JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 14 No 5, 05001 (4pp) (2022)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 14 No 5, 05001 (4cc) (2022)

Structural, Morphological and Optical Characterization of Cobalt Diselenide Grown

by Direct Vapor Transport (DVT) Method
Darshan. J. Jadav®, S.M. Vyasf, A.M. Vora*

Department of Physics, University School of Science, Gujarat University, Navarangpura,
Ahmedabad — 380 009, Gujarat, India

(Received 03 August 2022; revised manuscript received 24 October 2022; published online 28 October 2022)

Enormous research and many noteworthy innovations have been done using Transition Metal Dichal-
cogenides (TMDCs) over the years. This class of layered semiconductor materials has found a strong foot-
hold in the realm of device making due to theirs many versatile properties. The tunable band gap, accom-
panied with remarkable photonic and electronic properties, are a few of the striking features of these ma-
terials. They follow the 'MX:' type of arrangement with van der Waals forces holding the interlayers, where
M (Mo, Nb, Re, Hf etc.) symbolizes a transition metal and X (Se, S or Te, etc.) is a chalcogen atom. Among
the family, cobalt is used as a dopant to perk up the properties of many compounds. The focus of the work
is to grow cobalt diselenide (CoSez) by Direct Vapor Transport (DVT) method using a custom made dual-
zone furnace. XRD, HRTEM-SAED, SEM-EDX and UV-VIS-NIR spectroscopy are utilized to identify their
structural, morphological and optical properties. XRD and SAED results confirm the polycrystalline nature
of the sample prepared; also, the results are consistent with previously reported works. SEM and HRTEM
depict the surface morphology and layered structure of the prepared sample. Also, EDX confirms the stoi-
chiometry, purity and homogeneity of the prepared sample. The direct and indirect band gaps obtained us-

ing UV-VIS-NIR spectroscopy are 3.303 eV and 3.046 eV, respectively.
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1. INTRODUCTION

Though graphene has been extensively researched
upon the zero band gap value led to the need for inves-
tigating similar 2D materials with an appropriate en-
ergy gap [1, 2]. One of the many such discovered mate-
rials is a category of layered TMDCs [3, 4]. This class of
materials exhibits an MXz pattern of atomic plane
arrangement; with M standing for transition metal and
X for chalcogen. Every individual layer has covalently
bonded constituents, where weak bonds hold the mul-
tiple layers. The weaker bond across the thickness of
TMDCs makes it easier to cleave the layers, hence
transforming them from bulk to few-layered counter-
parts [5]. Commonly, a single layer of TMDC would be
0.6-0.7 nm thick, following a hexagonal structure [6-8].
However, depending upon the elemental constituents,
the coordination could be octahedral or trigonal pris-
matic [9, 10]. In some instances, even orthorhombic or
cubic structure may be followed by these materials as
is reported in the case of nanocrystalline CoSe2 grown
by hydrothermal synthesis [11]. Though numerous
methods have been testified for the synthesis of these
materials; it is the quality and the desired quantity of
outcome that governs the selection of growth method
[7]. These layered materials have been reported to
exhibit exceptional optical, mechanical and electrical
properties, which under certain specific conditions can
be tuned according to need [12, 13]. Band gap engineer-
ing enables to alter the electronic properties of these
materials accordingly transforming them into an insu-
lator, semiconductor or metal [14]. Their stability, non-
zero band gap coupled with high mobility of carriers,
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make them suitable candidates for applications in sem-
iconductor systems [15-17], lightweight wearable and
flexible applications as well [18]. Tedstone et al. [19]
have reported vast applications of these TMDCs,
whereas Dong et al. [9] have highlighted the use of
TMDCs in heterostructure fabrications.

Among TMDCs, CoSez has been reported to be an
efficient electrocatalyst for hydrogen evolution reaction
[6, 20,21], a good photocathode for water splitting
experiments [10, 22] and an excellent anode for sodi-
um-ion batteries [23, 24]. Keeping in mind the vast
applications of cobalt diselenide, crystals of CoSe2 were
grown from its vapor phase in the present work.

2. EXPERIMENTAL
2.1 Growth and Characterization

DVT technique was preferred for the growth of
CoSe: crystals to preserve the purity of the compound
to be grown [25, 26]. To serve the purpose, powders of
Cobalt (CDH and 99.95 % purity) and Selenium (CDH
and 99.95 % purity) were taken in the desired propor-
tion in a quartz ampoule. The ampoule containing the
properly mixed powdered constituents was then intro-
duced to a two-zone horizontal furnace. The tempera-
ture of both the zones was raised from room tempera-
ture such that the source zone and growth zone
reached a temperature of 1050 °C and 950 °C, respec-
tively. The ampoule was placed in the furnace in such a
way that the powder mix would be at the higher tem-
perature region. Such high temperature enables the
powder to melt and mix well with each other. The tem-
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perature difference of 100 °C allows the proper chemi-
cal reaction to occur at the source zone and also facili-
tates the transport of the reacted vapors to the growth
zone. The temperature of the furnace was maintained
as such for 60 h providing sufficient time for the reac-
tion to occur. Later, the furnace was brought back to
room temperature at a rate of 200 °C per 24 h. Table 1
specifies parameters followed during the growth pro-
cess. The outcome of the entire process was the charge
of cobalt diselenide compound.

The obtained sample was then subjected to various
characterizations. Energy Dispersive Analysis of X-rays
(EDAX) (OXFORD XMX N) investigated the elemental
composition and homogeneity of the samples. Scanning
Electron Microscopy (SEM) assisted in the morphologi-
cal analysis of the sample, (JEOL Model JSM -
6390LV) was used for the purpose. High-Resolution
Transmission Electron Microscopy (HRTEM) helped in
observing the layered profile of the samples, (JEOL/
JEM 2100) was used for the same. X-Ray Diffraction
(Bruker AXS D8 Advance) and Selected Area Electron
Diffraction (SAED) confirmed the crystallinity and
structural details of the sample. All characterizations
of the sample were carried out by the Cochin Universi-
ty, Kerala under DST-SAIF and STIC Program.

Table 1 — Parameters of growth

Source zone | Growth zone| Holding Remarks
temp.(°C) temp.(°C) |time (hours)
Obtained
1050 950 60 charge of CoSes

3. RESULTS AND DISCUSSION

The purity, constituent elemental analysis and stoi-
chiometry were investigated from EDX analysis. The
presence of Co and Se confirms the anticipated out-
come. Elemental study of CoSez shows a homogeneous
distribution of Co and Se throughout the area selected
for the mapping, as shown in Fig. 1. The weight per-
centage obtained from the analysis also confirmed that
the prepared sample is having a proper stoichiometry,
which is evident from Table 2.

Z5pm

Fig. 1 — EDAX spectrum and elemental mapping of the pre-
pared sample
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The surface morphological analysis of the grown
sample observed under SEM is shown in Fig. 2. Images
were obtained at various magnifications; the layered
growth could be observed at 1-2 pm [9, 19, 28]. Certain
flat and smooth surfaces were also observed, which
indicates the spreading of layers that ends where the
growth terminates.

Table 2 — Weight percentage of constituent elements of CoSe:
compound

Element Weight % taken | Weight % obtained
for growth from EDAX
Co 32.69 39.42
Se 67.31 60.58
Total 100 100

0000 14 45 SEI

20kV X7,000 2pm

Fig. 2 — SEM images of the CoSezcharge

3.1 Powder X-Ray Diffraction (PXRD)

The powder XRD spectrum, shown in Fig. 3, assists
in the structure determination of the sample. The
sharpness of the XRD diffraction peaks speculates their
crystallinity, while the peak position and their FWHM
values help in deducing various microstructural parame-
ters. The sharp peaks confirm that the crystals grown
using the DVT method in a dual-zone furnace is crystal-
line. The prominent diffraction peaks are observed at (2
00),(210),(211),(311),(320)and (32 1).

The crystallite size corresponding to various peaks
observed in the diffractogram has been determined by
Debye-Scherrer formula. In contrast, the average crys-
tallite size, the dislocation density and microstrain
determined are tabulated in Table 3. The obtained
results confirmed the polycrystalline nature of the
prepared samples and were in good agreement with
already reported values [9, 27].

The optical properties of CoSez were determined from
their UV-VIS-NIR spectrum shown in Fig. 4a. The ab-
sorption edge of CoSez was around 348 nm to 362 nm.
Tauc's plots (Fig. 4b, ¢) are constructed to evaluate the
band gap values for the prepared samples [22, 27]. The
value of indirect bandgap and direct bandgap was found
to be 3.046 eV and 3.303 eV, respectively.
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Fig. 3 — XRD pattern of CoSes charge

Table 3 — Microstructural parameters obtained from XRD of
CoSez charge

Pn.t B.a.2 F.M.3 C.S.4 D.D.5 M.S.6
1 30.368 0.294 27.999 1.276 4.727
2 34.078 0.301 27.605 1.312 4.285
3 37.458 0.295 28.436 1.237 3.796
4 51.565 0.326 27.063 1.365 2.945
5 56.457 0.306 29.466 1.152 2.487
6 58.797 0.313 29.133 1.178 2.424
7 73.909 0.356 27.925 1.282 2.065
1 Peak No
2 Braggs angle [26 (degree)]
3 FWHM (B)
4 Crystallite size [D (nm)]
5 Dislocation density [6-1014 (lin m -4)]
6 Microstrain [e-:10 -4 (lin—2m -4)]
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Fig. 4 — (a) Absorbance spectra, (b) Tauc's plot for indirect
band gap, (c) Tauc's plot for direct band gap

The layered nature of the prepared sample was fur-
ther studied using HRTEM. From Fig. 5a and Fig. 5b,
nanosized flakes of the prepared material are evident.
The darker region indicates a greater number of layers
in comparison to the lighter region with a few layers.
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Fig. 5¢ shows the lattice fringes of the sample; the
width of fringes is estimated to be around 0.21 nm,
which is close to the values obtained from XRD analy-
sis. The crystallinity of the samples was further con-
firmed from their SAED pattern shown in Fig. 5d. The
misoriented spots and slightly diffused ring patterns in
the SAED pattern clearly highlight the polycrystalline
nature of the prepared sample [19, 27, 28].

(b)

10 nm 20 nm

Fig. 5 - HRTEM images indicating (a, b) layered structure
and nanoflakes of CoSe: charge, (c) lattice fringes of
nanoflakes, (d) SAED pattern obtained from nanoflakes of
CoSe: charge

4. CONCLUSIONS

CoSe2 material was successfully synthesized by
employing Direct Vapor Transport (DVT) method;
using a custom made dual-zone furnace. Here, the
EDAX analysis showed the presence of Co and Se, and
the mapping showed the uniform distribution of both
elements. The weight percentage of Co and Se calcu-
lated was 32.69 % and 67.31 %, respectively, which is
as per the stoichiometric calculations done for CoSes.
Also, the XRD analysis confirmed the polycrystalline
nature with a crystal orientation at (210) plane. Sev-
eral other peaks were also indexed, which were in good
agreement with already reported values. While SEM
and HRTEM-SAED patterns confirmed the layered
nature as well as the surface morphology of the pre-
pared sample. At a resolution of 2 nm, the lattice
fringes were visible and were evaluated to be about
0.21 nm. SAED pattern also reconfirmed the crystal-
line nature of the prepared sample with bright spots
and some slightly diffused ring pattern. UV-VIS-NIR
spectroscopy analysis depicted the optical behavior of
the prepared sample. Tauc's plots for both direct and
indirect band gaps was done by the absorbance data
obtained. The direct and indirect band gaps obtained
were 3.303 eV and 3.046 eV, respectively. The value of
the band gaps was following the absorbance edge ob-
tained for the material, i.e., in the UV region of the
electromagnetic spectrum.
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CrpykTypHi, MOpPd0JIOTiYHi Ta OIITUYHI XapaKTEePUCTUKU JUCEIEHIay KODaIbTy,
BHPOIIEHOr0 METOA0M IIpsaMoro nepenocy napu (DVT)

Darshan. J. Jadav, S.M. Vyas, A.M. Vora

Department of Physics, University School of Science, Gujarat University, Navarangpura,
Ahmedabad — 380 009, Gujarat, India

IIpotrsirom 6araThoX POKIB 3 BUKOPUCTAHHSAM IuxasbKoreHimie mepexiguux meramnis (TMDCs) Gyso mpo-
BEJIEHO BeJIMYE3HY KIIbKICTD JOCIIIKeHb Ta 3p0o0JIeHO 6araTo BaskJIMBUX iHHOBaIii. llei riac mapysaTtux
HAIIIBIPOBIIHNKOBHUX MATEPIaJiB 3HAMUIIOB BUKOPHUCTAHHA y cdepl BUTOTOBJIEHHSA IIPHUCTPOIB 3aBAAKHK Oara-
TBOM CBOIM yHIBEpCAJIBHUM BJIACTUBOCTSAM. PerysboBaHa IMpPUHA 3a00POHEHOI 30HU, IO CYIIPOBOKYETHCS
qy10BUMU (POTOHHUMU Ta €JIEKTPOHHUMU BJIACTUBOCTAMU, € BPAXKAIOUUMU OCOOJIMBOCTSMU ITUX MAaTepiaiB.
Bouwu Bigmosimators trmy MX: 3 cutamu Ban-nmep-Baasbca, axi yrpumytors mpomrapku, me M (Mo, Nb, Re,
Hf Tomio) cumeostiaye mepeximgumii merad, a X (Se, S a6o Te To111o) € aToMoM XaJbKOTeHyY. ¥ IIbOMY KJIaci Ma-
TepiajiB KoOAJIbT BUKOPHUCTOBYETHCA SK J00aBKA JIJIS MOKpAIeHHs BJIACTUBOCTEN 6araTbox cmosyk. MeTorwo
poboTu € BupoIyBaHus auceseHiay kobanbry (CoSez) meromom mpsimoro mepenocy mapu (DVT) 3a momomo-
TOI0 BUT'OTOBJIEHOI HA 3amoBJieHHs aB030HHOI meui. XRD, HRTEM-SAED, SEM-EDX ta UV-VIS-NIR crexr-
POCKOITISI BUKOPUCTOBYBAJIMCA I imeHTH(IiKaIil CTPYKTYPHUX, MOP(MOJIOTIYHUX TA ONTHYHHUX BJIACTHBOC-
teit. Peaynpratu XRD 1 SAED miaTBepmskyoTh MOMIKPHUCTAIYHNA XapakTep IiAr0TOBJICHOT0 3pas3Ka; TAKOMK
pe3yIbTaTH Y3TOMKYIOThCA 3 paHimre mosigomiaerumu podoramu. SEM ra HRTEM 306pasyiors Mopdoorio
IOBEPXHI Ta IIapyBaTy CTPYKTYPY IIIAr0oTOBJIeHOro 3paska. Tarox EDX miarsepmsye crexioMeTpio, YUCTOTY
Ta OJHOPIIHICTD MITOTOBJIEHOTO 3pa3ka. [Ipsima Ta HenpsaMa 3a00poHeH] 30HHU, OTpuMaHi 3a gormomorow UV-
VIS-NIR crmexrpockorrii, crarosaars 3,303 eB Ta 3,046 eB BigmosigHo.

Kmiouogi cnosa: 2D marepianu, TMDC, ucenenin ko6ansry, Texaika DVT, HRTEM-SAED.
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