Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2015 IM® (IacturyT MeTanodisukm
Nanosystems, Nanomaterials, Nanotechnologies im. I'. B. Kypaiomosa HAH Vkpainun)
2015, 1. 13, Ne 3, cc. 403-414 HazapykosaHno B YKpaisi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsii

PACS numbers: 71.20.Tx, 77.84.-s, 81.07.Pr, 81.16.Fg, 82.75.-z, 84.32.Tt, 84.37.+q

Impedance Anisotropy and Quantum Photocapacity
of Bio/Inorganic Clathrates InSe<HISTIDINE> and
GaSe<HISTIDINE>

F. O. Ivashchyshyn, I. I. Grygorchak, and M. I. Klapchuk

Lviv Polytechnic National University,
12 S. Bandera Str.,
79013 Lviv, Ukraine

Intercalated nanostructures of InSe<htd> and GaSe<htd> are fabricated.
Phenomena of the negative photocapacitance and the quantum capacitance
are visualized for the first nanostructure. The introduction of histidine
between indium selenide layers leads to increasing of conductivity anisot-
ropy (o)/c,) from 67 to 226. Temperature dependences of a real component
of the complex impedance indicate semiconductor mechanism of conduc-
tivity along nanolayers with two activation energies of 1.6 meV in low-
temperature region and of 0.25 meV in high-temperature one. An appear-
ance of the giant high-frequency negative magnetoresistance and almost
20-fold photosensibility increasing are observed for the second nanostruc-
ture. The conductivity anisotropy (oj/c.) of the nanostructure GaSe<htd>
is 10%. Temperature dependence of a real component of the complex im-
pedance along the layers within the temperature regions —30°C < ¢ < 10°C,
10°C <t <30°C, 30°C <t <50°C demonstrates cardinally different mecha-
nisms of conductivity. Activation energies are 0.35 in low-temperature
interval and 0.69 in high-temperature one. Non-activated conductivity
mechanism is observed in the range of temperature 10°C <t < 30°C. The
parameters of the energy spectrum calculated by means of the Geballe—
Pollak theory prior to and after the introduction of histidine into both
nanostructures are given. It well correlates with experimental data.

ChopmoBaHo iHTepKadaAHTHI HaHOCTPYKTYypu InSe<htd> ta GaSe<htd>. Haa
mepIrnoi HAHOCTPYKTYPH BidyasizoBaHO e(heKTH HeraTuBHOI (DOTOEMHOCTH Ta
KBAaHTOBOI €MHOCTU. BTijeHHA ricTuamHy MiK ImapaMum cejieHimgy iHmiio
MPUBOJUTH [0 3POCTAHHSA aHi30TPOTMIl €JeKTPONPOBIAHOCTU G)/G, Bif 67 mo
226. TemnepaTypHi 3aJI€KHOCTI peaJbHOI CKJIQLOBOI KOMILJIEKCHOTO iMItezna-
HCY 3acCBifuyOTh HAIiBOPOBIZHMKOBUU MeXaHi3M HPOBIZHOCTH B3JOBMK IIa-
piB i3 mBoMa eHepriammu akTuBaiii — y 1,6 meB y HusbKoTeMIIepaTypHii Ta
y 0,25 meB y BucokoreMmmepatypHiii obsactax. asa apyroi HaHOCTPYKTYypU
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crocrepirarorbcsa 20-KpaTHe 3pOCTaHHS (POTOUYTJIMBOCTH 1 IIOSABa TiraHTCh-
KOTO BHMCOKOYACTOTHOT'O HETaTMBHOTO MAarHETOOIOpY. AHiZ0TpOIiA eleKTpo-
npoBigHOCTH G)/G, HaHOCTPYKTypu GaSe<htd> cramoBuTh 102. Temmepatyp-
Ha BaJIE’KHICTh PeajsbHOI CKJIaJ0BOI KOMIJIEKCHOTO iMIIeZAaHCY Y3ZOBXK IIa-
piB y obmactax remmepatyp —30°C<t<10°C, 10°C<t<30°C, 30°C<t<50°C
IEeMOHCTPYE KapAWHAJbHO BiAMiHHI MexaHisMu ejeKTponpoBizHoctu. Exep-
rii akruBamnii cranoBiaath 0,35 y HusbKoTeMmieparypHomy Ta 0,69 y BuCO-
KoTeMIiepaTypHoMy iHTepBanmax. IIpu Temmeparypax 10°C < ¢t < 30°C cmocre-
piraeTbcAd HeaKTHBAI[IMHUNA MexaHi3sM ejeKTponposigHoctu. a4 mBOX Ha-
HOCTPYKTYD HaBeJeHO 3HAUEHHs IapaMeTPiB 30HHOTO CIEKTPYy A0 i micasa
BTiJIeHHs TicTuaumHy, obumcieHi sa Teopiero I:xeboma—Ilonnaka, ski mobGpe
KODEeJIOIOTH 3 OJePKaHUMU €KCIePUMEHTAJIbHUMU JaHUMU.

ChopMupoBaHBI MHTEPKAJAHTHBIE HAHOCTPYKTYPHI InSe<htd> m GaSe<htd>.
s mepBOil HAHOCTPYKTYPHI BU3YAIU3UPOBAHBI 3(P(HEKTH OTPUIIATETHLHOM
$OoTOEMKOCT M KBAHTOBOI €MKOCTH. BHeApeHMe I'MCTUAWHA MEKAY CJIOAMU
CeJlIeHNa WHIWS IIPUBOAUT K POCTY AHM3OTPONUU SJIEKTPOIPOBOAHOCTH
cj/cL oT 67 mo 226. TemmepaTypHbIe 3aBUCUMOCTH DEabHON COCTABJIAIOIIEH
KOMILJIEKCHOTO MMIIEJJaHCa CBUAETEJLCTBYIOT O TOJYIPOBOJHUKOBOM MeXa-
HU3Me IPOBOAUMOCTHY BJAOJL CJIOEB C ABYMA JHEPruaAMu aktupanuum — 1,6
MaB B Hu3KoTemmeparypHoii u 0,25 mM3B B BBICOKOTeMIIEpaTypHOIi 006Ja-
cTax. [as BTOpO HAHOCTPYKTYpPHI Habsiomaiorcsa 20-KpaTHBIE pocT (oTo-
YYBCTBUTEJBLHOCTH U IIOSIBJIEHME T'MTAaHTCKOI'0 BBICOKOUYACTOTHOrO OTPHILA-
TEJLHOTO MarHeTOCONPOTUBJICHUA. AHUZOTPONNUA BIEKTPOIPOBOJHOCTH G|/G
HaHOCTPYKTYphl GaSe<htd> cocrasnger 102. TemmepaTypHAas 3aBHCHMOCTD
peasbHOII COCTaBJIAIONIEN KOMILJIEKCHOTO MMIIeaHCA BAOJIb CJIOEB B TeMIIe-
parypHBIX obsactax —30°C<¢<10°C, 10°C<t<30°C, 30°C<t<50°C ne-
MOHCTPHUPYET KapAUHAJILHO OTJMUYAMIINECTd MeXaHU3MbI 3JIEKTPOIIPOBOIHO-
cTH. JHepruu aktuBanuu coctaBadnT 0,35 B muskoremneparypuom u 0,69
B BBLICOKOTeEMIepaTypHoM wuHTepBanax. IIpu temmeparypax 10°C <t <30°C
HaOJomaeTcd HEaKTUBAIMOHHBIN MeEXaHW3M dJIeKTpompoBogHocTu. [lisa
IBYX HAHOCTPYKTYD IPUBEAEHBI 3HAUEHUS ITapaMeTPOB 30HHOTO CHEKTPa OO
¥ TOCJie BHEAPEHUS THUCTUAWHA, BBIYUCJIEHHBIe 1m0 Teopuu [[:xebosma—
ITonnaka, KOTOpPBIE XOPOIIO KOPPEJUPYIOT C IMOJYYEHHBIMH DSKCIIEPHMEH-
TAJbHBIMUA JAHHBIMU.

Key words: InSe, GaSe, histidine, clathrates, supramolecular structure,
intercalation, impedance spectroscopy, Nyquist diagram, electrical con-
duction.
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1. INTRODUCTION

With rapid development of nanoengineering (nanoelectronics, quan-
tum coherent spintronics, etc.) and with related to these sciences
necessity to initiate creation of super-high-capacitance accumulators
of electric energy, the formation of heterostructured inorganic—
inorganic, inorganic—organic, and bio—organic materials attract still
more attention of scientists. The ability to realize unique physical
and chemical properties [1, 2], sometimes paradoxical, is associated
with these materials.

The known methods of obtaining them, such as vacuum deposi-
tion, photolithography, synthetic Langmuir—Blodgett techniques,
have some limitation caused by limited variability of the choice of
different heteroingridients and by problematic synthesis of ‘host—
guest’ configuration, especially synthesis of heteroaggregate ones.
By this time, only a small experience gained on this way and made
small steps [3, 4]. As far as bionanosemiconductor inorganic multi-
layered nanohybrids are concerned, nowadays, information on such
investigations is lacking at all. Therefore, the aim of this work is to
fill, to some extent, the gap in this branch of investigations.

2. RESULTS AND DISCUSSIONS

To form bio-inorganic/semiconductor nanohybrids, in which layered
crystals of gallium selenide (GaSe) and indium selenide (InSe) were
used as semiconductor matrix, and the aminoacid histidine
(CsHgN;0,) was chosen as a biologically active guest element the
suggested three-stage scheme of nanoengineering of crystals was
used in [5]. The main feature of histidine is that it is a zwitterion
(i.e., it possess properties of both anion and cation) with colossal di-
pole moment.

Formation of the histidine nanolayers in a threefold expanded
matrix of indium selenide leads to more than fortyfold increasing of
the real component of specific complex impedance and to almost
fourfold increasing of the photosensitivity in the direction perpen-
dicular to the plane of nanolayers.

At the same time, the effect of photoinduced ‘negative capaci-
tance’ is observed: the corresponding low-frequency impedance hod-
ograph branch enters the fourth, inductive quadrant of the complex
impedance plane that correlates with the low-frequency oscillation
ReZ(®w) at illumination (see curve 6 on Fig. 1). In this case, the
mechanism of negative photocapacitance is most likely associated
with the photoexcitation of electrons from occupied states below the
Fermi level and, therefore, with the formation of trap centres for
injected electrons with the relaxation time greater than the half-
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Fig. 1. Frequency dependences of complex impedance perpendicular to the
nanolayers of expanded matrix InSe (I—3) and of nanostructure InSe<htd>
(4-6), and along layers InSe<htd> (7—-9) as measured in the dark (I, 4, 7)
or at illumination (3, 6, 9), and measured at the action of magnetic field
2, 5, 8).

period sinusoidal signal.

According to this, the equivalent electric circuit can be repre-
sented as shown in Fig. 2. The first parallel high-frequency link
R||CPE, (where CPE, is element of constant phase capacitive type
[6]) in the circuit models the distributed capacitance caused by the
presence of vacancies or impurity defects that provide electronic
conductivity at room temperature. Second R,|CPE,, the middle-
frequency link, displays the path current flow through energy bar-
riers in guest positions. The low-frequency link Cy||R...L models the
path current flow through the boundary of separation of histidine—
semiconductor matrix. Here, R, is the resistance recombination,
which simulates a barrier to charge C,, L is the inductance, C, is
the quantum capacitance [7], which is described by the equation
C,=é’dn/dE,, where n is the concentration of electrons, Ej, is the
energy of the electron Fermi quasi-level. For the last branch of the
low-frequency section, admittance can be written as follows:

1
Y(®)=—-ioC, 1
() R (1)
where C=C,-Cqy, C, =L/ R’ .
According to equation (1), impedance of last link in an equivalent
electric circuit for an illuminated nanohybrid at very low frequen-
cies (o <1/(R,C)) is a parallel connection of recombination re-

rec

sistance and a constant negative capacitance C. Note that, at condi-
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Fig. 2. The equivalent electric circuit.

TABLE 1. The parameters of the band spectrum prior to and after the in-
troduction of histidine into InSe.

Density Radius Distribution Real density
of jumping centres . of trap centres of deep trap
. of jump .
near the Fermi level s near the Fermi level centres
N(F)-10%, Jim? |F105, m J107%, J N10%, m™
InSe 32.13 2.90 0.61 1.96
InSe<htd> 2.32 2.39 15.07 3.50

tion C;, C,, low-frequency branch comes in IV-inductive quadrant,
showing inductive response. Table 1 shows the parameters of the
band spectrum prior to and after the introduction of histidine in
InSe, which are calculated with the Geballe—Pollak theory. It is evi-
dent that histidine encapsulation reduces the density of states at
the Fermi level an order of magnitude, which well correlates with
low-frequency areas of ReZ(w), at the same time, significantly re-
ducing the distribution of trap centres. Radius of jump can be con-
sidered stable.

Study of the path current flow along the layers of expanded ma-
trix InSe and nanohybridized structure InSe<htd> in the frequency
range of 10°—1 Hz showed that the conductivity anisotropy (c)/cL)
with the introduction of histidine increases from 67 to 226.

The growth of ReZ(w) perpendicular to the nanolayers after the
introduction of histidine may be caused by decreasing of carrier
mobility due to ‘rotational’ polaron formation, and its falling along
them likely caused by the increasing carrier concentration due to
the modification of the band structure InSe by the electric field of
‘guest’ assuming ‘ferroelectric’ ordering of histidine dipoles along
layers as shown in Fig. 3, a.

As shown in our work [8] for the latter case along the g-axis of
the Brillouin zone, the valence band splits into two subbands; at the
same time, widths of subbands reduce comparatively to the unper-
turbed system.

A similar situation for the conduction band can be obtained. As a
result, one of the branches of the valence band arises along the en-
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Fig. 3. Ferroelectric arrangement of dipoles (a) and the schematic presen-
tation of band structure modification of InSe<htd> layers (b).

ergy scale ‘up’ and one of the branches of the conduction band goes
‘down’ (Fig. 3, b). As a consequence, the effective bandgap decreas-
es or conduction band catch the Fermi level; this leads to increasing
of the concentration of carriers.

Photosensitivity along layers of InSe<htd> is almost twice less
than perpendicular to them, while for the expanded matrix, these
values are virtually identical. When they are illuminated, it is ob-
served anomalous frequency dependence ReZ(w); it is the monotonic
growth with increasing frequency in fairly wide frequency range
(curve 9 in Fig. 1). In this case, low-frequency branch of the hodo-
graph of the impedance is almost parallel to ReZ-axis with opposite
its genesis o as well as to the relevant branch of hodograph built to
measure in the dark. If the latter are modelled by finite element of
constant phase (BCPE) [6], which reflects the path current flow in
space-restricted area with the complex electrical conductivity, then
at illumination, one can proposed a model of impedance along the
layers containing the link with quantum capacity Lurie [7]. In this
case, it represents a contribution from the histidine nanoclusters
with the energy spectrum of the path current flow caused by the
nonequilibrium carriers. As a result, a conductivity of nonequilibri-
um carriers due to gravity in accordance with the [9] should de-
crease with increasing frequency, as observed in Fig. 1 (curve 3).

Temperature dependences of the real component of the complex
impedance along the layers (Fig. 4) indicate semiconductor nature
of the electrical conductivity of nanohybrids with two activation
energies: 1.6 meV in low-temperature region and 0.25 meV in high-
temperature one. It is interesting to note that for proper tempera-
ture of change of conductivity mechanism at (-10°C) corresponds to
a radical change of the low-frequency branch of Nyquist diagrams:
the passing to the fourth, inductive, quadrant (inset to Fig. 4). This
makes it possible to assume that, at temperatures higher than
—10°C, electrons captured by trap centres would be delocalized.
With reducing the temperature to —-30°C, localized electrons no
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Fig. 4. Temperature dependences of a real component of impedance along
nanolayers InSe<htd>. In the inset to Fig. 4, hodograph of impedance is
given.
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Fig. 5. Nyquist diagram measured in the dark for the initial expanded ma-
trix GaSe (1) and for the nanostructure GaSe<htd> (2) (with equivalent
electric circuits corresponding to them).

longer is delocalized in the tails of the density of states.

For the initial expanded matrix (curve 1 in Fig. 5), we have usual
situation: the corresponding hodograph of impedance is of two-arc
form, and it represents capacitive response of localized states and
the frequency depended impedance proper caused by jumps between
localized states near the Fermi level in the packet of atomic mono-
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layers (high-frequency curve). The middle-frequency curve repre-
sents the path current flow through widened spaces of actions of
the van der Waals forces. These arcs are modelled by means of
bounded element of constant phase (BCPE), which represents the
path of current flow in space-restricted domain of complex-valued
electric conductance [10]. The low-frequency section represents the
distribution of active resistance element (caused by discretization of
the energy spectrum of the expanded matrix of gallium selenide),
this resistance is modelled by means of constant phase element CPE
with low value of phase deviation { < 0.1 [6].

The equivalent electric circuit in this case is given in the inset (a)
to Fig. 5. The introduction of histidine leads to the increase in fre-
quency dispersion of the hodograph of the impedance, and it indi-
cates the emergence of additional potential barriers. Accordingly,
the equivalent electric circuit is as shown in inset (b) in Fig. 5. The
last link contains induction (inset (b) in Fig. 5) because the low-

Re Z, Q.cm

0 + d
107 107 107 10° 10' 10° 10" 10* 10° (0°
w, Hz

Fig. 6. Frequency dependences of a real component of impedance perpen-
dicular to the layers for initial expanded matrix GaSe measured in the
dark (1) and for nanostructure GaSe<htd> measured in the dark (2) as well
as at illumination (4), and measured at the action of magnetic field (3).

TABLE 2. The parameters of the energy spectrum prior to and after the
introduction of histidine in GaSe.

Density Radius Distribution Real density
of jumping centres of jump of trap centres of deep trap
near the Fermi level R10°. m |[Mear the Fermi levell centres

N(F)-10%, J'm! ’ J-107%2, J N,10*, m™
GaSe 6.56 3.02 2.63 1.73

GaSe<htd> 10.60 2.83 1.99 2.10
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frequency branch of the Nyquist diagram passes to the induction
quadrant IV of the plane of complex-valued impedance. This indi-
cates the phenomenon of ‘negative capacitance’.

The introduction of histidine between selenide layers leads to
twenty-fold growth of the real component of complex impedance in
the low-frequency spectrum (10°-1 Hz) (Fig. 6). Lighting of the
nanostructures GaSe<htd> causes a decrease of ReZ(w) almost by
5-10% times in the specified frequency range (curve 4 in Fig. 6). The
latter phenomenon is quite expected, as semiconductor matrix is
photosensitive in the visible spectrum. However, compared to the
enhanced matrix implementation <htd> leads to an almost 20-fold
increasing of photosensitivity. At the same time, Figure 6 (curve 4)
shows the previously non-observed effect of the giant high-
frequency negative magnetoresistance: in the frequency range
60 < ® < 10° Hz, magnetic field strength of 2.75 kOe at room tem-
perature leads to a more than 5-fold reduction of ReZ(w). Taking
into account no practical visualization of the magnetoresistance at
lower frequencies, this effect can most likely be associated with
Zeeman delocalization of charge carriers from the deeper trap cen-
tres. Table 2 shows the parameters of the energy spectrum before
and after the introduction of histidine in GaSe as calculated within
the Geballe—Pollak theory. In contrast to InSe, one can see a de-
crease of density of jumping centres and distribution of trap levels
near the Fermi level.

Behaviour of hodograph of impedance along the impedance layers
GaSe<htd> has the same character as in the measurement perpen-
dicular, with the exception of the magnetic field. In this case, the
frequency dispersion growth and middle/high-frequency branches of

o o
iy L=

-Im Z, G{-em

Re Z, G2-cm

Fig. 7. Nyquist diagram GaSe<htd> perpendicular to the layers and along
them (see inset).
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Fig. 8. Temperature dependences of a real component of impedance along
nanolayers GaSe<htd>. In the inset, their frequency dependences are given.

Nyquist diagrams ‘pass’ in inductive quadrant of the plane of com-
plex-valued impedance (see the inset in Fig. 7). This is to some ex-
tent correlated with the above discussed Zeeman localization (delo-
calization) of charge carriers.

Investigation of the path current flow along the layers of nano-
hybridized structure GaSe<htd> showed that, in the frequency
range (1073-1 Hz), electrical conductivity anisotropy is o|/cL~ 102,
and reduction of the real component of the complex impedance at
illumination reaches tenfold wvalue. In contrast to the previous
measurement geometry, in this case, positive magnetoresistance is
visualized at lower frequencies from 102 Hz: ReZ(w) in a magnetic
field is growing more than twice. In this case, high-frequency nega-
tive magnetoresistance not only preserved in the same frequency
range, but its increasing reaches almost 14-fold value. Obviously,
this is an indication of different energy structure in perpendicular
and along the layers direction.

The temperature dependence for GaSe<htd> along the layers
demonstrates cardinally different mechanisms of conductivity at
temperature regions —30°C < ¢ < 10°C, 10°C < t < 30°C, 30°C < t < 50°C
(Fig. 8). If the first and last temperature ranges correspond to the
activation mechanism, then one can obtains non-activation mecha-
nism of conductivity in the range of temperatures 10°C < ¢t < 30°C.

3. CONCLUSIONS

The introduction of histidine into three-fold expanded matrix of
indium selenide leads to forty-fold increasing of a real component
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of specific complex impedance and almost four-fold increasing of
photosensibility in direction perpendicular to nanolayers.

An appearance of photoinductive ‘negative photocapacitance’ is
observed for nanostructure InSe<htd>; the mechanism of this phe-
nomenon is most likely associated with the photoexcitation of elec-
trons from occupied states below the Fermi level and, therefore,
with the formation of trap centres for injected electrons with the
relaxation time greater than the half-period sinusoidal signal.

The conductivity anisotropy (oj/c.) due to the introduction of
histidine into extended matrix of InSe<htd> increases from 67 to
226 in the frequency range of 107°-1 Hz.

Temperature dependence of a conductivity of the InSe<htd>
nanostructure has a semiconductor character with two activation
energies of 1.6 meV and 0.25 meV.

The introduction of histidine into three-fold expanded matrix of
gallium selenide leads to twenty-fold increasing of a real component
of specific complex impedance and twenty-fold increasing of photo-
sensibility in direction perpendicular to nanolayers.

The evidence of a giant high-frequency negative magnetore-
sistance is observed for nanostructure GaSe<htd> in constant mag-
netic field with strength of 2.75 kOe at room temperature; magnet-
ic field leads to a more than 5-fold reduction of ReZ(w) in the fre-
quency range 60 < o < 10° Hz.

The conductivity anisotropy (o)/c.) for the GaSe<htd> nanostruc-
ture is 10%, and decrease of a real component of the complex imped-
ance at illumination reaches ten-fold value. At the same time, posi-
tive magnetoresistance is visualized at frequencies less than 107*
Hz: there is ReZ(w) growth by more than twice in magnetic field,
and high-frequency negative magnetoresistance growth is reaching
almost 14-fold value.
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