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Anisotropic two-dimensional materials provide promising platforms for polarization-driven optoelec-
tronic and photonic devices. In particular, layered rhenium disulfide (ReS;) has recently attracted intensive
attention due to its unique linear dichroism. However, control over the optical properties of ReS; is mostly
limited to the band-edge excitons, which significantly limits the application wavelength range. Here, we
utilize ultrafast transient absorption microscopy to tune the broadband optical anisotropy of few-layer
ReS,. We observe a broad nonexcitonic photoinduced-absorption feature, which exhibits weak anisotropy
immediately after pump excitation, but, surprisingly, shows a strong polarization dependence after a few
picoseconds, leading to a broadband enhancement in the optical anisotropy. We attribute this to carrier
cooling and subsequent anisotropic free-carrier absorption due to anisotropic carrier effective masses.
This work provides not only a principle for the ultrafast active control of broadband polarization-sensitive
photonic devices but also insights into anisotropic carrier dynamics in two-dimensional materials.
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I. INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs), often represented by MX, (M =W and Mo;
X =Se and S), provide excellent optical and optoelec-
tronic properties, such as a thickness-engineered electronic
band-gap nature, stable excitons, and valley selectivity
[1-5]. As a rising member of the 2D TMDs, rhenium
disulfide (ReS,) offers unique light-matter interaction
properties that MX, materials do not exhibit [6-8]. Due
to relatively low in-plane crystal symmetry in ReS,,
chains of rhenium atoms are aligned along a specific
crystal direction (b axis), making light-matter interac-
tions strongly dependent on light-polarization orientation
[9—11]. This optical anisotropy enables various optoelec-
tronic applications, such as highly sensitive polarization
detectors [12—14], polarized-light emitters [15], saturable
absorbers [16,17], and light-polarization-controlled ultra-
fast optical switches [18-20]. ReS, possesses additional
application advantages over other 2D materials. First,
while the circular-polarization-selective valley-exciton
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transitions in MX, are possible only for ultrathin odd
layer numbers [3—5], the linear-polarization selectivity in
ReS; is available for all layer numbers [9—11]. Second,
the air stability of ReS, is excellent [8], unlike exfoli-
ated black phosphorus, another representative 2D material
with optical anisotropy, which degrades rapidly upon air
exposure [21].

However, the optical anisotropy in ReS; is still not fully
exploited. This is because modulation of the anisotropic
characteristics in ReS; has been mostly limited to the
band-edge excitons [18-20,22—24], although its intrin-
sic optical anisotropy persists over a wide range from
near-infrared to ultraviolet [25,26]. One example is the
recently reported optical Stark effect [18,19], which can
be utilized to control anisotropic excitons in ReS, selec-
tively, but the available wavelength range is inherently
confined to the narrow spectral window near the band-
edge excitons. Several recent optical pump-probe studies
observed polarization-dependent modulation in transmit-
tance and reflectance by laser-pulse injection [20,22—24],
but the probing wavelength has been mostly confined to
the narrow region near excitons as well, and a method
to enhance the intrinsic anisotropy of ReS;, has not been
studied. Thus, control of the optical anisotropy in ReS;
is still poorly explored, preventing the development of

© 2022 American Physical Society


https://orcid.org/0000-0003-1609-8199
https://orcid.org/0000-0001-6659-9771
https://orcid.org/0000-0001-9877-8272
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.014010&domain=pdf&date_stamp=2022-07-06
http://dx.doi.org/10.1103/PhysRevApplied.18.014010

SUNG BOK SEO et al.

PHYS. REV. APPLIED 18, 014010 (2022)

ReS;-based devices capable of actively switching the
broadband polarization sensitivity. We note that impor-
tant studies have been reported on the optical anisotropy
of ReS,, which varies depending on the number of layers
[11,27-32] and stacking order [33,34]. These are not
directly correlated with active control of the anisotropy.

Here, we modulate the optical anisotropy of few-layer
ReS, over a broad wavelength range of 500-950 nm by
laser-pulse injection. Ultrafast broadband transient absorp-
tion microscopy is utilized to monitor picosecond changes
in the degree of linear polarization in the absorption
profile. We observe a nonexcitonic broad photoinduced-
absorption feature, which exhibits no polarization depen-
dence immediately after pump excitation, but shows a
strong anisotropy after about 1.5 ps. Consequently, the
anisotropic photoinduced absorption increases the linear
polarization degree of the absorption. We find that this
modulation effect originates from anisotropic free-carrier
absorption due to intrinsic anisotropy in the carrier effec-
tive mass in ReS,. This work provides a principle for the
switching of optical anisotropy based on anisotropic free-
carrier absorption, which can be utilized for polarization-
sensitive optoelectronic devices. Additionally, this work
offers an insight into the anisotropic ultrafast carrier
dynamics of 2D materials.

II. METHODS

A. Sample preparation

The ReS, flake on a sapphire substrate is prepared by
mechanical exfoliation from commercially available bulk
crystals.

B. Ultrafast broadband transient absorption
microscopy

We use a Yb:KGW femtosecond amplifier system (Light
Conversion, PHAROS), generating laser pulses at 400 kHz
with a pulse duration of 230 fs, to produce the pump
and probe beams. One portion of the amplifier output
is directed to a noncollinear optical parametric ampli-
fier (Light Conversion, ORPHEUS-N) to generate 30-fs
pump pulses centered at 1.55 eV. Focusing the pump
beam onto a beta-barium borate crystal tunes the energy
to 3.1 eV. The pump beam is spectrally filtered with a
short-pass filter blocking the 1.55 eV pulses and modu-
lated with an optical chopper at 125 Hz. Another portion
of the amplifier is focused onto a YAG crystal to gener-
ate a white-light supercontinuum probe beam. The probe
beam passes through a filter, cutting off the fundamen-
tal beam, and is bounced off between two negatively
chirped mirrors several times to compensate for positive
group-velocity dispersions. The pump and probe beams are
combined using a dichroic beam splitter. The collinearly
propagating beams are focused onto a sample with a

reflective objective (NA 0.65) and transmitted beams are
collected with an objective (NA 0.7). Only the probe beam
is guided to a monochromator, and spectrally dispersed
photons are detected using an electron-multiplying charge-
coupled-device camera triggered at 250 Hz. The changes
in the probe absorption with sequential pump-on (4pump)
and pump-off (4) events are recorded at different pump-
probe time delays controlled with a motorized linear stage.
The pump and probe intensities are modulated with neu-
tral density filters, and the polarization is controlled with
broadband half-wave plates in the pump and probe paths.
Data acquisition is carried out with home-built LabView
software.

II1. RESULTS AND DISCUSSION

Figure 1(a) displays an optical image of the few-
layer ReS, sample on a sapphire substrate prepared by
the mechanical exfoliation method. Bonding between Re
atoms is relatively strong, thereby forming Re-Re chains
along the direction of the b axis of the crystal. Thus,
ReS, flakes are usually cleaved along it [27], as identified
in the optical image [yellow line, Fig. 1(a)]. This is fur-
ther confirmed by optical spectroscopy, as discussed later.
The flake thickness measured by atomic force microscopy
is about 4.5 nm, corresponding to 6 layers [11]. We
present the electronic band structure of ReS; and complex
dielectric functions in the Appendix.

First, we explore the steady-state optical anisotropy of
ReS; through polarization-dependent absorption. The inci-
dent light is linearly polarized, and its polarization angle is
defined as the relative angle between orientations of the
polarization and the b axis [see Fig. 1(a)]. Figures 1(b)
and 1(c) display measured full absorbance spectra and cor-
responding line-cut profiles at several different energies,
respectively. The absorption profile is modulated with a
period of 180° by the polarization angle of light. In partic-
ular, the intensity of the overall absorption is the strongest
(weakest) for polarization parallel (perpendicular) to the b
axis, which is in agreement with previous studies [12,35].
This result suggests that comparing absorption spectra for
the two polarization angles (i.e., parallel and perpendicu-
lar to the b axis) will be a reasonable way to discuss the
broadband anisotropy of ReS,. In this sense, we define the
linear polarization degree of the absorption as

— ‘% (1)
| +AL

The spectra for A and 4| are shown in Fig. 1(d), where 4
is higher than 4, over our entire spectral window. Thus, p
in Fig. 1(e) shows only a positive sign.

We identify several absorption peaks. First, two
anisotropic excitons, Ex; and Ex;, are observed at 1.49
and 1.51 eV, respectively, as indicated by the magenta and
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Steady-state characterization. (a) Optical image of a 6-layer ReS, sample. Corresponding height profile is shown by the red

graph. Blue arrow represents the polarization orientation of light. Polarization angle of light is measured relative to the crystal’s b axis,
as denoted by the yellow line. Polarization-dependent absorbance (b) and corresponding line-cut profiles at several different photon
energies (c). (d) Absorbance spectra for light-polarization parallel (red) and perpendicular (green) to the b axis. Vertical dashed lines
indicate the anisotropic absorption resonance energies for Ex; (magenta), Ex; (cyan), and D (gray), respectively. Inset is a magnified
view near Ex; and Ex,. (e) Linear polarization degree of the absorbance obtained from the absorbance spectra in (d).

green dashed lines in Fig. 1(d) and the magnified view
(inset). Spectral weights of these anisotropic excitons are
maximized when the polarization angle is 15° for Ex;
and 88° for Ex, (Fig. S1 within the Supplemental Mate-
rial [36]) [11,18,37]. Thus, Ex; (Ex;) shows a stronger
response with || (L) polarization, as displayed in the inset
of Fig. 1(d). Due to Ex,, the linear polarization degree of
the absorption in Fig. 1(e) exhibits a local minimum near
1.51 eV. We also observe a high-energy anisotropic peak at
1.92 eV, as indicated by the gray dashed line in Fig. 1(d),
the spectral weight of which is maximized at || polariza-
tion (Fig. S1 within the Supplemental Material [36]). This
anisotropic resonance, due to the transition from Re 5d-S
3p bonding to Re 5d-S 3p antibonding, was identified by
Ho et al. in bulk ReS; [25]. Following Ref. [25], we denote
this resonance as D.

Now we modulate the anisotropic absorption of ReS,
through optical pulse injection. Ultrafast optical-pump—
white-light-probe microscopy monitors the pump-induced

change in absorbance, A4 =A,ump—A4o, as a function
of pump-probe time delay (7), where Apump (4o) is the
absorbance with (without) the pump [Fig. 2(a); see Sec. II].
The pump fluence is fixed to 0.8 mJcm~2. We perform
probe-polarization-dependent measurements to identify
changes in the optical anisotropy. Polarization of the pump
is fixed at 45° relative to the b axis because the absorption
anisotropy is weak at a pump energy of 3.1 eV. Actually,
we observe no significant pump-polarization dependence
of AA (Fig. S2 within the Supplemental Material [36]).
Figures 2(b) and 2(c) display 2D contour plots of AA4
measured for probe polarization parallel and perpendicu-
lar to the b axis, denoted as A4, and A4, respectively.
There, blue-colored negative signals correspond to pho-
toinduced bleaching (PB). While we observe PB at Ex;
and D resonances in A4 [Fig. 2(b)], PB in A4, is seen
at the Ex; energy [Fig. 2(c)]. The energy positions of
the PB and their polarization dependence agree with the
steady-state response in Fig. 1(d). In Figs. 2(b) and 2(c),
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FIG. 2. Pump-induced transient absorption dynamics. (a) Schematic description of the optical-pump—white-light-probe experiment.
(b), (c) Time- and spectrally resolved differential absorbance for probe polarization parallel (b) and perpendicular (c) to the b axis,
denoted as A4 and A4, respectively. (d)~g) Corresponding transient spectra for A4, (red) and A4, (green) are shown at several
different pump-probe time delays. Vertical dashed lines indicate energies for Ex; (magenta), Ex; (cyan), and D (gray).

the red-colored positive signals observed over the broad
range of 1.3—1.7 eV indicate photoinduced absorption
(PA). Importantly, the intensity of PA in A4 is remark-
ably stronger than that in A4, leading to an increase in the
degree of linear polarization, p [Eq. (1)]. This is because its
pump-induced change (A p) is approximately proportional
to the difference between A4 and A4, that is

— pPo X AA” — AAJ_, (2)
where ppump (00) denotes the linear polarization degree of
the absorption with (without) pump (see Sec. 1 within the
Supplemental Material for more details [36]). Thus, the
anisotropic PA enhances the absorption anisotropy.

Next, we compare the transient A4; and A4, spec-
tra at several different time delays [Figs. 2(d)}-2(g)]. We
observe spectral dips at Ex; and Ex, energies (indicated
by magenta and green dashed lines), which originate
from exciton bleaching due to state filling and screened
Coulomb interactions by excited carriers. Detailed dynam-
ics of exciton bleaching in ReS, have been intensively
studied elsewhere [22,23,38,39]. Bleaching of the D peak
is well identified in A4 (cyan dashed line), but not in
AA,, confirming the anisotropy of this transition. How-
ever, rather than these anisotropic peaks, we focus on the
broad PA signals that play a key role in modulating the

Ap = Ppump

optical anisotropy. As shown in Figs. 2(d) and 2(e), the
overall heights of PA in A4 and A4, are similar at early
time delays, =0 and 0.2 ps. This response is not helpful
for anisotropy modulation, as outlined by Eq. (2). How-
ever, at longer time delays [r=3 and 50ps; Figs. 2(f)
and 2(g)], the broad PA in A4 is significantly larger than
that in A4, which can lead to significant modulation of
the absorption anisotropy. Also, the bleaching of Ex; in
A4, is completely buried in the strong PA, so the sign of
A4 is positive for all energies below the D peak, suggest-
ing the nonexcitonic origin of the broad PA feature. Later,
we discuss possible physical mechanisms. We can see
some spikelike peaks at 1.6-1.7 eV, probably originating
from a series of excitons lying above Ex, [40]. Given that
exciton bleaching causes negative A4, this feature can be
interpreted as small exciton responses superimposed on the
large positive PA band with a positive sign.

To confirm the anisotropy of PA, we measure AA
spectra while continuously rotating the probe polariza-
tion at r=3 ps. In Fig. 3(a), the red-colored PA bands
are maximized (minimized) at || (L) polarization, which
is also well shown by the corresponding polar plot in
Fig. 3(b). This result further justifies the use of the lin-
ear polarization degree of the absorption based on the
two polarizations, || and L. The observed polarization
dependence phenomenologically agrees with recently
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Anisotropic photoinduced absorption. (a) Transient differential absorption measured while rotating the probe polarization.

Pump-probe time delay is fixed at =3 ps. (b) Corresponding polar plot at two different photon energies exhibiting photoinduced

absorption.

reported intensity-scan measurements on ReS,, where the
anisotropic nonlinear optical effect is the strongest at ||
polarization due to the large excited-state absorption [17].

Now, we investigate how the optical pulse injection
modulates the absorption anisotropy. We obtain the pump-
modulated linear polarization degree of the absorption
from the measured steady state [4; and 4,; Fig. 1(d)]
and differential absorbance [AA4; and AA,; Figs. 2(b)
and 2(c)]. Figure 4(a) displays the result at =3 ps (0pump;
red line) with the nonmodulated one (p¢; black line).
Ppump 1s larger than po at about 1.3—1.7 eV, indicating

enhancement of anisotropy. To see this more clearly, we
plot Ap = ppump — po in Fig. 4(b), where a positive sign
is observed at 1.3—1.7 eV, except at the Ex; resonance
(magenta dashed line). This negative dip arises because
bleaching of Ex; leads to a small amplitude of A4
[Figs. 2(f) and 2(g)], which hinders the increase of 4.
For a similar reason, negative Ap at the D resonance
(gray dashed line) is observed due to a pump-induced
decrease in the linear polarization degree of the absorption.
Therefore, pump injection rather weakens the anisotropy
of Ex; and D resonances that exhibit strong absorption at
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FIG. 4. Modulation of anisotropy. (a) Pump-modulated linear polarization degree of the absorbance at =3 ps (red line). Nonmod-
ulated one [Fig. 1(e)] is shown for comparison (black line). Vertical dashed lines indicate energies for Ex; (magenta), Ex; (cyan), and
D (gray). (b) Difference between the two graphs presented in (a). (¢) Dynamics of the linear polarization degree of the absorbance at
several probe energies, showing increased anisotropy. Horizontal dashed lines are corresponding nonmodulated values. Blue lines are

exponential fits.
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|| polarization, although it raises anisotropy in the nonexci-
tonic region below 1.7 eV. Note that the overall amplitude
of Ap is scaled along with pump fluence, but the spec-
tral shape does not change significantly (Fig. S3 within the
Supplemental Material [36]).

We next proceed by investigating the time dependence
of anisotropy modulation. Figure 4(c) shows the dynam-
ics of ppump at several energies exhibiting positive Ap.
All the traces reach their maximum at around =3 ps,
and a corresponding rise-time constant of (1.7 £0.2) ps is
obtained from exponential fitting (blue lines). The ppump
traces return to their nonmodulated values (dashed lines)
with decay-time constants of (350 & 150) ps. The obtained
time constants determine the speed of anisotropy modula-
tion. We discuss the origins of these time constants at the
end of this section.

Now, we explore the possible origins of anisotropy
modulation. As discussed above, the pump-enhanced
anisotropy arises from the polarization-dependent PA,
which exhibits a larger amplitude at || polarization than
that at L polarization [e.g., Fig. 2(f)]. Thus, it is instruc-
tive to understand PA first. The representative causes of
PA in semiconductors are as follows: lattice heating, band-
gap renormalization (BGR), and free-carrier absorption
(FCA). The first mechanism, lattice heating, results from
the transfer of excess energy formed in the electronic sys-
tem by the absorbed pump photons to the lattice system
through electron-phonon coupling. It has been recently
found that the E,-like in-plane phonon mode (labeled as
L3) at about 151 cm~! exhibits strong interactions with
electrons in ReS, [41]. Such interactions transfer the high
energy of carriers created by the pump to the lattice,
which raises the lattice temperature. In ReS,, an increase
in the lattice temperature shrinks the optical band gap,
leading to an increase in the absorption near the optical
absorption edge [42]. However, in our experiment, the
estimated amounts of optical band-gap shrinkage due to
lattice heating are similar for || and L polarizations (see
the Supplemental Material, Sec. 2 [36,43]), which can-
not explain the observed large difference of PA between
A4 and AA;. Also, in 2D TMDs, including ReS,, the
lattice-heating effect has a meaningful effect on the tran-
sient absorption signal about 10 ps after the pump [39,44],
but this time delay is far later than the observed rise time of
anisotropy modulation, about 1.7 ps [Fig. 4(b)]. Thus, we
exclude the lattice-heating effect as an explanation for the
observed anisotropic PA response. The second mechanism
is BGR, which describes a reduction of the band gap due
to many-body interactions of pump-excited-electron and -
hole plasmas. The BGR effect sublinearly depends on the
excited carrier density [45], whereas the measured peak
AA exhibits a linear dependence [Fig. 5(a)]. Also, BGR
redshifts the overall absorption spectrum [46,47], but the
shape of the A4 expected thereof deviates far from the
observed one (Fig. S4 within the Supplemental Material

[36]). These results suggest that BGR is not the dominant
factor for PA. The third mechanism is FCA. In this pro-
cess, the corresponding PA signal depends linearly on the
pump-excited carrier density, agreeing with our observa-
tion [Fig. 5(a)]. We note that pump-created excitons can
also absorb probe photons. However, because the density
of pump-excited electron-hole pairs (~10'3-10'* cm~2)
is above the Mott threshold (10'°—10"3 cm™2) [48,49],
most of the excitons are expected to be ionized. Thus,
we attribute the observed PA to FCA. This attribution
agrees with recently reported near-IR FCA in a ReS, thin
film [50].

Here, we discuss FCA in more detail. There are two
well-known types of FCA: the Drude-type and the inverse
bremsstrahlung-type FCA [51,52]. In the first type of pro-
cess, carrier-carrier scattering provides additional momen-
tum for satisfying energy-momentum conservation. Since
this Drude-type FCA is usually observed below the plasma
frequency, terahertz [53,54] or mid-infrared [55] spec-
troscopy is commonly used to detect it. On the other
hand, in the second type of process, FCA is assisted
by scattering between carriers and ions (e.g., photoion-
ized ions or ionized impurities) and can emerge in the
spectral region above the plasma frequency [51]. In our
experiment, the probe window (1.3-3 eV) is far above
the estimated plasma frequency (~0.58 eV); thus, the
inverse bremsstrahlung-type FCA is expected. The asso-
ciated FCA coefficient (agca) of this FCA mechanism
is inversely related to the carrier effective mass (m*),
apca o(m*)73/2 (Sec. 3 within the Supplemental Material
[36,56,57]). Near the conduction-band edge in ReS,, the
ratio between the electron effective mass in the direction of
the b axis (mﬁ) and that in the perpendicular direction (m? )
is about mj;:m’ =0.56:0.98 [58]. The corresponding ratio
of apca 18 (m"T)_3/2:(mj)_3/2 ~ 2.3:1. Similarly, the apca
ratio obtained from hole effective masses (mj:m’} =1.6:2.2)
[59] near the valence-band edge is about 1.6:1. Both results
roughly agree with the observed ratio of A4 to A4,
(~1.9:1) in Fig. 3(b). Therefore, we attribute the large FCA
at || polarization to the smaller carrier effective mass in that
orientation.

Additionally, we estimate the relative contribution ratio
of electrons and holes to agca. In the direction of the b axis,
the effective electron and hole masses are m};=0.56 mq
and mj;=1.6 my, respectively, where mg is the free-
electron mass [58]. Thus, the corresponding agca ratio is
(m)73/2:(m})~3/? = 4.8:1. Similarly, the apca ratio in the
direction perpendicular to the b axis is estimated to be
(mj)_3/2:(m2)_3/2 = 3.4:1 [58]. These estimations show
that electrons make a larger contribution to the FCA signal
at both || and L polarizations.

We need to consider the steady-state anisotropy of the
absorption edge. It is known that the indirect absorp-
tion edge below Ex; exhibits a stronger response at ||
polarization than that measured at L polarization [60].
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FIG. 5. Origin of anisotropic photoinduced absorption. (a) Differential absorbance at =3 ps for A4 is shown as a function of
excited carrier density. Solid lines are guides for the eye. (b),(c) Dynamics of differential absorbance, A4 (red) and A4, (green),
and their difference (A4, — A4 ; black) measured at 1.43 eV are shown with exponential fits (blue smooth lines). (d) Schematic
summary of polarization-dependent photoinduced absorption. Left and right panels describe the carrier dynamics measured for probe
polarization parallel and perpendicular to the b axis, respectively. Filled (open) circles represent pump-generated electrons (holes). For
both polarizations, pump-excited carriers are cooled to the band edge on a timescale of 1-2 ps (green arrows). Observed photoinduced
absorption band is due to absorption of probe photons by the free carriers, i.e., FCA (red wavy arrows). FCA for probe polarization
parallel to the b axis (left panel) is stronger than that measured for probe polarization perpendicular to the b axis (right panel), resulting
from the fact that the FCA coefficient is inversely related to the carrier effective mass. Left (right) panel depicts a smaller (larger)
carrier effective mass due to a larger (smaller) band curvature at the band edge. For both polarizations, carriers vanish by indirect
recombination on a timescale of about 100 s ps (orange arrows). CB and VB represent the conduction and valence band, respectively.

Thus, one can expect that this anisotropic steady-state
response may affect the transient anisotropic A4 discussed
so far. Under optical excitation, the absorption edge gen-
erally undergoes shifts and bleaching [61]. The former
is caused by lattice heating and BGR, neither of which
are adequate to explain the observed PA, as discussed
above. The latter, caused by band filling, may exhibit rel-
atively large photoinduced modulation due to its intrinsic
anisotropy. However, the corresponding sign of A4 should
be negative, opposite to the observation. Thus, it is hard
to expect that the bleaching of the absorption edge will
directly affect the observed anisotropic PA response.
Finally, we discuss the dynamics of FCA. Figure 5(b)
shows PA dynamics at an early time delay measured
at 1.43 eV (similar results are obtained at other ener-
gies; see Fig. S5 within the Supplemental Material [36]).
We can see that A4, (green) shows a picosecond fast
decay component absent in A4 (red). Consequently, their
difference, A4y — A4, (black line), grows with a rela-
tively slow rise-time constant of about 1.5 ps. This causes
the retarded rise of anisotropy modulation in Fig. 4(c)
because Ap o« A4y — AA4; [Eq. (2)]. In the above para-
graph, we attribute the polarization-dependent FCA to the

carrier effective mass that varies with orientation, which
is determined by band curvatures at the band edge. How-
ever, immediately after absorbing pump photons, a large
portion of carriers stay at higher-energy states than the
band edge because the pumping energy (3.1 eV) is much
larger than the quasiparticle band gap (~1.6 eV) [26].
Hence, the orientation-dependent carrier effective mass
can affect FCA affer most of the carriers are cooled to
the band edge. The carrier cooling time in 2D TMDs
is about 1.5 ps [48], which agrees well with the rise
time of A4 — A4, [black line in Fig. 5(b)]. Therefore,
we attribute the rise time of about 1.7 ps for anisotropy
modulation [Fig. 4(c)] to the carrier-cooling time. This
carrier-cooling process occurs via carrier-phonon cou-
pling, where the E,-like in-plane optical phonon mode (L3)
plays a key role in ReS; [41]. Additionally, we observe
reduced rise-time constants of A4 — A4, at low pump
fluences (Fig. S6 within the Supplemental Material [36]),
consistent with previously reported carrier-cooling behav-
ior in other 2D TMDs [62]. Carrier trapping at defects
may contribute to the depopulation of free carriers, but
we do not have evidence that this mechanism mani-
fests polarization dependence [22,38]. We rule out Auger
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recombination because no pump-fluence dependence of
Auger-type processes is observed (Fig. S6 within the Sup-
plemental Material [36]). The long-timescale dynamics of
AA), A4, and their difference exhibit decay-time con-
stants of about (2304 50) ps due to phonon-mediated
indirect recombination [23]. This explains the recovery
dynamics of anisotropy modulation in Fig. 4(c). The
polarization-dependent free-carrier dynamics discussed so
far are summarized in Fig. 5(d) and its caption.

IV. APPLICATION OF FREE-CARRIER
ABSORPTION

This section discusses the potential applicability of the
observed FCA effect. First, we estimate the FCA cross
section (opca) of few-layer ReS; from the observed A4
via the following relationship [63]:

AA = orcan, 3)

where n~ 1.2 x 10" cm™2 is the density of pump-
generated carriers at a pump fluence of 0.8 mJ cm~2. Since
the FCA appears as PA in the A4 spectra, the left-hand
side of Eq. (3) corresponds to the positive amplitude of
the PA band (A4 ~ 5 x 1073) at 1.3-1.7 ¢V in Fig. 2(e).
Thus, opca is about 4 x 107 cm? from Eq. (3). Table I
compares this opca value with those in different mate-
rials measured at a wavelength range similar to that of
our work (730-950 nm). While opcs in few-layer ReS,
agrees with those in other 2D materials and nanocrys-
tals [64,65], it is orders of magnitude larger than those in
bulk materials such as silicon and SnO, [65,66]. The large
free-carrier effect in nanomaterials is probably due to their
relatively small carrier mean scattering times, which are
inversely proportional to opca [65]. Importantly, the large
free-carrier effect in nanomaterials provides a potential for
photonics applications, such as silicon photonics.

In silicon photonics, heterogeneous integration with var-
ious other materials has recently been spotlighted to over-
come limited device performance resulting from silicon’s
intrinsic properties [67,68]. In particular, heterojunctions
with 2D materials can enhance the efficiency of light mod-
ulation [69—71], enabling a substantial reduction of device
size [69—71]. Meanwhile, FCA plays a key role in opti-
cal modulation in silicon photonics [72,73]. Especially,
FCA is a central mechanism in variable optical attenuators

(VOAs), which are an essential component for control-
ling optical power levels [73]. However, VOAs generally
require a large power consumption due to the low FCA
cross section of bare silicon. Thus, there have been vari-
ous attempts to overcome this challenge via heterogeneous
integration with other materials exhibiting larger FCA
[68,74]. For example, it has been recently demonstrated
that a VOA device including a nanometer-scale-thick het-
erogeneous layer with a large FCA shows a significantly
enhanced light-attenuation performance than that in nor-
mal silicon VOAs [73]. This example suggests that the
observed strong FCA effect in 2D ReS; has potential for
the design of high-performance VOA devices in silicon
photonics.

FCA is also important for infrared sensing in integrated
photonics platforms. In the mid-infrared range, photon
energies are much smaller than the band gaps of sili-
con or germanium such that an interband transition is
difficult to use. In contrast, opca significantly increases
with increasing wavelength in the mid-infrared region;
thus, heterogeneous integration with high-orca materials
can enhance the sensing performance [75]. We therefore
expect that the observed FCA in ReS; will contribute to
polarization-sensitive infrared sensing in integrated pho-
tonics platforms.

V. CONCLUSION

We modulate the broadband optical anisotropy of few-
layer ReS, using ultrafast broadband transient absorp-
tion microscopy. The optical pump causes a nonexcitonic
photoinduced absorption band to arise from free-carrier
absorption, which exhibits a significant light-polarization
dependence about 1.5 ps after pump excitation. We
attribute this to the anisotropic free-carrier absorption after
carrier cooling. The anisotropy of free-carrier absorption is
due to the intrinsic anisotropy of the carrier effective mass
in ReS,. Consequently, the degree of linear polarization in
the absorption for the wavelength range of 730-950 nm
increases, enhancing the broadband optical anisotropy.
The modulation principle based on the anisotropic free-
carrier absorption found here provides a methodology
for the active control of polarization-sensitive photonic
devices, such as polarization detectors [12—14], polarized-
light emitters [15], transmissive polarizers [76], and lasers
operating [16,17] at visible and near-IR wavelengths.

TABLE I. FCA cross section in various materials measured at the wavelength range similar to that of our work (730-950 nm).
Material Wavelength (nm) FCA cross section (cm?) References
Few-layer ReS; 730-950 4x 1077 This work
Few-layer MoS, 800 1x10717 =2 x 107V [64]

Si nanocrystals 700-900 2x 10717 =3 x 107" [65]
Bulk Si 700-900 3x 10718 —5x 10718 [65]
Sn0O, 500-900 1x1071% —4 x 107 [66]
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FIG. 6. DFT-calculated orbital-resolved electronic band structure of ReS, (a) and in-plane complex dielectric function (b).

This work also extends the studying range for ultrafast
anisotropic phenomena in ReS;, which has, so far, been
limited to a narrow spectral region near the excitons.
We expect that this work will stimulate similar broad-
band studies on other anisotropic 2D materials (e.g., black
phosphorus, ReSe,, SnSe;, SnS, WTe,, ZrTes) and their
heterostructures [77-79].
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APPENDIX

In this appendix, we present the theoretical calculated
electronic band structure [Fig. 6(a)] and complex dielec-
tric function [Fig. 6(b)] of ReS,. The density functional
theory (DFT) calculations are performed with the Vienna
ab initio simulation package [80], using the generalized
gradient approximation (Perdew-Burke-Ernzerhof) for the
exchange-correlation functional, a cutoff energy of 450 eV,
and a 9 x 9 x 9 k mesh for the non-self-consistent calcu-
lations. The van der Waals correction, DFT-D3 [81], is
employed, and the spin-orbit coupling is also considered
because of heavy Re. Structural optimization is carried out
until the Hellmann-Feynman forces drop to 1 meV A~! for
all atoms.

The overall shape of the calculated structure agrees with
previous results [6,26]. Notably, the calculated band gap
(~1.07 eV) is smaller than the observed ones [10,42]—as
expected for DFT [82]. It is also noteworthy that, although
the calculated band structure shows a direct fundamen-
tal gap, many conflicting results on the direct or indirect
gap nature in ReS; have been reported [26,82,83]. Experi-
mentally, many optical experiments have found that ReS,
exhibits indirect-gap characteristics [30,84,85]. These con-
tradictory results on the band-gap nature are an ongoing
issue for ReS,; [86].
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