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Temperature- and laser power-dependent photoluminescence (PL) properties
of the asymmetric defect-bound exciton band XD in defective WS2 monolayers,
grown by chemical vapor deposition, are studied. Based on PL mapping,
a monolayer region with an intensive XD band emission at about 1.9 eV is chosen
for further studies. The XD band is thermally quenched above 180 K, and the
thermal activation energy is found to be Ea ¼ 33� 4meV. At T¼ 15 K, the XD

band intensity reveals a sublinear dependence with increasing excitation power
and the peak position shows a blueshift of about 15 meV per decade of laser
power. It is shown that the XD band is related to the deep defect states within the
band gap of WS2.

Two-dimensional (2D) semiconductor atomic crystals, also known
as transition metal dichalcogenides (TMDs), like MoS2, MoSe2,
WS2, and WSe2, have attracted considerable attention because
of their interesting physical properties and potential applications
in various electronic and optoelectronic devices.[1–5] For example,
monolayered TMDs have the advantage of being direct band gap
semiconductors, unlike their 3D counterparts that have an indirect
band gap.[6] Among these TMDs, WS2 has the largest band gap in
the visible spectral range, around 2.0 eV, and exhibits stronger
photoluminescence (PL) emission than most other studied
TMDs, makingWS2 atomic crystals excellent candidates for future
optoelectronic devices.[7,8] The characteristic room temperature PL
spectrum of a WS2 monolayer consists of two excitonic peaks, A
and B, resulting from the large valence band spin–orbit splitting of
425meV.[9] The peak positions of A and B excitons in WS2 are
around 2.0 and 2.4 eV, respectively.[10] These values are found

for mechanically exfoliatedWS2monolayers,
but the peak positions are really sensitive to
the preparation method. In the case of WS2
monolayers grown by chemical vapor depo-
sition (CVD) onto Si/SiO2 substrates, the
A and B exciton peaks are usually detected
at lower energies compared with the mech-
anically exfoliated layers or CVD-grown
layers on other substrates.[11,12] This red-
shift is mostly caused by the strain in the
as-grown monolayers on the Si/SiO2 sub-
strate.[13–15] In addition to the charge-
neutral A0 exciton peak, a charged trion
A� peak is also often found at about
43 meV lower energies.[16] At low temper-
atures (T� 10 K), a broad defect-bound

exciton band (XD) with a peak position of about 1.9 eV has been
found to dominate the PL spectra.[17] This spectral region
includes also a single-photon emission (a series of sharp peaks
in the defect band region) that has been detected in the low-
temperature PL spectra of WS2 monolayers[18] and in other
2D compounds.[19–21] Excitons in the defect band region can
be bounded to lattice defects.[22,23] In addition, Venanzi et al.[24]

have shown that the defect-bound exciton band consists of excitons
that are localized by physiosorbed gas molecules on the MoSe2
monolayer surface. This phenomenon appears also in other
TMDs like WS2. Still, while A and B peaks have been studied
extensively, the properties of the defect-bound exciton band are
not fully understood. We have previously studied[25] the lumines-
cence of excitons and trions in CVD-grown WS2 monolayers and
focus on the defect-bound exciton band properties using temper-
ature and excitation power-dependent PL measurements.

WS2 monolayers mainly grew in triangular islands with
domain sizes up to several tens of micrometers; however, other
shapes were observed as well. In Figure 1a, a scanning electron
microscope (SEM) image of CVD-grown butterfly-like WS2
monolayer is presented. The diameter of this monolayer is about
40 μm. Butterfly-like-shaped WS2 monolayers have been seen in
several studies.[26–28] These kinds of monolayers are reported to
consist of two symmetrical wings with different atomic orienta-
tions, separated by a grain boundary.[27] Grain boundary usually
includes multiple different misaligned atoms, creating extended
defects to the material. The grain boundary area in the middle of
the butterfly-shaped WS2 monolayer is of particular interest, and
therefore, it is a subject of this study. To confirm the high con-
centration of defects in the grain boundary, a room-temperature
PL map from the monolayer was created. In Figure 1b, the PL
peak position map of the A0(neutral A exciton) peak is presented,
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showing the redshift of the A0 peak in the middle of the flake.
It was shown that the high concentration of defects[29] and a
possible tensile strain are the main reasons for this kind of peak
shift of A0 excitons in different TMD monolayers.[14,23,25]

We chose this region with a high-intensity defect-bound exciton
PL emission (see Figure 1c) for further studies and the results are
presented below.

The room-temperature PL spectrum of this defective region
shows only one asymmetrical A0-exciton peak at Emax ¼
1.940 eV (Figure 2a). The peak is shifted to lower energy by about
80meV when compared with mechanically exfoliated WS2
monolayers.[16] In a previous study,[25] we observed an asymmet-
rical A0 exciton peak at 1.951 eV in aged CVD-grown WS2 and
showed that, it was redshifted due to tensile strain. The intensity
of the A0 peak from our butterfly-shaped layer was around
100 times higher than the intensity of the A0 peak from the
double-layer WS2, confirming that the WS2 flake studied here
is a monolayer.

The Raman spectrum from the CVD-grownWS2 together with
the fitting results is presented in Figure 3a. From the fitting, the
positions of the main peaks, the in-plane mode E1

2gðΓÞ at
355.0 cm�1 and the out-of-plane mode A1gðΓÞ at 418.3 cm�1,
were determined. The separation between these peaks is
Δ¼ 63.3 cm�1. This value is somewhat higher than normally
observed in WS2 monolayers with better quality, where the

Figure 1. a) SEM picture of a butterfly-shaped WS2 monolayer. b) 2D PL map showing the redshift of the A0 exciton peak in the middle of the flake.
c) Low-temperature (T¼ 15 K) PL spectra from different WS2 monolayer areas marked as 1 and 2 in (b).

Figure 2. Normalized a) temperature and b) laser power dependencies
(T¼ 15 K) of the PL spectrum of a WS2 monolayer (purple lines). PL-fitting
results with asymmetric hyperbolic secant functions are shown. Blue lines
show the fitting results for the defect-bound exciton peak XD, red lines for
the trion peaks A�, and black lines for the exciton peaks A0.
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separation is usually in the range Δ¼ 61.5–62.4 cm�1.[8,26,30,31]

It is known that the tensile strain in WS2 monolayers grown
on the Si/SiO2 substrate causes the in-plane Raman mode
E1
2gðΓÞ to redshift more than the A1gðΓÞ peak,[32] which increases

the separation between these peaks. The dominating mode in
Figure 3a is 2LAðMÞ (350.2 cm�1) that has approximately three
times the intensity of the A1gðΓÞmode, which is characteristic for
the Raman spectra of WS2 monolayers, measured with green
laser excitation (514 nm,[30] 532 nm[33]). This fact and the peak
separation value confirm once again that the studied butterfly-
like flake is indeed a monolayer. Raman spectra show no depen-
dence on the position on the flake, which indicates the same
strain value throughout the flake.

All PL spectra were fitted using an asymmetric hyperbolic secant
function: IðEÞ ¼ I0=½expððE � EMÞ=WHEÞ þ expð�ðE � EMÞ=
WLEÞ�, where WHE and WLE are related to the width of high-
and low-energy sides of the PL band, respectively, while EM

is related to the peak position Emax.
[25] In the case of the sym-

metrical peak, EM is equal to Emax. The asymmetric hyperbolic
secant function has been used previously to fit excitonic PL
bands in WS2

[25] and MoSe2
[34] monolayers.

Low laser excitation power (5 μW) was chosen for the
temperature-dependent PL measurements (T¼ 15–295 K) to
have a more pronounced defect-bound exciton band XD, com-
pared with the exciton A0 and trion A� peaks. The temperature
dependence of some characteristic PL spectra is presented in
Figure 2a. An asymmetrical A0 peak can be seen for the whole
temperature range, although at low temperatures, it is relatively
weak compared with the XD band. The trion peak A� appears at
65 K and disappears above 205 K (Figure 3b). The XD emission
band shows an asymmetric lineshape with a sharper high-energy
cut-off and an exponential low-energy tail. This band is thermally
quenched with increasing temperature and becomes invisible at
temperatures above 180 K, as shown in Figure 3b. Moreover,
the XD band shows a redshift with increasing temperature
and this shift is larger for the exciton and trion peaks, see
Figure 3b. The redshift of the A0 and A� peaks with increasing
temperature follows the same trend as the exciton peak in
strain-free mechanically exfoliated WS2 monolayers[16] shown
as a reference in Figure 3b. A similar temperature dependence
of the A0 peak position was found also in the study by
Gu et al.[33]

Figure 3. a) Raman spectrum from the WS2 monolayer. Red lines show a result of spectral fitting with Lorentzian curves. The blue line presents the
cumulative fitting result. b) Temperature dependence of the PL peak energies. Magenta line represents a temperature dependence of the A0 peak taken
from the study by Plechinger et al.[16] c) Arrhenius plot showing the activation energy of the XD band. d) The width of high (WHEÞ and low (WLEÞ energy
sides of the XD band as a function of temperature. The lines are least squares fit to the data.
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The fitting of the PL spectra measured at different temp-
eratures revealed that the width related to the low energy side
WLE of the XD band exhibits only a very weak increase with
temperature (Figure 3d), whereas the width related to the high
energy side WHE shows a clear temperature dependence. All
these features observed for the XD band are usually considered
as evidence of the disorder-related effects and are also typical
for highly doped semiconductors like CuInGaSe2

[35] or
Cu2ZnSnSe4.

[36] As the random fluctuations of defect concen-
tration or strain can cause band gap and electrostatic potential
fluctuations, they may smear the band edges and form exponen-
tial tails of the density of states extending into the band gap.
At low temperatures, excitons can be trapped by the localized
states at the band tails, leading to the observed asymmetric
lineshape of the PL spectra. In this case, the low-energy tail of
the PL band reflects the energy distribution of the density of
states within the band tails and has very weak temperature
dependence.[35,37] At the same time, the high-energy side usually
shows typical broadening with increasing temperature,[35] see
Figure 3d. We therefore conclude that the XD band is related
to the deep defect states within the band gap and that the PL
emission is caused by the excitons bound to these deep defects.

From the temperature dependence of integral intensity, the
thermal activation energy Ea ¼ 33� 4meV was determined for
the defect-bound exciton XD (Figure 3c) using the following
equation[38]

ΦðTÞ ¼ Φ0=½1þ A1 expð�Ea=kTÞ� (1)

whereΦ is the integral intensity of the PL band, A1 is the process
rate parameter, and Ea is thermal activation energy. A similar
activation energy for the defect-bound exciton has been found
not only in WS2,

[39] but also in other TMDs like WSe2
[22,40]

and MoS2.
[41] When the temperature increases, bound excitons

can be thermally activated into delocalized states and captured by
the competing nonradiative recombination channels or recom-
bine as free excitons. Therefore, it is expected that the intensity
of the bound exciton emission decreases monotonically with
increasing temperature. The carriers localized at shallow defect
states are first thermally activated to the deeper states, leading to

the redshift of XD with increasing temperatures. Correspondingly,
at low temperatures, the increasing excitation intensity is expected
to cause band filling of the deeper localized energy states, giving
rise to a blueshift of the XD emission.

The laser excitation power dependence of the PL spectrum
was measured at a low temperature (T¼ 15 K) in the range of
P¼ 0.6–500 μW to study the nature of radiative recombination
processes. In Figure 2b, the power series of the PL spectra
are shown and it can be seen that the defect band XD strongly
dominates over the exciton and trion peaks especially at low laser
powers. Furthermore, the XD peak energy increases with increas-
ing laser power (a straight blue line in Figure 2b), confirming the
expected blueshift, caused by band-filling effects.

The integrated PL intensityΦ versus the laser excitation power
P usually follows a power law dependence: Φ � Pk.[42] The inte-
grated PL intensity Φ as a function of excitation power P was
investigated for all emission bands at T¼ 15 K, see Figure 4a.
Both, exciton and trion peaks (A0, A�) show nearly linear depen-
dence (k� 0.9), whereas the emission from the defect-bound
exciton band XD shows a different dependence and saturates
at high excitation powers. It is also observed that the XD band
blueshifts as the excitation intensity increases and the rate of this
shift is about 15meV per decade of laser power (Figure 4b).
This kind of blueshift is usually considered as the evidence of
disorder-related effects in semiconductors.[23,35,43] We showed
before that the random fluctuations of defect concentration or
strain can cause band gap and potential fluctuations and form
exponential tails in the density of localized states extending into
the band gap. At low temperatures, the increasing excitation
intensity will cause band filling of the localized energy states,
giving rise to the blueshift of XD emission.

It was shown theoretically that the PL intensity of the
exciton-like transition should follow a power law Φ � Pk with
k � 1. A value k � 1 indicates a recombination involving defect
states.[42] However, the sublinear increase of the intensity of XD

band with laser power can be explained by the limited concen-
tration of these deep defects leading to the saturation of the
intensity of the XD band at higher laser powers. A high concen-
tration of deep defects usually leads to steeper increase of the PL
intensity reflected by higher values of k, as reported by different

Figure 4. a) Integrated PL intensityΦ of different PL bands as a function of the laser power, plotted on a log–log scale. The lines are least squares fit to the
data. b) XD peak position dependence of the laser power. The line is least square fit to the data.
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research groups, see for example the study by Shang et al.[44]

Different k values for the defect band have been observed also
in other materials like WSe2

[22,40] and MoS2.
[45] The sublinear

dependence of the XD band intensity in TMD monolayers was
found also in WS2

[25] and MoS2.
[46]

The nature of these deep defects is not clear, but our experi-
ments have shown that by using laser annealing, it is possible to
reduce the intensity of the XD band. The studied WS2 monolayer
was annealed with a focused laser beam with P¼ 1500 μW
(power density� 5� 108W/m2) for 5 min at a low temperature
(T¼ 15 K). To study the effect of annealing, the PL spectra with a
laser power of 0.6 μW before and after annealing were compared.
Such a low excitation power was used, because the XD band was
found to be more pronounced when compared with A0peak at
low laser powers as shown in Figure 2b. Laser irradiation was
found to reduce the relative intensity of the defect-bound exciton
band about ten times compared with the A0 exciton peak inten-
sity, indicating that this type of annealing removes some phys-
isorbed gas atoms from theWS2 monolayer surface. This effect is
rather interesting, suggesting that XD band can be sensitive also
to other forms of radiation, being useful for some applications.
Similar effects have been observed also by other groups.[47,48]

The most probable intrinsic defect in the WS2 monolayer
could be a sulfur vacancy, VS, with a reported depth of about
0.47–0.6 eV from the conduction band edge.[49–51] At the same
time, grain boundaries and adsorbed atoms or molecules on
the surface can also play an important role.

In conclusion, the defect-bound exciton band XD at 1.9 eV
was found to dominate the PL spectra of a WS2 monolayer at
low temperatures. It showed a larger redshift than the A�

and A0 peaks with increasing temperature. The width of the
low-energy side WLE of the XD band that reflects the energy
distribution of the density of the states within the band tails
showed a very weak temperature dependence, whereas the
high-energy side (WHE) demonstrated typical broadening. A
thermal activation energy of Ea ¼ 33� 4 meV was found for
the XD band. The intensity of the XD band showed a sublinear
dependence with laser power, and a blueshift of about 15 meV
per decade of laser power was detected for the PL band position.
It is proposed that the XD band is related to the deep defect-
bound excitons and the most probable deep defect could be
VS, whereas the structural defects and adsorbed atoms could
also be the cause of these deep defects.

Experimental Section
WS2monolayers were grown by CVD on a Si substrate with a 275 nm-thick

SiO2 layer using WO3 and S precursors. In a two-zone furnace, the temp-
erature in the S zone was 200 �C and in the WO3 zone 850 �C. A mix of
N2 and H2 (9%) was used as the carrier gas with a flow rate of 132 sccm.
The Si/SiO2 substrate was placed face down next to the WO3 precursor.

Raman measurements were carried out in backscattering config-
uration using a Horiba LabRAM HR800 Micro-Raman system with a
spectral resolution better than 1 cm�1, equipped with a cooled multi-
channel charge-coupled device (CCD) detection system. A Nd-YAG laser
(wavelength: 532 nm) was used for excitation. A 0.50m focal length mono-
chromator ACTON 2500i and an Oxxius - LMX-532 laser (wavelength
of 532 nm) with different powers were used for micro-PL measurements.
For PL detection, a liquid nitrogen-cooled CCD camera was used.
A continuous-flow liquid helium cryostat Janis ST-500 was used for the

temperature-dependent (T¼ 15–295 K) PL measurements. The laser spot
size was about 2 μm in diameter for both setups.

The high-resolution SEM HR-SEM Zeiss Merlin was used to study the
morphology of monolayers.
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