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1 Introduction

Experimental isolation of graphene by mechanical
exfoliation [1] has unleashed interest in a whole family
of atomically thin materials which exhibit a variety of
interesting properties ranging from topological insulator

ABSTRACT

Deposition of clean and defect-free atomically thin two-dimensional crystalline
flakes on surfaces by mechanical exfoliation of layered bulk materials has proven
to be a powerful technique, but it requires a fast, reliable and non-destructive
way to identify the atomically thin flakes among a crowd of thick flakes. In this
work, we provide general guidelines to identify ultrathin flakes of TaSe, by means
of optical microscopy and Raman spectroscopy. Additionally, we determine the
optimal substrates to facilitate the optical identification of atomically thin TaSe,
crystals. Experimental realization and isolation of ultrathin layers of TaSe, enables
future studies on the role of the dimensionality in interesting phenomena such
as superconductivity and charge density waves.

behavior to superconductivity [2-15]. Only a few
two-dimensional (2D) crystals have been fabricated
and thoroughly characterized [16-20], and most of the
other possible 2D crystals with attractive properties
remain barely explored. For instance, layered transition
metal dichalcogenides with the formula MX, (M = Mo,
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W, Nb, Ta or Ti and X = Se, S or Te) present a broad
variety of electrical properties ranging from wide
band-gap semiconductors to superconductors. As in
the case of graphene, while fabrication by mechanical
exfoliation from bulk crystals of these layered materials
is rather simple [2], identification of atomically thin
flakes requires fast, reliable and non-destructive
characterization techniques [21-27].

The realization of ultrathin superconducting layers
would enable one to employ the electric field effect to
control physical properties such as the superconducting
transition temperature or to study the interplay
between the superconductivity and the sample dimen-
sionality. However, among the family of transition
metal dichalcogenides, studies of atomically thin
superconducting layers are scarce and mainly focused
on NbSe, and TaS, crystals [3, 4, 28]. TaSe, is a good
example of a layered material which has not been
studied in its atomically thin form so far, while it is very
interesting. In fact, in its bulk form, TaSe, is among the
most studied charge density wave (CDW) systems as
it shows both incommensurate and commensurate
density-wave phases and a superconducting transition
below 0.15 K [29, 30].

In this work, we report the fabrication of atomically

thin two-dimensional TaSe, crystals on 5iO,/Si wafers.

We perform a combined characterization by atomic
force microscopy (AFM), quantitative optical micros-
copy and Raman spectroscopy. We also determine the
optimal SiO, thickness to optically identify ultrathin
TaSe, crystals. This work constitutes a necessary step
towards further studies on other properties of atomically
thin TaSe, sheets.

2 Experimental

Starting elemental materials were used as received from
commercial suppliers with no further purification.

2.1 TaSe, single-crystal fabrication

TaSe, crystals were synthesized from the elemental
components in a two-step process. Firstly, polycry-
stalline TaSe, was obtained by ceramic combination
of stoichiometric ratios of Ta and Se. Ta powder,
99.99% trace metals basis and Se powder, ~100 mesh,
99.99% trace metals basis were used. Powdered
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starting materials were intimately mixed, placed
inside an evacuated quartz ampoule and reacted at
900 °C for 9 days. The resulting free-flowing glittery
grey microcrystals were then transformed into large
single-crystals using the chemical vapor transport
(CVT) methodology. For that purpose, 1g of TaSe,
polycrystalline material together with 275 mg of I,
were loaded into a 500 mm long quartz ampoule
(OD: 18 mm, wall-thickness: 1.5 mm). The mixture
was placed at one end of the ampoule which was
exhaustively evacuated and flame-sealed. The quartz
tube was finally placed inside a three-zone split muffle
where a gradient of 25°C was established between
the leftmost load (725 °C) and central growth (700 “C)
zones. A gradient of 25°C was also set between the
rightmost and central regions. The temperature
gradient was maintained constant during 15 days and
the muffle was eventually switched off and left to
cool down to ambient conditions. Millimetric TaSe,
crystals were recovered from the ampoule’s central
zone, exhaustively rinsed with diethyl ether and stored
under a N, atmosphere.

2.2 Viscoelastic-stamp based exfoliation

The viscoelastic stamps employed during the TaSe,
micromechanical exfoliation were based on poly
(dimethylsiloxane) (PDMS) stamps, a viscoelastic
material commonly used in microimprint lithography.
The PDMS stamps were cast by curing the Sylgard®
184 elastomer kit purchased from Dow Corning [26].

2.3 Atomic force microscopy

AFM was used to characterize the thickness of the
fabricated flakes. A Nanotec Cervantes AFM (Nanotec
Electronica) was operated in contact mode under
ambient conditions. We selected contact mode AFM
instead of dynamic modes of operation to avoid
artifacts in the determination of the flake thickness
[31]. The piezoelectric actuators of the AFM have
been calibrated by means of a recently developed
calibration method to provide a determination of the
flake thickness as accurate as possible [32].

2.4 Optical microscopy

The quantitative measurements of the optical contrast
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of ultrathin TaSe, flakes were carried out with a
Nikon Eclipse LV100 optical microscope under normal
incidence with a 50x objective (numerical aperture
NA =0.55) and with a digital camera EO-1918C 1/1.8”
(from Edmund Optics) attached to the microscope
trinocular. The illumination wavelength was selected
by means of nine narrow band-pass filters (10 nm
full width at half maximum FWHM) with central
wavelengths 450 nm, 500 nm, 520 nm, 546 nm, 568 nm,
600 nm, 632 nm, 650 nm and 694 nm purchased from
Edmund Optics.

2.5 Raman spectroscopy

A micro-Raman spectrometer (Renishaw in Via RM
2000) was used in a backscattering configuration
excited with a visible laser light (A =514 nm) to
characterize the ultrathin TaSe, layers. The spectra
were collected through a 100x objective and recorded
with 1,800 lines/mm grating providing the spectral
resolution of ~1 cm-1.

3 Results and discussion

Ultrathin two-dimensional crystals were fabricated
from bulk 2H-TaSe, crystals, grown by a chemical
vapor growth method (see the Experimental section),
using a variation of the graphene micromechanical
cleavage method [2]. As previously demonstrated for
other layered crystals, adhesive-free exfoliation of bulk

A =450 nm

crystals can be performed with viscoelastic silicone
stamps [12, 26, 33]. The surface of the stamp containing
TaSe, crystals was pressed against another clean stamp
and peeled off rapidly to re-cleave the crystals. This
maneuver was repeated several times until only faint
atomically thin flakes were observed on the surface
of the stamp by optical microscopy. As a final step, the
crystals were transferred to an oxidized silicon wafer
(300 nm thick oxide) by slightly pressing the silicone
stamp against the wafer surface and subsequently
peeling it off slowly. The advantage of the silicone
stamp over the Scotch tape method is that one can
avoid leaving adhesive traces on the wafer surface
preventing the contamination of the flakes and the
cantilever tip used in AFM studies of the samples
[34]. In addition we have not found differences in the
obtained flakes, neither their minimal thickness nor
their size, when transferred using the silicone stamp
or the commonly used Scotch tape method.
Inspection of the samples under an optical microscope
enables quick identification of the flakes and their size.
In addition, it is possible to get a rough estimate of
the thickness of the flakes due to a light interference
effect owing to the presence of the thin silicon oxide
layer which makes their color thickness-dependent
under white light illumination (this effect is usually
referred to as interference color) [35]. Typically, the
obtained flakes with thicknesses below 40 nm are
several microns wide (see Fig. 1). Selected flakes were
analyzed with an AFM operated in contact mode to

A =500 nm

Figure 1 Optical and atomic force microscopy images of TaSe, nanosheets: (a) optical micrograph under white illumination of TaSe,
flakes deposited on a 300 nm SiO,/Si substrate; (b) different optical micrographs acquired at 450 nm, 500 nm, 546 nm and 632 nm by
using narrow bandwidth filters; (c¢) AFM topography image of the region marked by a dashed rectangle in (a). A topographic line profile
along the horizontal dashed line is inserted to indicate the thickness of the flakes. The root mean square roughness of the thinnest layer
is 0.22 nm?, while the roughness of the SiO, substrate is 0.20 nm?. In some flakes the AFM topography shows a spike at the step edges,
which could be attributed to rolling or folding during the deposition of the flake.
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obtain topographic images. This allows for the accurate
determination of their thickness with sub-nm resolution.
The number of layers present in a selected flake was
obtained by simply dividing the measured thickness
by the TaSe, interlayer spacing 0.64 nm [36] (see Fig. 1(c)
and Fig. S1 in the Electronic Supplementary Material
(ESM)). Surprisingly, we found that TaSe, flakes just
a few layers thick (5-15 layers) can be deposited by
mechanical exfoliation and the yield rate is even
higher than exfoliation of graphite (see the low
magnification optical images of the fabricated samples
in Fig.S2 in the ESM). However, we have not yet
found single or bilayer (0.7 nm or 1.4 nm thick) TaSe,
flakes, at least not large enough to allow for optical
identification, presumably due to a subtle balance
between the interactions at the viscoelastic stamp/TaSe,,
interlayer TaSe, and TaSe,/SiO, interfaces. Nevertheless,
the expected optical contrast for a single layer TaSe,
would be around 0.1 (see Fig. 3 and Fig. S5 in the ESM)
for an optimal SiO, substrate thickness, and therefore
it would be easily identifiable.

A quantitative method to determine the thickness
of thin TaSe, flakes through optical microscopy would
provide a fast alternative to AFM, which is a very slow
technique. In this study, we have quantitatively studied
the optical contrast (C), which depends on the flake
thickness (d) and the illumination wavelength (A):
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where I and Lpsiae are the reflected light intensities
from the flake and the SiO, substrate, respectively.
The measured contrast is compared to the contrast
calculated using a model based on Fresnel’s laws,
which accounts for the light intensity reflected either
from the substrate or from the flake [22]:
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where the subindices 0, 1, 2 and 3 label the different
media (air, TaSe,, SiO, and Si respectively), 7i;(A) =

n; —ix; is the complex refractive index of the medium
J, d; is the thickness of medium j, @;=2mn7id/] is the
phase shift introduced by the medium j and 7 =
(;— 1) [ (7; + 7iy) is the amplitude of the reflected path
in the interface between the media j and k.

We have analyzed the optical contrast of 30 flakes
with thicknesses ranging from 3 to 36 nm (~4 to 56
layers), under a well-defined illumination wavelength
using narrowband optical filters (see Fig. 1(b)) spanning
the visible spectrum (see the Experimental section).
The measured optical contrast is shown in Fig. 2,
and accurately follows Egs. (1) and (2) using the
wavelength-dependent complex refractive index
reported in Ref. [37] for bulk 2H-TaSe, crystals (see
Fig. S3 in the ESM). The quantitative analysis of
the optical contrast of the flakes under different
illumination wavelengths provides a fast and reliable
way to discriminate atomically thin flakes from
thicker flakes. For instance, flakes thinner than 12 nm

Optical contrast

0 10 20 30 40
Flake thickness (nm)

Figure 2 Measured optical contrast (circles) of the TaSe, flakes
as a function of their thickness under the following illumination
wavelengths: (a) 632 nm (red), (b) 600 nm (orange), (c) 568 nm
(light green), (d) 546 nm (green) and (e) 520 nm (blue). The
contrast values have been shifted 0.5, 1.0, 1.5 and 2.0 for (b), (¢),
(d) and (e), respectively. The solid lines correspond to the expected
contrasts derived from Egs. (1) and (2) using the wavelength-
dependent complex refractive index reported in the literature [29]
and considering a possible variation in # and x of 10 % (indicated
by a shadow area around the solid line).
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(~20 layers) present a negative contrast for A=
632 nm while thicker flakes have a positive contrast.
Furthermore, flakes thinner than 6 nm (9-10 layers)
can be distinguished from the rest because of their
negative contrast for A = 600 nm.

To determine the best SiO,/Si substrate to identify
ultrathin TaSe, layers, the optical contrast of a single-
layer TaSe, layer has been calculated as a function of
the illumination wavelength and the SiO, thickness
(Fig. 3(a)). We define as optimal substrates for the
optical identification those with a SiO, thickness that
optimizes the contrast for A =550 nm, which is the
illumination wavelength to which the human eye has
maximum sensitivity [38]. For instance, substrates
with a SiO, capping layer of 80 nm (-27% contrast,
nearly A-independent) and 265 nm (-27% contrast
at A =550 nm) optimize the optical identification of
nanolayers of TaSe,. In the widespread work on
graphene in nanofabrication laboratories however,
it is more common to find wafers with 285 nm and
90 nm SiO; thickness (which are optimized to identify
graphene). Although these thicknesses are not optimal,
one can identify ultrathin TaSe, flakes on those
substrates. Figures 3(b) and 3(c) show the calculated
optical contrast for TaSe, layers as a function of their

700

thickness and the illumination wavelength for these
two commonly used SiO,/Si substrates (90 nm and
285 nm of SiO, thickness). In Fig. S5 (in the ESM) we
also present Figs. 3(b) and 3(c) recalculated for SiO,
substrates that optimize the optical identification of
TaSe, nanosheets (80 nm and 265 nm of Si0,).

Raman spectroscopy can be considered as an
alternative and complementary fast, reliable and non-
destructive technique to identify ultrathin TaSe, layers.
Indeed, Raman spectroscopy has been successfully
employed to characterize the thickness of several
atomically thin materials such as graphene [21, 39]
and MoS, [40-42]. Nevertheless, this technique has
proven to be ineffective to detect ultrathin layers of
mica [12] and, moreover, other 2D materials (such
as atomically thin NbSe,) are significantly damaged
during the Raman spectroscopy measurements [4]. It
is therefore necessary to investigate whether Raman
microscopy can be employed to detect and to determine
the thickness of ultrathin TaSe; layers.

Figure 4(a) shows the Raman spectra measured for
TaSe, flakes with thicknesses ranging from four layers
to more than 40 layers. The spectra show five prominent
peaks around 150 cm™, 208 cm™, 235 cm™ and 519 cm™
and show the characteristic features of 2H-TaSe,

(@)
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Figure 3 (a) Calculated optical contrast colormap for a single layer of TaSe, (0.64 nm thick) as a function of the illumination wavelength
and SiO, thickness derived from Egs. (1) and (2) and the complex refractive index reported for bulk 2H-TaSe, [16]. A correspondence
between the apparent color and the illumination wavelength is shown in the colorbar at the right side of (a). The calculated optical
contrast as a function of the wavelength and the TaSe, thicknesses for substrates with (b) 90 nm and (c) 285 nm SiO, thickness (which

are rather standard to fabricate other 2D crystals such as graphene).
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Figure 4 (a) Raman spectra of TaSe, flakes with thicknesses ranging from five layers to >40 layers (bulk). (b) Position of the E . and
A, Raman modes. (c) Ratio between the maximum intensities of the silicon and the E o and 4;, peaks.

[43, 44]. The Raman peak near 150 cm™ is due to a two-
phonon scattering process [43, 44]. The peak around
208 cm™ (labelled Ej,) corresponds to the excitation
of a vibrational mode in which the Se and Ta atoms
oscillate, in anti-phase, parallel to the crystal surface.
The peak around 235 cm™ (labelled A;;), on the other
hand, is due to the vibration of the Se atoms, in
anti-phase, perpendicularly to the crystal surface
while the Ta atoms are fixed [43, 44]. Finally, the peak
at 519 cm! is due to the vibration of the lattice of the
silicon substrate underneath.

The position of the Ej, and A;, peaks as a function
of the TaSe, layer thickness is presented in Fig. 4(b).
Within a classical model for coupled harmonic
oscillators [45], both the Ej,
expected to shift to lower frequencies as the number

and A;; modes are

of layers decreases because the interlayer van der
Waals interaction decreases and so does the effective
restoring forces acting on the atoms. However, we
observed that the E;, peak shifts to higher frequencies
as the number of layers decreases and the position
of the A;; peak shows no clear shift within the
experimental resolution, in agreement with previous
experiments on intercalated TaSe, samples [44]. Similar
shifts of the Ej, peak have also been observed for

UNIVERSITY PRESS
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another transition metal dichalcogenide, MoS,, and
were explained by an enhancement of the dielectric
screening of the long-range Coulomb interaction
between the effective charges with increasing number
of layers, which reduces the overall restoring force
on the atoms [46].

The monotonic thickness dependence of the E;, peak
position can be employed to determine the number
of layers of TaSe, flakes, as has been previously
employed for other materials such as MoS, [40, 42].
The signal-to-noise ratio of this frequency shift, however,
would make this determination rather inaccurate for
flakes thinner than 7 layers (1-2 layers of uncertainty)
and even impractical for thicker flakes. Nevertheless,
as for other dichalcogenides (such as MoS,) [6], the
E;, shift may be even larger for single and bilayer
TaSe, thus helping to identify them. An alternative
procedure to determine the number of layers of
TaSe, flakes relies on measuring the ratio between
the intensities of the silicon peak and the Ej, and
Ay, peaks [47]. Figure 4(c) shows that I(Si)/I(E;,) and
I(Si)/I(Asg) vary monotonically and strongly with the
number of layers. The thickness of flakes thinner
than 20 layers can be determined with an uncertainty
of less than one layer. Notice that for substrates with
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a different SiO, thickness, the thickness dependence of
the ratios I(Si)/I(E,) and I(Si)/I(Ag) will be different
but after a calibration measurement (as in Fig. 4(c))
they can be used to accurately determine the number
of layers of TaSe, flakes.

To avoid laser-induced modification of the samples
[48], all spectra were recorded with a power level P in
the range 0.5-1 mW and an accumulation time of 1 s.
Interestingly, we found that the laser-induced damage
of TaSe, flakes can be monitored by measuring their
Raman spectra. Figure 5 shows the Raman spectra
of a five-layer TaSe, flake measured using 1s (blue
line) and 2 s (red line) accumulation times. When an
accumulation time of 2s was employed, both the
Raman spectrum and the topography of the flake
demonstrate that the flake is modified, possibly due
to laser-induced oxidization. A peak around 260 cm™
appears concomitantly with the laser-induced
modification of the topography of the TaSe, flake.
Therefore, the appearance of this peak can be used to
regulate the laser intensity in order to avoid laser-
induced oxidation of the flakes.

120
£,

80

40

Intensity (counts)

NS Laser induced
defects

220 240 260 280 300 320
Raman shift (cm™)

{] "
180 200

Figure 5 Raman spectra of a TaSe;, flake with five layers measured
with accumulation times of 1 s (blue line) and 2 s (red line). (Inset)
Atomic force microscopy topography image of the flake after
acquisition of the Raman spectrum for 2 s, showing that the layer
has been modified by the laser beam.

4 Conclusions

Atomically thin TaSe, sheets have been fabricated
by mechanical exfoliation of bulk 2H-TaSe, single
crystals grown by a chemical vapor transport method.
We have demonstrated that optical microscopy and
Raman spectroscopy can be used to identify atomically

thin TaSe, crystals and to distinguish them from thicker
crystals. The optimal SiO, thickness to facilitate the
optical identification of these atomically thin flakes on
Si0,/Si wafers has been also calculated. Additionally,
we have demonstrated that Raman spectroscopy
can be used to identify ultrathin TaSe, flakes and to
monitor any possible laser-induced damage. This work
can thus be considered as a necessary first step towards
the deeper study of ultrathin TaSe,.
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