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This paper presents the results of research of composite materials and structures made on the basis of
layered semiconductors and graphite. These materials have a similar crystalline structure and due to their
unique physical properties are promising for electronics and photoelectronics. Therefore, the idea of mak-
ing new composite materials and structures based on them is quite obvious. We have tried to take some
steps in this direction using various technological operations. Three types of samples were prepared:
pressed tablets of mixed powders of InSe and thermoexpanded graphite; graphite films from aqueous sus-
pension of thermoexpanded graphite, which were deposited onto fresh cleavage InSe (0001) surface, and
graphite/InSe structures obtained by vacuum deposition. Their photoelectric and electrical properties have
been investigated. A significant increase in the electrical conductivity of InSe-thermoexpanded graphite
composite material relative to the initial InSe powder has been found. This means that in this material an
electric current flows through the channels formed by graphite, and the selected pressure at which the
samples were prepared provides good contact between individual crystallites. The photosensitivity of the
obtained materials and structures is determined by the optical properties of InSe. The photosensitivity
range of InSe-thermoexpanded graphite composite material is smaller than that of InSe or structures due
to scattering at grain boundaries.
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1. INTRODUCTION

The intensive development of technologies imposes
new requirements on the properties of electrically con-
ductive composite materials, which requires changes in
their composition and searching for new methods for
their production. Carbon composite materials make it
possible to create a variety of electronic devices based
on them [1]. In particular, by alternating sp? and sp3
domains of micro- and nanometer sizes, layered compo-
sitions of metal-insulator-metal or metal-insulator-
semiconductor suitable for use in photosensitive devic-
es can be obtained [2, 3].

Thermoexpanded graphite (TEG) is a promising ma-
terial for creating new composite materials. It is chemi-
cally inert, heat-resistant and has a sufficiently high
electrical conductivity of the order of 103 Ohm-1-cm~1.
An important difference between TEG and other pow-
dered carbon materials is its ability to be compressed
without the use of binders [4]. The chemical and ther-
mal stability in combination with controlled electrical
and thermal conductivity, high porosity and high inter-
nal specific surface create the preconditions for the de-
velopment of multifunctional materials.

The crystal structure of TEG [5, 6] is similar to that
of A®B6 layered compounds (InSe, GaSe), which due to
their unique physical properties are of considerable
interest for nanoelectronics and optoelectronics [7]. In
our opinion, the creation of new multifunctional mate-
rials by coupling TEG and layered crystals in one com-
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posite material is an interesting and promising task.
On the one hand, this allows to control the value of the
electrical conductivity due to the different TEG con-
tent, and, on the other hand, to exploit the optical
properties of layered crystals. The first steps in this
direction were done in [8], where a simple technology of
a low-cost photosensitive sensor was proposed based on
GaSe-graphite composite material. In the present
work, we develop this idea and investigate the physical
properties of a composite material based on InSe and
TEG. For comparison, the results of research of graph-
ite/InSe structures are also presented.

2. EXPERIMENTAL

Indium selenide single crystals were grown by the
Bridgman method from a melt of non-stoichiometric
composition Ini.osSeos7. They had n-type conductivity
with an electron concentration of the order of 10® cm —3
at room temperature. InSe single crystals crystallize
into a structure of y-polytype with a point group of C53y.
The measured parameters of the unit cell are
a=4.003+0.001 A and c=24.9553 = 0.0006 A in the
hexagonal description.

Thin plates of InSe with typical dimensions of
5xbx1 mm? (substrates), InSe powder obtained from
InSe single crystals with a dispersion of less than
75 um and TEG were used as initial materials. The
mechanically ground InSe powder and TEG were filled
with distilled water and sonicated for 10 min in an
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UZDN-A ultrasonic disperser to reduce the grain size.

Three types of samples were prepared: InSe-TEG
composite material; graphite films obtained from an
aqueous suspension of TEG, and graphite/InSe struc-
tures obtained by vacuum deposition.

InSe-TEG composite material was prepared from In-
Se and TEG powders smaller than 75 pm. The powders
were mixed for 30 min to obtain a homogeneous mixture
and compressed into disks at a pressure of 20 MPa. The
samples with 10 and 20 wt. % TEG were prepared.

Graphite films were obtained by deposition of an
aqueous suspension of TEG onto fresh cleavage InSe
(0001) surface.

Graphite structures were grown on the InSe subst-
rates by vacuum deposition at 10-4Pa. Carbon was
sputtered from an electrode under a voltage of 2.8 kV at
390 °C. Electron beam sputtering allows to evaporate
refractory metals and carbon, which have a high melt-
ing point. Low values of the specific surface energy of
the van der Waals surface and DC voltage applied to
the substrate provide the formation of critical nuclei of
carbon nanostructures on the (0001) surface.

The electrical conductivity was measured in DC mode.
Photosensitivity spectra were investigated by means of
a monochromator MDR-3 at modulated light flux.

3. RESULTS AND DISCUSSION

Fig. 1 shows the spectral distribution of photosensi-
tivity of the InSe single crystal (a, curve 1), graphite
film obtained from a suspension (a, curve 2) and graph-
ite/InSe structure obtained by vacuum deposition (b).
All samples are photosensitive in the energy range of
hv=12+26¢eV. There is an exciton peak at
Eer:=1.23 €V in the InSe single crystal, which is ob-
served only in high-quality layered semiconductors [9].
The photosensitivity increases sharply at Av=1.2 eV
due to fundamental absorption in InSe (E; = 1.26 eV).
A further increase in the photosensitivity with increas-
ing photon energy is due to an increase in the light
absorption coefficient of InSe. The decrease in the pho-
tosensitivity of InSe at high photon energies is due to
an increase in recombination in the near-surface layer
of the semiconductor. Growth of the absorption coeffi-
cient leads to light absorption in a thin near-surface
layer. This causes an increase in the concentration of
nonequilibrium charge carriers that increases recombi-
nation in this layer. Accordingly, carriers do not have
time to diffuse into the bulk of the semiconductor and
the photosensitivity decreases.

For the graphite/InSe structure (Fig. 1b), an in-
crease in photon energy leads to an increase in the pho-
tosensitivity with a maximum at Av = 2.5 eV. Investiga-
tion of carbon nanoformations grown on the InSe sur-
face by this technology shows the presence of a large
number of structural defects [10]. At a height up to
100 nm, such nanostructures are transparent in the
region of fundamental absorption of InSe. We assume
that the maximum photosensitivity is determined by
absorption in a thin layer of In2Ses, which is formed on
the InSe surface at heating [11, 12]. It was shown in
[13] that the band gap of a-In2Ses films increases with
decreasing thickness and can reach 2.8 eV for 3.1 nm.

JJ. NANO- ELECTRON. PHYS. 13, 04020 (2021)

Based on this, we assume that the InSe substrate is
strongly heated during vacuum deposition and several
upper layers change their phase composition.
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Fig. 1 — Spectral distribution of photosensitivity of n-InSe (a,
curve 1), graphite film obtained from suspension (a, curve 2)
and graphite/InSe structure (b)

Fig. 2 shows the spectral distribution of photosensi-
tivity of InSe-TEG (10 wt. % TEG) with a maximum in
the fundamental absorption edge region of InSe. The
fundamental absorption edge is blurred compared to n-
InSe/graphite structures due to absorption at the grain
boundaries. This also causes a further decrease in the
photosensitivity. There is a high concentration of de-
fects that act as trapping and recombination centers for
photogenerated electrons at the grain boundaries. Elec-
trons captured by such centers do not participate in the
photocurrent. The absolute value of the photocurrent of
the InSe-TEG is much smaller than that of graphite/
InSe structures.

Photosensitive graphite/GaSe structures were also
obtained by vacuum deposition. Fig. 3 shows the spec-
tral distribution of photosensitivity of such structures.
It is shown that the photosensitivity increases sharply
at the fundamental absorption edge (Eg =~ 2.0 eV) due to
photogenerated electrons from the valence band. The
photosensitivity increases with increasing photon ener-
gy in the studied range of energies.
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Fig. 2 — Spectral distribution of photosensitivity of InSe-TEG
(10 wt. % TEG) composite material
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Fig. 3 — Spectral distribution of photosensitivity of graphite/
GaSe structure

Table 1 — Specific electrical conductivity of InSe powder, TEG
and InSe-TEG

type T, K o, Ohm-lcm-1

200 4.910-9
InSe powder n 985 1910-7

80 924
TEG " 285 1220
InSe-TEG n 80 74
(10 wt. % TEG) 285 110
InSe-TEG
(20 wt. % TEG)| " 285 260

The values of electrical conductivity (o) of the initial
and InSe-TEG composite materials measured at differ-
ent temperatures are shown in Table 1. The materials
have n-type conductivity. The growth of o with increas-
ing temperature is found. As can be seen from Table 1,
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DoToEeJIEKTPUYHI TA €JIEKTPUYHI BJIACTUBOCTI KOMIIO3UTHUX MaTepiaJjie
Ha ocHOBi n-InSe i rpadiry

B.M. Kamincernii!, B.B. Borensmok!, B.M. Bogo’auos!, I1.I. CaBuupkuii!, A.B. 3aciaoukin!,
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B po6Goti npuBemeHi pesysIbTaTH TOCTIIMKEeHb KOMIIOSUTHUX MATEPialliB Ta CTPYKTYp, BUTOTOBJIEHUX HA
OCHOBI IIapyBATHX HAMIBOPOBIAHUKIB Ta rpadiry. IIi maTepianm MaoTh CX0/KY KPHUCTAJIYHY CTPYKTYPY Ta
3aBJSIKM CBOIM YHIKAJIHHUM (DI3UYHMM BJIACTUBOCTSIM € IIEPCIIEKTUBHUMU [JIS €JIEKTPOHIKK Ta (POTOEJIEKT-
poniku. ToMmy imess BUrOTOBJIEHHS Ha 1X OCHOBI HOBHX KOMIIO3UTIB Ta CTPYKTYP € IILJIKOM OYeBHUOHOK. Mmn
HaMaraJucs 3poOUTH JesKi KPOKU B I[FOMY HAIIPSIMKY BHKOPHCTOBYIOUHM PI3HI TeXHOJIOTIUHI omeparlrii. Byio
BUTOTOBJIEHO TPH THUITHM JOCJIIHUX 00€KTIB: IpecoBaHi TabJieTKu 3 MOpoInkiB InSe Ta TepMOpo3mMpeHoro
rpadity; IUIIBKY 13 BOAHOI CyCIIeH31l TepMOPO3UINPEHOT0 rpadiTy, Kl HAHOCHJINCH Ha CBIYKOCKOJIEHY II0BED-
xuio (0001) InSe; crpyrrypu rpadir/InSe, onep:kani nuisxom BakyyMmHoro HanuiaeHHs. JlocaimkeHo ix ¢o-
TOEJIEKTPUYHI Ta eJIEKTPUYHI BIacTUBOCTI. BeraHOBIEHO 3HAYHE 3POCTAHHS €JIEKTPOIPOBLIHOCTI KOMIIO3UT-
Horo marepiasy InSe-Tepmoposimpenuit rpadir 1Mo BigHOIIEHHIO g0 BuxigHoro nopomky InSe. Ie osnauae,
IO B I[HOMY MaTepial eJeKTPUIHUM CTPYM IIPOTIKAE II0 KaHAaIax, yTBOpeHuX rpaditoM, a BUOpaHUN THCK,
IpU SIKOMY IIPEeCYBAJINCH 3pa3Ku, 3abe3redye JT00puil KOHTAKT Mixk okpemumu kpucrasgitamu. Oorodyriin-
BICTH OTPUMAHMUX MATEpiasiB 1 CTPYKTYP BHU3HAUAETHCA ONTHUYHUMHM BiacTuBocTsaMu InSe. [iamason doto-
YyTJIMBOCTI KOMIIOSUTHOTO MaTepiaity InSe-Tepmopoanmpenuii rpadgiT € MeHIINM Hisk B InSe um erpykTypax
rpadit/InSe 3a paxyHOK po3CilOBAHHSIM HA TPAHULIAX 3€PEH.

Kmiouosi cmosa: Cenenin inmio, Tepmoposmmpenuit rpadgir, Kommosurauit marepian, ®oTouyTaInBiCTD,
EnexTpomnpoBigHicTs.
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