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The possibility of the formation of graphite nanostructures on the (0001) surface of layered InSe semi-
conductor by the sputtering in vacuum is shown. The InSe single crystals were grown by the Bridgman
method from a nonstoichiometric melts Ini.o03Seos7 in silica ampoules. They had the crystalline structure of
the y-polytype, n-type conductivity, and an electron concentration of 1015 cm-3 at room temperature. The sub-
strates for carbon deposition with dimensions of 4x4x0.2 mm were prepared by mechanical exfoliation along
the InSe layers. The deposition of the material was carried out at substrate temperatures in the range of
300-400 °C and upon irradiation of the growth zone with high-energy ultraviolet light. The latter was gen-
erated by halogen lamps with a quartz shell. In addition, a constant electric voltage was applied to the sub-
strate to improve the formation of critical nuclei of carbon nanostructures. The carbon was sputtered from an
electrode, which was under positive voltage of 2800 V in a vacuum of 10-¢ Pa during 50 min. The obtained
structures are long nanoformations with length about several micrometers. Their location is determined by
the dislocation grid of the InSe surface. The height of the carbon nanostructures does not exceed 100 nm. This
ensures their transparency in a wide spectral range. In addition, such nanostructures have high electrical
conductivity, small refractive index (~ 1.5) in the spectral sensitivity range of InSe, and a heterojunction can
be formed at the graphite/n-InSe interface. Grown carbon nanostructures contribute to the propagation of in-
cident light into the depth of crystal. The characteristic peaks of ~InSe crystals and graphite are observed in
the Raman spectrum. They indicate the absence of chemical interaction between the deposited material and
the substrate, some plastic deformation of the substrate and the presence of a large number of structural de-
fects in the carbon nanoformations.
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1. INTRODUCTION

The development of methods for creating spatially
ordered quantum-dimensional structures is an actual
problem in modern nanoelectronics [1]. They can be
grown on a substrate of layered semiconductors [2, 3],
whose crystal structure allows to obtain an atomically
smooth surfaces with a low density of dangling bonds
by simple mechanical exfoliation. One of the promising
materials for these purposes is graphite [4-7].

Indium selenide has high electron mobility, good
photosensitivity in visible and near-infrared region of
the electromagnetic spectrum [8], and photopleochro-
ism [9]. It expands the area of practical use of graph-
ite/InSe structures making them attractive candidates
for investigating various optical effects.

In this paper, the surface morphology and optical
properties of graphite nanostructures grown on the
(0001) surface of InSe were investigated. The high val-
ues of the transparency of these nanostructures (sever-
al dozen nm thickness), the high electrical conductivity
(important for its use as an electrical contact), small
values of a refractive index (~ 1.5) in the spectral sensi-
tivity range of InSe compared with its values for InSe
crystal (~ 2.1), and the presence of a direct optical band
gap in InSe (a necessary condition for light emitting
semiconductor devices) provide the possibility for fabri-
cation of nanochips for optoelectronic systems on the
van der Waals surfaces of InSe.
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PACS numbers: 61.46. — w, 81.05.uf, 81.07. — b

2. EXPERIMENTAL

The substrates for vacuum deposition of carbon were
prepared by mechanical exfoliation from bulk Bridgman-
grown InSe crystals. They had dimensions of 4x4x0.2 mm.
The high-resistance InSe single crystals had the crystal-
line structure of the y-polytype, and n-type conductivity
with an electron concentration of 10> cm—3 at room tem-
perature. The carbon was sputtered from an electrode,
which was under positive voltage of 2800 V in a vacuum of
10-4Pa at 390 °C for 50 min. The dc voltage applied to
the InSe substrate provides the formation of critical nuclei
of carbon nanostructures on the (0001) surface. During
growth, the nanostructure was irradiated by high-energy
UV radiation using halogen lamps with a quartz shell.

The surface morphology of nanostructures was stu-
died by tapping mode atomic force microscope (AFM) in
air. Micro-Raman and micro-photoluminescence spec-
tra were measured in air at different points of the
sample surface at room temperature using a Nd:YVO4
laser (1 =532 nm), a confocal optical microscopic sys-
tem, and an optical spectrometer (150-1200 ppm/mm)
with a cooled InGaAs photodetector. The laser beam was
focused by 100x lens on the surface in a light spot with
a diameter of 1 um. To exclude significant heating of
the samples, the power of the light flux did not exceed
10 mW. The photosensitivity spectra of the structures
were investigated using a MDR-23 monochromator.
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3. RESULTS AND DISCUSSION

At temperatures up 300 °C, nanosized surface defects
are formed on the InSe surface due to plastic defor-
mation along the pyramidal glide planes of dislocations
in hexagonal crystals. They pass through the chalcogen
atoms in the (0001) plane and are located in this plane
at an angle of 60° relative to each other. Such defects
cover several layers and pass into the crystal bulk at an
angle a=30° to the C crystal axis. The appearance of
these planes is accompanied by rupture of the atomic
bonds between metal and chalcogen in the InSe crystal
lattice and formation of nanosized In droplets along the
straight lines on the van der Waals surfaces, where
nanostructures grow [3]. Nanosized In droplets act as a
catalyst in the formation of nanostructured graphite.
The irradiation of the growth zone of carbon nanostruc-
tures by high-energy ultraviolet radiation also facilitates
the graphitization of carbon nanostructures. They grow
at a certain angle relative to the C crystal axis of InSe in
nano-cavities on its surface (see Fig. 1).
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Fig. 1 — Schematic representation of the graphite/n-InSe nano-
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Fig. 2 — Raman spectra of the graphite/n-InSe nanostructure
(T =300 K)

Fig. 2 shows the Raman spectra of grown nanostruc-
tures in the range of 50-2000 cm - 1. The strong and nar-
row bands at 115.7, 179, and 228 cm~-! are observed.
They are typical for a rhombohedral yInSe crystal,
which is used as substrates for the growth of nanostruc-
tures. This means that when carbon is deposited, there
is no chemical interaction between the deposited materi-
al and the substrate. However, the presence of a peak at
255 cm~1, belonging to amorphous selenium, indicates
plastic deformation of the substrate at heating that leads
to the rupture of atomic bonds between metal and chal-
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cogen in InSe crystal. The D and G bands in the Raman
spectra at 1354 cm -1 and 1590 cm -1 confirmed the for-
mation of nanosized graphite on the (0001) van der
Waals surface [10]. The D band indicates a large number
of structural defects.
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Fig. 3 — Surface morphology of the graphite/n-InSe nanostruc-
ture: a) two-dimensional AFM image; b) height distribution of
a rough surface
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Fig. 4 — Photoresponse spectrum of the graphite/n-InSe nano-
structure (curve 2) and n-InSe (curve 1) (T'= 300 K, photocur-
rent flow along the C crystal axis)

As can be seen from the AFM images (see Fig. 3), the
carbon structures are long (about several micrometers)
nanoformations. They have a height less than 100 nm
and are located in the sites of exit of plastic deformation
planes on the (0001) surface. At such height, they pass
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over 80 % of the incident radiation in the fundamental
absorption region of InSe. The light incident on the
nanostructure surface propagates along these transpar-
ent channels into the crystal bulk. The refractive index
is greater in InSe than in nanographite. When light
passes through the graphite/n-InSe interface, the light is
deviated and then propagates at a smaller angle relative
to the plane of InSe layers (see Fig. 1). Therefore, the
contribution to the photoconductivity of light component
with polarization of E | | C (E is the electric field vector
of the light wave) increases. This leads to a change of the
size and shape of the photoresponse spectrum (Fig. 4)
[11]. Such polarimetric structure can be used to measure
the parameters of polarized optical radiation by chang-
ing the angle of incident beam relative to the (0001)
plane of the layered crystal. The advantage of such
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use of the obtained structures in electronics.
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@®opmyBaHHg rpadiTOBUX HAHOCTPYKTYP HA IMMOBEPXHI IMapyBaToro kpucraiay n-InSe

B.M. Bogorr’stios, I.I'. Trauyxk, B.1. Isanos, 3.P. Kynpuucermnii, 3.11. Kosamor

Inemumym npobnem mamepianosnasemsa im. I M. @panuesuua HAH Vrpainu, Yepriseypke 8100i1eHHs,

eys. I. Binwde, 5, 58001 Yepnisui, Yrpaina

[Toxazano moksuBicTH popMyBaHHS TPadiTOBUX HAHOCTPYKTYp Ha moBepxHi (0001) mapysaToro HamiBII-
posinauka InSe posnunenusm y Bakyymi. Mosokpucranu InSe BuporyBasucs: y KBapIioBUX aMILyJiaX MeTO-
nom Bpimskmena i3 po3nsaBy HecTeXioMeTPUYHOIO CKIIALY IniosSeosr. BoHE Manu KpucrasidHy cTpyRTYpPY Y-
TOJIITUITY, N-TUII IPOBIMHOCTI Ta KOHIIEHTPAITIEI0 eJIeKTPOHIB ~ 1015 cM—3 mpu kiMHaTHIN TeMmepaTypi. [Tigk-
JIAIKY TSI OCQJPKEHHSI BYTJIEII0 Po3MipoM 4x4x0.2 MM BHUIOTOBJISIJINCS MEXAHIYHUM CKOJIIOBAHHSM B3IOBK
mrapiB InSe. OcamxeHHa MaTepialy IpOBOIMIOCH IIpu TeMiepaTrypax makaagku 300-400 °C i mpu ompomi-
HEHHI 30HM POCTY BHCOKOEHEPTeTUYHUM yJIbTpadiosleToBuM BUIIpoMiHIOBaHHAM. OCcTaHHE reHepyBasocs 3a
JIOTIOMOTOI0 TAJIOTEHHUX JIAMII 3 KBApIIOBoW 06010HK0W. JlomaTkoBo, As1s1 okpamieHHs (hOpMyBaHHIO 3apOJ-
KiB BYIVIEIIEBUX HAHOCTPYKTYD, [0 MIAKJIAIKK IIPUKJIAAAIACA IIOCTINHA eJIeKTpUYHA Halpyra. Byriems pos-
HUJTIOBABCS 3 €JIEKTPOIa, AKUM 3HAXOIUBCS I ITO3UTHUBHOI0 Hampyroo ~ 2800 B y Bakyymi ~ 10-4 Ila mipors-
rom 50 xBusmH. OTpUMaHi CTPYKTYPH IIPEACTABJIAITD CO00K0 MPOTSKHI HAHOYTBOPEHHS JOBKUHOK IeKLIbKA
MEM. IX posramryBaHHs 3aqaeThes JUCIOKALINHOL CiTKo0 moBepxHi InSe. Bucora ByrireleBux HAHOCTPYKTYp
He nepesuirye 100 am. Ile 3abeameuye ix IPo30picTh B IMUPOKOMY CIIEKTpaIbHOMY mianasoHi. Kpim Toro, Taxi
HAHOCTPYKTYPHU MAITh BUCOKY €JIEKTPUYHY IIPOBIIHICTD, MAJIUH KoedillieHT 3aIoMIeHHa cBitia (~ 1.5) B 00-
nacTi cmekTpaisbHol uyTiauBocTi InSe, a Ha imTepdeiici rpadit/n-InSe Moske yTBOpHOBATHCA TeTepOIEPEXif.
Bupoieni Byriernesl HAHOCTPYKTYPH CIPHUSAIOTh PO3MOBCIOIMKEHHIO I14JAl040r0 Ha MOBEepXHIO InSe cBitia B
rIMOUHY KPUCTANy. B paMaHIBCHKUX CIIEKTPaxX IMPUCYTHI MKW, 0 XapakTepHi 1 Kpuctaiis y-InSe ta rpa-
dity. Boun BKa3yoTh Ha BIICYTHICTh XIMIYHOI B3a€MOIIl MisK OCAIKEHUM MATepiajioM 1 IIJIKJIAIKOIO, TeIKy
IJIACTHYHY JedopMalriio MMJIKIaJKNA Ta HAABHICTH BEJIMKOI KIJIBKOCTI CTPYKTYPHHUX JTe(EKTIB y BYIJICIIEBUX
HAHOYTBOPEHHSX.
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