Nonblinking, Intense Two-Dimensional
Light Emitter: Monolayer WS, Triangles

Namphung Peimyoo,™* Jingzhi Shang,™* Chunxiao Cong,’ Xiaonan Shen, Xiangyang Wu,$

Edwin K. L. Yeow,"S and Ting Yu'+/"*

"Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, *Division of Chemistry
and Biological Chemistry, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, “Department of Physics,
Faculty of Science, National University of Singapore, Singapore 117542, and HGraphene Research Centre, National University of Singapore, 2 Science Drive 3,
Singapore 117542. *N. Peimyoo and J. Shang contributed equally.

ABSTRACT Monolayer WS, (1L-WS,), with a direct band gap,

Group-B

Group-A

provides an ideal platform to investigate unique properties of two-

dimensional semiconductors. In this work, light emission of a 1L-WS,

triangle has been studied by using steady-state, time-resolved, and

temperature-dependent photoluminescence (PL) spectroscopy. Two
groups of 1L-WS, triangles have been grown by chemical vapor
deposition, which exhibit nonuniform and uniform PL, respectively.

Observed nonuniform PL features, i.e., quenching and blue-shift in

certain areas, are caused by structural imperfection and n-doping
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induced by charged defects. Uniform PL is found to be intrinsic, intense, and nonblinking, which are attributed to high crystalline quality. The binding

energy of the A-exciton is extracted experimentally, which gives direct evidence for the large excitonic effect in 1L-WS,. These superior photon emission

features make 1L-WS, an appealing material for optoelectronic applications such as novel light-emitting and biosensing devices.
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ith the great research on graphene,'™
Wa series of two-dimensional (2D)
materials have aroused consider-

able interest in the research community of
fundamental sciences and device applicat-
ions.*~® Recently, the direct-band-gap mono-
layers of several transition metal dichalcogen-
ides (TMDs) such as 2H-MoS,, 2H-MoSe,,
2H-WS,, and 2H-WSe, have shown attractive
light emission properties in the visible and
near-infrared spectral region.”~ ' Nowadays,
widely used inorganic light-emitting devices
are mainly based on direct-band-gap IlI-V
semiconductors such as GaAs and GaN."*~'
The newly emerging 2D direct-band-gap TMD
semiconductors significantly enrich the pre-
sent light-emitting applications.

Since 2010, the photoluminescence (PL)
of monolayer MoS, (1L-MoS,) has been stud-
ied in exfoliated,”'®"'® chemically derived?
and chemical-vapor-deposition (CVD) grown
samples.'*® The PL of MoS, could be sub-
stantially affected by the charge carrier con-
centration induced by substrates?®® % or
electrical gating,% and the surrounding environ-
ments (e.g., solvatochromic effect) such as
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physically absorbed gas molecules'® and
solvents.?* Due to the breaking of inversion
symmetry and strong spin—orbital coupling,
by using circular polarized light to stimulate
the PL emission of 1L-MoS,, the valley-selective
circular dichroism and the control of the valley
quantum number of electrons have been
achieved,” %" which motivates the develop-
ment of novel valleytronics.® Very recently,
the PL from MoSe,>'”1® Ws,,1011202% anq
WSe,?191829 has also been reported. Some
groups have shown that 1L-WS, and 1L-WSe,
on SiO,/Si substrates have much stronger PL
than that from 1L-MoS,.2™°

Until now, although some progress has
been made for the growing TMD mono-
layers, the PL investigation of 1L-WS; is still
limited and controversial."®'"?%?° For ex-
ample, a mechanically exfoliated 1L-WS,
flake from synthetic bulk crystals has exhib-
ited uniform PL;'®% in contrast, extraordin-
ary PL has been observed near the edge of
triangular 1L-WS, grown by CVD."" On the
other hand, the CVD-grown 1L-WS, is ex-
pected to be more promising for extensive
device applications than exfoliated 1L-WS,
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Figure 1. (a) Optical image of triangular 1L-WS, grown on a SiO,/Si substrate. (b) AFM image of 1L-WS; and its corresponding
height profile. (c) Multipeak Lorentzian fitting of Raman bands in 1L-WS,. (d) Contrast spectra of WS, layers. (e) PL spectra
from 1 to 3L WS, layers. (f) Absorption spectrum of 1L-WS; on quartz.

flakes in view of the technical controllability. Thus, we
focus on the light emission studies of the CVD-grown
1L-WS; single crystal by micro-PL spectroscopy. Strong
and uniform PL has been observed on high-quality
1L-WS, triangles. In the nonuniform samples, the darken-
ing and the blue-shift of PL have been found to be related
to as-grown structural defects. The thermal activation
energy and the band gap of 1L-WS; have been estimated
by low-temperature PL measurements. Time-resolved
spectroscopic studies have shown the discrepant PL
lifetimes among 1L-WS, samples prepared by different
growth conditions.

RESULTS AND DISCUSSION

Figure 1a shows the optical image of individual
1L-WS, triangles as grown on a SiO,/Si substrate.
Figure 1b shows the atomic force microscopy (AFM)
mapping of a triangle together with its height profile.
The height of ~0.7 nm is indicative of 1L, in agreement
with the previous studies.'®'" In our samples, 1L-WS,
triangles are predominant, and a minority of few-layer
WS, flakes appear (Figure S1). Raman characteristics of
1L-WS, are shown in Figure 1¢, which is obtained at the
excitation wavelength (1,) of 532 nm. The strongest
peak at ~350 cm™' comprises three subpeaks, which
are resolved by multipeak Lorentzian fitting. According
to the calculated phonon dispersion®® and expermen-
tal studies?®?93'32 of 1L-WS,, the peaks at 343, 350,
and 355 cm ™" are assigned to the in-plane vibrational
E129 (M) mode, the second-order mode of longitudinal
acoustic phonon 2LA (M), and the in-plane vibrational
E12g (') mode, respectively; other peaks at 417, 296,
and 320 cm ™' are attributed to the out-of-plane A4
mode and the combination modes of 2LA-2E22g and
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2LA-E229, respectively. The number of WS, layers can
be estimated by Raman spectra as shown in Figure S2a
and b, where the layer-number dependences of Raman
band frequencies are presented.

Moreover, the number of thin layers is determined
by contrast spectroscopy. Previous contrast measure-
ments have shown the powerful ability to identify the
numbers of graphene®® and MoS, layers.3* Figure 1d
shows contrast spectra of 1—3L WS,. For 1L-WS,, the
contrast spectrum has one peak around 635 nm, which
is induced by the superposition of reflected, absorbed,
and emitted photons from the WS,/SiO,/Si complex.
The peak red-shifts with the increase in thickness,
which is consistent with PL emission studies on the
A-exciton discussed later. The contrast values at
600 nm were plotted as a function of thickness, show-
ing the linear dispersion (Figure S2c).

Figure 1e shows the PL spectra of 1-3L WS, be-
tween 570 and 725 nm at A, = 532 nm. The peak
maxima appear in the spectral range of 630—640 nm.
For 1L-WS,, the peak mainly originates from A-exciton
emission, i.e., the direct excitonic transition between
the lowest conduction band (CB) and the highest
valence band (VB) at the same K point.>® Note that
the potential role of bound excitons and charged
excitons in the observed emission band needs to
be further investigated. The intensity dramatically
increases when the thickness drops from 2L to 1L,
indicating the transformation from indirect to direct
band transitions. With the increase in thickness, the PL
position red-shifts and the width broadens (Figure S3a).
For the shift of PL position, the previous studies'®'"*
show different results (Figure S3b and c). From 1L to 2L,
a blue-shift of the A-exciton was observed by Gutierrez
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Figure 2. (a—d) Optical images of 1L-WS, triangles from group A, a 1L-WS, triangle from group B, exfoliated MoS, layers from
natural crystals, and CVD-grown 1L-MoS,, respectively. (e—h) Fluorescence images of 1L-WS, triangles (group A), a 1L-WS,
triangle (group B), exfoliated MoS, layers, and CVD-grown 1L-MoS,. (i) PL spectra from WS, and MoS, samples at Ao, =532 nm.
(j) Comparison of integrated PL intensity of WS, and MoS, samples in which all values are normalized to the integrated PL

intensity of exfoliated 1L-MoS,. Scale bars represent 5 um.

etal,"" while the red-shift was found by others.'®?° Most
probably, the discrepancy is due to the diverse electronic
structures induced by different preparation processes.
Previous studies on graphene layers have shown that
misorientation of layer stacking occurs in exfoliated,*>3¢
CVD-grown,*” and epitaxial®® graphene samples, which
results in variable electronic transitions/stuctures.
Figure 1f shows the absorption spectrum of a 1L-WS,
sample on quartz. There are two absorption bands at 615
(2.02 eV) and 517 (2.40 eV) nm, corresponding to A and B
excitonic transitions, with full widths at half-maximum
of 47 and 133 meV, respectively. Furthermore, by use of a
calibrated rhodamine 6G film (Figure S4), the PL quantum
yield of 1L-WS, has been estimated referring to the
previous approach'® for 1L.-MoS,. The PL quantum yield
of our 1L-WS,; on quartz is ~2.0%, which is much larger
than that (0.42%) of suspeneded 1L-MoS, exfoliated from
the bulk MoS, crystal.'® The relatively high PL quantum
yield implies that 1L-WS, is a promising candidate for
ultrathin 2D light-emitting applications.

Two groups of WS, samples have been grown under
different heating conditions of the sulfur sources
(described in the Materials and Methods section),
named group A and group B, respectively. Figure 2a—h
present optical and fluorescence images of 1L-WS, and
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1L-MoS, samples on SiO,/Si substrates. All fluorescence
images and PL spectra were taken under identical con-
ditions. The fluorescence image of 1L-WS, triangles of
group A shows a nonuniform feature (Figure 2e); that is,
the brightness gradually decreases from the outer to
inner regions. In contrast to group A, the 1L-WS, triangle
of group B presents a quite uniform brightness and the
strongest intensity among all types of samples investi-
gated in this work (Figure 2f). For the exfoliated MoS,
sample (Figure 2g), the 1L region shows a uniform
brightness, while the nearby bulk area cannot be seen
due to the dominant emission band shifting to the
infrared spectral region, which is out of the detection
range of our system. The weak emission intensity from
the CVD-grown 1L-MoS, is shown in Figure 2h (also see
Figure S5 for the contrast-enhanced fluorescence image).
Figure 2i presents the PL spectra from WS, and MoS,
samples, where PL spectra were taken at Ao = 532 nm
and the integrated intensities were collected in the
spectral range 550—750 nm. Their relative integrated
intensities are shown in Figure 2j, which are normalized
to that from the exfoliated 1L-MoS,. The integrated PL
intensity of 1L-WS, (group B) is nearly 53 times that from
the exfoliated 1L-MoS, at Ao, = 532 nm. Note that the
relative intensity ratio depends on A, caused by the
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Figure 3. (a) PL mapping of an individual 1L-WS, triangle from group A. (b, c) Line scanning profiles of integrated PL intensity
and PL peak position along the blue line in (a), respectively. (d) PL mapping of an individual 1L-WS, triangle from group B. (e, f)
Line scanning profiles of the integrated PL intensity and the PL peak position along the red line in (d), respectively. Note that
(a) and (d) were obtained under the same excitation conditions. Scale bars are 3 um.

absorbance changes of 1L-WS, and 1L-MoS; at different
excitation wavelengths (for example at Aex = 457 nm, the
ratio becomes ~45 times; see details in Figure S6). For
1L-WS, exfoliated from the synthetic crystals, the pre-
viously reported PL intensity ratio of 1L-WS, to the ex-
foliated 1L-MoS, at Aex = 473 nm was between 20 and 30."°

To further understand the difference between two
groups of samples, micro-PL spectroscopy is used to
study the spatial PL distribution throughout the WS,
triangles. Figure 3a shows the integrated PL intensity
map of one triangle from group A, where the inner part
shows a darker intensity than that of the outer. It is
clarified by the PL spectra from the center (cyan dot)
and outer (violet dot) regions (Figure S7a). Further-
more, line scanning profiles (Figure 3b and c) have
shown the gradual evolution of the integrated inten-
sity and peak position of PL along the blue line marked
in Figure 3a. At the center region of the triangle, the PL
intensity is darker than that of the edge and the PL
peak exhibits a blue-shift with respect to the PL of the
outer area. The PL spatial distribution is not random
but exhibits the strongly correlated trait with the
sample structure itself. Note that, for the different
1L-WS, flakes from group A, the PL widths vary from
40 to 60 meV and the PL maxima cover 1.96—1.98 eV.
Similar nonuniform PL features of the 1L-WS, triangle
have also been observed by others,'’ where the in-
tensity, the width (42—68 meV), and the position
(1.96—1.99 eV) of PL spatially fluctuate over the WS,
triangles.

On the other hand, the relatively uniform PL from
the WS, flakes was recently reported, while the
spatial PL mapping from a single 1L-WS, triangle was
missing.?° Figure 3d shows an integrated PL intensity
map of one 1L-WS, triangle from group B. The integrated
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intensity of PL is homogeneous and intense for the entire
triangle, unlike group A samples, which is attributed to
the high crystal quality. Meanwhile, PL spectra from the
edge and the center regions (indicated by dots) are
comparable (see Figure S7b). Figure 3e and f present
the corresponding line scans of PL intensity and position,
respectively, which further confirm the homogeneity of
the sample. The widths and the positions of PL of the
1L-WS, triangles from group B are close to ~40 meV and
~1.96 eV, respectively. In addition, fluorescence images
in Figure 2 correspond well to the PL intensity mappings
(Figure 3), which suggests that the fluorescence micro-
scopy is a rapid approach of analyzing the uniformity and
the quality of thin WS, samples.

For the different observed intensities and positions
of PL from two groups of samples, several factors may
be responsible, including external electrostatic doping
induced by the dielectric environment, strain, absorbates/
clusters, and structural defects. Experimentally, Raman
spectroscopy is a very powerful tool to estimate the
electronic doping and strain in 2D materials, such as
graphene,***° MoS,,*"*? and WS,."" In the typical 2H-
type TMDs, the A;q mode is sensitive to external
electrostatic doping,*' while the E',; mode is respon-
sive to the strain,*?> where the changes of positions
and/or widths of Raman peaks are used to estimate
the quantities of electrostatic doping and strain. The
Raman mappings of A;4 and E12g peak frequencies of
two samples are shown in Figure S8. All Raman map-
pings exhibit spatial uniformity. In other words, both
A,gand E1zg Raman bands within the same triangle do
not present relative changes of positions and/or widths
induced by inhomogeneous external electrostatic
doping and strain. Thus, neither external electrostatic
doping from the dielectric environment or strain is
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responsible for the PL nonuniformity. Experimentally,
under the same surroundings and growth conditions,
the structure-related gradient of PL (Figure 3a) is
unlikely to be caused by the external electrostatic
doping from the substrate or the atmosphere. To clarify
the effect of absorbates/clusters on PL, AFM measure-
ments have been carried out. Previous studies® have
shown that the absorbates/clusters on graphene layers
increase the surface roughness and/or the height.
However, the obtained images (Figure S8a and d) have
shown the high uniformity for our samples. Therefore,
absorbates/clusters are ruled out for the observed
differences of PL.

Conventionally, the defects in a semiconductor can
lead to the quenching of intrinsic PL or act as non-
radiative recombination sites.'>** The defect-induced
electronic states within the band gap have been
pointed out in early works.*> Recently, high-resolution
scanning transmission electron microscopic (STEM)
measurements'>*%*” have clearly shown various na-
tive and induced defects in 1L-MoS, as-grown by CVD,
and the quenching PL at mirror grain boundaries
containing line defects has been identified.'® By mod-
eling the defected atomic segments, the midgap states
are present within the band gap of MoS,."%*® In view of
the very similar crystal structures and the same growth
technique of 1L-WS, and 1L-MoS,, analogous defects
are highly expected to form in some WS, samples, in
accordance with previous arguments.*® Most probably,
the defect-induced midgap states account for the
observed PL quenching. Particularly, comparing the
intensities of our group A with group B, the weaker PL
in group A is attributed to the presence of localized
electronic states induced by structural defects such as
point defects and dislocations, which are formed dur-
ing the growth procedure; within group A, the weak-
ening of PL intensity of the inner region with respect
to the outer region is attributed to more structural
defects inside.

As shown in Figure 3c and f, we have observed the
PL blue-shift of group A (or the inner part of group A)
with respect to group B (or the outer part of group A).
Similarly, the blue-shift of PL emission has been ob-
served in regions of grain boundaries of the 1L-MoS,
film,"® which is explained by the possible doping and/
or compressive strain induced by the boundary struc-
tures. In our single-crystal triangles of 1L-WS,, there are
no doping and strain caused by grain boundaries.
Moreover, the blue-shift of the A-exciton has also been
determined in gated 1L-MoS, devices, which is attrib-
uted to the modulated n-doping.?* In our 1L-WS,
triangle from group A, the surroundings of the inner
and outer regions are quite similar; thus, only electro-
static doping due to the environment cannot result in
the gradient evolution of the PL position. We further
note that the influence of various defects on doping
in MoS, has been discussed in theory*®**° and
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experiment.**°=32 Cheng et al. have predicted the
n-doping in 1L-MoS, caused by sulfur vacancies.*® By
use of angle-resolved photoemission spectroscopy,
the dislocations in MoS, have been found to be
negatively charged.”' In n-doped MoS, nanoparticles,
the blue-shift of the exciton energy was reported,
where the rhenium atoms were used as substitutional
dopants (i.e., one kind of structural defect).>? According
to previous studies on native structural defects in
Mo5,,%6°" different amounts of charged defects, i.e.,
vacancies of S (Vs), 2S (V,s), and WSz (Vys3) and
dislocations, probably exist in the CVD-grown WS,.
Note that the structural defects have been observed
in the CVD-grown atomically thin WS, film.>* In our
case, the PL blue-shift of group A with respect to group
B is attributed to the localized n-doping induced by
charged structural defects (e.g., Vs) in WS,. The blue-
shift of PL within the samples from group A is inter-
preted in terms of the same charged-defect-induced
n-doping, but with continuously varied doping con-
centrations from the center to the outer part. Note that
the as-grown 1L-WS, by Lee et al. has shown n-doping
in the electrical transport measurements of back-
gated transistors, 2’ which is consistent with our assign-
ments above.

To further clarify the interpretation above, we have
performed PL time-trace and electrical transport mea-
surements. According to the previous studies**
continuous laser irradiation or plasma can induce atom
sublimation accompanied by structural modification/
defects and even thin the few-layer TMD materials.
Thus, we performed PL time-trace measurements by
use of a focused 532 nm laser beam with the power
density of 1.4 kW/cm? With the increase in time (0—60s),
the decrease of PL intensity has been observed for
group A samples, while both PL intensity and position
remain stable for group B samples under the same
conditions (Figure S9a—c). Moreover, for the exfoliated
1L-WS,, it shows similar behaviors to those of group B
(Figure S9d). These measurements have indicated
group B and exfoliated 1L-WS, samples are more stable
than group A samples under the same laser irradiation
conditions. Furthermore, both weakening and blue-
shift of PL in another group A sample were observed
under a higher laser power density of 190 kW/cm? and
an irradiation duration of 300 s, as shown in Figure S9e
and f. With the probable atom sublimation/structural
defects induced by laser beam, the observed PL in-
tensity decrease and blue-shift are consistent with
the defect-related explanation for group A and group
B. The field effect transistor device by use of
CVD-grown 1L-WS, (group B) has been fabricated,
which shows a comparable electrical transport per-
formance to that using exfoliated 1L-WS, (Figure S10).
The results further demonstrate the compelling crystal
quality of CVD-grown 1L-WS, for potential device
applications.
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Note that the inhomogeneous PL features have
been observed in CVD-grown 1L-WS, triangles,'
which are phenomenally similar to our observations
of the sample from group A. In their studies,’’ the PL
intensity near the edge was found to be 25 times
higher than that at the center, which was attributed
to the specific edge structure and chemical composi-
tion; the lower PL energy (red-shift) with respect to that
in the center was explained by the inhomogeneity of
the exciton binding energy. In our case, the relatively
brighter PL emission at the edges of group A, and
alternatively the darkening of PL near the center of the
group A triangle, is assigned to the PL quenching by
more structural defects inside the triangles. The blue-
shift of the PL position near the center of the group A
sample is assigned to the stronger defected-induced
n-doping (negatively charged defects) than that near
the edge. In a word, the PL emission is intense in more
intrinsic regions of the 1L-WS, triangle. It is further
confirmed by our observations of the 1L-WS, triangle
from group B and the triangle-like exfoliated 1L-WS,
(Figure S11), as well as other works'®?° on the intense
PL in the exfoliated 1L-WS..

Experimentally, the different PL properties of the
two sample groups are correlated to the growth con-
ditions as described in the Materials and Methods. In
particular, for group A samples, the sulfur source was
melted and evaporated by the furnace, where the
temperature varied between room temperature and
300 °C during heating and cooling of the furnace; for
group B samples, the sulfur source was loaded outside
the furnace heat region and stably heated at 250 °C
by an additional heater during the growth period
(Figure S12). The nonuniform PL in group A is attrib-
uted to the relatively unstable supply of sulfur source
resulting from the variation of the heating temperature
and vice versa for group B. In our case, the commercial
WO; powders were used as the tungsten precursor,
which is different from the thermally evaporated ultra-
thin WO5 films."" Compared with the previous seed-
initiated growth,® no extra seed layer was used
here, while an additional heater was introduced for
the sulfur evaporation for group B samples. Note that
the excess supply of sulfur, the cooling rate, the
edge structures, and the substrate effect (the dielectric
environment) may play roles in the TMD material
growth and PL signals. For MoS, growth, oxisulfide
rectangular flakes grew when the sulfur source was not
adequate, while hexagonal and triangular MoS, were
obtained with enough and excess sulfur supplies.*” In
our case, the excess sulfur was supplied during WS,
growth. Previously, both natural*’ and fast cooling'®
have been used to grow high-quality MoS, samples. In
particular, the large-size (>100 um) MoS, triangle was
prepared by CVD with a fast cooling rate.' In our case,
natural cooling was used for the facile and repeatable
operation of the CVD furnace. The edge geometries
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and chemical composition may affect the PL signals.
For example, the second layer or thick layers of MoS,
are prone to form at edge regions on the substrates,*’
which may result in the lower PL intensity near the
sample edge. Recently, it was found that the PL signals
of TMD materials varied on different substrates and
fluctuated even on the same type of substrates.” Here,
the same batch of SiO,/Si wafers was chosen for two
groups of 1L-WS, growth. Thus, the influence of the
dielectric environment on the PL has been minimized
among our samples.

Figure 4a and b show the temperature-dependent
PL maps of 1L-WS; triangles of group A and group B,
repsectively. The corresponding PL spectra are shown
in Figure S$13. In general, with the temperature rising
from 80 to 380 K, the PL peak position presents a clear
red-shift. Recently, in MoS,'”° and MoSe,'” mono-
layers, similar PL shifts have also been observed. In
Figure 4c, the integrated intensities of PL from both
samples were plotted as functions of temperature. For
group A, most intensities fluctuate between 2000 and
10000 counts. There is no apparent dependence
found. In contrast, the PL intensity for group B presents
a clear trend due to high uniformity and relatively low
noise/signal ratio, which remains stable below 320 K
and drops dramtically above 320 K. Previously, tem-
perature-dependent PL measurements were used to
determine the exciton binding energies in bulk®’>®
and some quasi-2D materials.>® Recently, the PL in-
tensity changes with temperature have also been
correlated to the thermal dissociation of charged ex-
citons in monolayer 2D MoSe, samples.' Here, we
mainly consider the observed PL intensity changes due
to thermal dissociation of excitons. The temperature-
dependent PL integrated intensities of group B have
been further fitted by a modified Arrhenius law,?%"
and the fitting parameters are listed in Table S1.
A single thermal activation energy of ~0.53 eV is
extracted for group B, which could result from deep
donor and/or acceptor trap states or the intrinsic
binding energy of the A-exciton. In our case, the energy
is extracted from the group B sample with higher
quality rather than that of group A; this value is
consistent with the recently calculated binding energy
(about 0.5 eV) of the A-exciton in WS, by theoretical
groups.?%3 Thus, it is assigned to the intrinsic binding
energy of the A-exciton rather than deep trap states,
which gives strong experimental evidence for the
existence of the predicted large excitonic effect in
1L-WS,.527% Note that other factors could also con-
tribute to the temperarure-dependent changes of PL
intensity. Another typical factor for decreased PL in-
tensity is due to the rising probability of nonradiative
recombination processes, which competes with radia-
tive transitions with increasing temperature. In addi-
tion, the potential doping, strain, structural defects,
the dielectric environment,?? intrinsic band structure,”
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Figure 4. (a, b) Temperature-dependent PL maps of 1L-WS, triangles from groups A and B, respectively. (c) Integrated PL
intensity as a function of temperature ranging between 80 and 380 K of two groups of samples. (d) Temperature dependences
of PL peak positions of group A (opened square) and group B (opened circle), respectively. (e) Fluorescence kinetics and
the lifetime images (inset) of two groups of samples. Scale bars represent 10 um. (f) PL intensity as a function of the

excitation time.

and many-body effects in low-dimensional structures
may also affect the temperature-dependence behav-
iors of PL. For instance, the emission of defect-related
bound excitons or environment-related surface states
could cause the low-energy tail in the asymmetric
PL band (Figure S14), and such emitting states may
chanllenge A excitonic emission at low temperature.
Similarly, the low-energy bands and/or competition
among emission states have also been observed in the
exfoliated 1L-MoS, at various temperatures®>>%%” and
in the 1L.-MoSe, device sample.’?

Meanwhile, the temperature-dependent PL posi-
tions (Figure 4d) are fitted by the empirical Varshni
function,®® ie, Ey(T) = Eo — oT*/(T + f). The fitting
parameters a. for groups A and B are 3.1 x 10~* and
3.7 x 107* eV/K, respectively. The other parameters
p for both samples are ~0 and 90 K, respectively.
The band-gap energies at T = 0 K for both samples

PEIMYOO ET AL.

are ~2.07 and ~2.05 eV, respectively. The obtained
larger band gap in group A than group B is consistent
with the previous PL measurements (Figure 3). Futher-
more, to estimate the electron—phonon interaction in
1L-WS,, we have carried out another fitting (Figure S15)
for the group B sample by use of a semiempirical function
developed by Odonnell et al,*®

Eq(T) = Eo — S (hwp)lcoth(( hwp)/2kT) — 11 (1)

The obtained Sis ~2.1, which characterizes the electron—
phonon coupling stength and is slightly larger than those
recently obtained from 1L-MoS, and 1L-MoSe,.'*'” The
average phonon energy (fiw,) is determined as ~14.5
meV (117 cm™") in 1L-WS,. The PL width dependence
of the group B sample on temperature is shown in
Figure S16. When T < 300 K, the PL width is relatively
stable, i.e,, ~40 meV; when T > 300 K, the broadening of
the PL width is observed.
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Figure 4e presents time-resolved PL kinetics col-
lected from the centers of two groups of samples. Each
decay curve presents an instrument-response-limited
decay time (<350 ps). The corresponding lifetime
images are also presented as the inset. Both data
confirm that group B shows a relatively longer lifetime
than group A. For group A, the inner region with the
weaker PL intensity shows a shorter lifetime than the
outer region. Figure 4f shows the time trace of the PL
intensity of 1L-WS, from group B. Over a long duration
of 600 s, the intensity remains stable/nonblinking.
Conventionally, the blinking traits of light emission
have been observed from most 0D and 1D semicon-
ductor nanocrystals, including quantum dots, nano-
rods, nanowires, and nanotubes,”®~”? which cause the
unpredicted emission intensity and severely limit bio-
logical and optical applications of nanocrystals. Here,
1L-WS, trangle, as a rising 2D semiconductor nano-
crystal, shows a nonblinking PL feature, which opens
up a great deal of opportunities for ultilization in
optoeletronics, quantum optics, and biology, such as
light-emitting, biosensing, and biolabeling materials.
Particularly, the actual 2D semiconductor nanocrystals,
owning intense and nonblinking light emission features,

MATERIALS AND METHODS

Two groups of 1L-WS, samples were grown by chemical
vapor deposition in a tube furnace referring to previous works
on MoSz.w'47 Commercial WO3 (>99.5%, Sigma Aldrich) and
sulfur (>99.95%, Sigma Aldrich) were used as solid sources. For
group A samples, 1 mg of WOz powder was put into the tube
center and 200 mg of sulfur was loaded near the inlet of high-
purity Ar carrier gas. The flow rate was 200 sccm during the
whole growth procedure. The temperature was raised to 550 °C
with a ramping rate of 18 °C/min. At this temperature, the sulfur
started to melt due to the heating from the furnace itself, being
similar to previous studies.*” After that, the ramping rate was set
at 5 °C/min. Later on, the temperature approached 800 °C and
was held for 10 min. Then the furnace was cooled to room
temperature naturally with the flow of Ar gas. For group B
samples, 200 mg of sulfur was loaded upstream and outside of
the furnace heating zone, which was heated separately at
250 °C. All other growth parameters are the same as those used
for group A samples. By use of a modified transfer strategy,'®
two samples from group A and group B, respectively, were
displaced onto the quartz substrates for absorption and time-
resolved photoluminescence measurements. The exfoliated
1L-WS, samples on the SiO,/Si substrate were obtained by
micromechanical cleavage' of the bulk-synthesized WS, crystal
(2D Semiconductors Inc.). Optical and fluorescence images
were taken under an Olympus microscope (BX51) with a
fluorescence attachment (U-RFL-T). A Raman/PL microscope
setup (WITec, CRM 200) with a 532 nm diode-pumped double-
frequency Nd:YAG laser source was employed for detecting
both Raman and PL spectra. A thermal stage with a vacuum
pump and the N carrier gas was used in temperature-depen-
dent PL measurements. An atomic force microscope (AFM,
Veeco, Nanoscope V) was utilized to obtain the morphology
images and the height profiles. Steady-state absorption and
fluorescence spectra of the R6G solution and films were measured
by use of a UV—vis absorption spectrometer (Cary 100, Varian) and
a fluorescence spectrometer (Eclipse, Varian), respectively. The FTIR
microspectrometer (Bruker Vertex 80v) was used to determine the
absorption spectrum of 1L-WS, on quartz. Fluorescence lifetime

are good candidates to be used as active media in vertical
cavity surface emission lasers, instead of conventional
quasi-2D quantum wells.

CONCLUSIONS

To summarize, the PL of 1L-WS; triangle has been
studied by use of micro-PL spectroscopy. Two groups
of samples with uniform and nonuniform PL were
compared to identify the native emission traits of 1L-
WS,. The darkening and the blue-shift of PL are ex-
plained by the as-grown structural defects and the
defect-induced negative doping. In addition to the PL
and Raman techniques, the optical contrast has suc-
cessfully been used to identify the number of WS,
layers. Moreover, the binding energy (0.53 eV) of the
A-exciton has been determined by temperature-de-
pendent measurements of PL, which evidence the
large excitonic effect in 2D 1L-WS,. More importantly,
the intrinsic PL of 1L-WS, is found to be intense, i.e., 53
times that of exfoliated 1L-MoS, at 532 nm excitation,
and nonblinking, i.e., stable during 10 min of contin-
uous laser irradiation. These features make the novel
2D WS, semiconductor very attractive in advanced
light-emitting and biosensing applications.

imaging of WS, was obtained by use of a time-resolved confocal
microscope (PicoQuant, MicroTime 200). A 405 nm pulsed laser
(PicoQuant, LDH-P-C-405B) with a repetition rate of ~40 MHz and a
power of ~0.15 uW was used to excite the samples, and the
fluorescence ranging from 610 to 700 nm was detected by a single-
photon avalanche diode (Perkin-Elmer, SPCM-AQR-15).
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