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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 'MX2' 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 (CoSe2) 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 MX2 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, 

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, CoSe2 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 

CoSe2 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 

temp.(C) 

Growth zone 

temp.(C) 

Holding 

time (hours) 
Remarks 

1050 950 60 
Obtained 

charge of CoSe2 

 

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 CoSe2 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. 
 

 
 

Fig. 1 – EDAX spectrum and elemental mapping of the pre-

pared sample 

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 μm [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 CoSe2 

compound 

 

 
 

Fig. 2 – SEM images of the CoSe2 charge 

 

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 

0 0), (2 1 0), (2 1 1), (3 1 1), (3 2 0) and (3 2 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 CoSe2 were determined from 

their UV-VIS-NIR spectrum shown in Fig. 4a. The ab-

sorption edge of CoSe2 was around 348 nm to 362 nm. 

Tauc's plots (Fig. 4b, c) 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. 

Element 
Weight % taken 

for growth 

Weight % obtained 

from EDAX 

Co 32.69 39.42 

Se 67.31 60.58 

Total 100 100 
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Fig. 3 – XRD pattern of CoSe2 charge 
 

Table 3 – Microstructural parameters obtained from XRD of 

CoSe2 charge 

 

1 Peak No 
2 Braggs angle [2θ (degree)] 
3 FWHM (β) 
4 Crystallite size [D (nm)] 
5 Dislocation density [δ1014 (lin m – 4)] 

6 Microstrain [ϵ10 – 4 (lin – 2m – 4)] 
 

 
 

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. 

Fig. 5c 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]. 
 

 

Fig. 5 – HRTEM images indicating (a, b) layered structure 

and nanoflakes of CoSe2 charge, (c) lattice fringes of 

nanoflakes, (d) SAED pattern obtained from nanoflakes of 

CoSe2 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 CoSe2. 

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. 

 

P.n.1 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 
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Структурні, морфологічні та оптичні характеристики диселеніду кобальту,  

вирощеного методом прямого переносу пари (DVT) 
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Протягом багатьох років з використанням дихалькогенідів перехідних металів (TMDCs) було про-

ведено величезну кількість досліджень та зроблено багато важливих інновацій. Цей клас шаруватих 

напівпровідникових матеріалів знайшов використання у сфері виготовлення пристроїв завдяки бага-

тьом своїм універсальним властивостям. Регульована ширина забороненої зони, що супроводжується 

чудовими фотонними та електронними властивостями, є вражаючими особливостями цих матеріалів. 

Вони відповідають типу MX2 з силами Ван-дер-Ваальса, які утримують прошарки, де M (Mo, Nb, Re, 

Hf тощо) символізує перехідний метал, а X (Se, S або Te тощо) є атомом халькогену. У цьому класі ма-

теріалів кобальт використовується як добавка для покращення властивостей багатьох сполук. Метою 

роботи є вирощування диселеніду кобальту (CoSe2) методом прямого переносу пари (DVT) за допомо-

гою виготовленої на замовлення двозонної печі. XRD, HRTEM-SAED, SEM-EDX та UV-VIS-NIR спект-

роскопія використовувалися для ідентифікації структурних, морфологічних та оптичних властивос-

тей. Результати XRD і SAED підтверджують полікристалічний характер підготовленого зразка; також 

результати узгоджуються з раніше повідомленими роботами. SEM та HRTEM зображують морфологію 

поверхні та шарувату структуру підготовленого зразка. Також EDX підтверджує стехіометрію, чистоту 

та однорідність підготовленого зразка. Пряма та непряма заборонені зони, отримані за допомогою UV-

VIS-NIR спектроскопії, становлять 3,303 еВ та 3,046 еВ відповідно. 
 

Ключові слова: 2D матеріали, TMDC, Диселенід кобальту, Техніка DVT, HRTEM-SAED. 
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