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ABSTRACT: Defect states and exciton of two-dimensional semi-
conductors play an important role in fundamental research and device
applications. Here, we reported the defect emissions and exciton—
lattice interaction of bilayer WS,. These defect emissions show a very
narrow linewidth, doublet peaks, spatial localization, saturation with
pumping power and can survive up to 180 K. The behavior of these
defect emissions means it should be a good candidate as a single
photon source. Besides defect emissions, direct exciton and two
indirect excitons due to band-to-band transition are identified. By
analyzing the temperature-dependent photoluminescence (PL)
spectra of excitons, we obtained the Debye temperature, exciton—
phonon coupling constant, and pressure coefficient terms of all
excitons. Combining the PL experiments and density functional
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theory calculations, we attributed two indirect excitons to the A—K and A—T" transitions, respectively. Our study not only gives
a better understanding of the defect emissions and energy band structure in multilayer materials, but also provides an
opportunity for defect and band engineering in two-dimensional layered systems.

B INTRODUCTION

The defect states buried in the band gap and exciton states due
to band-to-band transition are very important for under-
standing the semiconductor optical properties and designing
related optoelectronic devices. The defects, especially the
single isolated defect in solids, have been investigated for
applications in quantum control,” single photon sources,” etc.
For example, the nitrogen (or Si) vacancies in diamonds have
been used as a stable solid-state single photon source and
quantum key distribution.””* Remarkably, layered transition
metal dichalcogenides (TMDs) provide a unique platform to
study the defect-induced photoluminescence (PL) for its novel
electronic and optical properties, such as the transition from
the indirect to direct band gap with the thickness down from
bulk to monolayer,s’6 large exciton binding energy,é’7 and
valley polarization.”” Among the TMDs family, single photon
emission was first discovered in monolayer WSe, by several
independent research groups,'’™"” which stimulated the search
for single photon emission in other layered materials."*'* Up
to now, the single photon emission from the defect has also
been observed in layered GaSe,'® hexagonal boron nitride
(hBN),'”"® and monolayer WS,."'”*" However, most of these
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reports about single photon emission in TMDs just focused on
monolayer samples, whereas for the bilayer or more layers, few
of them have been reported.”*' Note that although the single
photon emission in hBN has been observed at room
temperature,'”'® for TMDs, the single photon emission just
survived below 40 K so far, which limits its potential
applications.

On the other hand, the indirect-to-direct transition in these
TMD compound results from the local shift of the valence
band minimum (VBM) and the conduction band maximum
(CBM) in the Brillouin zone.”®**** In the single layer, the
CBM and VBM coincide at the K point, making them a direct
gap semiconductor. In multilayers, the valence band hill at the
I' point is raised above the hill at the K point. Similarly, the
conduction band valley at the A point (midpoint between K
and T') shifts downward with the increasing interlayer
interaction. In contrast, the states near the K point are
comparatively less susceptible to the number of layers. In
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Figure 1. Raman and photoluminescence (PL) spectra of few-layer WS,. (a) A schematic atomic structure of bilayer WS, from top and side view,
respectively. (b) The optical image of the monolayer (1L), bilayer (2L), trilayer (3L) WS, samples, with scale-bar § ym. (c) The ultralow and high
frequency Raman spectra of 1-3L WS, with 2.54 eV excitation (E;) at room temperature. The S and LB represent the shear and layer breathing
modes, respectively. (d) The PL spectra collected from the center (P,) and edge (P,) of 2L WS, with 2.34 eV excitation at 4.2 K. The I, D, and X
represent the indirect exciton, defect, and direct exciton emissions, respectively.

multilayer TMDs, the optical transition from K—K, K-I', A—
K, and A-T" corresponds to one direct exciton and three
indirect excitons, respectively. By conducting the photon
emission spectra, these extreme points of the conduction band
and valance band can be identified. Zhao et al. have
demonstrated that the indirect optical transition originates
from I'-K in the Brillouin zone of MoS,, A—I" in WS,,
whereas both I'-K and A-I" are observed in multilayer
WSe,”” by using temperature-dependent PL spectra from 123
to 423 K. However, in this temperature range, the indirect
excitons show one broad peak and it is not possible to resolve
the K—I" and A—T  indirect transitions. Besides, the electron—
phonon coupling of these excitons is also unknown. Therefore,
further experiments with higher spectral resolution, lower
temperature, and theoretical calculations are required to
identify the indirect exciton transitions as well as their
exciton—phonon coupling.**

Here, we studied the defect emissions and direct/indirect
exciton transition in bilayer WS, from 4.2 K to room
temperature. At low temperatures, we observed a series of
sharp defect emissions at some edge positions of bilayer WS,
samples, where these defect emission peaks can survive up to
180 K. The defect emissions show a saturated behavior with
increasing pumping laser power. The above features hint that
these defect emissions are good candidates for single photon
sources. By using a resonant excitation, the PL background
from direct and indirect excitons can be totally suppressed and
one background-free sharp defect spectrum is obtained.
Besides, two indirect exciton peaks I, and I, were clearly
observed at low temperatures. Moreover, the indirect exciton I,
shows a redshift, whereas I, show a blueshift with increasing
temperature. Meanwhile, the intensity of these two indirect
excitons shows a competitive behavior with the changing
temperature. By comparing the experimental data with the
density functional theory (DFT) calculations, we identified I
and I, as A—K and A-TI transitions, respectively. The
calculation results show that the band crossover will occur
between different transition processes by applying the stress
(or change temperature). By fitting the temperature depend-
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ence of exciton energy, the Debye temperature, exciton—
phonon coupling constant, and pressure coeflicient terms of
direct and indirect excitons are obtained.

B EXPERIMENTAL SECTION

The samples were prepared from bulk WS, crystals onto a 90
nm SiO,/Si substrate by using the mechanical exfoliation
technique. Raman and PL measurements on WS, samples were
undertaken in backscattering geometry with a Jobin-Yvon
HR800 system equipped with a liquid-nitrogen-cooled charge-
coupled detector. The Raman measurements were undertaken
with a 100X objective lens (NA = 0.9) and an 1800 lines mm™"
grating at room temperature, whereas a 50X long-working-
distance objective lens (NA = 0.5) was used for temperature-
dependent PL measurements. The excitation laser (E;) line of
2.54 eV is from an Ar" laser, 1.96 eV line is from a He—Ne
laser, 2.34 and 2.18 eV lines are from a Kr* laser. To avoid the
heating effect on the samples, the laser power was kept below
0.3 mW. A Montana cryostat system was employed to cool the
samples down to 4.2 K under a vacuum of 0.1 mTorr.

B RESULTS AND DISCUSSION

The monolayer (1L) MX, is composed of an X—M—-X (X = §,
Se, Te, M = Mo, W) unit cell, where the M atoms are
sandwiched between the two layers of X atoms. For a bilayer
(2L) MX, with the 2H structure, the M atoms in the top layer
vertically overlap with the X atoms in the bottom layer, as
shown in Figure la. Therefore, the bilayer MX, has space-
inversion symmetry and presents many different physical
behaviors compared with the monolayer, such as the absence
of valley polarization and second harmonic generation in 2L
MX,.**?® Figure 1b shows the optical image of few-layer WS,
samples on the SiO,/Si substrate with 90 nm SiO,, where P,
and P, are the center and edge positions of the 2L WS,
samples, respectively. To identify the layer number of WS,
samples, we first measured the Raman spectra (as shown in
Figure 1c) and PL spectra (as shown in the Supporting
Information Figure Sla) of 1-3L WS, at room temperature. In
the ultralow frequency region (<50 cm™'), no Raman modes
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Figure 2. PL spectra of 2L WS, at 4.2 K. (a) The PL spectra with three different excitation laser lines. (b) The typical of defect emission with 2.34
eV excitation. (c) The power dependence of defect emission (the left one in b).

were observed in monolayer WS, owing to the lack of
interlayer coupling,”’~*” whereas for 2L and 3L WS,, one shear
(S) mode and one layer breathing (LB) mode are observed
with different frequencies, respectively. Since the frequencies of
S and LB modes are strictly dependent on layer num-
bers,”**°™** we can use these modes to identify the layer
numbers of WS,. On the other hand, the indirect band gap of
WS, is also layer-dependent,” which could serve as another
characterization tool of layer numbers in WS,, as shown in the
Supporting Information Figure Sla. In the high frequency
region, the Elzg modes show a redshift, whereas A;, modes
show a blueshift with increasing layer numbers. The shift of
ElZg may result from the stacking induced structural changes or
long-range Columbic interlayer interactions, whereas the shift
of A}, may result from out-of-phase displacement as layer
numbers increase.”*”* The frequency differences between ElZg
and A;; modes can also be used to identify the layer numbers
of WS,.>>** All of these results show that our samples are
indeed 1-3L WS,.

Then, we focus on the PL spectra of 2L WS,. We measured
the PL spectra of 2L WS, at different sample locations with
2.34 eV excitation at 4.2 K. One direct exciton at 2.03 eV and
two indirect exciton peaks at 1.71 and 1.74 eV were clearly
observed. Similar results were also observed in 3L WS, at 4.2
K, as shown in Figure S1b. Besides the direct and indirect
exciton peaks, we also observed some narrow peaks at around
1.86 and 2.01 eV on the edge regime of 2L WS,, as shown in
Figure 1d. Two indirect exciton peaks are observed for all
regions of 2L WS,, whereas these narrow peaks are very
sensitive to the sample location. According to the position-
sensitive characteristic of these narrow peaks, we can speculate
that these narrow peaks may originate from the exciton states
bound to the isolated defects or crystal deformation
potentials.'°~'>'® There are several possible origins for the
isolated defect, for example, the S vacancy both in top and
bottom layers of bilayer WS,.”>*> However, the nature of the
defects here is not clear now. Here, we simply mark them as D
peaks.

To further study these D peaks, we used three lasers of 2.34,
2.18, and 1.96 eV to measure the PL spectra at 4.2 K at the
same sample point, as shown in Figure 2a. It is obvious that the
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spectra are similar under 2.18 and 2.34 eV excitation, where
the indirect excitons are composed of two peaks and D peaks
are at around 1.86 eV. A small difference is that the relative
intensity of direct and indirect exciton peaks is significantly
changed under these two excitation wavelengths. When the
excitation energy is lower than the direct band gap and close to
the defect level at low temperatures, for example, 1.96 eV, all of
the direct and indirect exciton peaks vanished, but the D peaks
are more obvious. This is because the excitation energy of 1.96
eV is very close to the defect level. It is well-known that the
resonant or near-resonant excitation can not only efficiently
enhance the photon emission efficiency but also is basically
important to study the coherence and dephasing mechanisms
of few-level quantum systems, like in quantum dots.***’
Furthermore, under this near-resonant excitation conditions,
we measured the PL spectra of defect emission of 2L WS, at
different times, as shown in Figure S2. Obviously, most of
these spectra show obvious doublet peaks but the relative
intensity of doublet peaks is varied. One possible reason is that
the measured sample point may not be exactly at the same
position for each experiment. Besides, these defect emissions
show a blinking phenomenon with time, which is usually due
to the switching between dark and bright quantum state as
reported on the defect emissions of monolayer WSe,'" and
TMD heterostructures.’*” Therefore, the blinking effect may
be another reason for the difference between these spectra
excited by 1.96 eV.

We note that most of the D peaks here display a doublet
structure with a narrow linewidth in all excitation energies at
low temperatures. Because of the anisotropic electron—hole
exchange interaction, the localized neutral exciton in a defect
will split into two states and lead to the observation of doublet
peaks, which is consistent with previous reports.'°~"* Figure 2b
shows the D peaks in the range 1.855—1.895 eV with 2.34 eV
excitation at 4.2 K. Two D peaks are located at around 1.874
and 1.868 eV, respectively. The energy difference between
these doublet peaks is ~5.5 meV. The full width at half
maximum of these two D peaks is about 2.0 meV. Such a
narrow linewidth and doublet feature indicates that these D
peaks in 2L WS, may belong to single photon emissions.
Similar results have been observed in monolayers WSe, and
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Figure 3. Temperature-dependent PL spectra of bilayer WS,. (a) The evolution of indirect exciton, defect emission, and direct exciton transition
with the increasing temperature. The dark red dashed lines are the fitting results of two indirect excitons I; and I,, and the gray dashed lines are a
guide to the eye. (b) The PL spectra of the two-dimensional (2D) pseudocolor plot of bilayer WS, from 4.2 to 300 K, here the intensities are
normalized to the X (direct exciton) peaks. (c) The peak energies of direct exciton X and indirect exciton I; and I, as a function of temperature, the
data are extracted from (a). The blue and red lines are the fitting results by Varshni and O’Donnell equation, respectively.

WS,.'""" We also performed a power-dependent PL measure-
ment, as shown in Figure 2c. As the excitation power increases,
the intensity of the defect emissions first increases with laser
power and then shows a saturation behavior above 300 pW.
This saturation behavior can be described well by an atom-like
two-level energy model. To check whether these defect
emissions are single photon emission or not, we have tried
to measure the second-order correlation function (g(z) (7)) of
these defect emissions. Unfortunately, owing to the weak
intensity and blinking effect of the D emission in 2L WS,, we
failed to obtain the signal of second-order correlation function
of these defect emissions, which are still waiting for further
studies to confirm whether they are really single photon
emission or not.

To further study the temperature-dependent evolutions of
direct exciton, indirect exciton, and defect emissions, we
measured the PL spectra of 2L WS, from 4.2 to 300 K. As
shown in Figure 3a, with the increasing temperature, the
intensity ratio between I; and I, gradually increases from below
0.5 at 4.2 K to over 1 at around 80 K. This indicates that the
indirect excitons are dominated by I, at low temperature and
then gradually replaced by I, with the increasing temperature.
Interestingly, the defect emission in 2L WS, can survive up to
180 K, which is much higher than the highest emission
temperature of defect states in monolayer WSe,. Although the
intensities of these defect emissions greatly decrease when the
temperature exceeds 100 K, they can still be resolved. It means
that these isolated defect emissions in multilayer WS, can work
at a higher temperature. All of the linewidths of direct excitons,

4436

indirect excitons, and D peaks are broadened with the
increasing temperature due to the thermal relaxation process.*’
The linewidths of D peaks are always much narrower than the
direct/indirect exciton peaks. This is because the defect
emissions are usually from exciton states bound to defect or
the confinement potential formed by crystal deforma-
tions,"""'>'® whereas the direct/indirect exciton peaks are
from the transitions between different valleys at the conduction
band to valence band hill in the Brillouin zone. Figure 3b
shows the relative intensity change of indirect excitons and D
peaks. Obviously, the relative intensity of indirect excitons
increases with the increasing temperature. It means that the
phonon-assisted indirect transitions gradually dominate the
exciton transition process at higher temperatures due to more
phonon population. Meanwhile, the intensity of the D peak is
stronger at lower temperatures due to the much faster
radiation recombination rate.

The peak energies of D peaks are weakly dependent on the
temperature, but the indirect and direct exciton peaks show
more obvious shift with the changing temperature as shown in
Figure 3c. The electron—phonon interaction plays a key role in
the photoelectric properties of semiconductors, for instance,
the luminescence,*"** phonon24’31’43 and intraband hot
carries."* As the exciton moves through the crystal lattice, it
interacted with phonons and then scattered by phonons.
During the exciton scattering processes, phonon absorption is
completely dominated at low temperatures because phonon
population numbers are very small, but both phonon
absorption or emission process contribute equally to the
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Figure 4. DFT calculation of the electronic band structure of bilayer WS,. (a) The calculated energy band structures at 0 K. (b, c) The calculated
evolution of direct and indirect transitions depending on the in-plane strain (b) and temperature (c).

exciton scattering as the temperature is of the order of the
Debye temperature.””*> Therefore, the peak shifts of direct
exciton with temperature are negligible when the temperature
is below 80 K, and then it shows a linear decrease with
increasing temperature of above 80 K, as shown in Figures 3a
and S3a. Moreover, the direct exciton is much more sensitive
to sample temperature than two indirect excitons, suggesting
that the direct exciton has larger exciton—phonon coupling.

First, we used the Varshni equation to fit the experimental
results, as shown by the blue curve in Figure 3c. The Varshni
aT?
T+p’
Eg(O) is the exciton energy at 0 K, a and f are fitting
parameters characteristic of a given material, and @ and S
reflect temperature coefficient of the exciton shift and the
Debye temperature of lattice, respectively. From the fitting
parameters, we obtained the Debye temperature of bilayer WS,
of around 200 K, which is consistent with previous reports.*®
The detailed fitting results can be found in Table SI in the
Supporting information. Because the electron—phonon cou-
pling is not considered in the Varshni equation, the fitting
curve for X peaks cannot match well with the experimental
results, especially below 100 K. Then, we used the O’'Donnell
equation to fit the experimental results, as shown by the red
curve in Figure 3c. The O’Donnell equation can be written
as:*® E(T) = E,(0) — S(fla))[coth ::;], where S is the
exciton—phonon coupling constant and (Aw) is the average
phonon energy. Obviously, the fitting results match the
experimental results of X peaks very well from 4.2 to 300 K,
suggesting that the electron—phonon coupling is an indis-
pensable part for the temperature-dependent shift of the direct
exciton transition at low temperatures. The detailed fitting
results can be found in Table S2 in the Supporting
Information. On the basis of our fitting results, (hw) =~ 21
meV for all of X, I}, and I, data, implying that the average
phonon energy is around 21 meV for all direct and indirect
exciton transition processes, whereas S is equal to 3.33 + 0.87,
—0.45 + 0.049, and 0.59 + 0.04 for X, I,, and I,, respectively,
implying that X has a larger electron—phonon coupling
strength constant than two others. This is why the X exciton
is more sensitive to temperature than I, and I, excitons.

where

equation can be written as:*’ E(T) = E,(0) —
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From the thermal dynamic relationship,*’

OEN _ (%E\ _ B(¢E 9E
(‘)T)P = <6T>V ( )T, where the two terms <6T>

o and

23 . .

(5) are corresponding to the temperature-induced energy
T

\4

shift caused by changes in the electron—lattice interaction and

the lattice parameter (pressure efficiency), respectively, # and y

are the thermal expansion coeflicient and isothermal

compressibility, respectively. On the basis of this equation,

we can obtain the lattice expansion term (pressure efficiency)
JE

(5) of the exciton shift once we measured the temperature-
T

. . OE . .
dependent exciton shift term (5) and vice versa, if we know
P

the electron—lattice interaction term (B—E> . It is around 0.1
v

oT
meV/K for the direct exciton based on previous reports.*’
. OE . . .
Supposing the <E>V term is proportional to the exciton—

phonon coupling constant S as we mentioned in O’Donnell

. . OE T .
fitting, we can obtain the (E) term for two indirect excitons.
v

In Figure S3, we plotted the calculated (Z—i) and measured
T

(Z—}Tg) for X, I, and I,. We also listed our results and other
P

reports in Table S3 in Supporting Information. The calculated
(%) term of direct exciton X at 100 K is around 9.64 X 107*
T

and 7.37 X 107 meV/atm for the O'Donnell equation and
Varshni equation fittings, respectively. These two calculated
values are very close, implying that the energy shifts are
dominated by the lattice thermal expansion for the temper-
ature above 100 K. Meanwhile, these calculated results are
consistent with the previous reported value (5.9 X 107> meV/
atm).” Our results provide a convenient method to evaluate
the temperature and pressure coeflicients of 2D materials.
Besides, as shown in Figure 3¢, the peak shifts of two
indirect excitons show opposite temperature dependence,
where I, is blueshifted but I, is redshifted with the increasing
temperature. This phenomenon results from the highly
anisotropic thermal expansion of the lattice and the
corresponding evolution of the band structure, resulting in a
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distinct peak shift for indirect transitions involving the K and A
(midpoint along '—K) hill of the valance band. To give a clear
understanding of the origin of two indirect excitons in bilayer
WS,, we used the density function theory (DFT) method to
calculate its energy band structure at 0 K, as shown in Figure
4a. It has been well-established that for direct gap monolayer
TMDs, the CBM and VBM coincide at the same K point;s’6
whereas for the multilayer, there are two valleys at K and A
(midpoint between K and I') points in the conduction
band.”>*” As shown in Figure 4b, we also plotted the electronic
transition energies K—K, K—I', A=K, and A—T" as a function of
in-plane lattice expansion for 2L WS,. With the increasing in-
plane lattice constant, the energy of transitions from K-K,
K-T', and A-T" decrease, whereas A—K transition energy
increases. Since the energy difference between the I' and K hill
maximum is as small as 15 meV for bilayer WS, based on the
DFT calculation results, we expect to observe two crossovers,
that is, one is the band crossover between A—K and A-T"
indirect emission peaks due to the opposite strain dependence
and the other one is between the K—K direct exciton and K—I"
indirect exciton due to different strain coefficients.

Next, we examined the effects of thermal expansion, which is
a composite effect of in-plane and out-of-plane expansion
explained above. According to the temperature-dependent
ultralow frequency Raman spectroscopy, the shifts of S and LB
modes are negligible.’’ It indicates that the interlayer
interaction strength is unchanged and, thus, the interlayer
distance is almost unchanged from 4.2 to 300 K. Moreover, for
the same TMD materials, although the indirect band gaps are
layer-dependent,”®®*>*® the interlayer interaction strength is
constant from the bilayer to bulk samples. Meanwhile, the out-
plane expansion mainly affects the indirect transition,”” but the
energy shifts of indirect excitons are small in our temperature-
dependent PL experiment. Therefore, it is reasonable to
evaluate the energy shifts of excitons by only considering the
thermal expansion along the in-plane. Figure 4c shows the
calculated exciton transition energies as a function of
temperature from 4.2 to 300 K. Here, since the coeflicients
of bilayer WS, are not available, the experimentally measured
thermal expansion coefficients of bulk WS, were used for our
calculations.”’ Our results demonstrate that K—K and K—T°
transitions have a similar energy shift rate with the decreasing
temperature. This indicates that the trend is mainly due to the
shift in the K point. In contrast, the trends of A—K and A-I"
transitions are much slower than K—K and K-I" transitions,
suggesting that K—K and K-I' transitions exhibits larger
thermal expansion coeflicients compared to A—K and A-T.
The opposite temperature dependence of A—K and A-T
found here provides a clue to the origin of the experimentally
observed indirect optical transition. Therefore, we can identify
that I, and I, belong to A—K and A-I transitions,
respectively. It is obvious that the intensity of I, peaks is
stronger than I, peaks below 80 K, then the intensity of I, peak
gradually increases and dominates the whole spectra. On the
basis of this, it provides a way to engineer the electronic band
structures of multilayer WS, between the indirect and direct
band gap. Similar tunings were also reported in MoSe, by
thermally driving”” and Mo$S, by hydrostatic pressing.”

Bl CONCLUSIONS

In summary, we reported the defect emissions with narrow
linewidth, doublet peaks, spatial localization, and saturation
behavior in bilayer WS,. In particular, it can even survive up to
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180 K. These characteristics indicate that it may be a good
candidate to serve as a single photon source at higher
temperatures. By analyzing the temperature-dependent PL
spectra of direct and indirect excitons, we obtained the
electron—phonon coupling, Debye temperature, temperature
and pressure coeflicients of the direct and indirect excitons of
bilayer WS,. Combining with the PL experiments and DFT
calculations of electronic structures of bilayer WS,, we
identified the origin of the indirect exciton emission and
concurrently determined the relative energy of conductance
band valleys and valence band hills. Our study provides a
better understanding of the energy band structure of bilayer
WS, and benefits the optoelectronic device designing based on
multilayer TMDs.
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