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Abstract: Recently, low-dimensional structures in the form of bulk crystals and nanoflakes have
received considerable interest due to their 2D unique functionality and promising applications in
electronics, photonics, sensing devices and photovoltaic solar cells. As a result, remarkable efforts and
modifications have been made for the synthesis process of crystalline material by the vapor transport
technique. Here, an alternative concept of NbSe; crystal growth by the chemical vapor transport
(CVT) technique using bromine as a vapor transport agent is presented and subsequently analyzed
by X-ray diffraction (XRD), Raman and X-ray photoelectron spectroscopy (XPS) spectroscopy. X-ray
powder diffraction analysis revealed hexagonal 2H-NbSe; and 4H-NbSe; phases, and characteristic
Raman and XPS spectra typical for crystalline NbSe, were obtained. The environmental sensitivity of
the grown crystals is manifested by luminescence attributed to oxidized Nb at the samples’ surface.

Keywords: transition metal dichalcogenides; NbSe, single crystal; Raman spectroscopy; chemical
vapor transport

1. Introduction

Two-dimensional (2D) van der Waals (vdW) materials have unique physical proper-
ties and tremendous potential for contemporary applications. The dimensionality effects
exhibited by two-dimensional van der Waals materials have recently attracted extensive
interest. Due to the weak vdW bonding between the layers, 2D materials can be straight-
forwardly exfoliated, transferred and stacked using mechanical processes, which provide
a perfect platform studying magnetic, electrical, optical, mechanical and various other
specific physical properties to the monolayer limit [1,2].

2H-NDbSe; is particularly actively investigated material among the transition metal
dichalcogenides (TMDs). The single crystal 2H-NbSe; is reported to be a prototypi-
cal anisotropic s-wave superconductor with zero-field critical temperature Tc = 7.2 K,
along with an incommensurate charge density wave (CDW) phase at a temperature of
Tcpw = 33 K. The competitive relationship between the superconducting phase and CDW
phase has brought about wide and sustained arguments [3]. In comparison to the bulk
counterpart, monolayer NbSe, exhibits a strongly enhanced CDW order and intrinsic Ising
superconductivity [4]. Due to its specific electric properties, NbSe; is anticipated to be
a feasible Lego brick for heterojunction device applications, such as high-performance
field-effect transistors or superconductor-semiconductor heterostructures for the detec-
tion of Majorana fermions [5,6]. 2H-NbSe,, 4H-NbSe; and 3R-NbSe; are the three most
common polytypes of niobium diselenide. The first two hexagonal structures possess
superconductivity below 7.2 K and 6.3 K, respectively. The third rhombohedral structure
is not superconducting up to 1.2 K [7]. Therefore, it is very important to establish reliable
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techniques for the synthesis of corresponding high-quality crystals and thin layers. Despite
there being several bottom-up and top-down methods for obtaining nanolayers, physical
and chemical vapor deposition methods are not completely appropriate for synthesiz-
ing highly crystalline samples, due to the inevitable substrate- and layer-induced defects
(e.g., vacancies, dislocations and grain boundaries) and the attained critical temperatures
were currently far below those of the exfoliated sheets [8]. Chemical vapor transport
is still the most reliable and low-priced method for growing high-quality TMD single
crystals [9,10]. NbSe, single crystals are usually grown using the iodine-assisted CVT
method [11,12]. Furthermore, it was proposed [13] modified temperature-oscillating CVT
method for controllable growth of NbSe; single crystals. This kinetic process, functioning
by temperature oscillation in a two-zone furnace, was used to maintain a supersaturation-
dependent growth. Crystals with screw dislocations as well as homogeneous hexagon
crystals were developed during the oscillation under different cooling rates. It is observed
for group VI dichalcogenides that bromine is a more suitable transport additive than iodine.
Chemical transport rates with iodine are low; however, transport with bromine is more
effective. Moreover, the addition of bromine led to WSe; crystals of better quality [14].

In this paper, we report on the growth conditions and characterization of NbSe, single
crystals by means of bromine vapor transport. The performed X-ray powder diffraction
analysis revealed a hexagonal 2H-NbSe; phase, afterwards characterized by Raman and
XPS analysis.

2. Materials and Methods

The CVT method is a relatively quick and simple growth technique with high yield,
which relies on the use of transporting agents such as I, Brp, etc. CVT is a process of crystal
growth that generates crystals via gas-phase transport. The target material is combined
with a volatile transport agent in a long quartz tube/ampoule sealed under vacuum. When
this tube is heated, the transport agent is vaporized. The transport agent then reacts with
the target material, transforming it into a gaseous intermediate phase which can then travel
along the length of the tube. Once the intermediate reaches the other, typically cooler, end
of the tube, the temperature is low enough that there is no longer sufficient thermal energy
to maintain the gaseous intermediate. It then decomposes into the transport agent, which
remains in the gas phase, and the target material, which deposits on the tube surfaces
and crystallizes [15].

NbSe; crystals were synthesized from the elemental components in a two-step process
by chemical vapor transport. First, for preliminary synthesis of polycrystalline NbSep
material, stoichiometric amounts of Nb (purity 99.99%, Alfa Aesar, Haverhill, MA, USA)
and Se (purity 99.9%, Alfa Aesar, Haverhill, MA, USA) elemental powders were sealed in a
quartz ampule under vacuum and annealed in a tube furnace at 850 °C for 72 h followed by
cooling at 5 °C/min rate down to 350 °C and then removed from the furnace. The reaction
product was confirmed by XRD analysis to be polycrystalline NbSe,. NbSe; single crystals
were grown by chemical vapor transport CVT technique using bromine vapor transport
setup (Figure 1a). For the growth of NbSe, crystals, the grounded sintered polycrystalline
NbSe; and narrow capillary with bromine (~2 mg/cc) of ampoule volume were sealed
in an evacuated (107> torr) quartz ampoule for compound preparation. After sealing the
loaded ampoule, the NbSe, powder and bromine were thoroughly mixed by vigorous
shaking. The powder charge along with bromine were kept at one end of the ampoule.
The sealed ampoule was introduced horizontally into the two-thermal-zone furnace. The
furnace temperature in both the zones increased slowly to 850 °C (hottest, reaction zone)
and 800 °C (cooler, growth zone). The ampoule was left at these temperatures for 168 h.
After the required period of growth, the furnace was cooled down to room temperature
with the rate of 50 °C/h. The ampoule was then broken, and crystals were found to have
grown at the cooler end of the ampoule.
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(a)

Temperature 2 NbSe, crystals

Figure 1. (a) Chemical vapor transport (CVT) method setup used for the growth of NbSe; crystal
growth and (b-d) schematic crystal structure of 2H-NbSe, along the a,b,c axis [16].

In order to completely understand the structure of NbSe; samples, a powder X-ray
diffraction (PXRD) was performed. Structure analysis by single-crystal X-ray diffraction is
one of the most powerful techniques for elucidating solid-state and molecular structures. It
provides common detailed information on the lattices of crystalline materials, including
unit cell dimensions, bond lengths, bond angles, and details of site ordering. Powder X-ray
diffraction patterns were gathered within the 26 range from 10° to 80° with a constant
step 0.02° on a Bruker D8 Advance diffractometer (Billerica, MA, USA) with tube CuKo
40 KV, 40 mA. Goniometer radius 217.5 mm, scan type coupled TwoTheta/Theta, 10°-80°,
step 0.02, counting time 35 s/step, primary Soller slit 4°, divergent slit 0.3°, secondary
Soller slit 4°, anti-scattered slit 0.5°, LynxEye detector (Billerica, MA, USA) and detector
slit 11.93 mm. Phase identification was performed with the Diffracplus EVA using the
ICDD-PDF2 Database (Newtown Square, PA, USA).

The Raman spectra were collected in backscattering geometry at a HORIBA Jobin
Yvon Labram HR visible spectrometer (HORIBA France SAS, Lille, France) coupled to a
Peltier-cooled CCD detector. A He-Ne laser with wavelength of 632.8 nm was used for
excitation with spectral resolution of ~1.5 cm~!. The laser beam was focused on a spot
with approximate size of 5 um on the sample surface using a microscope objective with
magnification 50 x. The laser power was attenuated to below 300 uW to prevent sample
overheating. Raman line parameters were determined from fit to Voigt profiles.

The X-ray photoelectron spectroscopy (XPS) studies were performed in a VG Escalab
MKII electron spectrometer (VG Scientific Limited, London, UK) using AlK« radiation with
energy of 1486.6 eV under base pressure 1078 Pa and a total instrumental resolution of 1 eV.
The binding energies (BE) were determined using the C 1s line as a reference with an energy
level of 285.0 eV. The accuracy of the measured BE was 0.2 eV. The photoelectron lines
of the constituent elements on the surface were recorded and corrected by subtracting a
Shirley-type background and quantified using the peak area and Scofield’s photoionization
cross-sections. The spectra deconvolution was performed with XPSPEAK41 software
(version 4.1).



Coatings 2023, 13, 947

40f9

The excitation source for photoluminescence (PL) spectroscopy setup was a 325 nm
line of a He—Cd laser and the emissions were analyzed using a Horiba-Jobin Yvon iHR550
(1800 grooves/mm grating, HORIBA France SAS, Lille, France) spectrometer with a liquid-
nitrogen-cooled CCD detector.

3. Results and Discussion
3.1. X-ray Diffraction Analysis (Crystalline Structure)

NbSe; has a Molybdenite-like structure and crystallizes in the hexagonal P63 /mmc
space group. The structure is two-dimensional and consists of two NbSe; sheets oriented in
the (0, 0, 1) direction. In the structure, Nb** is bonded to six equivalent Se?~ atoms to form
distorted edge-sharing NbSes pentagonal pyramids. All Nb-Se bond lengths are 2.62 A.
Se?~ is bonded in a three-coordinate geometry to three equivalent Nb*" atoms. Figure 2
shows the X-ray diffraction pattern for powdered NbSe, which can be well indexed within
the P63 /mmc structure. According to the X-ray powder diffraction analysis, a hexagonal
P63 /mmc, 2H-NbSe; crystalline (JCPDS card no. 01-070-5612) phase (platelets) with lattice
cell parameters of a = 0.345(2) nm, b = 0.345(2) nm and ¢ = 1.253(0) nm and a hexagonal
P-6m2, 4H-NbSe, (JCPDS card no. 01-072-1621) phase with lattice cell parameters of
a = 0.344(9) nm, b = 0.344(9) nm and c = 2.539(3) were obtained. In Figure 2, some
faint peaks are also detected (marked with asterisks) which match the peaks in the X-ray
diffraction pattern of monoclinic [17] NbSe; (JCPDS card no. 00-029-0950). This indicates
the presence of minor inclusions of crystalline NbSe; (needle-like shape) in the studied
specimens. It should be mentioned that niobium always contains tantalum in some quantity
despite the purity of the product. However, it was found [18] that Ta-doped 2H-NbSe,
sustains the original structure, yet shows an enhanced electronic property, which could
be beneficial to the realization of the superconducting properties of 2H-NbSe,. Q is for
quartz from the quartz ampoule used for CVT growth. Crystals of 2H- and 4H-NbSe;
were grown at 750 and 925 °C, respectively, from polycrystalline compounds, using the
vapor transport technique in [19]. In 2H-NbSe,, superconducting and charge density wave
(CDW) transitions were observed at Tc = 7.4 K and Tepw = 35 K, respectively. It is found
that these two transitions are changed to Tepw = 42 K and T¢ = 6.5 K in 4H-NbSe; [19].
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Figure 2. X-ray diffraction patterns of NbSe, crystals. NbSes peaks are marked with asterisks.

Figure 3 shows an optical microscopic image of one of the grown crystal specimens
that was used for further characterization. From Figure 3, the presence of naturally grown
smooth surfaces is evident, whose facets contain angles of 60° and 120° indicating a
crystalline hexagonal phase. Due to minor sample tilting, some of these structures are
slightly smeared out, therefore several spots where such angles occur are encircled with a
white line as a guide to the eye.
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Figure 3. Optical microscopic image of a NbSe; crystal surface containing faceted naturally grown
surfaces. Some facet edges making angles of 60° and 120° are encircled with a white line for clarity.

3.2. Raman Analysis

Various Raman-active features are expected for the normal phase of 2H-NbSe,; how-
ever, the Raman spectra of materials can be affected by many factors, including the di-
mensionality effect, impurities and doping. Therefore, we conducted the Raman charac-
terization on a smooth naturally grown surface as shown in Figure 3. For the 2H-NbSe,
compound [20], the A;g and Ep; Raman-active phonons and the so-called soft mode were
detected [21-23] as depicted in Figure 4. Ajg corresponds to an out-of-plane mode and
its spectral line is located at ~230 cm . Epg is an in-plane vibration with extremely weak
Raman activity upon red excitation [20] and appears at ~239 cm~! as a faint shoulder at
the high-frequency side of the Ajg line. The linewidth of the Ajg phonon in Figure 4 is
only 5 cm~!, indicating the good quality of the obtained NbSe;, crystal. A quite similar
spectrum was published for a NbSe; crystal prepared by the flux method in Ref. [24]. For
the 2H-NbSe; structure, there is also another Raman-active mode—E;;—which is expected
at ~134 cm~! [21]. However, due to the presence of facet edges producing angles of 60°
and 120° in Figure 3, it is highly probable that our Raman spectra were taken from the [001]
plane of the hexagonal lattice and the Eyg line is forbidden in this scattering geometry.

LM/.__

200 400 600 800 1000 1200

Intensity (arb. u.)

140 160 180 200 220 240
Raman shift (cm'ﬂ)

Figure 4. Raman spectra of the studied NbSe; crystal. Low-intensity components stemming from
NbSej inclusions are marked with asterisks. Fitted peaks are plotted below the spectra for the Ajg
(red), Epg (blue) and Ag (NbSes) (brown) phonons for clarity. Inset: full extension of the NbSe,
Raman spectrum.

The broad feature centered at ~180 cm~! (Figure 4) is assigned as “soft mode” and
involves a second-order scattering processes of phonons from the periphery of the Bril-
louin zone, including both intralayer and interlayer vibrations [22,23]. The temperature
dependence of this mode has been found to correlate with the CDW transition. It softens
significantly upon cooling until reaching Tcpw, below which it remains frozen [23].
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The spectrum in Figure 4 contains two additional features (marked with asterisks)
which are identified as originating from the minor NbSej inclusions in our specimen: a
shoulder at the low-frequency side (~220 cm~1!) of the Ajg line and a feature at about
145-155 cm~! which may also be viewed as a shoulder to the broad “soft mode” band. The
shoulder at 220 cm ™! coincides with the strongest A, Raman line of monoclinic NbSe; at
~218 cm~! [17], and the broad feature at 145-155 cm ™! matches the frequency range of the
strongest band in the NbSe3 Raman spectrum consisting of three other Ag lines at 143, 156
and 164 cm ™1 [17].

In Figure 4, the fit components corresponding to the three first-order phonon lines
(A1g, Eog and Ag (NbSe3)) are plotted below the measured spectrum for clarity. In the inset,

the same spectrum is shown in its full extension to above 1200 cm ™.

3.3. X-ray Photoelectron Spectroscopy (XPS)

For the XPS analysis, a small portion of the sample was pressed in a pellet and placed
in the analysis chamber. XPS analysis was carried out to investigate the chemical nature
and identify the elements present in the NbSe; crystal. Figure 5a shows the XPS survey
scan. The predominant peaks correspond to Nb 3d, Se 3d, C1 s and O 1s core-level spectra,
respectively. As can be seen from the survey scan of NbSe; crystals, the Se is predominant
on the surface and thus the Auger SeLMM structure is quite extensive and cause spectral
interferences with a wide variety of other elements. We did not detect any features typical
of Br. The surface concentrations of constituent elements were calculated and are given
below as O = 55.47 at.%, Se = 33.04 at.% and Nb = 9.82 at.%, respectively. The spectrum
of Nb 3d appeared as a doublet corresponding to Nb 3d5,, and Nb 3d3/, (see Figure 5b).
In the present case, this doublet has a complex structure due to the presence of Nb in two
different oxidation states, as well overlapping with the SeLMM line. The deconvoluted
spectrum of Nb 3d consist of a first doublet with a maximum of around 203.5 eV attributed
to the formed Nb-Se bonds and a second doublet with a maximum at 207.5 eV, which
corresponds to NbOx. The Se 3d spectrum shows a single peak at 55.1 eV (see Figure 5c).

40,000 T T L T T
@) 2 5 Survey
o
30,000 g
b2]
c
=}
> 20,000 4
o
E
<C o
10,000 Q4
(%]
SeLMM
O Ir 1 1 1 TI
600 500 400 300 200 100 0
Binding Energy (eV)
5700 2000
(b) Nb3d
5600 [ 1800
Nb-Se bond to fuger SeLMM
@ 500r £ 1600
i=
S s} =}
> > 1400
£ s300f ©
=
s 5 1200
Z 5200 2
< 7 <

5000

Binding Energy (eV)

L L L L L L L L
212 210 208 206 204 202 200 198 196

1000

58 56 54 52 50
Binding Energy (eV)

Figure 5. XPS survey scan (a) and spectra of Nb 3d (b) and Se 3d (c).
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We should mention here that the Se 3d peak is also a doublet but with a very small
spin-orbit splitting (0.86 eV). The Se 3d was fitted with three components. The main
components belong to NbSe,. The other two minor components could be ascribed to
residual amorphous Se and/or trigonal Se. The obtained results are compared with data
from other literature sources and show the presence of NbSe; [25], as well as inevitable
surface oxidation [26].

3.4. Photoluminescence

NbSe; crystals are recognized for their sensitivity in air [27]. In atmospheric conditions,
NbSe; already readily oxidizes under very low illumination with very low intensity [28].
Figure 6 shows photoluminescence signals detected at ~2.48 eV (~500 nm) and ~2.95 eV
(~420 nm), which are probably related to the (photo)oxidation of Nb to NbOx (NbO,,
Nb,0Os), as reported by Ref. [29]. It is observed that the photoluminescence (PL) spectra
are visible for the material after 24 h of exposure to air, emphasizing the importance of
protection by encapsulation, prompt measurement or the instantaneous placement of
crystal samples into an oxygen-free environment as glove-box [30].

—rTrrTrTT T T T T T T T T T T T T T T T

30,000 -

25,000
20,000

15,000

Intensity (cps)

10,000

5,000

O A i ry ry " i e Y A " ry
14 16 18 20 22 24 26 28 30 32 34 36
Photon energy (eV)

Figure 6. Photoluminescence of (photo) oxidized crystal area.

4. Conclusions

NbSe; crystals were grown by the chemical vapor transport (CVT) technique using
bromine as the vapor transport agent. The structural and chemical characterization by
X-ray powder diffraction, Raman spectroscopy and X-ray photoelectron spectroscopy were
performed providing evidence for hexagonal 2H and 4H-NbSe; phases and indications
of high lattice order and good quality of the obtained crystalline samples. NbSe; crystal
growth using bromine vapor transport should thus be considered as a reliable option in the
development of future technologies for the synthesis of this material.
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