JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 15 No 1, 01002(4pp) (2023)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 15 No 1, 01002(4cc) (2023)

Electrical Conductivity of Composite Materials Based on n-InSe and
Thermally Expanded Graphite

V.M. Kaminskii, Z.D. Kovalyuk, V.B. Boledzyuk®, P.I. Savitskii, V.I. Ivanov, M.V. Tovarnitskii

Frantsevych Institute for Problems of Materials Science of National Academy of Sciences of Ukraine, Chernivtsi
Branch, 5, I. Vilde St., 58001 Chernivtsi, Ukraine

(Received 06 December 2022; revised manuscript received 18 February 2023; published online 24 February 2023)

The composite material was obtained based on InSe semiconductor powder and thermally expanded
graphite (TEG). The TEG content varied from 4 wt. % up to 20 wt. %, the starting materials were pressed
into disks using a hydraulic press. The percolation nature of the electrical conductivity of such composite
materials was studied. Since the electrical conductivity of InSe powder is almost 9 orders of magnitude
lower than the electrical conductivity of TEG, TEG can be considered as a conducting phase in this compo-
site. The dependences of the electrical conductivity on the TEG content and temperature were measured.
The value of the percolation threshold was estimated from the graphical dependence of the electrical con-
ductivity on the TEG content. When studying the electrical conductivity of composite materials, it should
be taken into account that the current flows both inside individual crystallites and through the interface
between them. The theoretical model was proposed that describes the obtained experimental results of the
temperature dependences of electrical conductivity. The conclusions were made about the dominant cur-
rent flow mechanism on the basis of the analysis of the temperature dependence of electrical conductivity.
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1. INTRODUCTION

When searching for new functional materials for
electronics, electrically conductive composite mixtures
with high electrical conductivity are important. The
composites based on carbon materials (graphite, ther-
mally expanded graphite (TEG), graphene, activated
carbon) and semiconductor compounds make it possible
to create materials with alternate areas of micro- and
nanometer-sized semiconductor-dielectric-semiconduc-
tor type. It is of some interest to investigate the proper-
ties of composite compounds based on materials similar
in structure but different in electrophysical properties,
in particular graphite and layered semiconductors InSe
or GaSe. Such compounds can be promising materials
for electronics.

Thermally expanded graphite [1, 2] has a layered
crystal structure in which the layers are arranged ac-
cording to the dense packing of ABAB... along the ¢
crystallographic axis. A strong covalent bond exists
within a single carbon layer, while a weak van der
Waals type bond exists between the layers.

The electrical conductivity of graphite in the plane
of the layer is high and the material is a semi-metal.
However, the electrical conductivity in the direction
perpendicular to the plane of the layers is several or-
ders of magnitude lower. A similar crystal structure is
characteristic of layered III-VI semiconductors [3].
Therefore, these materials are characterized by anisot-
ropy of physical and chemical properties along different
crystallographic directions and their sensitivity to ex-
ternal pressure [4].

In the previous work [5], the technology for obtain-
ing InSe-graphite composite materials was presented,
and their photoelectric and partially electrical proper-
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ties were studied. The purpose of this work is a more
detailed study of the electrical conductivity of InSe—
TEG composite materials.

2. EXPERIMENTAL

The samples of a two-component composite material
based on a mixture of powders of InSe semiconductor
and TEG were made. The samples were pressed into
disk using a hydraulic press. The technology is de-
scribed in [5]. Since the electrical conductivity of InSe
powder is almost 9 orders of magnitude lower than the
electrical conductivity of TEG, TEG can be considered
as conducting phase in this composite.

The series of samples with different mass content of
TEG (4, 8, 12 and 16 wt.%) was made for investigation.
The measurements of the dependence of electrical con-
ductivity on the mass content of TEG were carried out
at room temperature using the Hall effect measure-
ment setup in the DC mode. The rectangle samples
were used and electrical contacts were made by silver
paste.

The temperature dependences of electrical conduc-
tivity for the sample with 20 wt.% TEG in the range of
77+300 K were measured.

3. RESULTS AND DISCUSSION

The starting materials of InSe and TEG had n-type
electrical conductivity, which for their pressed samples
was 1.2:10-7Q-1ecm~! and 1220 Q- 1-ecm -1 at 7T'= 285
K, respectively. The materials with different TEG con-
tent (x =4, 8, 12 and 16 wt.%) were obtained with pur-
pose to determine the percolation threshold. Fig. la
shows the dependences of the electrical conductivity (o)
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on TEG content. The value of ¢ increases by more than
9 orders of magnitude in the region 0 < x < 4. This con-
firms the percolation nature of electrical conductivity,
due to the flow of current through the conductive chan-
nels of contacting graphite grains, which form a perco-
lation cluster. It can be seen that the electrical conduc-
tivity of the investigated composite materials is in the
region beyond the percolation threshold.
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Fig 1 — Dependence of electrical conductivity on TEG content
and the results of approximation (b, solid curve)

The electrical conductivity of two-phase materials
increases with increasing content of the conductive
phase according to the formula [6]:

o= oo(x — 9Cc)t, (1)

where ov is a constant, x 1s the concentration of the
conductive phase (TEG), x. is the percolation threshold.
This formula is valid for x > x¢, and x <xc 6 =0. t = 2 for
many two-phase materials.

Fig. 1b shows the approximation of experimental
data using formula (1) with parameters oo=6.5,
xc=0.5 and = 1.5 (solid curve). The theoretical values
of o agree well with the experimental values, that con-
firms the reliability of the calculation. The deviation of
the value of ¢ from 2 may indicate the presence of tun-
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nel contacts between individual graphite crystallites in
the material, rather than ohmic ones. The low value of
the percolation threshold x. is related to the high poros-
ity of TEG, as a result of which the volume content of
TEG is much higher than that of InSe.
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Fig. 2 — Temperature dependences of electrical conductivity of
TEG (1) and InSe- TEG (20 wt.% TEG) (2)

Fig. 2 shows the temperature dependences of the
electrical conductivity of pressed powders of TEG and
InSe- TEG composite material (20 wt.% TEG) in the
temperature range from 80 K to 300 K. It seems likely
that the increase in the electrical conductivity is due to
the predominant increase in the concentration of
charge carriers over the decrease in mobility due to the
scattering of charge carriers. The given temperature
dependences of electrical conductivity are consistent
with the data of works [7, 8].

The investigations of pressed powders of pure InSe
were also carried out. An increase in electrical conductivi-
ty from 5-10-9°Q-1.cm~-lat 170 Kto 1.3-10-5Q-Lem -1 at
370 K was established, which is due to the increase in o
with temperature in InSe due to the activation of donor
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levels [9]. The obtained values of oInSe have no signif-
icant effect on the electrical conductivity of the compo-
site materials.

The current flow in TEG powders and composite
materials is determined by the conductivity of individ-
ual crystallites o and the grain boundary conductivity
ogr [7, 8]. The value of owr significantly exceeds the val-
ue of ogr, which is determined by the mechanisms of
transfer of charge carriers across grain boundaries. If
the energy of the charge carriers is greater than the
barrier height, over-barrier passage of carriers takes
place, which leads to an increase in o with tempera-
ture. In addition, tunneling of charge carriers through
the barrier may occur.

Taking into account the presence of energy barriers
that form at the grain boundaries, the temperature
dependence of electrical conductivity is described by
the formula [10]:

o(T) ~ T~ V*exp(-Euv/kT), @)

where Ep is the barrier height.

There are two linear sections can be distinguished
on the graphic dependences of electrical conductivity
plotted in the coordinates of In(c-TV2) versus (1/7) (see
Fig. 2b) in the low- and high-temperature regions. The
height of the energy barrier E» was found by the slope
of these sections: 7 meV and 34 meV for TEG and
6.6 meV and 19 meV for InSe-TEG.

The characteristics of the energy barriers at the
grain boundary are the thickness of the charged deple-
tion region & and the density of energy states in this
region N; [11, 12]:

6= (2ere0Eb/q2n)12, 3)
N = (BereonEplg2)12, 4)

where n is the concentration of charge carriers, &~ 2 is
the dielectric constant of graphite, m* = 0.054mo is the
effective mass of electrons.

The concentration of charge carriers in graphite at
room temperature is about 1020 cm -3 [13]. Assuming
that this is also true for our material, the mobility of
charge carriers u of composite materials was estimated
from the measured values of o: 76 cm2/V-s, 16 cm?2/V-s,
and 7 cm?/V-s for TEG, InSe TEG (20 wt. % TEG), and
InSe- TEG (10 wt. % TEG), respectively.

We will use the following parameters for calculations:
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n =102 cm-3, m*=0.054mo, &r=2, Ep =34 meV for TEG
and Ep=19meV for InSe-TEG. Then we found:
6=0.25nm, N;=5.2102cm-2 for TEG; §=0.21 nm,
N;=4.1-10'2 cm ~ 2 for InSe-TEG (20 wt. % TEG).

The temperature coefficient of resistance is propor-
tional to the height of the energy barriers between the
crystallites:

TCR = R'-dR/AT ~ — Ep/(RT?). (5)

In our case, the estimated values of TCR at room
temperature are 0.0044 K-1 for TEG and 0.0025 K-1
for InSe-TEG (20 wt. % TEG).

The calculations of the band structure of single-
crystal graphite performed in [14] showed that graphite
is a semi-metal with a small overlap of the valence and
conduction band (0.04 eV), the extremes of which are
located at different points of the Brillouin zone. In this
case, its conductivity is determined by the total contribu-
tion of carriers of two types — conduction band electrons
and valence band holes. As the temperature increases,
electrons flow into the conduction zone and their relative
number increases. Since the mobility of electrons is
greater than the mobility of holes in the valence band,
this is manifested in the increase of the total electrical
conductivity. The increase in the concentration of elec-
trons with increasing temperature in graphite was es-
tablished in works [15, 16].

4. CONCLUSIONS

The electrical conductivity of composite materials
fabricated from a mixture of InSe semiconductor pow-
ders and TEG has a percolation character, which is
associated with the flow of current through the conduc-
tive channels of contacting graphite crystallites. Based
on the measurements, it can be concluded that the per-
colation threshold in InSe-TEG composite materials is
less than 1 wt.% TEG.

The electrical conductivity of InSe-TEG composite
materials increases with temperature and is described
within the framework of a model that takes into ac-
count the presence of energy barriers at grain bounda-
ries. Grain boundaries play a crucial role in current
transfer processes.

The parameters of the energy barriers were calcu-
lated such as the thickness of the charged depletion
region and the density of energy states in this region at
room temperature.
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EnexrpomnpoBigHicTs KOMIIO3UTHUX MaTepiasiB Ha ocHOBI n-InSe
i Tepmoposmupenoro rpadiry

B.M. Kamincesrmii, 3.J1. Kosamoxk, B.B. Bonenswok, I1.1. Casunskuii, B.1. Isamos, M.B. TopapHubkmit

Inecmumym npobnem mamepianosnascmea imeni LM, Opanuesunwa HAH Yipainu, Yepriseuvke 8i00iieHHs,
eyai. I. Binwoe, 5, 58001 Yepnisui, Yrpaina

OpepsxaHo KOMIIO3UTHI MaTepiaiv Ha OCHOBI HAMIBIIPOBIIHUKOBOIO MOPOMIKY InSe Ta TepMoposmupeHo-
ro rpadiry (TPT). Kouuenrparis TPI' aminoBanace Big 4 mac. % mo 20 mac. %, BUXiIHI MaTepianu mpecy-
BaJIACh y MIAWON 34 JIOTIOMOTOIO TiAPaBJIYHOrO Ipecy. JIoCimisKeHo MepKOJIAIMIMHAN XapakTep eJIeKTPOIpo-
BIIHOCTI TAKUX KOMIIO3UTHUX MaTepiaiiB. OCKIIBKY eJeKTPOIpoBiIHICTh mopomky InSe mait:xe Ha 9 mo-
psnkiB menra Bix esnexrporposigHocti TPIY, To TPT mosxkHa BBaskaTH HPOBLAHOI (a30i0 B JAHOMY KOMIIO-
auti. [IpoBeneno Bumipu 3aseskHocTi eserrpornposigHocTi Big Bmicty TPI' ra Temneparypu. 3 rpadivnoi 3a-
Je:xHOCT1 eslekTpompoBigHocti Bix BMmicty TPI' orfineno smadenwust mopory meprostamii. [Ipu mocmimsrenHs
€JIEKTPOIIPOBIAHOCTI KOMIIO3UTHUX MATEPIaIiB IIOTPIOHO BPAXOBYBATH, III0 CTPYM IIPOTIKAE SK BCEPEIMHI OK-
peMHuxX KPHCTAJITIB Tak 1 depe3 iHTepdeic Mik HUMK. 3aIlpOIIOHOBAHO TEOPETUYHY MOIEJhb, KA OIKCYE
OTPUMAH]l EeKCIEePUMEHTAIbHI Pe3yJIbTATH TeMIEPATYPHHUX 3aJIeKHOCTeH eJsiekTporpoBigHocti. Ha ocHoBi
aHaJI3y TEMIIEPATYPHUX 3aJIEIKHOCTEN eJIEKTPOIIPOBIIHOCTI 3p00JIEHO BUCHOBKY IIPO JIOMIHYOUMM MEXaH13M
IPOTIKAHHS CTPYMY.

Kmiouosi cnosa: Cesenin inmio, Tepmoposmupenuit rpadgit, Kommosurauit marepia, [lopir mepxosisaiii,
EnexrponpoBigHicTs.
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