bulk crystals exhibit FE and semiconduct-
ing properties in the y-phase [29]. The size and surface
effects significantly affect the electrical properties of
nanoscale systems [4, 10—12]. Anisotropic stresses
arising during the deformation interaction between
NSs and the matrix can cause the formation of the FE
state in materials under conditions of constrained
geometry (e.g., in KTaO; [4]). The presence of the
gradient of elastic stresses or strains at the NS—matrix
interface results in manifestation of the direct flexo-
electric effect [4]. It consists in polarization (electric
field) formation in the NS and can be observed during
the formation of pyramidal nanoscale inclusions in the
bulk of the anisotropic layered GaSe matrix. It is
known that polarization switching processes in capac-
itor FE structures in a uniform electric field set in at
individual local centers (polarization nucleation cen-
ters) and then propagate to macroscopic regions
(about tens of um) [2]. As the electric field direction
changes, the volume of already formed domains can
be “compressed” and FE domains with opposite
polarity can be nucleated [2]. It was experimentally
shown that moving domain walls interact with FE
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Fig. 4. Impedance spectra of the (/) composite nanostruc-
ture and (2) p-GaSe single crystal, measured at 7= 293 K
at zero bias (V' = 0). (a) Nyquist diagrams Z" = AZ");
(b) frequency dependences of the phase angle 6. The inset
shows the magnified asymmetric relaxation process associ-
ated with the deformation interaction between the layered
matrix and ferroelectric nanoscale structures (INSs)
formed as the ac voltage V,. of the measuring signal is

applied to the structure.

domain nuclei in the nanoscale material bulk [30].
Mobile domain walls in FE inclusions affect the prop-
erties of the surrounding LC matrix by means of long-
range fields (electrostatic and elastic stress fields) [30].
Therefore, their dynamics, as an external ac voltage
V.. is applied to the structure, can be reflected in the
frequency characteristics of the impedance of com-
posite structures (Fig. 4b, curve 1).

The relaxation process, which exhibits a symmetric
shape and is observed in the low-frequency region in
the Nyquist diagrams (Fig. 4a) as a large semicircle, is
associated with carrier flow in the layered GaSe
matrix. It features the relaxation time t = RC and is
simulated by a parallel (R || C) circuit, where C and R
are the matrix capacitance and resistance. As the tem-
perature increases (Fig. 5), semicircle centers shift
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Fig. 5. Impedance spectra of the composite nanostructure,
measured at zero bias V. =0 (7, 2, 3) and under bias V. =
7V (I',2', 3" at temperatures T'= (1, 1') 240, (2, 2') 245,
and (3, 3") 251 K. The polarity of the bias voltage applied
to the structure corresponds to positive bias during /—V
characteristic measurements (Fig. 3).

along the Z' axis to higher frequencies, and their diam-
eters decrease, which is caused by an increase in the
active conductance of the GaSe semiconductor matrix
[24]. The temperature dependence of this conduc-
tance for the composite structure measured at V' = 0
exhibits an activation behavior. The activation energy
E,, = 0.12 eV was determined from the temperature
dependence of the resistivity p oc exp(E,/kT) of the
composite nanostructure at zero bias. This value dif-
fers from E, = 0.31 eV for pure GaSe single crystals
[24]. A decrease in the semicircle diameters (an
increase in the GaSe matrix active conductance) at a
dc bias voltage (V,, > 6 V is applied to the composite
nanostructure) (Fig. 5, curves I', 2', 3") is an unex-
pected observation. This effect manifests itself in the
temperature region under study for composite struc-
tures and is not observed for pure layered crystals. At
T=251 Kand V,, = 7Y, the impedance spectrum is
significantly transformed in the narrow frequency
range o (in the vicinity of the point 4 in the Nyquist
diagram), which is indicated by an arrow in Fig. 5
(curve 3). As the temperature is lowered (7' = 245 K),
such changes in the impedance spectrum are observed
at the higher applied voltage V,. =~ 8 V. This effect is
pronounced in the frequency dependences of the
impedance magnitude of the composite nanostruc-
ture, measured at various values of V. at T'= 300 K
(Fig. 6a). At the bias voltages V. = 6—9 V, significant
changes in the real (Fig. 6b) and imaginary (Fig. 6¢)
parts of the total complex impedance are observed in
the low-frequency region of the impedance spectrum.
In the low-frequency region of this spectrum, where
the values of |Z] sharply decrease, the capacitance and
active conductance of structures increase. The fre-
quency range in which abrupt changes in the imped-
ance are observed shift to higher frequencies in the

impedance spectrum as the bias voltage increases from
V4. = 6to 7 V. As the bias voltage varies within Vy = 7—
9 V, the boundaries of this range (f; = 1580 and f, =
1360 Hz, indicated by arrows in Fig. 6a) remain
unchanged. As the voltage further increases (V. > 9 V),
no abrupt changes in the frequency dependences of
the impedance in the low-frequency region are
observed. The impedance spectra measured at V. = 10
and V. < 6 V are almost identical (Fig. 6). When the
bias voltage is changed in the reverse direction (Vy, <
10 V), the low-frequency capacitance and active con-
ductance of the structure reach their maximum values
at V. = 6—8 V. The dependence of the capacitance of
the composite nanostructure on the dc bias voltage
V4, measured at 7= 300 K at frequency f= 500 Hz, is
shown in Fig. 6d. We can see in Fig. 6¢ that the com-
posite structure capacitance measured at Vy, =7-9V
monotonically increases in the low-frequency spectral
range (10 Hz < f< 3160 Hz) with decreasing frequency
(the values of Z" decrease). Such behavior of the
capacitance is typical of the Maxwell—Wagner (M—W)
effect, which takes place for heterogeneous ferroelec-
trically active structures [31]. It appears in thin-film
BiFeO; and Si MOS capacitors [32, 33], composite
nanostructures based on the MCM-41 mesoporous
dielectric matrix, and NaNQO, inclusions [12]. The
M—W effect is associated with electric charge accu-
mulation at the interface of various materials with dif-
ferent charge relaxation times. Charge accumulation
at thin layer interfaces was observed for FE superlat-
tices based on Ba, _ Sr, TiO; in the case of an external
voltage normally applied to layers [34]. The charge
accumulation at the interface of two media, one of
which has FE properties, depends on the electric
polarization of the FE. This phenomenon is used in
field-effect transistors with an FE gate [2]. A ferro-
electric—semiconductor contact can induce a high
“intrinsic” surface field, which results in pronounced
band bending near the semiconductor surface and the
appearance of a space charge accumulation/depletion
region at the interface [35]. For a layered system con-
sisting of components with different electrical param-
eters, the M—W theory predicts an increase in the
active conductance with frequency. For heterogeneous
ferroelectrically active unordered composite struc-
tures, the frequency dependences of the real and
imaginary parts of the complex permittivity and effec-
tive conductivity are monotonic [31]. The capacitance
of capacitors based on BiFeO; thin films [32] for
which the M—W effect is observed at the interfaces
between crystallites and depleted Schottky Ilayers
monotonically decreases with V' and frequency in a
wide frequency range of 10*—10° Hz, which is caused
by a change in the depletion region width near the
interface. The nonmonotonic behavior of the fre-
quency dependences of the impedance of GaSe <
KNO; composite nanostructures (Fig. 6) at certain
applied voltages V. can be associated with electrical
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Fig. 6. (a, b, c) Frequency dependences of the composite nanostructure impedance, measured at 7'= 293 K at bias voltages V. =
(N0,(26,(37,(48, (59, and (6) 10 V. The polarity of the bias voltage applied to the structure corresponds to the positive
bias in the /—V measurements (Fig. 3). (a) Frequency dependences of the impedance magnitude. Arrows indicate the boundaries
of the frequency range in which abrupt changes in the impedance magnitude occur at Vi, = 7-9 V, (b) frequency dependences
of the real part Z' of the total impedance, (c) frequency dependences of the imaginary part Z" of the total impedance, and (d) the
dependence of the composite nanostructure capacitance on the bias voltage V.

polarization switching in FE NSs and with layered
matrix restructurization in the NS localization region.
In this case, due to the inverse piezoelectric effect in
the FE NS, the deformation interaction between the
NS and matrix results in structural changes in GaSe
regions through which carrier transport occurs.

In the case of chemical reactions on the VAW sur-
face, molecules and ions of the introduced material
enter the layer structure from the liquid phase (melt) in
defect regions (nanocavities) on this layered-crystal
surface [7, 8]. Nanocavities are formed due to defor-
mation processes in basal (0001) and pyramidal crys-
tallographic planes of layered crystals [ 18] at high tem-
peratures (above 573 K) after breaking chemical bonds
between crystal atoms [6]. In the (0001) plane of the
layer, the defect shape is hexagonal or triangular. Sur-
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face defects with a hexagonal lateral cross section
propagate to the crystal depth within a monolayer [6].
Nanocavities with triangular cross sections are shaped
as an acute or truncated pyramids the apex of which is
directed to the crystal depth (in parallel to the hexag-
onal symmetry axis of the layered crystal). Such
defects propagate to a crystal depth of several lattice
constants and encompass several crystal layers [6, 7, 25]
(Fig. 7a). Nanoscale 3D inclusions formed after
chemical reactions on the VAW surface fill these
defects [7, 8]. Surface defects on the VAW surfaces of
deformed crystals and layered-crystal epitaxial layers
were observed in scanning tunneling microscopy
(STM) images [36] and atomic-force microscopy
(AFM) images [6, 7, 24, 25]. They can be orderly
arranged on the VAW surface along crystallographic
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Fig. 7. AFM images of the (0001) defect surface of GaSe and InSe layered crystals [6, 7]. (a) 2D image of the nanocavity formed
on the (0001) Van der Waals surface due to deformation processes along pyramidal crystallographic planes; (b) 2D image of the
corrugated surface of the layered crystal, which contains nanoscale defects (nanocavities). The distribution of height deviations

of this surface along the line indicated in the 2D image is shown.

directions of layered-crystal axes (Fig. 1b) or ran-
domly arranged on this surface. After stress relaxation
in layered-crystal layers containing nanoscale cavities
or foreign impurities, a simple corrugated layered-
crystal surface [7, 24] with periodic alternation of
maxima (Fig. 7b) and (in the case of GaSe(KNO;)
nanostructures under study) a complex corrugated
surface (Fig. 2) can be observed. Nanostructures with
a corrugated surface fabricated based on ultrathin
strained semiconductor films (InAs, InGaAs/GaAs,
SiGe/Se) were considered as a system of quantum
wells (QWs)[37].

Strains significantly affect the transverse (in the
direction perpendicular to layer planes) conductance
of layered crystals. The formation of nanocavities
(Fig. 7a) and corrugated surfaces causes displace-
ments of individual crystal layers with respect to each
other [6—8, 25]. In this case, polytype phase transi-
tions occur in layered crystals; these transitions are

accompanied by transformations of layered-crystal
electron and phonon spectra with the formation of
charge density waves (CDWs). CDWs in 2D layered
dichalcogenides are associated with atomic displace-
ments from the equilibrium position in the hexagonal
lattice and changes in the electron density [22]. They
were observed in layered graphite crystals intercalated
with bromine [5] and in STM images of defect GaSe
surfaces near the GaSe/Si(111) heterojunction [36].
Atomic displacements in individual crystal layers with
respect to atoms of other layers caused significant peri-
odic changes in the tunneling current flowing along
the crystal C axis, which were observed in STM studies
of the strained GaSe (0001) surface [38]. Anomalies in
static and dynamic conductivity [19] and negative
thermal expansion [39] of these layered crystals are
associated with CDWs caused by Peierls polytype
structural phase transitions occurring in InSe. Dis-
placements of GaSe layers with respect to each other
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during plastic deformation flow along pyramidal crys-
tallographic planes during thermostimulated desorp-
tion of molecular hydrogen from nanoporous GaSe
crystals resulted in significant changes in the trans-
verse conductance in the low-frequency region of the
impedance spectrum of these crystals [25].

During impedance studies of composite nano-
structures, the voltage V= V,. + V,.cos®? was applied
to ohmic contacts arranged on GaSe (0001) planes
(V4 is the dc bias voltage, V. is the amplitude of the ac
voltage of the measuring signal, and w = 2xf’is the cir-
cular frequency of the measuring signal). The electric
polarization in FE NSs varies with V. Periodic com-
pression and expansion of NSs occurs due to the
inverse piezoelectric effect. This effect is used in
piezoresponse force microscopy (PFM) to study local
polarization dynamics in FE nanocrystals, films, and
capacitors [2]. Crystal layers can be considered as
membranes (the Lifshitz membrane model [22]).
A change in the deformation interaction between the
NS and layers of the crystal matrix as the voltage V'is
applied can cause layer corrugation and changes in NS
ferroelectric properties [4]. The composite structure
under study can be presented as a semiconductor mul-
tiple quantum well (M QW) structure and as a superlat-
tice with vertical transport during which sequential
tunneling between adjacent QWs [40] occurs. The car-
rier transport typical of such structures was observed at
room temperature in layered In,Se; crystals with nar-
row-gap nanoscale InsSe; inclusions [41]. QWs in the
GaSe matrix can be formed by nanoscale FE inclu-
sions (if they exhibit semiconducting properties) and
due to crystal layer corrugation. The feature of the
composite structure under consideration is that the
geometrical shape of nanoscale layered crystal regions
between adjacent NSs in the layered crystal (0001)
basal plane can change due to the inverse piezoelectric
effect in the FE NS as the voltage V' is applied to the
structure. In this case, the electric polarization of FE
inclusions and the electric field localized in the QW
arrangement region change.

An increase in the conductivity of GaSe(KNO;)
composite structures at certain values of V,, can be
associated with carrier tunneling between QWs
arranged along the C symmetry axis of the GaSe hex-
agonal crystal. A significant increase in the active con-
ductance (decrease in semicircle diameters), which is
observed in Fig. 5 at V. = 7Y, is typical of the imped-
ance spectra of tunneling barrier structures [24]. It is
known that the total impedance of barrier semicon-
ductor structures with a single QW depends on fre-
quency [42]. The measured capacitance C,, of such a
structure decreases with increasing frequency due to
the series resistance R, of the structure, which results
in an increase in the conductance signal amplitude G,,.
The frequency dependences of C,, and G,, of these
structures are monotonic. The frequency depen-
dences of the impedance of composite structures
GaSe(KNO;) at V. = 6—9 are nonmonotonic. Abrupt
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changes in the conductance and capacitance of these
structures, which are observed as the measuring signal
frequency increases (Fig. 6), can be associated with
the deformation interaction between the layered
matrix and FE NS. A change in such interaction
between components of composite nanostructures
(e.g., due to the magnetostriction effect in Ni nano-
particles in BaliO;—Ni nanostructures [43]) causes
the same changes in the Nyquist diagram shape as are
observed in Fig. 5 at V. > 6 V. An abrupt change in the
structure impedance spectrum at a certain frequency
o (orin a narrow frequency range) (Fig. 5, curve 3") is
typical of structural phase transitions during deforma-
tion of semiconductor crystals [44].

The mechanical properties of layered crystals with
weak interlayer interactions (GaSe) during elastic
deformation at the nanoscale level can be described by
the model based on the crucial role of the interaction
between atoms in the (0001) layer plane [45]. Accord-
ing to this model, the deformed VAW surface whose
elastic properties are controlled by » interatomic
interactions can be represented as n springs connected
with each other (Fig. 8a). At small loads (less than
1 mN) applied along the crystal C axis, the depen-
dence of the GaSe strain on the load is a sequence of
sloped straight portions (corresponding to elastic
deformation). They are separated by horizontal por-
tions corresponding to plastic deformation [23]. Tran-
sition from one deformation type to another occurs
almost instantaneously at certain loads (“pop-in
events” [23]) and is accompanied by a shift (sliding) of
layers with respect to each other. In the composite
structures under study, GaSe layers that are fixed
between FE NSs are bent as the voltage V is applied
to the structure (Fig. 8b). The bending & of these layers
depends on the deformation interaction between the
NS and layered-crystal matrix and their elastic con-
stants. It depends on the normal component of the
deforming force F, the distance between NSs, and the
bending stiffness of layers. The bent thin GaSe layers
exhibit forced oscillations as the external voltage
V,.coswt is applied to the composite structure.

It is conceivable that electric polarization switch-
ing occurs in the FE NS array as the voltage V
increases. This effect for the structure under consider-
ation occurs at V. ~ 6—7 V. In this case, charges are
accumulated at interfaces between FE NSs and GaSe
and the bending of GaSe regions arranged between
NSsincreases. As the layered crystal is bent, individual
layers are displaced with respect to each other (poly-
type phase transitions occur) with the formation of
CDWs that affect the composite structure conduc-
tance. A structure can arise in the crystal formed by
polytype and QW interlayers separated by tunneling
barriers between which carriers can tunnel. The exist-
ence of e-GaSe crystalline inclusions of various poly-
types (y, B, 8) in the layered crystal is confirmed by
photoluminescence measurements [46]. The forma-
tion of local regions with various polytype composi-
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Fig. 8. (a) Schematic representation of an LC layer defor-
mation [45]: Fis the deforming force, d is the layer bend-
ing, /; and /, are the distances from the layer fixing point to

the force F application point, and & is the spring stiffness

coefficient. (b) Schematic representation of the region of
the composite structures under study: (/) nanoscale ferro-
electric structures (FE NSs), (2) GaSe layers in the
absence of strong deformation interaction between inclu-
sions and matrix (Vg < 6 V), (3) interlayer space in GaSe

crystals, (4) bent GaSe layers under the bias voltage V. =

6—9 V, and (5) forces of the deformation interaction
between FE NSs and GaSe matrix.

tions and regions with residual stresses in these crystals
was detected in the study of Raman spectra after irra-
diation and deformation of the crystals in the field of
intense laser radiation [47].

The electric field distribution along the C axis and
the charge redistribution between QWs affect the verti-
cal transport in MQW structures [40] and optical and
photoelectric properties of such structures. Previously,
it was found that an external electric field directed in
the plane of the GaSe layers significantly affects the
intensity and spectral distribution of the photolumi-
nescence of these crystals [46]. The observed features
in the spectral distribution of the photoconductivity in
structures GaSe(NaNOQO,) [14, 15] can be associated
with the built-in electric field in these nanostructures
in localization regions of FE nanoscale inclusions.

A significant decrease in the capacitance in
GaSe(KNO;) structures as Vg, increases V. > 9 V
(Fig. 6d) can be explained by the CDW mode suppres-
sion in the LC matrix under an electric field [19, 38].

BAKHTINOV et al.

At the same time, we note that the relaxation process
that is observed in Bode diagrams (Fig. 4, curve /) and
is attributed to FE NS domain wall relaxation remains
unchanged. This is indicative of an insignificant effect
of the applied electric field on FE properties of NSs.
The monotonic behavior of the impedance spectrum
in the low-frequency region at V. = 10 V (Figs. 6a—6c,
curve 6) can also be caused by a layered-crystal struc-
tural change as ¥V, increases as a result of the fast tran-
sition from the layered-crystal elastic deformation
mode to the plastic deformation mode (“pop-in
events” [23]). In this case, the shape of the corrugated
surface of layered-crystal nanoscale regions arranged
between NSs changes. It can be assumed that the
structure is formed in this case, in which charge accu-
mulation at interfaces between FE NSs and GaSe and
carrier tunneling along the crystal C axis do not occur.
The active transverse conductance and the low-fre-
quency capacitance of such a composite structure
sharply decrease.

The results of simulation of electric polarization
switching in nanoscale FE objects show that there is a
heavy dependence of the polarization switching volt-
age on the nanostructure morphology [17]. The effect
of a significant increase in the low-frequency capaci-
tance of GaSe(KNO;) composite nanostructures con-
tained different in size NSs was observed at various dc
bias voltages (V4. < 10 V). This can be associated with
the dependence of electric polarization switching pro-
cesses in these structures on the size, shape, and statis-
tical characteristics of the NS ensemble.

When a composite structure to which an electrical
bias V., = 6.5 V was applied was placed into a weak
magnetic field, the frequency range where significant
changes in the impedance magnitude were observed
(Fig. 9a) shifted to the high-frequency region. This
effect was observed at 7= 300 K in a certain range of
the magnetic field induction (B=85—340 mT). At B=
400 mT, no abrupt changes in the impedance with fre-
quency were observed (Fig. 9a, curve 4). In this case,
the dependence of the impedance magnitude is mono-
tonic, just as for composite nanostructures at V. = 0
(Fig. 6a, curve ). The magnetic field affects the relax-
ation process, which is associated with FE domain
wall oscillation. This is seen from the comparison of
the frequency dependences of the phase angle
(Fig. 9b) for the structure under study, measured at
B =0 (curve 1) and at B = 85 and 340 mT (curves 2
and 3, respectively). At B = 400 mT, this relaxation
process is not observed in the frequency dependence of
the phase angle of composite structures (Fig. 9, curve 4).
The result obtained can be attributed to the magneto-
plastic effect that takes place in FE crystals [16] and
nonmagnetic crystals under the simultaneous action
of electric and magnetic fields [48]. It is explained
within the concept of spin-dependent electronic tran-
sitions in an external magnetic field, which results in a
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Fig. 9. Frequency dependences of the (a) impedance mag-
nitude and (b) phase angle of the composite nanostructure,
measured at 7= 293 K, V4. = 6.5V, and magnetic induc-

tions of the applied external magnetic field B = (1) 0,
(2) 85, (3) 340, and (4) 400 mT. The polarity of the bias
voltage applied to the structure corresponds to the positive
bias in the /—V measurements (Fig. 3).

decrease in the interaction of impurity centers in FE
crystals with dislocations. The magnetoplastic effect
in these crystals manifests itself in a significant
increase in the plastic deformation rate in a loaded
sample as the magnetic field is turned on [16]. As a
result, the yield stress and microhardness decrease and
acoustic parameters (internal friction) of materials
change. Application of a dc magnetic field to the com-
posite nanostructure causes a change in the deforma-
tion interaction between the FE NS and layered-crys-
tal matrix. In this case, the FE properties of nanoscale
inclusions change [4] and the layered-crystal matrix
structure changes in the NS localization region at the
nanoscale level. This affects charge transport and
accumulation processes in GaSe(KNO;) composite
structures and manifests itself in the impedance spec-
tra of these structures (Fig. 9).
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4. CONCLUSIONS

Progress in the development of nanostructures in
which the semiconductor channel for carrier transport
is combined with nanoscale ferroelectric layers
(nanocrystals) is associated with the necessity of
developing new technologies. They should provide
high quality of the “semiconductor—ferroelectric”
interface and the possibility of switching the electric
polarization in nanoscale ferroelectric elements at low
voltages (lower than 10 V) applied to structures. The
high density of states that arise at layer interfaces dur-
ing heterostructure formation by layer-by-layer
growth of materials with highly mismatched lattices
(of semiconductor and ferroelectric) results in sponta-
neous polarization screening in ferroelectric. The
technology of ferroelectric material introduction into
the interlayer space of layered semiconductor crystals
with low density of surface states (<10'° cm?) in layers
with molecular bonds offers new opportunities for fab-
ricating composite nanostructures with controlled fer-
roelectric properties. In this study, it is shown that such
technology will make it possible to fabricate composite
nanostructures consisting of a layered crystalline semi-
conductor GaSe matrix and 3D nanoscale crystalline
ferroelectric inclusions orderly arranged along the
C symmetry axis of this crystal. The carrier transport in
these nanostructures depends on the polarity and
value of the applied dc voltage. The carrier transport is
associated with the electric polarization switching in
the array of nanoscale ferroelectric inclusions and the
formation of the electric field built in GaSe local
regions. It is also controlled by the deformation inter-
action occurring between nanoscale inclusions and the
layered crystal matrix. The carrier transport in these
structures can also be controlled by applying an exter-
nal voltage no higher than ~10 V and a weak dc mag-
netic field (B < 400 mT). A hysteresis was detected in
the room-temperature /—V characteristics of the
structures under study, which is related to electric
polarization switching in nanoscale inclusion. This
offers the possibility of using these structures as mem-
ory devices in information technologies. After switch-
ing the electric polarization, a significant increase in
the capacitance of composite nanostructures is
observed in the low-frequency region of the imped-
ance spectrum, which is attributed to the Maxwell—
Wagner effect. This phenomenon can be used for
developing efficient electrical-energy storage devices
and filter capacitors based on these nanostructures. It
was found that the voltage of electric polarization
switching depends on the nanostructure morphology.
The dependence of the impedance spectra of compos-
ite structures on the voltage and magnetic field is asso-
ciated with quantum-confinement effects during cur-
rent flow through the structure under conditions of
changing the deformation interaction, which takes
place between the layered matrix and nanoscale ferro-
electric inclusions under electric and magnetic fields.
This interaction can change due to the inverse piezo-
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electric effect and the magnetoplastic effect in inclu-
sions. In this case, polytype structural Peierls phase
transitions can occur in the GaSe layered matrix and

the

geometrical shape of the layer surface can change

in nanoscale layered-crystal regions through which the
vertical transport of carriers occurs.
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