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ABSTRACT: Rhenium disulfide, a member of the transition metal dichalcogenide family
of semiconducting materials, is unique among 2D van der Waals materials due to its
anisotropy and, albeit weak, interlayer interactions, confining excitons within single
atomic layers and leading to monolayer-like excitonic properties even in bulk crystals.
While recent work has established the existence of two stacking modes in bulk, AA and
AB, the influence of the different interlayer coupling on the excitonic properties has been
poorly explored. Here, we use polarization-dependent optical measurements to elucidate
the nature of excitons in AA and AB-stacked rhenium disulfide to obtain insight into the effect of interlayer interactions. We combine
polarization-dependent Raman with low-temperature photoluminescence and reflection spectroscopy to show that, while the similar
polarization dependence of both stacking orders indicates similar excitonic alignments within the crystal planes, differences in peak
width, position, and degree of anisotropy reveal a different degree of interlayer coupling. DFT calculations confirm the very similar
band structure of the two stacking orders while revealing a change of the spin-split states at the top of the valence band to possibly
underlie their different exciton binding energies. These results suggest that the excitonic properties are largely determined by in-
plane interactions, however, strongly modified by the interlayer coupling. These modifications are stronger than those in other 2D
semiconductors, making ReS, an excellent platform for investigating stacking as a tuning parameter for 2D materials. Furthermore,
the optical anisotropy makes this material an interesting candidate for polarization-sensitive applications such as photodetectors and
polarimetry.

KEYWORDS: optical spectroscopy, 2D materials, excitons, interlayer interactions, anisotropy, binding energy

B INTRODUCTION Symmetry breaking in the crystal structures of 2D materials
allows for new phenomena and applications, such as linear
polarization selectivity in black phosphorus (BP) and exciton-
associated gate-tunability.'” Rhenium-based dichalcogenides,
ReX,(X = S, Se), have received much attention as stable

Since the first mechanical exfoliation of graphene in 2004,
much research effort has been invested in exploring the
interesting physics of two-dimensional (2D) van der Waals
(vdW) materials." Among these, the semiconducting transition ) i }
metal dichalcogenides (TMDCs), such as MoS, and WSe,, alter'natlves to .E.)P' wllglch often deg.rades in a few hours 1.1n.der
have drawn interest for their special optoelectronic proper- ar‘nb‘1e4nt conditions. Thése rhe.mum compounds eXhlb%t a
ties.>™*° In their monolayer forms, dielectric screening of the t.rlchmc c.rystal structure with a dlstortlegd octahedral coordlr.la-
free charges in these materials is reduced, enabling observation tion environment .Of Fhe Re ato'ms.' Th? reduced lattlc'e
of stable Coulomb-bound quasi-particles of all varieties, smmetw resu}ts 210222223355 polarization anlsotropy- f)f their
including excitons, trions, and biexcitons at room temper- optical properties. " Remarkably, ReS, exhibits clear
ature.” """ These quasi-particles allow exploration of funda- excitonic resonances even in the bulk form. Its electronic band
mental multiparticle physics, previously only accessible in more structure s uncha}rgacteristically stable when going from
complex quantum-confined systems like quantum wells."" In monolayer to bulk,”” in stark contrast to the more common
addition, in the monolayer limit, these excitons are highly TMDCs such as MoS, that exhibit abrupt transitions from
susceptible to both internal and external tuning of their
properties by strain, chemical doping, and electrical gat- Received: April 11, 2023 Phitonics
ing.mz_14 While this sensitivity induces challenges in the Published: August 16, 2023
consistent characterization of the intrinsic properties of these

materials, it also presents exciting new opportunities for the

application of these materials in tunable electrical and photonic

devices.'>'°
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Figure 1. Crystal stacking order and orientation. (A, B) Optical microscope images of two bulk ReS, flakes on a sapphire substrate. Arrows indicate
the maximum-intensity polarization angle of Raman mode V, indicative of the b-axis direction. (C) Raman spectra of AA (top)- and AB (bottom)-
stacked ReS, at 83 K under 532 nm excitation. Spectra parallel and perpendicular to the b-axis are shown (see legend). Ticks between panels
indicate peak energies. (D) Raman wavenumber difference between modes I and III for all data sets of linear polarizations. (E) Polar plot showing
the polarization dependence of Raman mode III. Dots indicate the angle-dependent peak areas, and lines indicate the fits of these points using eq 1.
Angles are given relative to the b-axis, as defined by the maximum intensity of the Raman mode V. The counterclockwise rotation direction from

modes V to III indicates “upward” vertical orientation of the flakes.

direct to indirect band gap for monolayer and multilayer
systems, respectively.” This unique property of ReX, materials
has been termed “layer-decoupling” and is hypothesized to
originate from a Peierls-like distortion of the crystal structure
due to Re—Re intermetallic bonding."” The accompanying
strong excitonic confinement leads to high excitonic binding
energies for bulk materials, in the range of 30—160 meV for the
main excitons in ReS,.”°">**? It has been argued that ReS, has
an indirect, or close-to-indirect band gap, due to its rather low
photoluminescence quantum yield (PLQY) of order 107 an
order of magnitude lower than that for other monolayer
TMDCs,>”*" while calculations claim either direct or
indirect.”> To add to the peculiarities, ReS, has recently
been shown to exist in two stable stacking variants, categorized
as AA and AB, the latter with roughly half of a unit cell of
lateral displacement between layers along the crystallographic
a-axis.”> This previously unknown coexistence of stacking
orders has contributed to the already existing discussions in the
literature. These discussion typically centers around the wide
range of reported exciton binding energies’ >**’ and the
orientation of excitons with respect to the linear polarization
angle.”> Coupled with the newly shown stacking parameter, the
nature of excitons in ReS, and their dependence on interlayer
coupling remain unclear thus far.

Here, we combine polarization-resolved, low-temperature
Raman, photoluminescence (PL) and reflectance spectroscopy
to unravel the stacking-specific optical properties of ReS, and
connect them to the layer decoupling. We pinpoint the
stacking order and crystal orientation using Raman spectros-
copy and use polarization-resolved photoluminescence spec-
troscopy and differential reflectance spectroscopy to unambig-
uously determine the exciton alignment with respect to the
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crystal planes. We find very similar exciton polarizations in AB-
and AA-stacked ReS,, but with a significant broadening of the
excitonic peaks and strongly reduced signal intensity for AB.
We attribute these modulated characteristics to a reduced
exciton binding energy for AB-stacked ReS,, as compared with
the AA variant. These results demonstrate that the optical
properties of ReS, are highly dependent on interlayer
interactions and stacking order.

B RESULTS

Stacking Order Characterization. Flakes of ReS, are
obtained by mechanical exfoliation from a commercially (HQ
Graphene) obtained bulk crystal. Optical microscopy images of
two exfoliated flakes are shown in Figure 1A,B. The flakes are
bulklike, with lateral dimensions of a few tens of micrometers
and thickness of a few 100 nm, as determined by atomic force
microscopy measurements; see Figure S1. We use polarization-
resolved Raman spectroscopy to determine their stacking order
and vertical orientation. Low-temperature (83 K) Raman
spectra of the flakes show the characteristic features for AA and
AB stacking, as shown in Figure 1C. Here, we show spectra
taken with linear polarizations parallel and perpendicular to the
b-axis, as identified by the fifth mode in the Raman spectra.”*
The energy difference between the first and third mode in the
Raman spectra is characteristic of the stacking order.”” As
shown in Figure 1D, the first flake shows a robust wavenumber
difference between modes 1 and 3 of ~13 cm™!, while the
second flake shows a much larger shift of ~21 cm™!, consistent
with previous results on AA and AB stacked flakes.** Also, this
difference is significantly larger than the maximum variation in
the individual peak energies. We hence associate the two flakes
with AA-stacked and AB-stacked ReS, which we refer to as
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“AA” and “AB” flakes, respectively. To identify the in- and out-
of-plane crystal orientations, we perform Raman measurements
for a full set of polarization angles (see Figure S2 for the full
polarization-dependent data). The full Raman description of
ReS, is complex due to the material’s anisotropic charac-
ter,”>*73%%7 and we discuss it in more detail in Section S2.1 of
the Supporting Information. Here, we use the simplified,
approximate form that captures the main polarization depend-
ence of Raman intensities,

10) =1, + Al*cos4(9 - 0. + Az*sin4(0 = O)

(1)
where 1(0) is the area under a Raman peak at polarization
angle 6, as determined from its Lorentzian fit, I, the
unpolarized contribution, A; and A, the weights of the cosine
and sine functions, and @, the angle under which the Raman
peak is maximum. The polarization-dependent Raman areas
are shown together with their fits, as shown in Figure IE,
where angles are defined with respect to the orientation of the
fifth mode (V), indicating the crystallographic b-axis.”* The
third Raman mode (III) is also plotted and represents the
orientation of the crystallographic a-axis.*® Clear overlap in the
polarization dependence of the AA and AB flakes is observed.
Furthermore, in both cases, a counterclockwise rotation leads
from the fifth to the third mode, indicating an “upward”
vertical orientation of the flakes.”> Polar plots of more Raman
modes are shown in Figure S3. We hence conclude that we
have flakes with AA and AB stacking orders, oriented in the
same “upward” vertical direction and aligned with respect to
their b-axis.

Spectral Features of Excitons and Their Linear
Polarization Dependence. To elucidate the excitonic
properties of AA- and AB-stacked ReS,, we investigate their
optical transitions using low-temperature photoluminescence
(PL) and differential reflectance spectroscopy. PL spectra
obtained for the two extreme polarization angles, parallel and
perpendicular to the b-axis, are shown in Figure 2A. The full
photoluminescence data sets are given in Figure SSA. The
spectra of the AA flake are in good agreement with the
literature:*”*” the two main features at 1.54 and 1.57 eV can be
assigned to the two different exciton 1s states, which originate
from the in-plane crystal anisotropy. Here, the double peaks for
both excitons have been assigned to the neutral exciton and the
lower-energy trion.**”” Both have distinct polarization depend-
encies, while the higher-energy feature at around 1.65 eV is
commonly ascribed to higher-excitation states of those

Thake = Liubstrate

) spectra
plotted in Figure 2B confirm these peak positions, showing
clear features in agreement with the literature.>®*° In contrast,
the PL spectra of the AB flake appear quite different, showing
different spectral components and revealing a more isotropic
response, in qualitative agreement with the room-temperature
measurements of Zhou et al.>* The reflectance spectrum of the
AB flake is more challenging to interpret. Its weak excitonic
peaks suggest that the oscillator strength of the transitions is
vastly reduced in AB-stacked flakes compared with AA-stacked
flakes.

While different at the first glance, a closer look at the AA and
AB spectra in Figure 2A reveals that they exhibit surprisingly
similar excitonic features. Specifically, looking at the main
peaks, it becomes clear that they are composed of similar
subcomponents, apparent as shoulders, the main ones of the

excitons. The differential reflectance (
substrate ~ Idarl(
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Figure 2. Excitonic features in photoluminescence and differential
reflectance spectra. (A) Photoluminescence spectra, measured at 83K
of both stacking orders for two polarization angles. In the top panel
the AA stacking order shows 3 clear peak doublets at roughly 1.54,
1.57, and 1.6S eV. The bottom panel shows the same information for
the AB stacking order; however, now, we observe less clearly defined
peaks. This obscures the facile determination of peak origin. (B)
Differential reflectance data, also measured at 83 K, for both stacking
orders. The top panel clearly shows analogous behavior as the
photoluminescence data with clearly defined peaks. For comparison,
we have indicated the peak energies of the excitons from the PL
spectra with dashed lines in the differential reflectance spectra.

AA flake labeled X,,, to X, 43 in Figure 3A. This is supported
by the full polarization dependence of the peaks, shown in
Figure S4, which reveals clear double lobes in the polar plots.
In fact, the full spectral decomposition leads to 9 spectral
components as can be seen by counting the peaks and
shoulders shown in Figure SS. We, therefore, resolve the
individual subcomponents of each peak and fit their polar-
ization dependence separately. The polarization dependence of
the components labeled X, ,; to X,a5 is compared for the AA
and AB flake shown in panels C—E of Figure 3. Interestingly,
although the corresponding spectral features are not easily
recognized in the AB spectra, they nevertheless exhibit very
similar polarization dependences, suggesting that they originate
from similar excitonic states. We note that small deviations in
alignment are possible due to small thickness-dependent
variations of the fifth Raman mode orientation, which we use
to define the b-axis.”’ Indeed, fine resolution of the spectra
reveals features at the same locations as the AA flake,
distinguishable as shoulders in the AB spectrum. This is
shown in Figure S5B, where some discussion on the origin of
these peaks is also provided. This indicates that the PL peaks,
clearly visible in AA, are also present in the AB flake, while
their polarization dependence allows us to identify these peaks
clearly. At the same time, the degree of polarization is reduced
for the AB flake, particularly visible for the X,,; peak,
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Figure 3. PL anisotropy of AA stacked ReS,. (A) Same photoluminescence spectra as plotted in Figure 2A, with 3 dashed lines indicating the three
peaks that dominate in the spectra of the AA-stacked material. Our notation of X, ,,_; is used to avoid confusion with earlier interpretations in the
literature. (B) Representative PL spectrum of the AA flake with 9 fitted subcomponents, of which 7 are clearly visible and two have a lower
amplitude. (C—E) Polar plots of the integrated intensities (dots) of the fitted Lorentzian components from panel (B) for all photoluminescence
spectra of both stacking orders. These integrated intensities are then fitted with the squared cosine behavior of the Malus law (dashed lines). These
polar plots show that the polarization dependence for these spectral regions is preserved between the AA and AB stacking.

suggesting modification of the optical transition and hence the
underlying excitonic state. We thus conclude that the
characteristic differences between the AA and AB stacking
are merely the different weights of the spectral components
and the reduced degree of polarization of the AB flake.

Vice versa, the similarity of the spectral features is also
confirmed for the peaks dominant in the AB spectrum, labeled
Xap1 and X,p, in Figure 4A. Likewise, these spectral features
seem absent in the AA spectrum, but can be identified upon
closer inspection. Specifically, we identify an underlying peak
at X, from the asymmetric line shape of the main AA peak at
1.54 eV. The other peak X,3, is visible as a shoulder in the PL
spectra, as shown in Figure S5B. Full decomposition of the AB
spectrum clearly shows the X,,; to Xus3 components of the
AA flake in addition to the hallmark X,5, and X,j,
components of the AB flake shown in Figure 4B. We clearly
see the presence of both AB (red dashed) and AA (green
dashed) components, demonstrating again the contribution of
both sets of features to the AB PL spectrum. The subfeatures
Xap1 and X, p, also exhibit very similar polarization dependence
for AA and AB flakes, confirming their common origin, see
Figure 4C,D. Again, the data suggest a slightly smaller
polarization dependence of the AB flake.

The higher-energy peaks of the AA flake from 1.6 eV onward
were previously identified as higher-excited states of the
excitons with ground-state energies at 1.54 and 1.57 eV.”” If all
these peaks and ground states are taken into account, then
indeed their energies follow a Rydberg-like formula, resulting
in an exciton binding energy of around 100 meV.””* In the
AB flake, the high-energy features are also visible as broad
shoulders yet are shifted to lower energies with respect to
those of AA. Furthermore, their overall character has become
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less polarized. Applying a similar Rydberg-like analysis to the
AB flake is difficult due to the significant peak broadening.
Nevertheless, if we associate the broad feature in AB at around
1.61 eV with the higher-excited state, then we find that the
energy difference between the ground and higher-excited
exciton states is about 30 meV smaller than that in AA, which
suggests an overall smaller exciton binding energy in AB
compared with that in AA. The attribution of this broad
feature to higher-excited states is supported by data of both
polarization directions, showing consistent shifts of ground-
and excited-state energies that are also consistent with those of
AA: perpendicularly polarized excitons are always blue-shifted
with respect to those with polarization parallel to the b-axis.
Consistently, the lower energy difference between ground and
excited states of both polarizations suggests smaller exciton
binding energies in AB compared to AA.

Altogether, the similar polarization dependence of the
photoluminescence spectra and the related peak positions
indicate that we observe similar excitonic features in both
stacking orders. However, the broadening of the spectral
components and the less polarized response of the AB flake, as
well as the redshift of the higher-excited states, highlight their
clear differences. The latter is consistent with a reduced exciton
binding energy of the AB flake, possibly caused by different
interlayer interactions.

B DISCUSSION

We measured linear-polarization-resolved photoluminescence
spectra at 83 K to identify excitonic features of AA- and AB-
stacked ReS,. While the similarity of peaks in the two flakes
and their polarization dependence in principle could indicate
some degree of mixed AA and AB stacking in a single flake, this
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Figure 4. PL anisotropy of AB-stacked ReS,. (A) Same photoluminescence spectra as plotted in Figure 2A, similar to Figure 3A, we have plotted 2
dashed lines to indicate two dominant peaks in the spectra of the AB stacking order. Again, the notation of X,p, , is used to avoid confusion with
earlier interpretations in the literature. (B) A plot showing the contributions (dashed) of various components to the total AB spectra (solid) for
peaks most clearly visible in the AB spectrum (red dashed) and peaks most clearly visible in the AA spectrum (green dashed); arrows indicate
components shown in polar plots. Note that the two dashed curves are artificially presented as separate components, i.e., they are plotted as two
separate curves but come from a single comprehensive fit with one function. (C, D) Information displayed is as in the polar plots of Figure 3, now
with the polarization dependence of two dominant peaks in the AB-spectra. Again, we see that the same spectral regions of the AA- and AB stacking

orders have similar polarization-dependent behavior.

is very unlikely, as the Raman spectra displayed in Figure 1 are
strongly in favor of single-domain flakes. This interpretation is
in agreement with Zhou et al,** which argued that mixed
flakes are identifiable from Raman spectroscopy. We, therefore,
conclude that the two flakes have distinct AA and AB stacking
orders, and the spectra are representative thereof. The
observed similarity of the two spectra then points to
similarities in the underlying excitonic peak positions.
Especially the comparison of the photoluminescence spectra
integrated over all polarization angles (Figure SSB) confirms
the similarity of spectral components of both stacking orders.
This similarity supports the view that the excitonic properties
in ReS, are indeed to a large extent determined by the
structure within the layers, which do not depend on their
stacking order. The differences in the AA and AB spectra,
specifically the reduction in exciton binding energy and peak
broadening of the AB flake, then naturally indicate differences
in the interlayer interactions, i.e., coupling, between the AA
and AB layers.

To investigate these interlayer interactions, we perform
density functional theory (DFT) simulations of both stacking
orders, with details described in Section S4 of the SI. We find
that, curiously, there is no obvious difference between the
stacking variants from the crystallochemical viewpoint (see
Figures S6 and S7 and Table 1), for instance, in interatomic
distances and angles, coordination environments of atoms
across the van der Waals gap that could hint at increased
interlayer directed bonding in one of the stackings. Moreover,
dedicated calculations, taking into account spin—orbit
coupling, show very similar band structures for both AA and
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AB, see Figure S. Interestingly, however, these calculations
reveal that the top of the valence bands is spin-split, with
opposite spins for AA and AB, while the conduction band
remains almost unchanged. This significant effect of spin—orbit
coupling on the band structure is reminiscent of spin-dark
states in group VI TMDCs,"! suggesting that these spin-
projected states and the spin-flip character of the valence band
could result in spin-forbidden transitions, effectively changing
the optical band gap of AB- versus AA-ReS,.

Indeed, a recent study on ReS, observed brightening of spin-
dark states in AA-stacked ReS, under magnetic field, although
of several 10 meVs.*” Another work, by Dhara et al. reports
weakly emitting states for AA-stacked ReS,* Our DFT
calculations confirm their suspicion that these weakly emitting
states and the main excitons are spin-split. In AB stacking,
these states become bright, with an associated lowering of the
electronic band gap. This is independently confirmed when we
look at the dispersion of the two valence bands to determine
the effective masses of holes (see Table S2) in the optically
allowed excitons. Optically allowed exciton states mainly
consist of the red valence and conduction band states in Figure
S. Therefore, the optically allowed exciton in AA consists of a
hole in the lower valence band, while in AB, the hole is in the
upper valence band. The lower valence band is quite flat,
leading to a large effective hole mass of the optically allowed
exciton in AA. By contrast, the upper valence band has more
dispersion, leading to a smaller effective hole mass in AB. The
effective electron masses for AA and AB are similar. Taking this
together, it turns out that the reduced mass of the optically
allowed exciton in AB is smaller than that in AA; see Table S2
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Figure S. Electronic band structures. (Top) Crystal structures of the
AA (A) and AB (B) bilayer systems. The first structure has the layers
perfectly aligned on top of each other, while the latter structure is
formed by displacing the second layer by roughly half of a unit cell
along the crystallographic a-axis. This causes slightly different overlaps
in atomic positions. (Bottom) Spin-projected band structure
calculations of the respective systems were made using the
optB86b-vdW functional including spin—orbit coupling. The color
of the bands shows the spin-character, as indicated by the colormap
on the right of the plots. Crucially, the most significant difference
between AA- and AB-stacked ReS, is the flip of the spin character of
the valence bands, while the conduction bands are less affected. This
change in the valence bands shows that the lowest transition is spin-
dark in AA, but it becomes spin-bright in AB ReS,. The two valence
bands have different dispersion, indicating different effective hole
masses.

for the results of the DFT calculations. As the exciton binding
energies scale linearly with the excitonic reduced mass
according to the standard Rydberg-style formula, this means
that the exciton binding energy of AB is smaller than that of
AA. Quantitatively, from quadratic fits of the dispersions, we
obtain reduced masses of y = 0.365m, and g = 0.348m,,
respectively, for AA and AB along the M — I" — M path and y
= 0.406m, and y = 0.375m, for the K — I' — K direction (SI
Section S4.4). This corroborates that the corresponding
exciton binding energies are smaller for AB. This is indeed
in qualitative agreement with our experimental findings of the
reduced PL and reflectance intensities, as well as increased
broadening of the exciton resonance of the AB stacking order,
which are common indicators for exciton binding strength.”

We note that in our current approach, the DFT calculations
are restricted to free-particle bands, in which exciton states are
not adequately modeled. It is therefore conceivable that
additional changes occur in the local dielectric environment,
possibly modulating the screening of bound excitons.

In this regard, interesting connections may be drawn to the
fractional dimensionality of the excitons. Originally introduced
as a perturbation to the hydrogenic exciton to explain exciton
binding energies in anisotropic, quantum-well structures that
could not properly explained by pure 2D or 3D confine-
ment, "™ this concept was extended to explain exciton
binding energies in 2D halide perovskites,”’ as well as the
gradual transition in exciton energy levels of MoS, from
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monolayer to bulk.** In ReS,, careful evaluation of the Rydberg
fits showed that already in AA-stacked ReS,, the two differently
polarized excitons could experience slightly different dimen-
sionality in the plane.*" On a conceptual level, the more
isotropic optical response we observe for AB-stacked ReS,
points to less confinement along certain in-plane crystal
directions, possibly induced by a change in interlayer
interactions upon stacking. This would suggest that not only
do the ReS, layers behave more bulk like but also within the
plane, the excitons feel the crystal directions less in the AB-
stacking than in the AA-stacking. Specifically, one of the
excitons is located along the rhenium chains,** and the lower
anisotropy in the AB stacking indicates less of an alignment in
this direction.

In other TMDCs, signs of altered interlayer interactions
upon stacking have been experimentally observed in Raman,
and PL and reflectance," ™' some of which has been
substantiated by theoretical calculations.”” However, in those
cases, the differences in stacking orders are much smaller
compared to the data we show here for bulk ReS,. For
instance, two separate studies, on MoS, and WSe,, looked at
PL spectra of the respective bilayers.*””" Interestingly, in both
materials, a change in the energy differences of A and B
excitons of about 20 meV was found, indicating that spin—
orbit coupling effects are sensitive to stacking. In contrast,
these studies on other TMDCs seem to show little change
(~<1 ecm™) in the shifts of main Raman peaks," ™" while
ReS, shows easily observed shifts (~7 cm™), even at room
temperature, upon stacking.

The reduction of PL intensity, peak broadening, and
weakened reflection upon going from AA to AB stacking
suggests a significant change in interlayer interactions. Our
DFT simulations then indicate that this change in optical
properties may be related to a flip in spin of the valence bands
of AA and AB, which is accompanied by a change in effective
hole masses, resulting in lower exciton binding energies for the
AB stacking, as compared with AA. Finally, our extended
simulations of the potential energy landscape of various ways
of stacking successive layers suggest that other stacking orders
could be experimentally realized in ReS, (Figure S8), for which
the interlayer coupling and optical properties of excitons could
be further investigated.

B CONCLUSIONS

Using a combination of polarization-resolved spectroscopy
techniques, we reveal surprisingly similar excitonic features in
the two stacking orders of ReS,. However, their distinct
modifications in terms of peak amplitude, peak broadening,
and degree of polarization suggest different interlayer coupling
in these stacking orders. Specifically, we attribute the peak
broadening and reduced intensities in the AB stacking to
increased interlayer interactions, consistent with a reduction in
the exciton binding energies. In general, ReS, is an interesting
member of the 2D family of semiconductors due to its
anisotropic crystal structure and its potential for polarization-
sensitive applications, and the strong variations of excitonic
properties due to stacking order suggest tunability of the
excitonic states. Crucially, our results show that the polar-
ization sensitivity can be retained, while the interlayer
interactions are modulated with changes in the stacking
order, making ReS, an interesting candidate for investigating
homo- and heterostructure properties in future studies.
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B METHODS

Experiments. ReS, flakes were mechanically exfoliated
onto Si-SiO, substrates from a commercially obtained bulk
crystal (HQ-Graphene) by using pieces of blue Nitto tape
(Nitto SPV-224PR-M]). Exfoliation was performed 3—S times,
and bulk flakes were visually identified using a customized
Witec 300 alpha R confocal microscope with a 50X
magnification Zeiss objective (Objective LD EC “Epiplan-
Neofluar” 50x/0.55 DIC M27). Atomic force microscopy data
were taken using a Bruker Dimension FastScan system. Room-
temperature measurements were performed on a piezo-
scanning stage, while low-temperature measurements were
performed in a Linkam cryostage (Linkam THMS3S0EV) that
has a temperature range of about 77—475 K. Before low-
temperature measurements were performed, the samples were
baked in the cryostage at 473 K. Photoluminescence (PL) and
Raman spectroscopies were performed using a diode-pumped
532 nm solid-state laser that was fiber-coupled into the Witec
system via a reflective dichroic mirror that also acts as a laser
filter on the detection side. Signals were collected via the same
S0X Zeiss objective and out-coupled into a spectrograph
(Witec UHTS 300Vis) connected to a CCD detector (Andor-
Newton EMCCD). For the PL measurements, we used a 150
gr/mm (blaze S00 nm) grating, while the Raman measure-
ments utilized a higher-resolution 1800 gr/mm (blaze 500
nm). The differential reflectance measurements were obtained
using a broadband halogen lamp, correcting for the reflection
of the substrate and electronic (dark) noise of the detector,
while limiting the incident angles of the broadband light onto
the samples by minimizing the aperture stop of the lamp. For
all measurements shown in this work, the linear polarization
angles of the polarizer and the analyzer (polarization filter)
were kept parallel with respect to each other and thus rotated
in the same way for successive measurements.

In the analysis, we find that all peaks in the Raman and
photoluminescence spectra are reasonably well described by
Lorentzian line shapes.

Theoretical Modeling. All density functional theory
(DFT) simulations were performed using the projector
augmented wave (PAW) method implemented in the Vienna
ab initio simulation package (VASP).”>™>* To resolve the
distinct stacking-order driven interlayer interactions of ReS,,
two vdW dispersion corrections such as DFT-D2°° and DFT-
D3, various exchange-correlation functionals in the nonlocal
vdW-DF family such as optPBE, optB86b,”” optB88,>"
Grimme’s PBE-DF2,”” and the hybrid functional HSE06®
were used in this study. The integration in the Brillouin zone
was employed using the Monkhorst—Pack scheme®" (11 x 11
X 1) with an energy cutoff of 500 eV. The convergence
threshold for the self-consistent field calculations was set to
107 eV per cell, and the geometrical structures were fully
optimized until the Hellmann—Feynman forces acting on
atoms were less than 0.01 eV A™.°> For more details about the
simulation and the comparison of various functionals, see SL
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