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Defect-induced anomalous thermal quenching of photoluminescence in the transition metal
dichalcogenide ternary alloy Moy Wy 4Se;
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We report negative thermal quenching of photoluminescence (PL) in few-layered Moy Wy 4Se, flakes. A
comparative study of temperature-dependent PL from two groups of Moy W 4Se, flakes, one with defects and
the other with negligible defects, shows that this anomalous enhancement in the PL with increasing temperature
is due to the dissociation of defect-bound excitons at higher temperatures. The relaxation dynamics of the carriers
localized at these defect states were studied using the ultrafast pump-probe technique, which shows that the
photogenerated carriers are trapped at these defects on a timescale of ~3 ps.
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I. INTRODUCTION

In recent years, the field of materials science has witnessed
a surge of interest in atomically thin two-dimensional (2D)
transition metal dichalcogenides (TMDCs) owing to their in-
teresting optoelectronic properties [1-5]. This intrigue stems
from their remarkable characteristics, including the transition
from an indirect to a direct band gap as the bulk material
is thinned to the monolayer limit, a large exciton binding
energy even at room temperature, and intriguing coupled spin-
valley physics [4]. Consequently, TMDCs have emerged as
promising candidates for many applications, ranging from
photodetectors, photocatalysts, and flexible wearable elec-
tronics to energy storage technologies [6—9]. Notably, alloying
has emerged as a potent strategy to tailor the optical and elec-
tronic properties of 2D TMDCs. By judiciously altering the
ratio of transition metal atoms (M and M") or chalcogen atoms
(X and X"), novel alloys such as MM, X, or MXy'_Xz,y can
be synthesized, broadening the spectrum of potential applica-
tions [10-13]. However, defects, such as chalcogen vacancies,
have been observed and significantly influence the material’s
optoelectronic properties by creating localized deep-level trap
states [14,15]. Understanding the interplay between these de-
fects and carrier dynamics is pivotal, as it profoundly impacts
the carrier transport and optical behavior, ultimately affecting
the performance of devices based on TMDCs and TMDC
alloys.

In this paper, we delve into the role played by defects
in TMDC alloys in determining the photogenerated car-
rier dynamics. Photoluminescence (PL) measurements show
enhancement in luminescence with increasing temperature,
which is termed negative thermal quenching (NTQ). We
show that this NTQ of PL is due to the dissociation of the
defect-bound excitons upon temperature increase, causing an
enhancement in the intensity of neutral excitons. Density
functional theory (DFT) calculations support the presence of
defect states due to chalcogen vacancies, which are known to
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be prevalent in TMDCs. Transient reflectivity measurements
unveil the effect of defect-related relaxation pathways on the
dynamics of optically generated carriers.

II. SAMPLES AND EXPERIMENTS

The flux zone-grown Moy ¢ W 4Se, crystals were procured
from 2D Semiconductors Inc. The Moy W 4Se, flakes were
mechanically exfoliated onto SiO, /Si substrates from the bulk
Moy.cWo.4Se; crystal. The optical microscope images, optical
contrast images, and atomic force microscopy (AFM) images
are shown in Supplemental Material Fig. S1 [16]. The thick-
nesses of the flakes were obtained using AFM measurements
and further confirmed using optical contrast measurements
[17]. We studied six flakes of Moy ¢Wo4Se, with different
thicknesses ranging from monolayer to six-layered flakes,
and the thickness of the flakes is indicated in Supplemen-
tal Material Fig. S1 [16]. The Raman spectra were obtained
using a Raman microscope (XploRa PLUS, Horiba Scien-
tific) with 532-nm laser excitation. The Raman spectra of
the flakes are shown in Supplemental Material Fig. S3 [16].
The out-of-plane A;, mode is at ~245.6cm™!, and the Ezlg

mode is at 292.2cm™~! for all six flakes. By comparing the
Raman modes with an exfoliated monolayer of Mo, W;_,Se,,
which was previously reported, we confirm the alloy to be
Moy sWo.4Se,, which is in agreement with the XPS data dis-
cussed later [10]. The presence of the B}, mode at 346.4 cm™!
in the alloy samples provides further confirmation of the
composition [10].

X-ray photoemission spectroscopy (XPS) measurements
on the bulk crystal were carried out using an Omicron Nan-
otechnology XPS system, and the XPS data were analyzed
by CasaXPS using Shirley background correction to estimate
the composition of the Mo, W,_,Se, alloy crystal. The XPS
spectra are shown in Supplemental Material Fig. S4 [16].
The spectra show (i) core level (CL) binding energy peaks
of Mo 3ds;, and 3d5,, at 229.6 and 232.6 eV, respectively;
(ii) CL peaks at 33.5 and 35.6 eV representing W 4f7,, and
4fs5,, respectively; and (ii) CL binding energy peaks of Se
3ds;> and 3d3/,, which are attributed to divalent selenium
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FIG. 1. The PL spectra of samples D1 and P1 at (a) 300 K and (b) 20 K. The 2D color plot of temperature-dependent PL spectra for

samples (c) P1 and (d) D1.

ions, at 55.6 and 56.5 eV, respectively [18-20]. The elemental
composition was extracted from the relative percentage of the
total normalized area of the Mo, W, and Se peaks, yielding the
composition of the alloy as Mog ¢Wg 4Se,.

Temperature-dependent PL measurements were performed
using a homebuilt micro-PL setup in the backscattering con-
figuration. A 633-nm He-Ne laser with an average laser power
of 500 uW was used as the excitation source for PL mea-
surements. The excitation light was focused on the sample
using a 10x objective (NA = 0.24), which gave a spot size
of ~3 um diameter. PL. was collected with the same objective
and analyzed using a 0.32-m monochromator (Horiba-Jobin
Yvon iHR320) fitted with a thermoelectrically cooled charge-
coupled device camera. The experiments were performed
at different temperatures in the 20-300-K range using an
ultralow vibration closed-cycle refrigerator.

Transient reflectivity measurements to study carrier
dynamics were performed in the degenerate pump-probe
geometry using ~100-fs-long pulses at a repetition rate of 80
MHz from a mode-locked Ti: sapphire laser. The pump beam
was chopped at a frequency of 50 kHz using a photoelastic
modulator. The spot diameter of the pump beam was 25 um,
and the average pump fluence used for all the measurements

was ~280 uJ/cm?. The intensity change in the reflected probe
was recorded using a photodiode and a lock-in-amplifier. The
pump wavelength is tuned from 750 to 810 nm for near- to
below-resonant excitation.

III. RESULTS AND DISCUSSION

The PL spectra of two exfoliated bilayer flakes, D1 and
P1, obtained at room temperature and 20 K, are shown
in Figs. 1(a) and 1(b), respectively. At room temperature,
the PL emission from flake P1 (D1) has a dominant peak
near ~1.57 eV (1.52 eV). The initial characterization of the
exfoliated Moy ¢Wo4Se, flakes was performed using room
temperature PL measurements, as shown in Supplemental
Material Fig. S5(a) [16]. The room-temperature PL spectra
of the flakes resulted in categorizing the samples into two
groups in terms of their PL peak energy and full width at half
maximum (FWHM), as shown in Supplemental Material Fig.
S5(b) [16]. For the first group, the position of the dominant
PL peak is 1.57 £0.01 eV, and FWHM is approximately
51 £ 6 meV, which is lower compared to the second group,
and P1 belongs to this first group. In the first group, the
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FIG. 2. (a) The total integrated PL intensity (normalized to the low-temperature intensity) versus the reciprocal of temperature for the two
samples. The integrated PL intensity (normalized to the low-temperature intensity) of (b) X, and Xt in sample P1 and (c) Xz and X in sample
D1 versus the reciprocal of temperature. The solid lines are fits to the data as discussed in the main text.

PL peak observed at room temperature can be decomposed
into two peaks, as shown in Fig. 1(a)—the higher energy
peak, which matches the direct transition, is the dominant one,
while the second peak matches the indirect transition. The
energy of the dominant PL peak observed in the first group
matches well with the direct gap recombination in few-layered
Moy.sWo.4Se; [10], indicating that direct gap recombination
dominates in the first group of samples. The FWHM of the
second group is approximately 90 & 11 meV with a peak
position of 1.52 +0.01 eV, and D1 belongs to this second
group. The PL peak in the second group matches well with
the indirect gap recombination reported earlier in a few lay-
ered Moy ¢Wo.4Se, [10]. The differences in the thicknesses of
the flakes would introduce shifts up to about 12 meV in the
PL peak position between the thinnest (monolayer) and the
thickest (six-layered) flake [21,22]. However, in this study, we
ignore the differences in the PL peak position between the dif-
ferent flakes and focus more on the temperature dependence
of the PL intensity observed in different flakes.

The low temperature (20 K) PL spectra of P1 indicate the
presence of the neutral exciton X; and a trion Xt at ~30 meV
lower than X,. The energy of X, and Xt in P1 at low tem-
peratures agrees well with earlier reports [23]. In the case
of D1 at low temperature, the indirect exciton emission X
at 1.6 eV and another peak at =109 meV lower than X,
which we assign to an exciton bound to a charged defect
Xg, is observed. Since the material is an alloy, the sources of
defects in mechanically exfoliated flakes could be vacancies
or defects [24-28]. As reported earlier, Xg consists of one
valence band hole and one conduction band electron, forming
an exciton that is bound to a negatively charged defect lying
~109 meV below the CBM [14]. The trion peak is absent
in D1 and the other flakes in the second group, possibly
because of the high degree of compensation due to the defects
[14]. The most common defects in TMDCs are chalcogen
vacancies, which eventually create a midgap state closer to
the conduction band [20,22—-24]. The band structure calcula-
tions using DFT confirm the presence of midgap states due
to chalcogen vacancies, as shown in Supplemental Material
Fig. S6 [16]. The defect-bound exciton peak X emerges at
low temperatures when such defects trap neutral excitons. We
focus on the dynamics of carriers trapped at these defects
using temperature-dependent PL and ultrafast pump-probe
measurements.

Figures 1(c) and 1(d) show the temperature-dependent PL
spectra of samples P1 and D1, respectively. The energy of X,
(and Xt) in sample P1 and X; in sample D1 monotonously
decreases with increasing temperature, and no abrupt jump
in PL peak energies with temperature is observed. We do not
observe any indication of temperature-induced transition from
direct to indirect band-gap recombination [29]. The intensity
of Xy (and Xt) in sample P1 decreases with increasing tem-
perature, while the intensity of X; in sample D1 increases
with increasing temperature. The Xp intensity decreases with
increasing temperature and disappears above ~100 K.

The temperature dependence of the overall PL intensity,
integrated over the whole spectral region covering both the
peaks in D1 and P1, is shown in Fig. 2(a). The temperature
dependence of the overall PL intensity for two more samples,
P2 (monolayer) and D2 (trilayer), is shown in Supplemental
Material Fig. S7 [16]. P1 and P2 both belong to the first group,
and the overall PL intensity decreases with an increase in
temperature in both P1 and P2. However, there is an increase
in the overall PL intensity with an increase in temperature,
i.e., NTQ of the PL in samples D1 and D2, both of which
belong to the second group. NTQ is observed in multilay-
ered flakes belonging to the second group in which, at low
temperatures, an exciton bound to a charged defect Xy is
observed.

In general, the PL intensity in Mo-based TMDCs such
as MoSe; decreases with increasing temperature. In contrast,
the intensity of PL from W-based TMDCs WSe, increases
with an increase in temperature, resulting in a nonmonotonous
PL intensity evolution with a temperature increase in the
Mo, W,_,Se, alloy [12,23]. The temperature dependence of
the PL intensity in the Mo-rich ternary alloy Mo, W;_,Se;
is similar to that in MoSe;, and sample P1 follows this
trend [12]. However, the temperature dependence of the
PL intensity of sample D1 is similar to WSe, and W-rich
Mo, W_,Se, alloys [30]. Hence, one possibility is that the
bulk Mo, W;_,Se; crystal is nonuniform and has W-rich and
Mo-rich regions. The A;, Raman mode of the Mo;_,W,Se;
alloy is sensitive to the alloy composition and shows a dis-
tinct shift with a change in the Mo/W content. Since the
area probed by the Raman and PL measurements are similar
and equal to the spot size of the laser (=3 pm diameter),
Raman measurements are ideal for verifying the variation of
composition between different flakes. However, as shown in
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Supplemental Material Fig. S3 [16], the Raman measurements
show no observable shift in the A;; mode. Hence, we can
discount the possibility of spatial variation in the composition
of the alloy, causing the differences in behavior between the
two groups of flakes.

It has also been reported that the disorder potential in
ternary alloys leads to a nonmonotonous temperature depen-
dence of the PL intensity [23]. Such disorder potential causes
the localization of electrons and holes with energy below the
band edges and gives rise to the S-shaped temperature depen-
dence of the PL peak energy [23]. However, the monotonous
temperature dependence of PL intensity and the absence of
the S-shaped temperature dependence of the PL peak energy,
which is discussed later, allow us to discount the possibility
of the extra disorder potential present in the ternary system
causing the anomalous temperature dependence of the PL
intensity in sample D1.

The temperature-dependent PL intensity data are fitted us-
ing the Shibata model [31],

Ir 14 ae F/kT
T L+ BebEi /T’

where AE;_,, represents the activation energy for the thermal
excitation of electrons to the radiative state from a lower en-
ergy state and AE,_,, is the activation energy for the transition
of the electrons in the radiative state to a higher energy state,
usually a nonradiative state; o and B are the corresponding
proportionality constants, and kg is the Boltzmann constant.
In the absence of thermal excitation of electrons from a lower
energy state (o = 0), the above equation becomes the well-
known Arrhenius equation [32].

In semiconductors, as the temperature rises, nonradiative
recombination becomes prevalent over radiative recombina-
tion, causing a decrease in the PL intensity with increasing
temperature, and this behavior could be fit using the Arrhenius
equation [32]. In fact, the temperature dependence of the PL
intensity in sample P1, shown in Fig. 2(a), fits well with the
Arrhenius equation and an activation energy AE,_,, =22 £ 3
meV is obtained, which matches well with other reports
[33,34]. In sample P1, the reduction in PL intensity at higher
temperatures is due to nonradiative recombination channels
with an activation energy of 22 meV.

In the case of sample D1, the temperature dependence of
the PL intensity fits well with the Shibata model, shown in
Fig. 2(a), which suggests that two competing processes gov-
ern the temperature dependence of the PL intensity: thermal
excitation of electrons to the radiative state from a lower
energy state and the transition of electrons from the radiative
state to a higher energy state. From the fitting, we obtain
the energy scales of the thermal activation of electrons from
the lower energy states, which results in the anomalous rise
of the PL intensity as AE;_,, =22+ 5 meV, and the ratio
a/B ~ 5 suggests that the thermal activation of electrons
dominates over the transition to nonradiative recombination
channels. The PL from flakes belonging to the first (second)
group has a temperature dependence similar to that of P1 (D1),
as shown in Supplemental Material Fig. S7 [16].

Analyzing the evolution of the PL intensity of the indi-
vidual peaks in these samples allows us to understand the

underlying mechanism responsible for the anomalous tem-
perature dependence observed in sample D1. Hence, the PL
spectra were deconvoluted with two Gaussian functions. The
peak positions and linewidths of X, and Xt in sample P1
obtained from the fitting of peaks are shown in Figs. S8(a)
and S8(b) [16]. The X, energy decreases with increasing tem-
perature and is fitted with O’Donnell’s equation [35]. The
linewidth of Xy broadens with the rise in temperature and is
fitted using Rudin’s equation [36].

Similarly, the temperature dependence of the X energy
and its linewidth in sample D1 fit well with O’Donnell’s
and Rudin’s equations, respectively, as shown in Fig. S9
[16]. However, X disappears above 100 K, showing a
slight blueshift with increasing temperature. The parame-
ters obtained from the fitting are tabulated in Supplemental
Material Table S1 [16] and match well with the reported
values [21,22].

In sample P1, the temperature dependence of the X, and
Xt intensities follows the Arrhenius equation, as shown in
Fig. 2(b). However, in sample DI, the temperature depen-
dence of the Xp and X intensities presents two scenarios, as
shown in Fig. 2(c). The Xp intensity follows the Arrhenius
equation [32], which shows that Xp dissociates as temperature
increases, which results in the quenching of the Xp intensity
with an increase in temperature. As mentioned earlier, Xg con-
sists of one valence band hole, one conduction band electron,
and one electron bound to the defect state, as schematically
shown in Fig. 3 [14]. The dissociation of Xp results in a
charged defect along with a neutral exciton [14]. Hence, the
dissociation of Xg would consequently cause an increase in
the intensity of Xj. The activation energy obtained from fitting
the temperature-dependent Xg PL intensity represents the dis-
sociation energy of Xg, which results in a charged defect and
a neutral exciton, X;j. From fitting the temperature-dependent
data for the X intensity, we obtain the activation energy for
dissociation of Xg as 15 &= 6 meV, which is much smaller than
its binding energy (109 meV).

Furthermore, the temperature dependence of X fits well
with the Shibata model, and from the fitting, we obtain the
activation energy for the thermal excitation of electrons to
X, from a lower energy state, AE;_,, = 19 &= 8 meV, which
agrees with the dissociation energy of Xp estimated from fit-
ting the temperature-dependent Xy intensity. This agreement
between the activation energy for the thermal excitation of
electrons to X and the dissociation energy of Xg confirms
that as the temperature increases, Xg dissociates into a neutral
exciton and a charged defect [14], leading to an increase in the
intensity of X;j and a decrease in the intensity of Xg.

The effect of defect-related relaxation pathways on the
carrier dynamics could be further studied using pump-probe
spectroscopy by varying the pump energy from near- to
below-exciton resonance conditions. The pump pulse excites
carriers into the conduction band, and the increase in carrier
population results in Pauli blocking, which reduces the ab-
sorption of the probe beam, which can be seen as a transient
increase in probe reflectivity at early times. Defects quickly
trap and localize the carriers on a timescale of a few ps.
Absorption of the probe by the defect-trapped carriers leads
to a transient decrease in the probe reflectivity. Hence, pump-
probe spectroscopy can provide valuable insights into the
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FIG. 3. Schematic band diagram and the optical transitions in the two groups of samples.

dynamics of carriers localized at defects. Figures 4(a) and
4(b) show the low temperature (~7 K) transient reflectivity
spectra of samples P1 and D1, respectively, obtained at dif-
ferent pump-probe excitation wavelengths. The pump-probe
reflectivity shows multiexponential behavior, which implies
more than one relaxation pathway. We modeled the exper-
imental data using three independent exponential relaxation
processes: (i) a fast relaxation process, which accounts for
the initial cooling of the hot carriers; (ii) a slower relaxation
process, which accounts for the recombination of carriers near
the band edge; and (iii) a third process, which takes into
account the relaxation of carriers trapped at the defects. 7,
Ty, and 73 are the characteristic decay times associated with
the three relaxation processes, and A, A,, and Aj are the
corresponding amplitudes.

For sample P1, at a pump-probe wavelength of 750 nm
(1.653 eV), where the pump energy is higher than the X,
energy, the transient reflectivity shows a fast exponential
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FIG. 4. Transient reflectivity at different pump wavelengths for
the Moy ¢Wy.4Se, samples (a) P1 and (b) D1 at &7 K. The symbols
indicate the experimental data, and the solid lines are least-square fits
to the data as described in the main text. The shaded regions indicate
the different relaxation processes.

decay (t; ~ 230 fs) followed by a slower decay component
(o ® 6 ps). The pink- and green-shaded regions indicate
these two processes in Fig. 4(a). Similar behavior is observed
at other pump-probe energies, E =~ Xy — 2LA, where 2LA
refers to twice the energy of the longitudinal acoustic (LA)
phonons in the alloy. The fast decay component is due
to the initial thermalization of the hot carriers, and the
slow component is due to the final recombination of the
carriers near the band edge [37]. At pump-probe energies,
E 3 Xo—2LA, a transient decrease in the reflectivity is
observed due to the intraband absorption [38].

For sample D1, at a pump-probe wavelength of 770 nm
(1.61 eV), where the pump energy is higher than the Xj
energy, the overall transient reflectivity signal decays much
faster than what was observed in sample P1, and the decay
could not be resolved into two components. The transient
reflectivity was fitted with a single exponential decay function
[shown by the green shaded region in Fig. 4(b)], and we
obtained a decay time, 7, & 1 ps. The defect state in the band
gap efficiently captures photogenerated carriers, leading to a
reduction in the exciton population and recombination time
[39]. Similar to P1, at pump-probe energies, E 3 X; — 2LA,
a transient reflectivity signal due to intraband absorption is
observed in D1. However, at pump-probe energies, E 3 X
an additional decay process with a relatively slower rise time
(7 &~ 3 ps) and a decay time 73 & 6 ps is observed, which
is indicated by the cyan-shaded region in Fig. 4(b) and can
also be clearly observed in the 2D contour plot shown in Sup-
plemental Material Fig. S10 [16]. From the defect-induced
absorption, we can understand that the defects capture the
photoinduced carriers on a timescale of ~3 ps, and recom-
bination at the defects occurs on a timescale of ~6 ps.

IV. CONCLUSIONS

In summary, we studied the anomalous behavior of PL
observed in mechanically exfoliated Mo, W;_,Se, flakes,
bringing forth a systematic means to understand the role
of defects in TMDC alloys. Using room temperature PL
characterization, the exfoliated flakes were segregated into
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two distinct groups. Compared to the flakes with narrower
PL linewidths, which indicated a lower density of defects,
flakes that showed broader PL linewidths showed a lower
energy peak due to defect-bound excitons. The defective
multilayered flakes showed negative thermal quenching of
PL, and we showed that this is due to the dissociation of
defect-bound excitons upon temperature increase, which
leads to the enhancement of the neutral exciton intensity.
Pump-probe studies showed faster recombination time in
the flakes with defects, which is in agreement with the
linewidth broadening. The carriers trapped at the defects
cause a transient absorption of the probe in the flakes with
defects, and from these measurements, we deduce that the
carriers are captured at the traps on a timescale of ~3 ps.
Future studies using high-resolution microscopic techniques
can provide further information about the microscopic details
of the defects and their spatial distribution.
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