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Photoluminescence Study of B-Trions in MoS2
Monolayers with High Density of Defects
Reelika Kaupmees, Hannu-Pekka Komsa, and Jüri Krustok*
Photoluminescence spectroscopy has been used to investigate the details of
B band emission from single-layer MoS2 samples grown by chemical vapor
deposition. The evolution of the peak shape upon variable excitation power is
well described by a combination of exciton and trion contributions, from
which B trion binding energy of 18meV has been extracted. It has been
suggested that the absence of accompanying A trion emission in our
samples, as well as the enhanced intensity of the B band, can be ascribed to
a fast non-radiative recombination channel arising from the large defect
density in our samples. It has been found that band-selective recombination
channels or formation of dark/bright trions are possible microscopic
scenarios for our observations.
1. Introduction
The appearance of 2D atomic crystals with various optical and
electrical properties has opened up new routes for electronic and
optoelectronic device fabrication based on atomically thin
layers.[1,2] Among them, monolayers of transition metal
dichalcogenides (TMDs), such as MoSe2, WSe2, and MoS2,
are the most attractive having well-defined semiconductor
properties.[3] MoS2 is the most studied TMD atomic crystal,
where an atomic plane of Mo atoms is found between two layers
of S atoms in a trigonal prismatic structure forming a so-called
monolayer.[4] In multilayer arrangements, monolayers are
stacked together with weak van der Waals interactions between
S atoms. While first MoS2 monolayers were obtained by
mechanical exfoliation,[1] other methods are proved to be more
promising to produce large area and high quality 2Dmaterials to
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enable their industrialization. Among
them, the chemical vapor deposition
(CVD) method is the most popular one
and has been successfully demonstrated in
synthesis of MoS2 monolayers and other
2D materials.[5–12]

The band structure of MoS2 converts
from an indirect bandgap to a direct one
when decreasing its thickness from bulk to
a single layer. As a result the photo-
luminescence (PL) intensity increases re-
markably and two PL bands emerge at
about 1.8 and 1.95 eV at room tempera-
ture.[13–15] These bands are called A and B
band, respectively, and they correspond to
the direct excitonic transitions at the K
point in the Brillouin zone, where the B
band is related to the spin-orbit split lower valence band. The
value of spin-orbit splitting of the valence band in MoS2
monolayers is ΔESO¼ 148meV,[16] while the splitting of the
conduction band is very small and does not exceed 5meV. The
actual peak position of A and B bands depends on type of the
substrate and on quality of monolayers. It has been shown that
monolayers grown by CVD on SiO2/Si substrates usually show
PL bands at lower energy than in exfoliated monolayers[17,18] and
this is caused by intrinsic tensile strain in MoS2 monolayer.[19,20]

The strain and the presence of lattice defects affect not only PL
bands, but also the position of Raman peaks of monolayer.[20–23]

It has been shown that the A band at room temperature is often a
sum of neutral (A0) and charged (A�) exciton emissions.[24–27]

The charged exciton is called trion and, in principle, it could be
either negative (A�) or positive (Aþ) depending on the type of
majority carriers. Theoretical calculations show that the same
double peak structure is expected also for the B band.[28–30]

Experimentally the B� trion has been recently observed by
reflectance contrast measurements in WSe2 and MoSe2,

[31] but
attempts to detect the existence of B� (or Bþ) trion by PL have not
been successful.

In this work, the photoluminescence properties of CVD
grown single-layer MoS2 are investigated by using variable
excitation power in order to detect a presence of the B trion.
2. Experimental Section

MoS2 monolayers were grown by a CVD method on a Si
substrate with a 275 nm thick SiO2 layer and using MoO3 and S
precursors. For the CVD process, a two-zone furnace was used
with S zone at 200 �C andMoO3 zone at 790 �C. N2 was used as a
carrier gas with a gas flow of 100 sccm. The Si/SiO2 substrate
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was positioned face-down at about 2 cm from a MoO3 precursor.
This growth process produced uniform MoS2 domains and the
size of these areas ranges from several tens to more than
hundred micrometers. Raman and PL-unpolarized measure-
ments were carried out using a Horiba LabRAM HR800 Micro-
Raman system equipped with a multichannel CCD detection
system in the backscattering configuration with a spectral
resolution better than 1 cm�1. An Nd-YAG laser (wavelength
532 nm) was used for excitation. The laser spot size was about
2mm in diameter. The scanning electron microscope (SEM) HR-
SEM Zeiss Merlin was used to study the morphology of
monolayers.
3. Results and Discussion

Figure 1 shows a SEM picture of the monolayer and the Raman
spectrum from the CVD-grown MoS2. The Raman peaks
associated with MoS2, namely, the in-plane mode E0

(381.7 cm�1) and the out-of-plane mode A0
1 (405.0 cm�1) are

clearly seen in Figure 1.[33,34] The separation between these peaks
is Δ¼ 23.3 cm�1 and this value is higher than usually
observed separation in high quality monolayers (Δ�19 cm�1[34]).
Vertical-dashed lines in Figure 1 mark the peak positions of high
quality exfoliated monolayer and, with respect to these lines, our
CVD-grown MoS2 has peaks that are either softened (E0) or
stiffened (A0

1),whichcanbeattributed to thepresenceof substrate-
induced tensile strain and charge doping.[19,35] The origin of
tensile strain inCVD-grownMoS2 layershasbeenattributed to the
mismatch of the thermal expansion coefficient between the layer
and a SiO2/Si substrate

[19] or/and to the surface roughness. [6,36] It
is known that the lattice tensile strain affects predominantly the
in-plane vibration mode E0 while the A0

1 mode is relatively
unaffected: �2.1 cm�1 per % strain and �0.4 cm�1 per %
strain, respectively.[22] According to these estimations our MoS2
monolayer seems to have a tensile strain in the range of 1%.
However, the shift of E0 mode can be also related to high defect
Figure 1. a) SEM picture of our MoS2 monolayer, red circle indicates the locat
and PL spectra weremeasured. b) Raman spectrum from themonolayer area o
show a result of spectral fitting with Lorentzian curves and blue line is a c
result. Vertical dashed lines represent the peak positions measured from high
MoS2 monolayers.[32]
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(mostly sulfur vacancies) concentration as was shown in
ref. [21]. The blue shift of the A0

1 peak is believed to be a result of
hole doping, because, due to the strong interaction between A0

1
phonon and electrons, the A0

1 mode is very sensitive to the
doping of MoS2.

[37] High concentration of sulfur vacancies and
cracked regions are very active centers for molecular adsorption
and, for example, adsorbed O2 and/or H2O can introduce hole
doping and thus reduce the electron concentration.[37] As it was
shown in refs. [19,38,39], the reduced electron concentration
leads to a blue shift of the A0

1 peak compared with the peak
position in exfoliated high quality monolayer. It was also shown
that the nitrogen doping could be an effective way to produce
hole doping in MoS2 monolayers[40] by creating NS acceptor
defects. The presence of weak side peaks at about 409 and
378 cm�1 (see Figure 1(b)) also confirms a high defect
concentration in our monolayer, because these peaks were
previously assigned to the defect-induced modes.[41,42]

Room temperature PL spectra of our MoS2 show a clear
presence of A and B bands at about 1.79 and 1.95 eV,
respectively, see Figure 2. Additional weak band XD at
1.69 eV is also visible and it is related to defect bound
excitons.[43] The relative PL intensity of the B-band was higher
than usually observed in high quality MoS2 monolayers and the
overall photoluminescence intensity was also rather weak. In
addition, we noticed a faint continuous background emission
and it was subtracted during further analysis. All PL bands are
red-shifted with respect to peak positions of high quality
exfoliated monolayers and this is typical for CVD grown
strained MoS2 on SiO2/Si substrates.

[19,44] At the same time, we
did not observe any features corresponding to indirect
transition usually visible in multilayers at about 1.5 eV.[45] This
fact confirms that the red-shift of PL bands is caused by strained
and defective MoS2 monolayer and not by a presence of
multilayers. The effect of tensile strain on PL properties of
MoS2 monolayers is studied in many papers and it was found
that the decrease in the optical band gap is approximately linear
with strain, �45meV per % of strain for monolayer MoS2.

[46]
ion where Raman
fMoS2. Red lines
umulative fitting
quality exfoliated

2 of 5)
Later studies showed even higher values,
�100meV per % of strain.[19,36,47] The peak
position of the A-band in exfoliated MoS2
monolayers is about 1.85 eV[48] and therefore
we can expect to have �0.6% of strain in our
monolayer. This strain is smaller than the
estimated strain value from Raman measure-
ments and therefore we expect that the shift
of Raman peaks is partly caused also by
charge doping.

The increase of an excitation intensity
leads to nearly linear increase of the A-band
intensity while the B-band shows a super-
linear increase. Moreover, we noticed a red-
shift of the B-band with increasing laser
power, but the shape and the peak position of
the A-band did not change. All these facts
confirm that the A-band does not contain
additional trion emission and we observe
only emission of neutral excitons A0. At the
same time, the behavior of the B-band can be
explained if both trions and neutral excitons
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Normalized room temperature PL spectra of MoS2 monolayer
measured at different laser power. The inset shows a magnified range of
the B-band with fitting results using pseudo-Voigt peak shape function for
exciton (B0) (magneta line) and trion (Bþ) (blue line) and A-band (dotted
curve). Experimental points are presented as circles, fitting results are
given with solid black and red lines. Peak positions of B0 and Bþ are
marked with dashed vertical lines. Fitting result for the A-band (at 7mW)
is also shown as dashed lines.

Figure 3. Integrated photoluminescence intensity 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.
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are present. Different properties of A and B bands in our
monolayer indicate that electrons in the conduction band play a
minor role and holes in both valence bands determine emission
properties. Therefore we probably have positive B-trions (Bþ)
where two holes are paired with one electron. Accordingly, all
PL spectra were fitted using a pseudo-Voigt line shapes for A0,
Bþ, and B0. The separation between our B0 and Bþ bands was
found to be 18meV and it was kept constant in all fittings.
Based on deterioration of the fit upon changing this separation,
we estimate the uncertainty of the trion binding energy to be
less than 2meV. By changing the laser excitation intensity over
a factor of 150, the peak positions and peak widths (FWHM) of
these PL bands did not change indicating no heating of the
sample over the range of laser powers used. An example of this
fitting for the B band region is shown in Figure 2. At lower laser
powers, the B0 band dominates at 1.956 eV but at higher laser
powers we clearly see a rapid increase of the Bþ band at
1.938 eV. The value of spin orbit splitting in our monolayer is
found to be ΔESO¼ 166meV and it is slightly bigger than in
high quality monolayers. According to recent first-principles
calculations,[29] the binding energy of trions in MoS2 mono-
layers somewhat depends on substrate and for SiO2/Si
substrate values 35/32 and 18/17meV were found for A�/Aþ

and B�/Bþ trions, respectively. The latter agrees very well with
our experimental value. Very small binding energy for the B
trion explains why it is so difficult to resolve B trion emission
while A trion is often visible even at room temperature.
Phys. Status Solidi B 2018, 1800384 1800384 (
In general, the excitation intensity dependence of the PL
intensity is a good indicator of the nature of radiative
recombination processes. Specifically, the integral PL intensity,
I, shows a power law dependence on the laser excitation power,
P, as I�Pk. A value of k �1 indicates an exciton-like transition
and k<< 1 suggests a recombination path involving defects.[49]

For trions, where the recombination involves three particles, the
intensity should show a P1.5 dependence, i.e., superlinear
increase on laser power.[14] If both trion and neutral excitons are
present, then the increase of B-band intensity must have
superlinear dependence with 1< k<1.5. The actual value of k for
each PL band depends also on other conditions like type of a
substrate, defect concentration, and crystal quality of mono-
layers. The dependence of integral intensity of PL bands on laser
power is presented in Figure 3. Both neutral excitons (A0, B0)
show nearly linear increase with laser power (note that the B0-
band seems to have almost the same behavior as the A0-band at
higher laser power), but the Bþ band increases with k¼ 1.42.
This value correlates with the expected value for trions (k¼ 1.5).
The total intensity of the B-band increases with laser power as
I�P1.25.

All properties of our MoS2 monolayer indicate that we have a
very high concentration of defects and quite low carrier
concentration. The reason for the fairly intense B-band
emission, as compared to those reported in the literature, is
therefore assigned to defects. In particular, we assume that there
is a non-radiative recombination channel that preferentially acts
on the holes in the A-band. This can occur if the traps are
energetically close to the valence band maximum, which is
responsible for the A-band emission. For example, as it was
shown in ref. [50], sulfur adatoms on the surface of MoS2 layer
can introduce a very fast non-radiative recombination channel.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 5)
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The difference in the relative intensities of trions and excitons
in the A and B bands also appears puzzling. After all, the
presence of B-trions should imply the presence of free carriers
and thereby also of A-trions. We speculate on two scenarios for
this apparent discrepancy: either the density of A-trions or their
emission intensity is suppressed. For the former, if there is fast
recombination channel for the A-excitons, as also assumed
above, they will recombine before they can find free carrier and
thereby form a trion. Thus, the A-trion formation is suppressed.
In this scenario, it is irrelevant whether the free carriers are
electrons or holes, as long as their concentration is low. The fast
recombination channel does not need to be completely non-
radiative, but it needs to be selective to A to keep the exciton
density sufficiently low, while B-excitons live longer and form
trions. In the latter scenario, the calculated lowest energy Bþ

trion has one hole in the highest valence band (VB) and one hole
in the lower spin-orbit-split band (VB-1). This could in principle
show up either as Aþ trion or as Bþ trion. However, due to the
spin orientation in the relevant bands, it is expected to be dark in
A, but bright in B,[29,51] and thus shows up more strongly as Bþ.
The reason for the enhancement of this type of trions over
“normal” Aþ trions could be ascribed to the same process as in
the previous scenario. Alternatively, we could assume there is a
fast non-radiative recombination mechanism that affects
similarly both conduction band states, but preferentially the
VB holes over the VB-1 holes. Then, B-exciton is broken via
electron trapping and subsequently recombines with VB
hole, but a hole is left in the VB-1 state. Since the hole
concentration is subsequently reduced at VB state, this
essentially leads to transferring the hole concentration from
Figure 4. The band structure near the K-point of the Brillouin zone
showing radiative and non-radiative emissions in MoS2 monolayer.
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VB to VB-1. Consequently the trion can be formed even as
combination of A-exciton and hole at VB-1.

The band structure with all the observed emissions are
summarized in Figure 4. Following the above discussion, we
have also illustrated the possible defect-induced recombination
channel in the figure, although at present the exact nature of the
defects remains unknown. Also further studies are needed to
investigate the properties of B-trions in more detail.
4. Conclusions

Photoluminescence spectra of our CVD grown MoS2 monolayer
exhibit two predominant bands (A and B) corresponding to the
optical transitions at the K-point in the Brillouin zone. High
concentration of defects in our sample creates a fast non-
radiative recombination channel and additionally reduces a
carrier concentration.

While the A-band exhibits only specific excitonic properties,
the B-band has a double structure. The evolution of the B-band
shape upon variable excitation power is well described by a
combination of exciton and trion contributions, from which we
extract B-trion binding energy of 18meV.
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