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ABSTRACT: The stacking order of 2D materials can result in fascinating physical
properties. Two different stacking orders (AA and AB) were recently identified in ReS,, a
rising star in the transition metal dichalcogenides family with a unique anisotropic
property. Their optical and vibrational properties show drastically different features. With
intensity-scan spectrometry, the nonlinear optical absorption of both AA and AB
stackings in ReS, was investigated. Saturable absorption (SA) only occurs in AB stacking
at certain polarization angles, whereas it is absent in AA stacking. This saturation . *~
behavior is attributed to strong exciton—exciton annihilation (EEA). Excited-state 4 5,0¢¢¢
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absorption (ESA) is prominent in both stacking orders, but more anisotropic with
polarization in AB stacking. Our results provide new insights in using ReS, as a nonlinear

optical material in forefront optoelectronics.

KEYWORDS: stacking orders, rhenium disulfide, nonlinear absorption, first-principles calculations

L ayer alignment in 2D materials inherently gives different
atomic stacking orders where many intriguing phenomena
are observed. For example, in 2018, superconductivity was
achieved in bilayer graphene at a certain “magic angle”.! In
2019, Moiré excitons were realized in MoSe,/WSe, hetero-
structures at small twisted angles.”” Stacking order was also
found to be important in manipulating nonlinear properties,
such as inducing second order processes. In trilayer graphene
with ABA stacking, where the centrosymmetry in the
monolayer is broken, a second order susceptibility of around
0.9 X 107" m/V was observed with an excitation wavelength
of 1300 nm,”* while in ABC stacking, second order phenomena
were not observed because centrosymmetry is still preserved.
In MoS,, a second harmonic generation was observed in the
3R phase regardless of the layer number, but in the 2H phase it
is only seen with samples with an odd number of layers.” Very
few studies have been devoted to the impact of the stacking
order on nonlinear absorption for which 2D semiconductors
have found many potential applications in optoelectronic
devices.

ReS, is a rising star in the transition metal dichalcogenide
family. The uniqueness of ReS, lies in its distorted 1T triclinic
crystal structure where the additional d valence electrons of Re
atoms form zigzag Re chains parallel to the b-axis, drastically
reducing its symmetry. As a result, ReS, possesses extremely
weak interlayer bonding and anisotropic optical,’ ® thermal,’
and electronic properties.'”"" Unlike black phosphorus, ReS, is
very stable in air, making it more suitable for optoelectronic
applications. Recently, two stacking orders were identified in
multilayer ReS,:'> AA stacking where adjacent layers sit right
on top of one another with minimal displacement and AB
stacking where adjacent layers shift by one-unit cell along the
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a-axis. The carrier dynamics and both optical and vibrational
properties in different stacking orders were found to be
drastically distinct. A few studies suggest that ReS, should be a
promising candidate as a nonlinear optical material for
lasers.”’? However, the impact of the stacking order on
nonlinear optical properties in ReS, is unknown. In this work,
we study the nonlinear absorption of ReS, of both AA and AB
stackings with a home-built intensity scan (I-scan) spectrom-
eter. It was found that both single-photon absorption (SPA)
and ESA are more anisotropic in AB stacking. The saturation
irradiance associated with the SPA is only prominent in AB
stacking (negligible in AA stacking) at polarization angles from
30° to 105° which is attributed to strong EEA along those
polarizations. Orbital resolved band structures calculated with
first-principles simulation suggested that the probability of the
optical transition of Exc. III could be much higher in AB
stacking than AA stacking. Our results reveal that stacking
order is a critical factor when considering ReS, as a nonlinear
absorption material for optoelectrical applications.

The samples were exfoliated from a bulk crystal (HQ
graphene). Stacking orders can be identified using optical
Raman spectra measured in a Raman spectroscopy, as shown
in Figure la,d."*'* The displacement between Mode III and
Mode I is roughly 20 and 13 cm™ for AB and AA stacked
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Figure 1. Different stacking orders characterized by Raman and PL. (a, d) Raman spectra of AB and AA stacking, respectively. (b, e) PL spectra for
stacking AB and stacking AA, as a function of polarization angle of collection beam, respectively. (c, f) PL peaks of Exc. I, II, and III for stacking AB
and AA as a function of the polarization angle of the collection beam, respectively.

ReS,, respectively. These results are consistent among more
than 13 samples studied. Occasionally, mixed stacking order
was observed in very thick samples, but the stacking order of
thin samples can be determined by Raman without any
ambiguity. The thicknesses of the two ReS, samples were
measured with AFM (Figure S1) to be 56 nm (AB stacking)
and 68 nm (AA stacking). The b-axis (Re—Re chain) can be
determined with polarized Raman spectra of Mode V (Figure
S2), which usually coincides with the cleaved edge.

Since ReS, is known to have multiple exciton levels that are
anisotropic, we first conducted polarized photoluminescence
(PL) measurements on both samples at different angles that
are defined as the polarization of light against the b-axis. Both
polarized Raman and PL measurements were conducted using
an inVia confocal Raman microscope (Renishaw) with 532 nm
excitation. A 2400 lines mm™" grating was used in the Raman
measurements. In order to control the polarization, the
samples were mounted on a rotational stage. For PL, a 1200
lines mm ™" grating was used, and these results are presented in
Figure 1b (AB stacking) and Figure le (AA stacking). Multiple
peaks are identified in the PL spectra. The peak positioned
around 1.4 eV is usually taken as the indirect band transition in
multilayer ReS,.” Alongside the indirect band transition, three
exciton peaks are also identified. Figure 1c,f plots the PL peaks
of all three excitons as a function of polarization angle. For
both stacking orders, all three excitons’ PL peak positions are
relatively stable with varying polarization angles, which are
obtained by fitting the PL spectra with the Voigt function
(Figure S6). In AB stacking, the PL peaks are 1.48 eV for Exc.
I, 1.52 eV for Exc. II, and 1.57 eV for Exc. IIL In AA stacking,
the PL peaks are 1.46 eV for Exc. I, 1.50 eV for Exc. II, and
1.56 eV for Exc. III. The PL positions of all three excitons in
AB stacking are slightly higher than that of AA stacking. This is
determined by the differences in both exciton binding energy
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and the bandgap in two stacking orders. In order to verify the
Exc. III exists in both stacking AA and AB at room
temperature, wavelength-resolved pump—probe experiment
was performed around Exc. III level. A resonant feature
shows in both stacking AA and stacking AB.

Optical transitions in multiplayer ReS, have been studied
extensively.””'>'® Most results agreed that Exc. I and Exc. II
polarize along different crystal orientations, for example, Exc. I
mainly polarizes along 15° from the b-axis, and Exc. II along
90° (perpendicular) from the b-axis.” The PL spectra in Figure
1b,e are consistent with previous studies.” Ho et al. suggested
that both Exc. I and Exc. II come from the transition of
nonbonding Re §d t,, to nonbonding Re 5d tzg*,” while Exc.
II originates from nonbonding Re 5d t,, to sulfur 3p
states.'”'® The energy level of excited states for Exc. I and
Exc. II are very close, and both of these are close to the energy
level of Exc. III. As a result, Exc. III can be treated as an excited
state superposed by the excited states of both Exc. I and Exc.
IL'® From our simulation of the optical absorption spectrum
(Figure 4b,e), finite values of the optical absorption from both
directions (0° and 90°) are found around Exc. III level, which
suggests the formation of Exc. III comes from a combined
effect of Exc. I and Exc. II. As shown in Figure 1b,e, the
photoluminescence of Exc. III (~1.57 eV) in AA stacking is
much more obvious than AB stacking, which is consistent with
the aforementioned study.'” To better resolve the Exc. III
feature for different stacking orders, we measured the
absorption of Exc. III for both samples as a function of
irradiance with our home-built I-scan spectrometer at different
polarization angles, with the laser photon energy resonating
with Exc. III. A schematic diagram of the setup for the I-scan
spectrometer is in Figure SS. The principle of the I-scan
spectrometer is similar to a Z-scan spectrometer. The main
difference is that the laser intensity of the I-scan is controlled
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Figure 2. Absorption coefficient as a function of irradiance at 790 nm. (a, b) Results for AB stacking at 0° and 90°, respectively. (c, d) Results for
AA stacking at 0° and 90°, respectively. The green lines represent the contribution from the SPA. The dark blue lines represent the contribution

from the ESA. Error bars are obtained by adjusting the fitting range.
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Figure 3. Nonlinear absorption parameters as a function of polarizations. (a—d) Results for AB stacking. (e—g) Results for AA stacking. The
collected data sets are fitted by cos*(0 — 6,,..,) + @ for @ and f3, as solid lines.

by a neutral optical density filter instead of moving the sample
across the laser focus point (Z-scan). I-scan is especially
suitable for 2D materials prepared via mechanical exfoliation
with limited surface areas. For the Z-scan measurement, a
common assumption is that the reflectance of the sample stays
constant and the absorption change is proportional to the
transmittance change. To relax this assumption, we collected
both the reflectance and the transmittance simultaneously in
our I-scan spectrometer, and the complex refractive indices
were derived from the transfer matrix method."””> The
absorption coeflicient is related to the imaginary part of the
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complex refractive index."” The laser pulse used in the I-scan
experiment has a 790 nm central wavelength (1.569 eV) with a
10 nm spectral width (fwhm). Under this condition, the laser
photon energy resonates with Exc. III, and the spectral width is
narrow enough to eliminate the broadening effect from Exc.
IL.'? Comparing with PL, using I-scan to study nonlinear
behavior of Exc. III resonantly can provide more accurate
information because the PL spectra consist of the convoluted
signal of multiple excitons and depend on both the oscillator
strength and lifetime associated with each exciton.'” Figure 2
shows the absorption coefficients (a) of AA and AB stackings
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at 0° and 90° polarizations as a function of irradiance. For both
stacking orders, regardless of polarization, « first increases with
irradiance and then decreases. For AB 0°, AA 0° and
AA 90°, the values of a at higher irradiance are always larger
than those at the lowest irradiance, which is usually called
reversible saturable absorption (RSA). For AB_90°, when
irradiance is above 14 GW/cm?, the values of & decrease to be
even smaller than that of the lowest irradiance. This
phenomenon is called SA.

RSA may originate from free carrier absorption (FCA), two-
photon absorption (TPA), or ESA. In ReS,, ESA was proposed
to be the most probable mechanism.'”'® To observe ESA
experimentally, the absorption of photons by the excited
carriers to transit to higher energy levels has to be greater than
that by the carriers on ground states. This requires a large
number of excited carriers being initially excited to the excited
states (photon energy resonant with excited state energy) and
the laser pulse width (~400 fs) to be much shorter than the
excited carrier lifetime. Both conditions are satisfied for Exc. III
under our experimental conditions. A model that considers
both SA and ESA was used to fit the experimental data:

% " Bl
e (3) () o

where @ is the SPA coefficient, I, is the saturation irradiance
associated with SPA, f, is the ESA coefficient, I is the
saturation irradiance associated with the ESA, and I is the laser
irradiance.

In Figure 2, both the overall fitting with eq 1 and the
contributions from individual terms (SPA and ESA) are
plotted. The solid green lines represent the contributions from
SPA. For the cases of AB_0° (Figure 2a), AA_0° (Figure 2c),
and AA 90° (Figure 2d), the SPA contributions show no
dependence on irradiance.

This means the first term of eq 1 is a constant value, which
indicates that the saturation irradiances (I,) for these cases are
extremely large. For AA stacking, the first term of eq 1 will be
simply replaced with a constant value a, However, SA
associated with SPA is prominent for AB_90°, which suggests
that the SA effect in AB stacking has a very strong dependence
on polarization. ESA, plotted as solid blue lines, is prominent
in all cases and dominates for AB_0° (Figure 2a), AA_0°
(Figure 2c), and AA_90° (Figure 2d). For the experimental
data, at certain irradiances all cases show a clear turning point
of absorption from increasing to decreasing. This phenomenon
is only associated with ESA. The irradiance at which the
turning point occurs relates to the ESA saturation irradiance,
I By comparing all the cases, it can be concluded that the I in
stacking AB is smaller than that in stacking AA. For both
stackings, the I at 90° polarization is smaller than that at 0°.
Figure 3 shows the fitted parameters for both AB and AA
stacking when rotating the laser polarization from 0° to 180°
against the b-axis. The values of @, and f, in AB stacking are
larger than those in AA stacking at all polarization angles. I,
only has meaningful values in AB stacking from 30° to 105°
and disappears (extremely large fitted value and large standard
deviation) for all angles in AA stacking. The values of I; in AA
stacking are larger than that of AB stacking. @, and f, the
coefficients of SPA and ESA, are associated with the transition
from ground state to Exc. III and from Exc. III to higher energy
level, respectively. I, and I, the saturation irradiance for SPA

a =
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and ESA, are affected by both the transition probabilities and
available states of Exc. III and the higher energy level. Due to
the one-unit cell shift along the g-axis in AB stacking, the
interlayer distance is decreased from 2.61 A (interlayer
distance of AA stacking) to 2.54 A for the bulk from our
simulation. The absorption coefficient measures the attenu-
ation of the light irradiance per unit thickness. With a smaller
interlayer distance in AB stacking, the light will pass through
more layers per unit thickness, resulting in a larger absorption
coefficient. Finite values of I, in AB stacking for certain angles
(30—105°) indicate that the maximum achievable states of Exc.
III along these polarizations is much more limited compared
with AA stacking.

In both AA and AB stackings, the angle-dependent ¢, and f3,
can be fitted with a function: & cos*(0 — 0,,,,) + 7, with fitting
parameters summarized in Table 1. This equation is related to

Table 1. Fitted Parameters with & cos*(0 — 0,,..) + @

¢ Ormax
AB AA AB AA
@ 18285 + 2665 7683 + 1120 44.1 + 3.8° 33.6 + 3.4°
Bo 3350 + 408 1037 + 169 759 + 3.2° 76.6 + 5.1°

the strength of transition at different angles. A larger amplitude
of & means a greater change of absorption coefficient with 6.
The base absorption coefficient is denoted as #. Lastly, 8, is
the particular angle at which the maximum absorption occurs.
For both SPA (,) and ESA (f,), £ values in AB stacking are
much larger than those in AA stacking, indicating that both
transitions are more anisotropic in AB stacking. For both a,
and f, the 0, values stand between 15° and 90°, confirming
that Exc. III is a superposition of Exc. I and Exc. II. The 6.,
values for f3; in AA and AB stackings are very similar and close
to 90°. The 6, values for a; in both stacking orders are closer
to 15°, indicating a larger portion of the contribution from Exc.
L. 0., in AB stacking shifts by 10° to a larger value compared
with AA stacking.

From Figure 3b, the saturation irradiance (I,) was only
observed in AB stacking, with specific polarization angles
ranging from 30° to 105°. This behavior could not be fully
explained within the picture of ESA and the contribution from
other physical mechanisms has to be considered, such as angle-
dependent exciton—exciton annihilation (EEA). With a
relatively large exciton density, the interaction between
excitons cannot be neglected; the electron—hole pair of one
exciton could recombine and transfer its energy to another
adjacent exciton. The latter exciton would be excited further to
a higher energy level. The EEA process is very similar to the
Auger process of free charge carriers.”

The strength of EEA is closely related to the exciton spatial
distribution and the polarization. Tran et al. did first-principles
GW-BSE simulations to study the optical spectra of few-layer
and bulk black phosphorus.”’ They found that the optical
properties of excitons have a close relationship with their
spatial anisotropy, which are optically bright only for the
incident light golarized along the extended direction of their
wave function.” Moreover, Wang et al. performed experiments
to study the anisotropic excitons in monolayer black
phosphorus™ and observed that the PL of the exciton shows
maximum intensity along the extended direction of the square
of the ground-state exciton’s electron wave function.”” The
photon’s interaction with the material can be approximated by

https://dx.doi.org/10.1021/acsphotonics.0c01225
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Figure 4. Band structures and optical transitions for different stacking orders in bulk ReS,. (a, d) Orbital resolved band structures (Re Sd tyy and
sulfur 3p) for stacking AA and stacking AB, respectively. (b, e) Optical absorption spectra by GyW,—BSE along the Re—Re chain and perpendicular
to the Re—Re chain direction for AA and stacking AB, respectively. The vertical red lines in the absorption spectra indicate the oscillator strength of
the optical transitions, where I, II, and III represent the Exc. I, Exc. II, and Exc. III, respectively. (c, f) Schematic diagrams of the nonlinear

absorption processes for stacking AA and stacking AB, respectively.

the transition dipole moment yy; = (flji-€li), where fi = Y g7, is
the dipole moment, & is the unit vector of the light
polarization, and i and f represent the initial and final state,
respectively.” If the excitonic wave function is extended along
a specific direction, the transition is preferable when the laser is
polarized along the same direction, and the absorption
coefficient should be larger.”** The saturation of the Exc. I
state in AB stacking observed in Figure 3b could originate from
EEA. EEA determines the maximum exciton density that can
be achieved at one state and was observed in many low
dimensional systems, like graphene nanoribbons, MoS,
monolayer,”> MoSe, monolayer,”® and WSe, monolayer.”’
Shahnazaryan et al. studied the exciton—exciton interaction in
transition metal dichalcogenide (TMD).*® They found that the
exciton exchange interaction energy results from the
competition between the interexciton interaction enhancement
and an intracarrier interaction decrease when increasing the
screening length.28 In other words, the exciton exchange
interaction energy is affected by how the wave function spreads
out so that different excitons can overlap with each other as
well as how strong the intracarrier interaction is. Especially, the
interaction of the excited exciton state (e.g., Exc. III of ReS,)
shows a clear increasing trend for a higher dielectric constant,
while the ground state exciton (e.g, Exc. I and Exc. II)
interaction strength does not change much.”® On the other
hand, the exciton size would increase with larger screening
(higher dielectric constant),” which could effectively increase
the overlapping probability for different excitons.”> For a few-
layer ReS,, Sim et al. observed the signature of the exciton—
exciton annihilation of the lowest exciton state with ultrafast
pump—probe spectroscopy, which shows a much weaker layer
dependence compared with other 2D TMDs.>

In Figure 4cf, schematic diagrams of the absorption
processes for different stacking orders are shown. For stacking
AB, apart from the two blue arrows, which represent the SPA
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and ESA, a green arrow is added to represent the EEA process.
The reason why the EEA process is significant in AB stacking
could be understood from several aspects. First, in our previous
paper,'” the calculated dielectric constant in stacking AB is
larger, which can induce a stronger screening effect and thus
cause a stronger EEA*® Also, as shown in Figure 4b,e, the
calculated oscillator strength in AB stacking around Exc. III
level is actually stronger than that of stacking AA. A more
extensive intracarrier interaction (oscillator strength) could
lead to a stronger EEA. Second, comparing Figure 3a,e, the
SPA coefficient (q,) is larger in stacking AB, which indicates
more excitons created with the same incident irradiance. As
discussed above, one of the reasons could be a smaller
interlayer distance in stacking AB. With more excitons in the
real space, the probability of overlapping with one another
would increase. Third, previous studies suggested that Exc. III
corresponds to the optical transition from the nonbonding Re
5d t,; to sulfur 3p states.'”'® To get more insight, orbital-
resolved band structures for different stacking orders are
calculated with first-principles simulation and shown in Figure
4a,d. The orange color represents the Re 5d tyg orbital, and the
green color represents the sulfur 3p orbital. Comparing Figure
4a,d, for the valence band near the I" point, the orbital
contribution from the Re Sd t,, orbital for stacking AB is about
0.488, much larger than that of stacking AA (0.335). For the
conduction band, the orbital contribution from the sulfur 3p
orbital is 0.225 in stacking AB, slightly larger than that in
stacking AA (0.211). The results are summarized in Table S1.
These values indicate that the possibility of optical transition to
generate Exc. Il is much higher in AB stacking, which leads to
higher density of excitons and hence larger probability of
exciton overlapping. The three aspects discussion above all
suggest that EEA process is much more significant in AB
stacking than in AA stacking. We want to mention that the
orbital resolved band structures were done in the PBE level
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without considering the many-body effects, which shows a
direct bandgap for both stacking orders. GW calculation
(considering the many-body effects) showed an indirect
bandgap for bulk ReS,.' However, the discussion above
should still hold, since the difference between the direct
bandgap and indirect bandgap is small.”*"

On the other hand, the angle-dependent transition
probability for the ESA needs to be taken into account.
From the fitted parameter 0, of 3, in Table 1, the transition
is strongest around 76° for both stacking orders. The EEA
process would be strong when both overlapping of exciton
wave functions and transition strength are large. So, it is
reasonable that I, was only observed from 30° to 105° in AB
stacking. Above 105°, f3, keeps decreasing. Also, the decreased
a, from 105° to 135° for AB stacking indicates a decreasing
exciton size (deviating from the exciton’s polarization) and a
decreased number of excitons. All of these effects would make
the EEA disappear due to decreased exciton overlapping
probability and decreased transition strength. While for
stacking AA, since both the a, and f, are much smaller, the
EEA process might be weak in the range of irradiance
investigated so that the saturation does not show.

The saturation of the higher energy level (I/;) can be
understood as the Pauli blocking effect. Comparing the I4
between the stacking AB and stacking AA, the I in AB stacking
shows a much smaller and nearly constant value from 30° to
120°, around a similar angle range at which the SPA in AB
stacking shows saturation (finite values of I/;). This correlated
behavior can be understood as an additional absorption
channel (EEA) on top of ESA, which saturates the higher
energy level at a much smaller irradiance. Power-dependent
pump—probe experiments would be needed to gain a deeper
understanding.

In summary, we studied the effect of stacking order on the
nonlinear optical properties of ReS, with I-scan spectroscopy.
We found that the saturation of the single-photon absorption
(SPA) from the ground state (valence band) to Exc. III is only
important in AB stacking at certain polarization angles, while
excited-state absorption (ESA) from Exc. III to a higher energy
level is prominent in both AA and AB stacking along all angles.
Overall, both SPA and ESA are more anisotropic in AB
stacking. ESA’s saturation irradiance, Iy, is smaller in AB
stacking than in AA stacking, which could be due to an
additional absorption channel of exciton—exciton annihilation
(EEA) in stacking AB. In the range of the irradiance
investigated, the AB stacking ReS, could be used as a saturable
absorber at a polarization angle from 30° to 105°. AA stacked
ReS, could find applications in upper conversion lasers due to
the saturable absorption being negligible at all angles. Our
study reveals the profound impacts of stacking order on
nonlinear optical properties in ReS,.
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