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Raman Spectra of Monolayer,
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ABSTRACT Rhenium diselenide (ReSe,) is a layered indirect gap semiconduc-
tor for which micromechanical cleavage can produce monolayers consisting of a
plane of rhenium atoms with selenium atoms above and below. ReSe, is unusual
among the transition-metal dichalcogenides in having a low symmetry; it is
triclinic, with four formula units per unit cell, and has the bulk space group P1.

Experimental studies of Raman scattering in monolayer, few-layer, and bulk ReSe,
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show a rich spectrum consisting of up to 16 of the 18 expected lines with good
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signal strength, pronounced in-plane anisotropy of the intensities, and no evidence of degradation of the sample during typical measurements. No changes

in the frequencies of the Raman bands with layer thickness down to one monolayer are observed, but significant changes in relative intensity of the bands

allow the determination of crystal orientation and of monolayer regions. Supporting theory includes calculations of the electronic band structure and

Brillouin zone center phonon modes of bulk and monolayer ReSe, as well as the Raman tensors determining the scattering intensity of each mode. It is

found that, as for other transition-metal dichalcogenides, Raman scattering provides a powerful diagnostic tool for studying layer thickness and also layer

orientation in few-layer ReSe,.

KEYWORDS: rhenium diselenide - ReSe; - ReS, - MoS, - monolayer - transition-metal dichalcogenide - band structure - phonon -

Raman spectroscopy

ne of the least well-known mem-
bers of the layered transition-
metal dichalcogenide (TMD) fam-
ily'? is the layered semiconductor rhenium
diselenide (ReSe,). We present here a study
of its Raman spectra and electronic band
structure in monolayer, few-layer, and bulk
forms to highlight ways in which ReSe, may
extend the potential of the TMD materials
and provide a means of identifying mono-
layer and few-layer samples. ReSe, is by no
means a typical TMD: in brief, its distinctive
properties are that (i) it contains some of the
heaviest elements of any TMD (so it will
show a significant spin—orbit interaction);
(ii) it has a large unit cell with no symmetry
except a center of inversion; (iii) it has a
highly anisotropic structure within the
monolayer unit; (iv) it contains metal—metal
as well as metal-chalcogen bonds; and (v) its
surface is corrugated on the lateral length
scale of its unit cell.
The TMDs offer the fascinating possi-
bility of producing relatively large area
semiconductors of single molecular layer
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thickness which may be fabricated into
nanoscale device structures utilizing their
optical, electronic or spin properties. The
TMD family has about 40 members,' with
single- and few-layer TMD structures and
heterostructures having been extensively
studied.?® One of the striking properties of
TMDs is a transition from an indirect to a
direct bandgap semiconductor that often
occurs as the thickness is reduced to mono-
layer (e.g., for MoS,),*° and we shall show
that significant changes in band gap are
predicted also for ReSe,. Furthermore, it
has been shown that MoS, layers can dis-
play high electron mobilities and possess a
relatively large spin—orbit interaction com-
pared to graphene®’ opening up new
prospects for electronic and spintronic
devices”® with work already focusing on
scale-up to large area arrays.’ Besides
MoS,, isoelectronic materials such as
WS, and WSe, are also attracting much
attention,®'® and these show even larger
spin—orbitinteractions (about two to three
times those of MoS,'"). ReSe, extends this
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family, with one report already of nanosheet transistors
based on ReSe,."?

In common with other TMDs, bulk ReSe; is a layered
semiconductor in which layers consist of a plane
containing metal atoms sandwiched between chalco-
gen atoms above and below, with layers held together
by van der Waals attraction;' the perpendicular dis-
tance between adjacent Re planesis 6.56 A, and this is a
measure of the thickness of one monolayer (1L). Gen-
erally, in the layered TMDs, the two planes of (normally)
close-packed chalcogen atoms can stack directly
above one another, creating a trigonal metal site, or
they can be offset to create an octahedral metal site.'?
However, ReSe, follows neither of these patterns but
crystallizes in the triclinic system, with four formula
units per unit cell (see Figure 1a) and the bulk space
group P1. The structure has been determined by X-ray
diffraction and consists of one-dimensional chains or
ribbons of rhenium atoms arranged in linked Re,
“lozenge” or “diamond” shapes in the plane,"*~"” with
Re in the +4 charge state, as shown in Figure 1(d). This
arrangement can be considered as a distortion of the
metal ions away from their ideal octahedral sites and
the driving force for this distortion (which occurs also in
the closely similar ReS,'®) has been discussed in terms
of Peierls or Jahn—Teller distortions.">'®'® Surpris-
ingly, the metal—metal distances in the resulting Re,4
units are comparable to or smaller than those in bulk
rhenium metal." The underlying one-dimensional ar-
rangement of rhenium in ReSe; leads to highly aniso-
tropic properties in the layer plane, as revealed by
studies of optical transmission and reflection normal to
the layer plane®®~%° and by electron transport in bulk
materials.?® Along with this symmetry breaking by the
metal atoms, and again in contrast to MoS,, the
chalcogen atoms are not all equally displaced above
and below the Re plane'” (see Figure 1b,c), resulting in
a corrugation of the surface with a vertical amplitude of
0.34 A% These effects are of interest because the one-
or two-dimensional periodicities ReSe, could impose
on other two-dimensional materials if used as a com-
ponent of multilayer heterostructures.

To investigate monolayer ReSe, and to provide
characterization tools for future work, we have re-
corded Raman spectra of bulk, few-layer, and mono-
layer ReSe; (there are no published Raman spectra of
pure ReSe, in any form though Raman spectra of ReS,
have been reported'®?® and there is one report of the
Raman scattering of Mo-doped ReSe,).?’ Raman spec-
troscopy has proven to be invaluable in the character-
ization of graphene and related 2D materials®* 32
where it can give insight into, for example, layer
number®® and strain.3* We find Raman spectroscopy
can be used to identify monolayer regions but to do so
requires a different strategy compared to the case of
MoS,; because the necessary information is contained
only in the relative peak intensities and not in Raman
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Figure 1. Crystal structure of ReSe,; the rhombohedral unit
cell of bulk ReSe;, (yellow, Se; gray, Re) oriented to the (a) ab,
(b) bc, and (c) ca planes. (c) Different displacements of the Se
atoms normal to the layer plane. (d) In-plane arrangement
of the Re atoms (viewed normal to the layer plane), showing
the Re chains.

shifts. We further show that Raman spectroscopy can
be used to determine the crystallographic orientation
of few-layer flakes and that the in-plane anisotropy
persists in monolayers, giving optoelectronic proper-
ties that will be sensitive to the optical polarization
state. We compare our Raman results to first-principles
density functional theory (DFT) calculations of the
zone-center phonon frequencies for two- and three-
dimensional structures. As a necessary part of this DFT
work, we also obtain the calculated electronic band
structures of bulk and single-layer ReSe,, showing the
close-lying direct and indirect band gaps and how
these respond to a reduction in dimensionality.

RESULTS AND DISCUSSION

We consider first the electronic band structure of
ReSe,. Bulk ReSe, has been reported experimentally to
have an indirect bandgap of 1.18—1.19 eV2%?*3% and
an estimated lowest direct gap at 80 K of 1.401 eV.?’
More precisely, optical absorption studies showed an
in-plane anisotropy with room-temperature indirect
gaps of 1.17 £+ 0.02 and 1.20 + 0.02 eV for electric
fields parallel and perpendicular, respectively, to the
direction of the Re chains.® In the absorption spectra
of thin samples, Jian et al.>* found clear evidence of
excitonic direct band gaps in the range 1.32—1.46 eV.
Various calculations of the electronic band structure
have been carried out, including using tight-binding,"*
local spherical wave,'® and full-potential linearized-
augmented-plane-wave (FLAPW)** methods. In some
cases, calculations were carried out only on single
layers on the assumption that no significant difference
would result in bulk, an assumption which indeed
appears to hold for ReS..'®

We have carried out first-principles plane wave
density functional theory (DFT) calculations of the
band structures of bulk and single-layer structures

VOL.8 = NO.11 = 1115411164 = 2014 ACSN\A

J

WL

N

Na

WWwWW.acsnano.org

11155



and have compared results using norm-conserving
and ultrasoft®” pseudopotentials (NCPP, USPP) and
the projector augmented wave®® (PAW) method. For
consistency, most of the results that we shall show
were obtained with the PAW approach. For bulk ReSe,,
we took the atomic positions of Lamfers et al.'* as a
starting point and relaxed the structures by total-
energy and atomic force minimization. The resulting
changes in atomic positions are minimal, even for the
case of the out-of-plane displacement of the Se atoms
in a monolayer (for which layer separations in the 3D
supercell of up to 15 A were used). In all cases, lattice
parameters within 1.3% and cell angles within 0.2% of
the experimental values were obtained, with the two-
dimensional in-plane lattice parameters changing by
less than 0.2% compared to their bulk values evaluated
using the same pseudopotentials (a*° = 6.535 A and
a®® = 6.542 A for NCPP and 6.669 A, 6.683 A, respec-
tively, for PAW; experimental value a®° = 6.597 A™).
The resulting band structures for bulk and single layer
are shown in Figure 2 (top and bottom, respectively); a
key to our labeling of special points in the 3D and 2D
first Brillouin zones is given in Figure 9 in the Support-
ing Information.

The band structures presented in Figure 2 show the
rather flat nature of the conduction band edge, which
leads to several indirect band gaps having very similar
energies. We find that the bulk material, Figure 2a, has
an indirect gap of 0.98 to 1.06 eV (from USPP and PAW,
respectively) with predicted direct gaps of 1.09 eV
(at the Brillouin zone boundary along the c* axis) and
1.31 eV at the I" point (PAW results). For the monolayer,
Figure 2b, we find a significant opening of the gap to
1.34 eV, with the conduction band minimum at the
I point and the valence band maximum located close
to I' but within the Brillouin zone; we find that this gap
remains indirect. In Figure 10 of the Supporting Infor-
mation we show a calculation of the monolayer band-
structure based on a hypothetical monoclinic super-
cell; this choice reproduces the above observations but
makes the interpretation of the in-plane wavevectors
simpler. As pointed out for the similar material ReS,, '
an accurate determination of band edge structure
requires spin—orbit effects to be taken into account
for such heavy atomic species; this is more computa-
tionally expensive and is beyond the scope of the
present work, but we note that our results above are
already in reasonable agreement with experiment and
justify the application of first-principles methods also
to the phonon modes of ReSe,.

Measured Raman spectra of ReSe, are shown in
Figure 3 for layers of thickness 10L and 5L produced
by micromechanical cleavage (Figure 3a,b) and a thick
flake (Figure 3c). The layer thicknesses are assigned
by analysis of the atomic force microscope (AFM)
image shown in Figure 3. In the Methods, we outline
the steps taken to ensure the reliability of this AFM data
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Figure 2. First-principles scalar relativistic projector aug-
mented wave calculations of electronic band structures for
(a) bulk and (b) single-layer ReSe,. Vertical axes: energy in
eV, taking the highest energy occupied state as the zero of
energy (dashed horizontal line). This state does not corre-
spond to any special symmetry point in the Brillouin zone.
A guide to the labeling of the k-points in the 3D and quasi-
2D cases is given in Figure 9 of the Supporting Information.

(it is well-known that surface contaminants and inter-
calated water can give misleading results). Detailed
Raman peak positions and a comparison with our
theoretical values obtained using density functional
perturbation theory (DFPT) are given in the Supporting
Information (Table 1). In Figure 3b, some of the peaks
that will be discussed below are highlighted; the peak
and shoulder near 124 cm ™" indicated in Figure 3b are
in fact a set of four overlapping bands of which two or
three are sometimes resolved, depending on crystal
orientation as we shall show below. These spectra are
qualitatively very similar to that reported for the closely
related material ReSe»:Mo,%° though that work does
not analyze the spectrum in detail. No signals due to
ReSe; or Re oxides were observed at any higher Raman
shifts than those shown, and these spectra can be
obtained reproducibly from the same few-layer flakes
over several months. Some spectra were recorded at
high excitation powers to check for photochemical or
thermal degradation or oxidation of the sample, which
are expected to result in Raman signals arising from
metal oxides>?*° such as Re,0,,*' ReO3,*? or elemental
chalcogens known to precipitate out from many chal-
cogenides under photoexcitation.** No such signals
were observed even up to powers sufficient to punc-
ture a thick ReSe, layer. This robustness to oxidation
suggests that laser-thinning of ReSe; to manufacture
controlled single-layer regions from thick layers will be
possible, as recently demonstrated for MoS,.**
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Figure 3. Raman scattering spectra of ReSe, on a SiO,/Si substrate for (a) 10 layers; (b) 5 layers, and (c) a thick flake. A contact-
mode AFM image of the sample from which spectra (a) and (b) were obtained is shown on the right, with the thickness of
various layers labeled. The peaks between 100 and 300 cm™" are all due to triclinic ReSe,, and the peak at 521 cm ™" is due
to the (001)-oriented silicon substrate, which is observed due to transmission through the sample. The spectra are
un-normalized to indicate typical relative intensities under similar experimental conditions.

In agreement with our DFPT predictions, the ReSe,
Raman modes occupy the frequency range from 100 to
300 cm ! and are densely spaced, with the exception
of a gap around 140 cm ™' (see the Supporting Infor-
mation, Table 1 and Figure 11). Note that we are
considering here only Brillouin zone-center phonons,
which participate in first-order Raman scattering. As
ReSe, has 12 atoms per unit cell, we expect 36 normal
modes. Given the unit cell point group symmetry C,
with only identity and inversion symmetry elements,
and since all atoms are displaced from the inversion
center'* (see Figure 1), all normal modes are nonde-
generate; there are 18 Raman-active A; modes, 15
infrared active A, modes, and 3 zero-frequency A,
modes. Experimentally, we find that up to 16 modes
are required to fit the spectra, of which the highest-
frequency A; mode (experimental Raman shift
294 cm ™) is found to be very weak and is sometimes
not observed. Most of the remaining peaks are pre-
dicted to overlap substantially, accounting for the
difficulty of fitting the spectra to locate all 18 Raman-
active modes.

Figure 4 maps the un-normalized intensity distribu-
tion of selected Raman modes over the ReSe, flakes
and supporting Si substrate whose spectra have been
presented in Figure 3. The colors of the upper flake in
Figure 4a indicate that the 5L and 10L regions are
sufficiently transparent at visible wavelengths to dis-
play interference effects, whereas the thick flake is
highly reflective and appears yellow-white. This is
confirmed by the strength of the Si Raman mode,
Figure 4c), which can be observed in transmission
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Figure 4. (a) Optical micrograph of the ReSe; flakes whose
Raman spectra are shown in Figure 3. (b) Contact mode AFM
image of the thinner flake, repeated from Figure 3 for
convenience. (c) Spatial intensity distribution of the
521 cm™~' mode of the Si substrate. (d) Spatial intensity
distribution of the 124 cm " band of ReSe, (increasing false
color brightness indicates increasing Raman signal). The
thick, highly reflective flake is labeled t; its signals are
relatively weak and so it is not visible in (d). The white arrow
indicates the 10L region in (c) and (d).

through the ReSe,, being strongest for the 5L region,
weaker for the 10L region indicated by the white arrow,
and weakest of all for the thick flake. Figure 4d and
Figure 3a—c show that the Raman signals of the ReSe,
do not scale proportionately with thickness, which is
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Figure 5. (a) Contact mode AFM image of part of the second sample, showing regions of thickness 1L, 3L, and 8L. (b) Optical
image of the whole of this sample under illumination conditions which maximize the color contrast between different layer
thicknesses; the dashed white box identifies the region imaged by AFMin (a). (c) Contact mode AFM image of the lower end of
the sample. The black line shows the position of the topographic line scan giving the height profile shown in (d).

due to interference effects since the flakes are sup-
ported on a conventional SiO,/Si substrate. We analyze
this effect quantitatively in the Supporting Information
(Figure 12).

We note that the ReSe, Raman bands shown in
Figure 3 appear with different relative strengths for
different layer thicknesses; compare, for instance the
124 and 159 cm™' bands in Figure 3a—c. This implies
that the relative intensities of the bands are dependent
either on orientation, as expected for this low-
symmetry material, or on sample thickness, or both
of these. To clarify this, we measured polarization-
dependent Raman spectra on a second flake contain-
ing regions of thickness 1L, 3L, and 8L as shown in
Figure 5a—c. A topographic line scan (Figure 5d) in-
dicates a monolayer step height of ~7 A, consistent
with the crystallographic layer thickness of 6.56 A, and
confirms that this sample contains a monolayer (1L)
region. It is clear from the morphology indicated in the
images of Figure 5 that the 1L, 3L and 8L regions all
have the same orientation, enabling us to separate
orientation and thickness effects in the Raman spectra.

For the Raman measurements on this sample, the
excitation spot was held at a fixed point on the 8L
region and the plane of polarization of the incident
light was rotated in the layer plane. No analyzer was
used before the detector, and our detection system
is polarization-insensitive in this wavelength region
(this is demonstrated in the Supporting Information,
Figure 13). Thus, we do not expect to observe any
angular dependence of the Raman signal for the (001)-
oriented Si substrate since outgoing polarizations par-
allel and perpendicular to the excitation polarization
are detected with equal sensitivity and, given the form
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of the Raman tensor of cubic silicon, their summed
intensity is a constant.*® This is confirmed by the
experimental results for the Si Raman mode presented
in the right-hand section of Figure 6.

Conversely, the Raman peaks of ReSe, show a clear
variation of intensity with the angle of rotation of the
excitation polarization for all modes. The observed
angle dependences can therefore be attributed to
the structure of the Raman tensors for each mode. To
analyze this behavior in detail we focus on the group of
overlapping bands from 110 to 124 cm ™" and the peak
at 158 cm ™' which exhibit a good signal-to-noise at all
orientations. As shown in Figure 6, these two bands
have their maximum intensities at different orienta-
tions, indicating significant differences in their Raman
tensors. The 124 and 158 cm™' modes are advanta-
geous in not having neighboring peaks to at least one
side since they bracket the “gap” in the Raman spec-
trum around 140 cm™'; this makes fitting more reliable.
We note that calculated atomic displacements for the
I'-point modes of ReSe, indicate that the vibrational
modes cannot be classified simply as either in-plane or
out-of-plane oscillations, but those below the “gap”
mainly involve twisting and rocking motions in which
the Re atoms undergo significant displacements,
whereas higher-frequency modes involve stretching
and wagging motions of the lighter Se atoms.

We now consider whether the pronounced angle-
dependence of the Raman spectra can be used to
determine the orientation of a given flake. Clearly,
the morphology of cleaved flakes already gives a
strong clue, since cleavage edges often lie along the
in-plane a and b axes,** *® though it is not always
possible to distinguish between a and b axes visually,
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Figure 6. Raman spectra of ReSe; as a function of the angle
of rotation of the excitation polarization; spectra were
recorded as the incident polarization was rotated in 15°
steps and are offset vertically for clarity. The detection was
unpolarized, resulting in a constant intensity for the Si
Raman peak at 520 cm™'. The zero of the angle scale is
defined by the experimental setup and so is arbitrary with
respect to the crystallographic axes of the sample. The
spectra are un-normalized. The red (0° and 180°) and blue
(90°) spectra are highlighted to demonstrate that the same
spectrum is obtained after rotation of the excitation polar-
ization by 180°.

and indeed, micromechanical exfoliation frequently
yields very irregular shapes where such edges cannot
even be identified. For layers grown by any kind of
vapor deposition, morphological information will not
be available, and an important task will be to map out
the domain structure in the film. We therefore seek to
establish whether Raman spectra can provide an ab-
solute determination of crystal orientation with respect
to the in-plane x axis in the laboratory reference frame,
and also whether Raman spectra can highlight relative
changes in orientation from one crystal to another.
In a mapping experiment, collection of an exhaustive
set of data such as that of Figure 6 at each pixel is
not practical and it is important to know how much
information about relative orientation can be gained
from just a single spectrum.

To answer this, we consider the Raman tensor R (for a
given mode) relevant to light polarized in the layer
plane. The incident and scattered polarization vectors
are e;, e, respectively, and these may be written as two-
dimensional vectors; then, the relevant part of R has
the symmetric form

R — (5 VVV> 1)

where u, v, and w are constants for that mode which
we can obtain either from our DFPT calculations or by
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fitting experimental data, as follows. The observed
scattering intensity of the chosen mode may be ex-
pressed in general as | where | o |e;Re,|>. Convention-
ally, one would introduce a linear polarization analyzer
into the detection system and could then obtain u, v
and w separately for each mode.** However, this
requires at least three spectra to be recorded, with
incident and scattered polarizations (x,x), (y,y), and (x,y),
and so is impractical for mapping purposes.

For the particular case of unpolarized detection
where the incident polarization makes an angle 6 to
the crystal a axis, the total recorded intensity /+(6) is the
sum of the scattered intensities in the polarization
directions parallel and perpendicular to the excitation
polarization and is

17(0) o< u? cos?0 + w? sin?0 + v? + 2v(u + w) sin6 cosO

)

For an arbitrary in-plane orientation of the crystal in the
laboratory frame, fitting the above expression to the
angular variation of the intensity of the chosen mode
only requires three independent parameters v, v/, and
w/, which are the components of the effective Raman
tensor R' (which is R transformed into the laboratory
frame by a rotation ¢ about the layer normal). By
comparison of the angular dependences of the Raman
mode predicted from the first-principles tensor R and
the experimental tensor R, one can therefore measure
the absolute rotation ¢ of the crystal with respect to the
laboratory axes. The accuracy of this process will be
limited ultimately by the accuracy with which one can
calculate the components of R by first-principles meth-
ods. This is a challenging task and has only recently
become possible using widely available DFT codes; the
results in Figure 7 illustrate that this can be done
successfully. We have used two types of pseudopoten-
tial (see the Methods) and find good agreement
between the two; a specimen set of Raman tensor
components calculated using norm-conserving pseudo-
potentials is presented in the Supporting Information
(Table 2).

In Figure 7a, we show fits of eq 2 to peak intensities
recorded experimentally as the excitation polarization
is rotated. For the well-resolved 124 cm ™' mode and
also for the 110 cm™' mode, this expression fits the
data well but fails for the unresolved central pair of
modes, indicating a superposition of different angular
variations. The dashed lines indicate the directions in
which the strongest scattering is obtained for each of
these two modes (given values of the parameters u—w,
one can obtain the angles corresponding to this direc-
tion analytically, see the Supporting Information, eq 3).
Simulations of the expected intensity variation with
angle for these modes are shown in Figure 7b and
reproduce the experimental observations well. By
comparing the dashed lines in (a) and (b), it is easy to
see that the two patterns are rotated with respect to
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Figure 7. (a) Measured peak intensities of the 124 cm ' (blue diamonds) and 110 cm ™~ (red squares) modes of ReSe;, as a
function of the excitation polarization direction, obtained using the sample shown in Figure 3. The zero angle is defined by the
experimental system. Also shown (black triangles) are the peak intensities of the overlapping 116 and 120 cm ™' modes. The
solid lines are fits of eq 2 to the data for the 124 and 110 cm™ ' modes with the dashed lines of the same colors showing the
angles for which the Raman intensity is maximum. (b) Angular dependence of the peak intensities calculated from eq 2 using
tensor components derived from the first-principles DFPT calculations. (c) Measured and (d) calculated angle dependence of
the peak intensities using the 124 and 158 cm ™' modes (blue circles and green squares respectively) obtained as for (a) and

(b) but for the sample of Figures 5 and 6.

one another by the angle ¢ between the in-plane
crystal axes and the laboratory axes. From the results
of Figure 7, we can determine that the first sample is
rotated with respect to the laboratory axes by an angle
in the range —13° (using the 124 cm ™' mode data) to
—22° (from the 110 cm™' mode) or an average rotation
of —17.5°. Other modes give results consistent with
this range. The uncertainties in the experimental an-
gles are of order £2° and are dominated by the
difficulties in fitting the peak intensities of partially
overlapping bands; the remaining discrepancy be-
tween the absolute rotations determined from the
different modes must be ascribed to the limited accu-
racy of the calculated Raman tensors. By measurement
of the optical micrographs of Figure 4, we find that the
lower cleaved edge of the sample is rotated with
respect to the laboratory x axis by —15.6°, in remark-
ably good agreement with the figure of —17.5° derived
from the first-principles methods. Similarly for the
second sample, Figure 7c,d, the angle dependence
patterns of the 124 and 158 cm ™' modes are displaced
from the DFPT predictions by an average of +44°, and
this corresponds well to the orientation of the long
cleaved edge of the sample (+42°) as measured from

WOLVERSON ET AL.

the image shown in Figure 4b. These results clearly
demonstrate that determination of the absolute orien-
tation of ReSe, samples is possible given knowledge of
the calculated Raman tensors.

Determining relative orientation of flakes or do-
mains is an easier problem to address. First, we have
checked that this is feasible by the simple expedient of
measuring the angle-dependent Raman scattering of a
chosen flake, rotating the flake by 90° and measuring
its angle dependence again. Results are shown in the
Supporting Information (Figure 14) and do indeed
confirm that the whole pattern is rotated by 90 + 2°.
A more challenging test of this idea is provided by the
5L and 10L regions of the first sample discussed above
since the Raman spectra of these two regions show
different peak height relationships, for example, the
124 and 158 cm™ ' peaks in Figure 3. The most likely
explanation for this is that the 5L and 10L regions have
different orientations; indeed, most probably, the 10L
region is a piece of the 5L material folded back on itself.
Inspection of Figure 4b shows that their long left-hand
cleavage edges are misaligned by approximately 10°.
By measuring the angle dependence of the Raman
scattering from these two regions (shown in the
VOL.8 = NO.11 = 11154-11164 = 2014 K@L%Kj
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Figure 8. (a) Optical micrograph of the ReSe, sample whose
Raman spectra are shown in Figure 6. (b) Tapping mode
AFM image of the same sample identifying the numbers of
layers within the flake. (c) Raman map of the intensity of the
124 cm ™" band, ;54 with the position of the 1L region
marked by the arrow. (d) Optical micrograph of the flake
whose Raman spectra are shown in Figure 5. (¢) Raman map
of the sample shown in (d), in which the false color scale is
derived from the ratio of intensity of the 124 to the
158 cm ™' Raman bands. In (d) and (e), the position of the
10L region is marked by an arrow.

Supporting Information, Figure 15) and fitting with
eq 2 as above, we find a displacement of 6 + 2°
between the angle dependences of the two regions.
Once more, this is in reasonable agreement with the
evidence from the sample morphology. The angular
variation exhibited by the 10L region is noticeably
broader than that of the 5L region, which is expected
if the 10L region is folded, as its Raman signals will
contain contributions from both the upper, displaced
layer and the lower, unaffected layer. The cumulative
spectra would broaden the angle dependence and
reduce the inferred relative rotation, as observed.
It thus appears that careful analysis of the angle-
dependent Raman scattering may even be able to reveal
mis-orientation of stacked multilayers, again an impor-
tant capability if layers are grown by vapor deposition.

Finally, we consider what can be learned from a
single spectrum, as would be obtained at each pixel in
a mapping experiment. First, we consider the Raman
spectra of the 1L region in more detail. Parts a and b of
Figure 8 show optical and AFM images of the whole of
the second sample for comparison with Raman map-
ping experiments. lllumination conditions were opti-
mized when Figure 8a was recorded in order to
enhance the contrast between 1L, 3L, and 8L regions
(the images for comparison with the Raman mapping
data were collected in a different optical microscope
and so the colors are not directly comparable). First, we
note that there is no observed (or predicted) shiftin the
frequencies of any Raman bands from their bulk values,
so that no indication of sample thickness can be
obtained from peak shifts alone. This is in agreement
with the recent observations on ReS,.'® Although
Raman scattering will therefore not be as informative

WOLVERSON ET AL.

as it is for MoS, and graphene, it should be noted that
Raman mapping will still be vital in confirming orienta-
tion and layer composition (especially if multilayers of
different materials are present), so that it is still worth
examining whether it can simultaneously provide
thickness information. It is known that interference
effects between the Si substrate and the SiO, and TMD
layers modulate Raman intensities; this was noted in
graphene®®~>2 and was recently analyzed in detail for
few-layer TMDs.>® We have applied the analysis of Li
et al.>® to estimate the variation in Raman intensity as a
function of layer thickness and Raman shift (Figure 12,
Supporting Information).

Since the peak intensities are sensitive to layer
thickness as well as orientation, variations in intensity
of a single peak could arise from changes in either.
However, if the ratio of the intensities of two different
peaks is taken, for example, r = I,,4/l155, Which is a
straightforward process in most mapping software,
then any intensity changes due to variation in thick-
ness will cancel, with the resulting ratio r a function of
orientation ¢ alone. We note that a second advantage
of using unpolarized detection, apart from speed of
measurement, is that peak intensities are unlikely to
become vanishingly small for any ¢, and so r should
always remain finite. Unfortunately, the value of r
cannot be used to extract the absolute orientation of
a region directly, since, from consideration of eq 2,
analysis shows that, given u, v, and w values for two
modes, r could result from four possible angles ¢.
Nevertheless, a false color scale based on r will yield
a valuable, visual confirmation of the extent of single
crystal domains in a layer. A given domain can then,
if necessary, be fully characterized by an angle-
dependent study at a single representative point. We
provide an example of this in Figure 8d,e, using the
folded flake we have discussed above, where full sets
of angle-dependent measurements already confirmed
that the thicker region is mis-oriented with respect to
the thinner region. Figure 8e shows a false color map of
this flake based on r = I1,54/l15, and it is clear that the
darker green region corresponds to the misaligned
region. Unlike the maps of the same flake shown
previously in Figure 4, this new map is based only on
crystallographic orientation and the effects of thick-
ness have been eliminated. This approach therefore
represents a powerful and practical method for the
characterization of ReSe, and is expected to be applic-
able to anisotropic few-layer materials in general.

CONCLUSIONS

We have obtained Raman spectra for monolayer,
few-layer, and bulk ReSe; and compared them with the
results of first-principles density functional theory cal-
culations. Good agreement exists between the number
and frequency positions of measured and calculated
vibrational modes. Calculations also reproduce the
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magnitude and indirect nature of the semiconductor
band gap for bulk material. Furthermore, we show that
the relative intensities of the Raman bands are highly
sensitive to the orientation of the in-plane crystallo-
graphic axes for few-layer samples, enabling polarized
Raman spectroscopy to determine the absolute and
relative in-plane orientation of samples of arbitrary
shape down to a single monolayer in thickness. We
provide a practical strategy for obtaining a rapid
assessment of the distribution of domain orientations

MATERIALS AND METHODS

Samples of bulk single crystal ReSe, and also ReSe; flakes
produced by micromechanical cleavage and transferred onto
90 nm thick SiO, on a Si wafer were obtained commercially from
2D Semiconductors, El Cerrito, CA (www.2dsemiconductors.
com). The bulk crystals were prepared by vapor transport
according to the method of Huang et al.>* from high-purity
initial reagents and crystalline purity is better than 99.995%.

A combination of amplitude-modulated (AM) tapping mode
and contact mode AFM was used to determine the thickness of
ReSe, layers within multilayer flakes; for this we utilized an
Asylum Research MFP3D microscope, and Olympus AC240TS,
and Nanosensors PPP-CONT cantilevers with nominal spring
constants of 2 and 0.2 N/m, respectively. It is well-known that
the observed step height between two different materials can
differ greatly from the real value when tapping mode AFM is
used>> without appropriate precautions. Here we used oscilla-
tion conditions and set-points such that the average dynamic
force between the tip and surface during an oscillation period
has repulsive character on all surfaces involved; this allowed us
to minimize artifacts when determining the number of layers at
the interface between the ReSe; flakes and the SiO, substrate, in
a similar way as for graphene flakes.>® Moreover, corroboration
with contact-mode AFM, where a static repulsive force is pro-
duced, led to agreement regarding the assignment of mono-
layer regions in Figures 5 and 8. Scanning in contact mode AFM
used low repulsive forces in order to minimize further errors in
the measured layer thickness caused by coupled frictional,
lateral forces that can twist the cantilever and affect the
measurement of the normal force. We also note that no water
layers appear to be intercalated between the ReSe, flakes
and the substrate, since the obtained topographic profiles
(e.g., Figure 5d) correspond well to the expected van der Waals
spacing.

Raman spectra were recorded using a Renishaw inVia Raman
microscope with a x50 objective lens and lateral spatial re-
solution of around 1 um. Incident powers were kept low (~50 to
100 uW) and acquisition times were typically 100 to 300 s.
Excitation wavelengths of 532 and 785 nm were used, both
allowing the acquisition of good spectra. The presented data
were taken using 532 nm excitation. The excitation polarization
was determined at the objective lens by reference to a wire grid
polarizer and was rotated by means of a half-wave plate
inserted in the excitation beam path inside the spectrometer.
No polarization analyzer was used in the detection system,
which was insensitive to polarization for Raman shifts up to
300 cm~". Where the intensity of a Raman band is mentioned,
we mean by this the peak area obtained by fitting using a purely
Lorentzian line shape after subtraction of a smooth background.

First-principles density functional theory (DFT) using a plane-
wave basis set was carried out using both norm-conserving
(NCPP) and scalar relativistic ultrasoft>” pseudopotentials in the
local density approximation (LDA) and also a scalar relativistic
projector augmented wave>® (PAW) method in the generalized
gradient approximation (GGA). Since the PAW pseudopotential
for Re has not been widely applied, it and the NCPP for Re were
tested on other materials including hexagonal Re metal, for

in an inhomogeneous layer. Finally, interference ef-
fects in the Raman spectra of ReSe, on SiO, layers on Si
substrates have been analyzed. The signals do not
allow an unambiguous measurement of the thickness
of a particular layer in isolation but vary sufficiently
strongly with thickness to give contrast, for example,
between monolayer regions and regions of thickness
from two to six monolayers, so that single monolayers
can be identified by comparison in a mixed, few-layer
sample.

which lattice parameters within +0.8% and —0.8%, respectively,
of the experimental value were obtained. Additional testing for
ReSe, through comparison with the outputs of CASTEP®” (norm-
conserving and ultrasoft pseudopotentials) and Quantum
ESPRESSO® (using norm-conserving pseudopotentials and
PAW) DFT codes also gave acceptable agreement. Following
systematic convergence testing, results presented were ob-
tained with kinetic energy cutoff (60 Ry for NCPP and PAW);
charge density cutoff (300 Ry for PAW); k-point sampling, for
both PAW and NCPP: 8 x 8 x 8 (bulk) or 8 x 8 x 1 (monolayer)
Monkhorst—Pack grids.>® Phonon frequencies and Raman scat-
tering intensities were calculated via DFPT® in both CASTEP
and Quantum ESPRESSO, including tests with k-point sampling
increased to 10 x 10 x 10, and were again in good agreement
(maximum discrepancy in frequency was of order 3%).
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(Table 1), scatter plot of the vibrational frequencies measured
by Raman spectroscopy and those calculated by DFT/DFPT for
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simulation of the dependence of the Raman scattering intensity
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sitivity over 100—300 cm ™" of the Raman spectrometer used in
this work (Figure 13), calculated Raman tensor components of
all the Raman-active modes of ReSe, (Table 2), equations to
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components (eq 3), change in the polarization dependence of
the Raman scattering on rotating a ReSe; flake by 90° with
respect to the laboratory axes (Figure 14), and polarization
dependence of the Raman scattering from two mis-aligned
regions of a single ReSe, flake (Figure 15). This material is
available free of charge via the Internet at http://pubs.acs.org.
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