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ABSTRACT: Few-layered transition-metal dichalcogenides (TMDs) are increasingly Exfoliated
popular materials for optoelectronics and catalysis. Among the various types of TMDs ReS,
available today, rhenium chalcogenides (ReX,) stand out due to their remarkable electronic hy

structure, such as the occurrence of anisotropic excitons and potential direct band gap
behavior throughout multilayered stacks. In this paper, we have analyzed the nature and
dynamics of charge carriers in highly crystalline liquid-phase exfoliated ReS,, using a unique
combination of optical pump-THz probe and broad-band transient absorption spectroscopy.
Two distinct time regimes are identified, both of which are dominated by unbound charge >
carriers despite the high exciton binding energy. In the first time regime, the unbound charge

carriers cause an increase and a broadening of the exciton absorption band. In the second & N’
time regime, a peculiar narrowing of the excitonic absorption profile is observed, which we "

assign to the presence of built-in fields and/or charged defects. Our results pave the way to g

analyze spectrally complex transient absorption measurements on layered TMD materials and

indicate the potential for ReS, to produce mobile free charge carriers, a feat relevant for photovoltaic applications.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

Over the past few years, layered rhenium chalcogenide
compounds have gained significant interest in the scientific
community due to their anisotropic electronic and optoelec-
tronic properties.' Rhenium disulfide (ReS,) exhibits layer-
independent optical properties due to electronically and
vibrationally decoupled monolayers.””> Among several impli-
cations, the possible preservation of a direct electronic band
gap for thicker stacks sets ReS, apart from more conventional
transition-metal dichalcogenides (TMDs), which suffer from
indirect band gaps for multilayered stacks.”*~® ReS, has shown
great potential for transistors,” ” photodetectors,'*™'* light-

phase exfoliation has been reported recently, and first reports
indicate their promising potential for PV applications.””**
Although high-quality ReS, nanoflakes obtained through such
exfoliation procedures are clearly promising materials, the
nature and dynamics of elementary optical excitations in these
novel materials are not yet known, limiting their potential use
in applications such as light emission or photovoltaics.

This contribution reports the temporal evolution of
photogenerated excitons and free charge carriers in highly
crystalline liquid-phase exfoliated 2D ReS, nanoflakes with
few-monolayer thicknesses. To this end, we photoexcited the
sample with ultrashort optical laser pulses and detected
excitons and free charge carriers by both time-resolved optical

emitting diodes,"”* and sensors.'* Unlike conventional two-
dimensional (2D) semiconductors, ReS, has a stable distorted
1T’ crystal structure and shows in-plane’'® and out-of-plane
anisotropy.'”'® This results in the formation of anisotropic
excitons, and as a consequence, their fundamental properties,
such as transport and"’ lifetimes, can be selectively modulated
by varying the polarization of incident light.

Similar to other layered semiconductors, ReS, can be
produced either through vacuum epitaxial growth, exfoliation
from high-quality crystals, or direct colloidal synthesis.”’”>
Exfoliation, particularly through liquid-phase methods, is a
cost-effective means to produce flakes of ReS, as it combines
the advantages of solution processing (low cost and upscaling)
while preserving high crystallinity, a persistent issue in direct
colloidal synthesis methods.”*>® An in-depth study of the
synthesis of crystalline few-layered ReS, flakes through liquid-

© 2021 American Chemical Society
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probe and terahertz (THz) probe (conductivity) measure-
ments.

B EXPERIMENTAL SECTION

Liquid-Phase Exfoliation of ReS, and Film Prepara-
tion. Dispersions of ReS, were produced by liquid-phase
exfoliation in N-methyl-2-pyrrolidone, as reported by us
previously.”” In brief, we mixed 50 mg of ReS, bulk powder
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(>99%, Alfa Aesar, 89482.04) together with 25 mL of N-
methyl-2-pyrrolidone (NMP, >99.0%, Merck) in a centrifuga-
tion tube. We sonicated the resulting mixture for a total
duration of 6 h in a sonication bath (USC-THD, VWR) while
keeping the bath tem}gerature below 40 °C to avoid auto-
oxidation of NMP.”” Subsequently, we subjected the
dispersion to centrifugation (Eppendorf model 5804, 30 min,
1700 rpm) to separate exfoliated flakes from unexfoliated
material. The experimental parameters were optimized in our
previous work. The supernatant that contains exfoliated ReS,
flakes was decanted from the sediment and stored for further
use. Such dispersions of ReS, in N-methyl-2-pyrrolidone were
colloidally stable for months with limited sedimentation over
time. Finally, a ReS, film, studied in this work, was prepared by
drop-casting a ReS, dispersion on a quartz substrate, followed
by annealing at 30 °C for 20 min.

Basic Characterization of ReS,. For transmission
electron microscopy (TEM), we diluted the dispersions of
ReS, in isopropanol and cast a drop on a Holy Carbon—Cu
grid (200 mesh, SO ym). We removed traces of residual volatile
components under a reduced atmosphere by drying samples in
a vacuum tube connected to a Schlenk line or in the
antechamber of a nitrogen-filled glove box. Low-resolution
TEM images were taken on a Cs-corrected JEOL 2200-FS
TEM at an acceleration voltage of 200 kV. In line with the
literature, we prepared atomic force microscopy (AFM)
specimens by casting a diluted ReS, dispersion in isopropanol
onto a preheated silica wafer.”” This method leads to isolated
flakes onto a silica wafer with minimal contamination—
conditions that are apt for height determination by AFM.
Generally, we kept the specimens overnight in a vacuum tube
connected to a Schlenk line or in the antechamber of a
nitrogen-filled glove box before imaging the films on a Bruker
dimension edge equipped with an NCHYV probe using tapping
mode in air. Following these methodologies, we expect
minimal solvent remnants that could interfere with the height
determination. Particle size distributions were measured by
dynamic light scattering (DLS) on a Malvern Nano ZS$
Zetasizer equipped with a red He—Ne laser (4 = 633 nm). For
X-ray photoelectron spectroscopy (XPS) and Raman spectros-
copy, we cast a concentrated dispersion of ReS, in NMP on a
microscopy glass slide and removed the solvent under vacuum
in the antechamber of a glove box. XPS spectra were recorded
on an S-Probe monochromatized XPS spectrometer using a
monochromatized Al Ka source operated at 1486 eV as a
probe. Raman measurements were conducted on a Bruker
Optics Senterra dispersive Raman spectrometer attached to an
Olympus BXS1 microscope and coupled to a thermoelectri-
cally cooled CCD detector, operating at —65 °C. The
spectrometer has an XYZ motorized (automatic) stage for
positioning and focusing. Spectra were obtained in the spectral
range of 60—1560 cm™' and with a spectral resolution of 3—5
cm™! using a green Nd: YAG (532 nm) laser. The
experimental conditions were set at five accumulations of 10
s, and sufficiently low laser power (0.1 mW) was used. All of
the samples were measured under a X50 magnification
objective (numerical aperture (NA) of 0.75) with a spot size
of 4 um.

Transient Absorption (TA) Spectroscopy. TA measure-
ments were performed by optically exciting and probing a ReS,
film with ultrashort laser pulses, having a time duration of
~180 fs, analogous to previous studies.”’'>* A Yb: KGW
oscillator (Light conversion, Pharos SP) is used to produce

180 fs pulses with a 1028 nm wavelength at a 5 kHz frequency.
The pump pulse is obtained by sending the fundamental beam
through an optical parametric amplifier (OPA) equipped with
a second harmonic module (Light conversion, Orpheus) to
perform nonlinear mixing and achieve pump wavelengths of
310—1330 nm. The TA signal was detected using broad-band
probe pulses generated in a sapphire (500—1600 nm) crystal.
Pump and probe pulses overlap on the sample at a relatively
small angle (~8°), after which the pump pulses are dumped,
and the probe light is collected at a detector. The pump-
induced change in absorbance is calculated using

AA = Ioglo(loff/lon)

where I is the incident light on the detector with either pump
on or pump off. TA data is further corrected for probe-chirp
using a polynomial function. In the present measurements,
differential reflectance is not considered, and hence, differential
transmittance is considered equal to differential absorbance.
The pump photon fluence was determined using a thermopile
sensor (Coherent, PS19Q). The ReS, film was stable during
the laser spectroscopic measurements that were performed
over a span of several months.

Optical Pump-THz Probe (OPTP) Spectroscopy. The
terahertz conductivity setup is based on a laser system with a
Mira Oscillator and a Legend HE-USP regenerative amplifier
(by Coherent Inc). The measurements were performed by
photoexciting a ReS, film with pump pulses of 60 fs duration
and probing photogenerated charge carriers and/or excitons
using single-cycle THz pulses which are generated in a
nonlinear zinc telluride (ZnTe) crystal via optical rectification.
The latter yields a THz waveform with a duration slightly
longer than 1 ps, which determines the time resolution of the
OPTP measurements.”” The detection of the THz waveform
takes place in a ZnTe crystal by spatially overlapping the THz
pulse with a chirped optical laser pulse centered at 800 nm,
such that the entire THz waveform is detected by a single laser
shot, as explained in refs 36, 37. This method allows us to
record the transmitted THz waveform before and after
photoexcitation, ie., Eg(t,) and Eeyeq(t, t) in a time window
of about 3.5 ps, which is determined by the duration of the
chirped optical pulse detecting the THz waveform. Here, the
time ¢, is the detection time of the THz probe waveform, and ¢
is the time delay between the THz probe and the laser pump
pulse that photoexcites the sample. After Fourier trans-
formation of Ey(t,) and E.ed(t, t) with respect to t, we
obtain the frequency-dependent change of the THz field as a
function of the pump-probe time t; ie, AE(y, t) = Ey(v) —
Eevitea(? t). The quantum yield weighted real and imaginary
mobility of free charges and excitons is related to the
differential THz signal AE(v, t) according to

(1+ny)cey AE (v, t
S, 1) = eN, : EO(E/, t))’
refractive index of the quartz substrate (\/g; = n, = 2), the

speed of light in vacuum, the vacuum permittivity, and the
elementary charge, respectively. N, is the absorbed pump laser
photon density per unit area.

while n, ¢, €, and e are the

B RESULTS AND DISCUSSION

Linear and Transient Absorption Spectroscopy.
Figure la (red trace) shows the linear optical absorbance
spectrum of a ReS, film on quartz. The dashed black line
indicates a fit with a polynomial background and an exciton

https://doi.org/10.1021/acs.jpcc.1c05268
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Figure 1. (a) Linear absorbance spectrum (red) of a thin film of ReS, 0 0+ @ ii) 400 fs
nanoflakes obtained after drop-casting on quartz. The dashed black —— -
line reveals a fit of the absorbance spectrum, using a background with . E <o - E o i) 200fs
an exciton absorption profile centered at 1.51 eV (820 nm, gray < A wh <A wh
shaded area) superimposed. The exciton profile is characterized by a ol ZAS 0_* . B
width “w,,” an amplitude “hy”, and a central position Ey,. (b) L 14 15 16165 20 24
Overview of the transient absorbance AA recorded after a film of ReS, E E Energy (eV)

on quartz was photoexcited with a 180 fs pump pulse with photon
energy 2.34 eV and absorbed photon fluence 1.2 X 10*® photons/cm?®
per pump pulse. The black dashed curve represents the linear
absorbance spectrum.

absorption profile centered at 1.51 eV (820 nm). We refer to
the Experimental Section and Supporting Information Section
S1 for an elaborate description of our liquid:/phase exfoliation
procedure and subsequent film preparation.”

The color map of Figure 1b provides a general overview of
the transient absorbance (TA) spectroscopy data (see the
Experimental Section) of such a Re$, film after photoexcitation
with a 2.34 eV (530 nm) 180 fs pump pulse and interrogation
by a broad-band probe spanning the energy range from 1.4 eV
(880 nm) up to 2.4 eV (515 nm). The band-gap region shows
a complex interplay of spectral effects, as shown in Figure 2a.
We observe an interplay of different phenomena, such as
exciton profile broadening or shifts, that can superimpose on a
negative TA signal (AA < 0) due to stimulated emission (SE)
or bleach due to state-filling. A description of the effects of line
shape shifts and broadening on AA spectra is provided in the
Supporting Information S3, yet Figure 2b summarizes the main
effects on a Gaussian transition line shape. To analyze the 2D
TA map based on these qualitative concepts, we present
spectral slices of AA at distinct pump-probe time delays in
Figure 2c.

Immediately after photoexcitation (spectrum i, t = 200 fs),
the spectrum exhibits a bleach (AA < 0) around the exciton
profile sided by two positive photo-induced absorptions (PA,
AA > 0). We recognize such a second-derivative-like line shape
as a combination of SE and/or state-filling-induced bleach with
a broadening of a Gaussian absorption profile; see Figure 2b
(Aw > 0, bottom right) and the Supporting Information
Section S3. The bleach minimum is slightly offset toward lower
energy, and the PA band appears more intense at the higher-
energy side. These asymmetries are likely the result of a blue-
shifted exciton absorption line after the pump pulse, i.e., a shift
toward higher energy; see Figure 2b (AE > 0, top right). At
higher probe photon energy (>1.65 eV), the AA spectrum
shows a net negative signal where the ground state absorbance
Ay has a relatively uniform slope up to 2.4 eV; see the dashed
curve in Figures 1b and S2. Considering the extent of the
negative band, it is unlikely to result from state-filling but
presumably reflects a blueshift of the higher-lying energy states.

Figure 2. Overview of the transient absorbance AA spectroscopy in
the band-gap region around 1.51 eV (820 nm). (a) Zoom of the 2D
energy-delay map of AA under similar excitation conditions to Figure
1, showing a complex interplay between several spectral effects shown
in (b). The black dashed curve again represents the linear absorbance
spectrum. (b) Schematics of pump-induced effects on a Gaussian-
shaped optical transition (from left to right and top to bottom):
spectral redshift (AE < 0), spectral blueshift (AE < 0), linewidth
narrowing (Aw < 0), and linewidth broadening (Aw > 0). (c)
Transient absorbance spectra at time delays as indicated, plotted at an
offset. For clarity, negative values of AA are filled in blue and positive
values of AA are filled in red.

Most remarkably, while decaying, the signal at the band edge
switches sign over the next few hundreds of femtoseconds
(spectra ii—iv) and yields a clear photo-induced absorption
sided by two bleach bands at a delay of 1 ps (spectrum iv).
Such a feature reflects a narrowed exciton profile after
photoexcitation of the sample, i.e., the probe photon produces
an exciton with a narrower linewidth than the exciton in the
ground state absorption spectrum; see Figure 2b (Aw < 0,
bottom left). At a delay of 750 fs (spectrum iii), the line shape
is asymmetric, with a more intense negative tailing at a lower
energy, i.e, a shift to higher energy is superimposed on a
narrowed exciton profile. At a delay of 1 ps (spectrum iv), the
AA feature is symmetric, while at pump-probe delays longer
than 1 ps (spectra v—vi), the symmetry is reversed, and the
initial blueshift has decayed into a redshift; a process evidenced
by a less intense tailing at lower energies and a shift of the PA
maximum to the red side.

At higher energy (>1.65 eV), the blue-shifted continuum
absorption has mostly decayed and even yields a slight redshift
at decays longer than ~10 ps (spectrum vi), a signature we
recognize through the rise of a positive absorption band
between 1.6—1.7 eV. In contrast, the signature at the band
edge decays over a much longer timescale. While decaying
(spectra vi—viii), the peak maximum in the AA progressively
shifts to the lower energy and obtains a sinusoidal-like shape,
which is characteristic of a spectral redshift of an absorption
peak; see Figure 2b (AE < 0, top left).

In summary, we recognize two dominant regimes in the AA
map:

e Regime I, <3 ps: After photoexcitation, the exciton band
broadens and blue-shifts. At the same time, we observe a

blueshift of the higher-lying energy states.

https://doi.org/10.1021/acs.jpcc.1c05268
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Figure 3. (a) Real and imaginary THz conductivity signal as a function of time obtained after photoexcitation with 3.1 eV energy and at an
absorbed photon density N, = 1.1 X 10" cm™ The solid red curve is a biexponential fit revealing a fast and slow decay time constant; see also
Figure S. (b) Normalized kinetics of (a) to show the common decay channel for both real and imaginary parts of the conductivity. (c) Normalized
kinetics of the real conductivity after photoexcitation with 1.55 eV (800 nm, red) pulses, resonant with the band gap, together with the off-resonant

case (3.1 €V, blue) for a comparable absorbed photon flux.

e Regime II, >3 ps—1 ns: The initially broadened and
blue-shifted exciton transition decays into its mirror
image, i.e., it narrows down and shifts to the red. At the
same time, the blue-shifted higher-lying states gradually
decay.

Optical Pump Terahertz Probe Spectroscopy. Having
established two distinct regimes of TA dynamics in ReS,, we
now proceed to provide insights into the nature of photo-
generated charges, albeit unbound carriers and/or excitons,
that are present in each regime and how their presence could
induce the observed spectral broadening and shifts in both
regimes. The usually very large binding energy of excitons in
2D materials, e.g, reported as 117 meV™" for ReS,, suggests the
dominance of tightly bound excitons after energetic relaxation
of initially unbound charge carriers produced by the pump
laser pulse. However, trapping due to defects and binding
energy reduction due to dielectric screening resulting from the
presence of free or trapped charge carriers both result in a shift
of the balance from excitons toward charge carriers.

To evaluate the presence and nature of photogenerated free
charges versus excitons after photoexcitation, we first measured
the differential transmission terahertz signal after photo-
excitation at a pump photon energy of 3.1 eV (400 nm).
Analogous to previous work, we consider the complex THz
conductivity signal, S(t), averaged over frequencies (v) in the
range of 0.6—1.1 THz, which is given by’

S(t) = B, (O, + by (g (1)

where ¢, (t) is the time-dependent quantum yields of free
mobile charges and p,), is the sum of the complex-valued
mobility of electrons and holes. The real and imaginary
components of ., are due to the motion of charges with
velocity in-phase and out-of-phase with respect to the THz
field, res.pectively.”’40 The second term in eq 1 takes into
account the contribution of excitons with quantum yield ¢y
(t) and polarizability, @, which at a single radian frequency of
the THz field (w) is given by a = —elm(upx)/@.””

The red curve in Figure 3a, due to the real THz conductivity
signal from free charges, exhibits an initial fast decay over a
timescale of ca. 3 ps at an absorbed photon density of 1.1 X
10" photons/cm? which is comparable to the initial variation
of the TA spectrum; see Figure 2a—c. Taking the initial
measured value of Sy(f) = 10 cm?/V s (Figure 2a) and
assuming the reported electron mobility values for bulk ReS, in
the range 19—-34 cm?/Vs* ™ to be comparable to the hole

mobility,*' we estimate the quantum yield of free pairs of
electrons and holes to be in the range ¢,,(t = 0) = 020 +
0.05; see eq 1. After 3 ps, the remaining signal decays on a
much longer timescale of several hundreds of picoseconds,
possibly due to trapping of remaining charges.

The green curve in Figure 3a represents the imaginary
component due to the motion of free charges with a velocity
component that is out-of-phase with the applied THz field
and/or the polarizability of free excitons.”*”*® However, we
assert that the exciton polarizability is too small to contribute
to the THz conductivity signal due to the experimental
detection limit (see Supporting Information Section S$4).
Therefore, we attribute the observed small imaginary
component to backscattering of free charges from randomly
oriented stacks of ReS, flakes and possibly also from localized
trap charges, as further discussed in Section S5 of the
Supporting Information. When normalized and plotted
together in Figure 3b, the real and imaginary THz conductivity
signals follow the same decay kinetics, which strongly
corroborates that the real and imaginary components originate
from the same species; i.e., unbound or “free” charges. When
pumping at 800 nm (1.55 eV), no excess energy is provided to
the charges, and excitons should be formed straight away. The
THz transient overlays however perfectly with the 400 nm
pump as is shown in Figure 3c. We hence conclude that a
significant population of unbound charge carriers are present,
in addition to weakly polarizable excitons, which will dominate
the response of the nanoflakes.

By combining a qualitative assessment of the AA maps
(Figure 2) and THz spectroscopy (Figure 3), we have
identified two distinct time regimes of free or trapped charge
carrier dynamics. To complete this analysis and compare THz
to TA dynamics directly, we note that extracting reliable
information from the complex and broad-band 2D TA map
based on slices at fixed probe energies is prone to error. To
better quantify the complex interplay of spectral effects that
govern the free carrier-dominated TA response in the two time
regimes, we proceed to fit AA(E, t) to a Gaussian fit function
G(h, Eqycitony W) that accounts for the exciton absorption and a
background absorbance C(E) attributed to higher-lying energy
states (see Supporting Information Section S6). Using this
procedure, we extract, for each pump-probe time delay the
amplitude h(t), the spectral position Eqo,(t), and the width
w(t) of the Gaussian that describes the exciton band, similar to
that in Figure la, and a shift of the background absorbance
spectrum AE,. Next, we translate these into differential
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Figure 4. Evolution of the fit parameters (solid black lines) obtained from a fit of a Gaussian G(h, Eony W) with the constrained area and a
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exciton AE,on = Ex(f) — Exg, and (c) the normalized change in the width Aw/w,.
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Figure S. (a) Normalized decay traces of the real part of the THz conductivity, a metric for the charge population, for increasing absorbed photon
density (0.28 x 10"3=3.3 X 10" cm™2). (b) Time constants extracted from a biexponential fit to (a) showing density-independent recombination
dynamics for both fast (red, 75 = 0.94 ps) and slow (black, 7, = 88 ps) timescales. (c) Schematic summary representation of the proposed
charge carrier generation and decay in liquid-phase exfoliated ReS,, proceeding through two distinct regimes. An optical pump generates
predominantly free mobile charge carriers, as evidenced by THz spectroscopy, that initially cause broadening and a blueshift of the exciton profile
due to collisional broadening and free carrier screening, respectively. Next, the broadened and blue-shifted transition decays into a peculiar
narrowed, and red-shifted line profile on a similar timescale as the THz conductivity decays. The latter indicates a nonradiative recombination event
giving rise to the observed spectral signatures, i.e., a redshift due to heating or carrier-capture-induced energetic redshifts and a narrowing due to a

homogenization of the energy landscape.

quantities: AE. o, Aw, and AE,,. The results of this
quantitative analysis of the AA maps, as summarized in Figure
4a—c, reproduce the qualitative assessment put forward earlier,
ie.,, the complex spectral response is a result of an interplay
between linewidth changes and spectral shifts and is split into
two time regimes. Remarkably, the temporal evolution of the
spectral parameters AE. ., Aw, and AE,, coincides quite
well with the decay of the real component of the THz
conductivity shown in Figure 3a and overlaid in Figure 4a—c
(red curve). A single-exponential fit reveals time constants of
0.47 and 0.42 ps for AE, . and AEy respectively, and a
0.27 ps time constant for Aw. The slower rise and ca. 1 ps
decay of the THz conductivity signal is due to the lower time
resolution of OPTP measurements compared to TA spectros-
copy; see the Experimental Section.

Carrier Dynamics. Remarkably, the decay of the carrier
population is independent of carrier density, as is evidenced by
the decay traces of the real THz conductivity in Figure Sa over
an order of magnitude in pump fluence. A double-exponential
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fit to the full decay reveals two lifetimes: 7, = 0.94 ps and 7,
= 88 ps; see Figure 5Sb. We use the fast component, which is
limited by the OPTP time resolution, as a tentative ruler to set
the regimes apart, i.c., after three decay constants (ca. 3 ps), we
assume the effects of regime I are finished. Such fluence
independent behavior was also observed in flakes of other
TMD materials and typically points toward fast trapping of one
charge carrier, followed by nonradiative recombination
through a Shockley—Read—Hall mechanism (Figure Sc,
bottom).>#>>**

Regimes of Charge Recombination. Based on the
acquired TA and THz data analysis, we outline two time
regimes, both of which are dominated by free mobile charge
carriers, which are discussed in detail below; see also Figure Sc.

Regime | (<3 ps): Linewidth Broadening and Blueshifts.
The optical pump generates predominantly free charge carriers
that initially broaden the exciton resonance due to collisional
broadening and blue-shift the exciton energy due to a free
carrier screening mechanism (Figure 4a). Collisional broad-
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Figure 6. (a) Redshift of the exciton peak for increasing absorbed pump fluence at a probe delay time of 1 ns. (b) Schematics depicting how a
redshift and line narrowing manifest in TA spectra. (c) (Top) Evolution of the energy shift of the exciton obtained from Gaussian fit with a
constrained area and background absorbance to fluence-dependent AA maps for increasing densities of 1.5 X 10'2—11 X 10'* cm™2. (Bottom)
Averaged exciton energy shift (AE), here averaged between 100 and 1000 ps (see also (c), top graph), as a function of fluence. Markers represent
experimental data points, and the solid curve is a linear fit through the origin.

ening is responsible for broadening spectral lines in atoms and
molecules and absorption and emission lines in semi-
conductors.”™* In addition to the broadening, we also
observe a blueshift of the spectrum due to the screening of
Coulomb forces, resulting in the reduction of the binding
energy of excitons.”” The central position of an exciton
resonance Ey depends on the exciton binding energy, E,, and
the free-particle band gap, E,, such that Ex = E, — E,." It is
well known that the presence of carriers alters the Coulomb
potential experienced by electrons and holes. Screening of
attractive electron—hole interactions decreases the exciton
binding energy (binding energy reduction, BER), causing
blueshifts, while electron—electron (exchange) interactions
renormalize the band gap (band gap renormalization, BGR),
causing redshifts.”>* Both mechanisms work in spectrally
opposite directions yet do not fully compensate in general. As
such, screening results in either a blueshift or a redshift of the
exciton profile.”® For instance, blue-shifted exciton transitions
as a result of screening have been observed in quasi-2D
QWs.***793%%% 3tomically thin TMDs,*****> and 2D layered
perovskites.’® In MoS," and WS,,*”*° blueshifts at early
delays were always accompanied by a broadening, similar to
our observations.

It is worth mentioning that studies typically focus on the
lowest-lying exciton state and rarely address the higher-lying
energy levels within this context. This makes it more
challenging to rationalize a blueshift of the absorption of the
higher-lying energy states. Theoretical work addressing the
broad-band optical response of MoS, in the presence of excited
carriers showed a clear difference between the excitonic
response and the higher-energy C band absorption. While the
excitons engaged in a distinctive competitive behavior between
the BGR and BER, the C peak was relatively stable against
increasing carrier densities and even showed signs of a small
blueshift.”” In this regard, Steinhoft et al.y’ suggest that an
interpretation of higher-lying energy states is far from trivial.

Regime Il (>3 ps to 1 ns): Redshifts and Linewidth
Narrowing. The initial line broadening and blueshift exhibit a

cross-over into a peculiar narrowing and redshift on the same
timescale as the THz conductivity decreases. Figure 6a shows
the TA spectra at a long time delay, indicating a dominant
redshift (AE o < 0, see Figure 6b) that persists up to 1 ns
(Figure 6a,b) and scales linearly with the photon flux (see
Figure 6¢). In addition, such an analysis reveals a dominant
linear scaling of the exciton linewidth Aw and the shift of
background absorbance AE,y with the pump fluence (see
Supporting Information Section 8), an observation that again
points to a common mechanistic origin. Such a transition from
a blueshift to a redshift has been observed in WS,.*”*° In these
studies, the cross-over was attributed to an initial blueshift due
to BER, followed by a redshift due to lattice heating, arising
from nonradiative recombination of electrons and holes on
longer timescales. On the other hand, as outlined above, a
decay of charge carriers due to recombination would also alter
the intricate interplay between BER and BGR. Irrespective of
whether the redshift is induced by a temperature effect or by a
variation in charge carrier density, tipping the balance between
BER and BGR, both are due to the recombination of free
mobile charge carriers, an interpretation in agreement with the
decay of the real THz conductivity signal. In addition, the
linear dependence of the exciton shift with the pump fluence
points to a trapping mechanism rather than to an Auger-like
higher-order recombination mechanism.

As carrier—carrier scattering induces a broadening of the
line, carrier loss inevitably reduces the width. While such a
process accounts for the decay in broadening, it does not
explain the small, albeit measurable, narrowing we observe
afterward. A line narrowing might occur due to different
mechanisms; nonetheless, they again all reflect nonradiative
capture events:

1. Homogenization of the local environment: A line
narrowing can be interpreted as a reduction of the
inhomogeneous linewidth of the excitonic optical
absorption profile, typically due to a homogenization
of the environment. Such homogenization could arise
from screening of parasitic in-plane electric fields arising
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from local potentials, eg, as a result of charged or
ionized defects,”*” or due to preexisting built-in fields.

We note that such screening of internal electric fields
by photogenerated free charges has been studied before
by numerous authors on eépitaxially grown semi-
conductor quantum wells."”® The internal electric
field in these 2D systems originated from the intrinsic
piezoelectric property of the material. Unlike 2H TMDs,
such as MoSe, and WSe,, ReS, crystallizes in a distorted
1T’-CdCl, lattice-type, similar to WTe,. Although a
ReS, monolayer (unit cell) is centrosymmetric,
exfoliated multilayered stacks of ReS, are known to
favor an anisotropic AB stacking order where one layer is
shifted with respect to the other.'”'® We, indeed,
observed such a stacking order by Raman spectroscopy
in our previous work (Supporting Information Section
S1).*” In a similar case, Cobden and co-workers
reported the presence of ferroelectricity in bilayer 1T'-
WTe,, while it was absent in a monolayer.”> This
distinctive behavior stemmed from surface dipoles that
arise due to the uniquely distorted 1T’-phase. This
suggests that an internal field in ReS, is not unlikely.

Alternatively, Heinz and co-workers outlined that
dielectric disorder is the dominant source of inhomoge-
neities in 2D materials®® due to the strong effect on the
exciton binding energy. Dielectric disorder originates
from local fluctuations of the permittivity, for example,
due to localized defects. But either by neutralizing
internal or parasitic electric fields or by means of
improving dielectric order, charge carrier capture into
charged defects will always homogenize the energy
landscape, thereby reducing inhomogeneous broadening
and eventually narrowing the linewidth of the excitonic
optical absorption profile.

. Interlayer coupling: An alternative interpretation relates
to the interlayer coupling in ReS,. It is well known that
interlagler interactions can broaden an exciton pro-
file."”** These effects are subtle, manifesting on changes
of the interlayer distance less than 0.1 A. An excellent
example is the existence of two dominant polytypes in
ReS,, labeled as AB (anisotropic) and AA (iso-
tropic).'”'® Recently, it has been reported that spectral
lines in the AB polytype are broader and blue-shifted
with respect to AA.°* These differences relate to the
stronger interlayer coupling between stacked ReS, layers
in the AB polytype—the dominant ?olytype present in
the liquid-phase exfoliated ReS,.'””” In this respect, a
sudden carrier-capture event would locally polarize/
charge the sheet and repel adjacent layers, reduces the
interlayer coupling—thereby partially undoing differ-
ences between AB and AA. As a result, the excitonic
absorption profile could narrow.

B CONCLUSIONS

In summary, we have analyzed the dynamics of photogenerated
charge carriers in high-quality exfoliated ReS, nanoflakes using
time-resolved pump-probe laser spectroscopy with optical and
THz conductivity detection. We identified two distinct time
regimes of charge carrier dynamics, both of which are
dominated by responses due to unbound charge carriers. In
the first time regime, free charge carriers induce collisional
broadening of the exciton energy and a blueshift due to
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screening of the electron—hole attraction. In the second time
regime, peculiar line narrowing effects are identified, which
could be due to charge carriers reducing effects of built-in
fields or charged defects. Besides providing a toolbox to gain
insights into a series of complex and interplaying optical
nonlinearities in commonly used transient absorption spec-
troscopy of TMD materials, the generation of unbound and
mobile charge carriers in such ultrathin materials is equally
interesting from a practical point of view, as mobile charges are
highly desired in photovoltaic devices or photodetectors.
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