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Thermo-, magneto- and photo- dependent electrical properties
of hierarchical InSe<f-CD<FeS0,>> supramolecular compound
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Abstract. The hierarchical structure of /nSe<f-CD<FeSO,>> composition with 4-fold grade expansion was synthesized with the interca-
lation-deintercalation technique. Electrical properties of the structure obtained were examined using impedance and thermostimulated current
spectroscopy methods. Influence of temperature, static magnetic field and illumination on electrical properties of the synthesized compound
was investigated. Changes in the impurity spectrum of the expanded hierarchical structure were analyzed and extraordinary magneto- and
photoimpedance behavior of /nSe<-CD<FeSO,>> at room temperature was explained.
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1. Introduction

Supramolecular chemistry has been the object of great interest
in the scientific world during in recent decades [1-4]. Certainly
massive progress in this field is accompanied by multiple arti-
cles devoted to investigation of different properties of supra-
molecular compounds in general, and clathrates in particular.
Among them, a list of works addressing photosensible and con-
ductive properties of supramolecular compounds proves closest
to practical application in the nanoelectronics area [5-9]. For
example, the Slack hypothesis [10, 11] was proved experimen-
tally when structures with weakly bonded atoms, which can
oscillate in confined space providing poor thermal conductivity
with good electric conductivity, were successfully formed [12].
A variety of works deals with other physical aspects of supra-
molecular structures, and works on theoretic electron structure
calculations [13] and systems with exciton energy transfer [14]
are worth noting among others.

In a recent work [15], our colleagues described the synthe-
sis of principally new supramolecular subhost<host< guest>>
clathrate ensemble with SiO, based MCM-41 as subhost matrix
for B-cyclodextrin (S-CD) as a host and iron (II) sulfate
(FeSO,) as a guest component. Giant magneto-capacitive and
alternating current negative magneto-capacitive effects were
discovered in the synthesized structure at room temperature,
with weak magnetic field and in the 10°~10° Hz frequency
region. Such peculiar properties of hierarchical clathrates are
of tremendous interest obviously because there is great interest
in novel materials for nanophotoelectronic and quantum coher-
ent spintronic applications [16—22]. Therefore this work deals
with investigation of thermo-, magneto- and photo- dependent
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electric properties of hierarchical structure based on photosen-
sitive semiconductive and quasi 2D Indium Selenide /nSe as
the subhost material and S-CD as a host and FeSO, as a guest
component.

It should be mentioned that together with colleagues from our
research group we have synthesized InSe<f-CD<FeSO,>>.
One part of this sample was used by our colleagues to com-
pare properties of the obtained substance with a similar one
but synthesized under lighting and electric field, and results
were discussed and published [23]. The task of the present
work was to investigate the electrical properties of hierarchi-
cal clathrate with different quantity Q of <f-CD<FeSO4>>
of the <host<guest>> component under normal conditions
and under illumination, magnetic field and continuous heating.

2. Methods and experiments

Monocrystalline /nSe as the subhost structure was used for
hierarchical InSe< f-CD<FeSO4>> clathrate synthesis. The
compound was formed by means of the intercalation method,
i.e. the insertion of ions, atoms or molecules into intracrystal-
line cavities [24]. It is described in [23].

InSe monocrystal with definite layer structure and n-type
conductivity was grown by the Bridgman—Stockbarger tech-
nique. The optical band gap of the material is 1.2 eV [25]. The
InSe layered crystal forms guest positions are oriented perpen-
dicularly to crystallographic C axis [26] within the plane of
weak Van der Waals interaction. The lack of dangling bonds
at the surface provides very low surface recombination speed.
Furthermore, /nSe monocrystal is very photosensitive within
the visible range of the specter.

Organic fB-cyclodextrin C4,H79O35 (S-CD) was used as the
host component. The structural particular feature of the com-
pound such as spatial separation of hydrophilic and hydrophobic
groups determines its physical and chemical properties. The most
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Fig. 1. Nyquist diagrams of initial expanded /nSe matrix (plot 1) and of InSe<-CD<FeSO4>>, measured at room temperature in darkness
and perpendicularly to nanolayers for Q = 5 wt% (plot 2), Q = 11 wt% (plot 3) and Q = 17 wt% (plot 4). Inset contains equivalent electrical
schemes for initial InSe matrix — a, for Q =5 wt% —b, Q = 11 and 17 wt% — ¢

important feature among them is the ability to bind organic,
inorganic and biological molecules selectively and reversibly
and form insertion complexes with the lock and key model.
The high electron density of the S-CD intracavitary region can
activate electrons of guest molecules, which results in spectral
properties change of both inserted molecules and -CD [1, 27].

Iron (II) sulfate FeSO, was chosen as the guest component.
It is well-known as a precursor for nanomagnetite synthesis
with a cation which possesses high spin magnetic momentum.

Since neither S-CD nor FeSO, can be inserted into /nSe
directly, the supramolecular ensemble formation was executed
by means of three stage intercalation-deintercalation technique
[28]. The initial /nSe matrix was expanded in 4-fold grade with
this technique. The gain in quantity of the host<guest> com-
ponent in the expanded /nSe matrix was reached in a stepwise
intercalation procedure with precise measuring at every step.

Impedance measurements were performed along crystallo-
graphic C axis direction in the 1073+10° Hz frequency region
using the Autolab PGSTAT10 potentiostat-galvanostat (Eco-
Chemie) with FRA2 and GPES modules installed. Frequency
dependences of complex impedance Z were evaluated with
the method of graph analysis with Dirichlet filter [28, 29] in
ZView2.3 software environment (Scribner Associates). Errors
of approximation did not override the value of 4%. Adequacy of
proposed impedance models in respect to experimental data was
confirmed by the completely random character of frequency
dependence of 1-order residual differences [29, 30]. Impedance
measurements were also carried out in static magnetic field
(magnetic field strength 2.75 kOe) and under illumination (solar
simulator 65 W) along crystallographic C axis. Such a geometry
was chosen to minimize the Lorentz force component.

3. Results and discussion

3.1. Impedance analysis of synthesized hierarchical InSe<
B-CD<FeSO4>> (. Impedance spectra of [nSe<f-CD<
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FeSO,>> ; and initial /nSe matrix are presented in Fig. 1. Pres-
ence of trap centers in the neighborhood of Fermi level and
charge carriers jumps on it determine substantial contribution
to ac electric conductivity. Therefore the transformation of
a point as an impedance image of a lumped reactance element
in a complex impedance plane into hodograph plot is observed.
The Nyquist plot of expanded /nSe matrix is of ex ante char-
acter with superposition of two semicircles.

The first high frequency semicircle represents the process
of free current flow of intercalant packages of layers and the
second low frequency part reflects charge transfer between
packages. The equivalent electric scheme for this case is pre-
sented in inset a of Fig. 1.

Impedance spectra Z() of initial expanded /nSe matrix
(Fig. 1, plot 1) and of /nSe<-CD<FeSO4>> in Nyquist dia-
gram form are measured at room temperature in darkness and
perpendicularly to nanolayers for QO = 5 wt% (Fig. 1, plot 2),
O = 11 wt% (Fig. 1, plot 3) and Q = 17 wt% (Fig. 1, plot 4).

Parallel high frequency R;/C chain link is equivalent to
current flow in unexpanded packages of matrix layers with
localized states in the neighborhood of the Fermi level. The low
frequency R,/CPE chain link reflects the interpackage charge
transfer. CPE is the constant phase element of capacitive nature
[29] which models the distributed capacity caused by presence
of vacancies or impurity states. Both of them provide electron
conductivity at room temperature.

The Nyquist plot for synthesized hierarchical compound
changes drastically in value for real and imaginary parts of
complex impedance and for its hodograph in the low frequency
region as well. Above all, it is a change into frequency-inde-
pendent character in the low frequency region for Q = 5 wt%
and simultaneous frequency inversion with <host<guest>>
component increase for Q = 11 to 17 wt%. In the first case, for
O = 5 wt%, the low frequency horizontal plot is modeled by
the BCPE (bounded constant phase element) chain link, which
represents current flow in a spatially limited area with complex
conductivity [29]. The behavior of the real part of complex

Bull. Pol. Ac.: Tech. 68(2) 2020
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impedance ReZ(f) for samples with O = 11 and 17 wt% of
P-CD<FeSO4> component becomes extraordinary in the low
frequency region. Arising from zone carriers, conductivity fol-
lows down with an increase in frequency. This type of behavior
evidences demonstration of the Luryi quantum capacitance Cy
[31] effect in sampled states perpendicular to nanolayers. This
capacity is placed in parallel to the serial R; CPE chain link
(Fig.1 ¢).

In this case, the shift of maximum positions for imaginary
part of complex impedance — ImZ(w) (Fig. 2) after intercalation
of B-CD<FeSO,> into InSe was expected because of change
in impurity electron subband, and consequent deep trap centers
infusion.

However, more importantly, the low frequency inversion
of hodograph plots (Fig. 1, plots 3—4) is relative to maxima
shift for -ImZ(w) for /nSe<B-CD<FeSO,>> in the region
of 1.9¥10° Hz to 6.3*10* Hz (Fig. 2).
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Fig. 2. Frequency o dependent imaginary term of complex impedance

—ImZ() of initial expanded /nSe matrix (plot 1) and of InSe<-CD

<FeSO4>>, measured at room temperature in darkness and perpen-

dicularly to nanolayers for Q = 5 wt% (plot 2), Q = 11 wt% (plot 3)
and Q = 17 wt% (plot 4)

3.2. Investigation of impurity subsystem of synthesized
InSe<f-CD<FeS0O4>>( by using thermoelectric technique.
The spectra of thermostimulated currents were measured to
confirm the change in energy topology of the impurity band
in the neighborhood of the Fermi level. Spectra are plotted in
Fig. 3. They validate the transformation of energy topology
spectra from practically quasicontinuous ones to the band spec-
trum for Q =5, 11 and 17 wt%.

Hence, the structure of /nSe with the -CD<FeSO,>com-
ponent of O =5 wt% quantity represents the system of coor-
dination defects with a structure other than the one of initial
matrix and with negative correlation energy. This system forms
a quasicontinuous spectrum of localized states in a band gap.
Spectra of thermostimulated current for samples with Q = 11
and 17 wt% transform into narrow bands with essentially higher

Bull. Pol. Ac.: Tech. 68(2) 2020
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Fig. 3. Thermostimulated current spectra of initial expanded /nSe
matrix (1) and of /nSe<f-CD<FeSO,>>, for O =5 wt% (2),
O =11 wt% (3) and Q = 17 wt% (4)

density of states and well-marked miniband character. Calcula-
tion results for the impurity energy spectrum according to the
Geballe-Pollak theory [32-34] are presented in Fig. 4a.
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Fig. 4. Trap centers dispersion J (a), density of states at Fermi level

N(F) (a), real density of deep traps N, (b) and jump distance r (b)

in InSe< -CD<FeSO,>> for initial /nSe matrix (structure 1),

0 = 5 wt% (structure 2), O = 11 wt% (structure 3) and Q = 17 wt%
(structure 4)
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Intercalation of the <host<guest>> component for Q =5
wit% (structure 2, Fig. 4a) results in 4-fold decrease in trap cen-
ters dispersion J and 7-fold increase in the density of states at the
Fermi level N(F'). Further intercalation Q = 11 wt% (structure
3, Fig. 4a) leads to nonmonotonic changes in the above-listed
parameters. The changes were also observed for real density of
deep traps N, and jump distance r (Fig. 4b). In the first case,
the intercalation of f-CD<FeSO,> into InSe results in an over
2-fold increase in N, and in the second case — in a slight decrease
in 7. Monotonic decrease N, and increase r were observed for
samples from Q = 5 to 17 wt% (structure 2—4, Fig. 4b).

3.3. Impedance analysis of synthesized hierarchical InSe<
P-CD<FeS0O4>>p under magnetic field and illumination.
Considering the physical properties of guest 5-CD [1, 27]
and FeSO, components and the corresponding change in the
impurity electron subsystem for /nSe<<f-CD<FeSO4>>, it
was important to investigate the external physical field effect
on conductive and polarization properties of the synthesized
hierarchical structure. With this purpose, impedance analysis
for InSe< B-CD<FeSO,>> o with magnetic field applied and
with illumination was carried out. As it was determined, the
influence of static magnetic field is not remarkable by the value
but it proves essential in relation to frequency dispersion of the
real component of complex impedance. The medium frequency
oscillations became noticeable for /nSe<B-CD<FeSO;>>
for O = 11 and 17 wt% (Fig. 5) under the static magnetic field
applied.

The reason for such oscillation is connected to the impurity
spectrum modification by means of quantum amplification with
guest content of Zeeman splitting [35]. This assumption was
confirmed by the band spectrum for thermostimulated current
for samples with Q = 11 and 17 wt% (Fig. 3) in contrast to the
quasimonotonous spectrum for Q = 5 wt%.

10° 102 10" 10° 10" 10®> 10°
o, Hz

Fig. 5. Frequency-dependent real term of complex impedance ReZ

of InSe< f-CD<FeSO4>>, measured at room temperature perpen-

dicularly to nanolayers for O = 5 wt% (1, 4), Q0 = 11 wt% (2, 5) and

O = 17 wt% (3, 6). Measurements carried out with illumination (1-3)
and with magnetic field applied (4-6)
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The intercalation of B-CD<FeSO,> into InSe leads
to a 4-fold increase in photosensitivity of resulting hierar-
chical clathrate. However, the specific feature of response of
nanostructure to illumination is the formation of low frequency
oscillations of real part of complex impedance (Fig. 5). In con-
trast to the magnetic field case, oscillations at illumination are
inherent in all three samples of clathrate and are caused by the
negative capacitance effect.

This effect is well-known [36, 37] and explained in detail [38,
39] for the class of compounds that the present work deals with.

Such interest in clathrate compounds based on semiconduc-
tive host matrixes developed owing to possibility of their appli-
cation in nanoelectronics for formation of integrator free delay
nanolines. But the specific character of the present case consists
in visualization of changes under illumination, which means the
onset of photoinduced negative capacitance. The mechanism of
the observed effect involves photoexcitation of electrons from
occupied states below the Fermi level and formation of trap
centers for injected electrons with relaxation time longer than
the half-cycle of sinusoidal signal. The Nyqist plots for the
clathrates being investigated (Fig. 6) evidence the above-stated
assumption. Impedance spectra indeed include fragments in the
I'V-inductive quadrant of a complex plane, and can be modeled
by circuits with inductive element L (inset in Fig. 6). Therefore
practical importance of the effect obtained deserves consid-
eration for formation of delay nanolines controlled optically.

The values for magneto- y and photoresistive & effects were
calculated using the following formulas, respectively:

_ p(H)—p(0)
_ pldark) — p(light)
<= p(light) ’ @

20 40 60 80 100 120 140
Re Z, kOhm*cm

Fig. 6. Nyquist plots for /nSe<f-CD<FeSO,>>, compound

measured at room temperature and with illumination perpendicularly

to nanolayers for O = 5 wt% (1), O = 11 wt% (2) and Q = 17 wt% (3).

Measured values of complex impedance Z for investigated samples

plotted in symbols and results of modeling presented as lines. Inset
contains equivalent electrical scheme for impedance hodographs

Bull. Pol. Ac.: Tech. 68(2) 2020
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Fig. 7. Magneto- x and photo- & resistive effects of /nSe<-CD<

FeSO4>>, compound measured at room temperature and with illumi-

nation perpendicularly to nanolayers for initial /nSe matrix (structure

1), O = 5 wt% (structure 2), Q = 11 wt% (structure 3) and Q = 17 wt%
(structure 4)

and are presented in Fig. 7. Here p(H) is resistance measured
in the magnetic field applied, p(0) is resistance measured under
normal conditions, p(dark) is resistance measured in the dark
and p(light) is resistance measured at impressed illumination.

The values of photoresistive effect obtained confirm the
potential of formation of highly sensible photovaricaps based
on [nSe< B-CD<FeSO,4>> structures.

4. Conclusions

In conclusion, the hierarchical clathrate multilayered structure
of composition /nSe< -CD<FeSO,>>, was synthesized suc-
cessfully. As it was shown, the quantity O of the guest com-
ponent essentially determines the behavior of the compound
physical properties and electron energy structure.

Quantum capacitance contributes substantially to the current
flow for synthesized /nSe<-CD<FeSO4>>, with O = 11
and 17 wt% only.

The static magnetic field applied evokes ReZ(f) oscillations
in the middle frequency region. The reason for oscillation of
real term of complex impedance is caused by impurity spectrum
modification due to quantum boost with guest content of Zee-
man splitting. The effect described is observed in [nSe< -CD<
<FeSO,>> clathrates with Q = 11 and 17 wt%. They are
characterized by band spectrum with essentially higher density
of states and clearly defined miniband character.

The effect of negative capacitance was registered for all
samples of [nSe<f-CD<FeSO;>>, regardless of guest
quantity Q and is induced by illumination. The intercalation
of hierarchical guest f-CD<FeSO,> into 4-fold expanded
InSe matrix leads to 4-fold increase in photosensitivity of the
obtained /nSe< B-CD<FeSO4>>, compound and photoresis-
tance for samples with Q =5, 11 and 17 wt% takes the value
of 185, 200 and 200%, respectively.

Bull. Pol. Ac.: Tech. 68(2) 2020

The described effect renders synthesized structures attrac-
tive samples for the formation of delay nanolines controlled
optically.
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