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It is quite necessary to understand and control the essential carrier
dynamic behaviors of two-dimensional WS,, which is regarded as a
very promising material for integrated nanoelectronic and opto-
electronic devices. Herein, a high-temperature driven carrier transfer
process of multilayer WS, nanoflakes is proposed. The established
model, involving the inter-valley transfer process of photocarriers
from the A/I" point to the K point, predicts the significant emission
enhancement of the K — K direct transition at high temperatures,
which is verified by both theoretical calculations and experimental
observations. On the one hand, variations in the estimated popula-
tion ratio of photo-carriers with increasing temperature well
support the proposed model. On the other hand, temperature-
dependent photoluminescence spectra clearly show that the
K — K direct emission intensity is remarkably enhanced by ~ 300-fold
as the temperature is elevated to 760 K. Time-resolved fluorescence
spectral studies confirm the occurrence of the inter-valley carrier
transfer process in the multilayer WS,. These results provide solid
evidence for the proposed inter-valley carrier transfer model. Such a
mechanism could not only be applied to improve the luminescence
intensity of indirect-band-gap semiconductors, but also be further
extended to design optoelectronic devices which have special require-
ments on controlling the carrier dynamic behavior.

Introduction

Transition metal dichalcogenides (TMDs) hold great promise
for technological applications in various fields including
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Conceptual insights

Transition metal dichalcogenides (TMDs) hold great promise for technolo-
gical applications in the fields of nanoelectronics and optoelectronics,
owing to their superior electronic and optical properties. Multilayer TMDs
have many notable superiorities over their monolayer counterparts such as
higher electron mobility, stronger photon absorption ability and larger
optical density of states. Therefore, it is essentially important to improve the
optical performance of ML-TMDs and understand their excited-state carrier
dynamics, which may pave the way for future exploration of ML-TMD-based
optoelectronic devices. However, research reports on ML-TMDs are
relatively rare in comparison with those on their monolayer counterparts.
Herein, a remarkable high-temperature-induced fluorescence emission
enhancement (~300-fold) from ML-WS, nanoflakes is observed for the
first time. A theoretical model involving thermo-driven inter-valley transfer
of photocarriers is proposed that explains this intriguing phenomenon.
Population ratio calculations and multiple spectral characterization
(temperature-dependent and time-resolved spectra) confirm the validity
and reliability of this established inter-valley transfer model. The present
study not only suggests a general strategy to enhance the luminescence
performance of indirect-band-gap semiconductors but also sheds more
light on the carrier dynamic mechanism of 2D materials, both of which are
very important to develop new-type electronic and photonic devices based
on these emerging materials.

tunneling transistors, photodetectors, LEDs and flexible
electronics, owing to their superior electronic and optical
properties.”® Among them, MoS,, as a typical representative
for TMDs, has attracted the most attention due to its relatively
easy availability through mechanical exfoliation or chemical
vapor deposition. On the other hand, closely related WS, is
quickly attracting extensive interest as well.> "' Recently, WS,
with a similar layered structure to MoS, has been found to
exhibit a finite band-gap in the visible wavelength range.***™*?
In addition, compared with MoS,, monolayer WS, has a superior
luminescence quantum efficiency and a larger spin-orbit
coupling strength, suggesting that it may exhibit larger band
edge splitting and a stronger magnetic coupling effect.>*"*"”
These merits could lead to the realization of high-performance

This journal is © The Royal Society of Chemistry 2018
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optoelectronic and spintronic devices based on two-dimensional
(2D) WS, materials.”*°

It should be noted that the optical properties of TMDs vary
significantly with layer thickness.'"'* Monolayer WS, is a direct
band-gap semiconductor with a band-gap value of ~2.0 eV.
However, it exhibits an indirect band-gap of ~1.4 eV in the
multilayer (ML) configuration and shows a markedly suppressed
fluorescence quantum yield.”'* Obviously, the indirect-band-gap
nature of ML-TMDs limits their applications in optoelectronic
devices such as LEDs, photodetectors and lasers. In fact, ML
samples have many notable superiorities over their monolayer
counterparts such as higher electron mobility, stronger photon
absorption ability and larger optical density of states.**”>* There-
fore, it is essentially important to improve the optical perfor-
mance of ML-TMDs and understand their excited-state carrier
dynamics, which may pave the way for future exploration of
ML-TMD-based optoelectronic devices. However, research reports
on the ML-TMDs are relatively rare in comparison with those on
their monolayer counterparts.

In this work, the high-temperature carrier dynamics of
ML-WS, have been theoretically studied according to the
Boltzmann distribution law. The population ratio of electrons
and holes in different energy valleys and hills and its variation
with increasing temperature are carefully examined. Further-
more, a significant fluorescence emission enhancement at high
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temperatures is expected on the basis of these theoretical
analyses, and is indeed observed for the first time in sub-
sequent temperature-dependent PL experiments. Time-resolved
spectral measurements confirm that high-temperature-induced
inter-valley transfer of photocarriers should be responsible
for the observed PL variations. The current research not only
provides an effective method for improving the luminescence
performance of indirect-band-gap ML-TMDs, but also deepens
the understanding of the excited-state carrier dynamics in the
TMD material family.

Results and discussion

Fig. 1(a) illustrates the ball-and-stick structural model of a
ML-WS, nanoflake. Each molecular layer comprises two hexagonal
planes of S atoms and an intermediate hexagonal plane of W
atoms. The W atoms coordinate with the S atoms through ionic-
covalent bond interactions in a trigonal prismatic manner.**
Environmental temperature has a huge impact on the physical
properties of semiconductors. In general, the number of phonons
will increase due to stronger lattice vibrations with increasing
temperature, which may induce some intriguing carrier dynamic
behaviors and optical phenomena. Therefore, heating is usually
considered as a simple and efficient strategy to tune the optical

(b)

Electron transfer
Hole transfer

10.90
045} _

o {0750
0.0.30 F ] ':\U
=" | — —_ N,
el . o.eom_U
0.15 1~

i 10.45

1 2 L 1 1 2 L

300 450 600 750
Temperature (K)

Fig. 1 (a) Structural schematic diagram of a multilayer 2H-WS, sample. (b) A scheme showing the transfer process of photo-carriers among different
energy valleys and hills; the orange arrows indicate the transfer direction from A/I" to K. Population ratio of the electrons (c) and holes (d) in the K point
(blue curve) and the A/I" point (red curve) as a function of the measurement temperature in ML-WS,.
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properties of materials. In the current case, a high-temperature-
driven carrier transfer process, termed as inter-valley transfer of
photo-carriers, is expected to occur in the ML-WS, sample.
Fig. 1(b) illustrates the specific carrier transfer process in the
energy band diagram of a ML-WS, nanoflake. It has been proved
that conduction band valleys of ML-WS, are located at the 4 and K
points of the Brillouin zone, while valence band hills are located
at the I" and K points.>?*** In particular, the conduction band
minimum (CBM) and valence band maximum (VBM) of ML-WS,
are respectively situated at the A valley for electrons and the I' hill
for holes, indicating the indirect-band-gap feature of ML-WS,.
Therefore, most photo-carriers would occupy the A valley and
the I' hill at room temperature. However, when the temperature
increases, excited-state electrons and holes will gain extra energy
from the surrounding crystal lattices as a result of the intensified
carrier-phonon interaction.”® Thus, as indicated by the orange
arrows in Fig. 1(b), the electrons obtaining sufficient kinetic energy
will transfer from the A valley to the K valley, while the holes with
greatly improved kinetic energy will also experience a similar
transfer from the I hill to the K hill. Through this process, more
electrons and holes will occupy the K valley and the K hill at high
temperatures.

In order to verify this proposed transfer model, both theore-
tical analyses and experimental studies have been carried out.
First, a rough estimation of the temperature-dependent carrier
population ratio among different energy valleys and hills is
conducted according to the Boltzmann distribution law. The
relevant results are illustrated in Fig. 1(c) and (d) (see Note 1 of
the ESIT for calculation details). It could be seen in Fig. 1(c) that
the population ratio of the electrons at the K valley N,/(N; + N;)
(herein, N; and N, correspond to the electron numbers at
the K valley and A valley, respectively) shows a rapid increasing
trend as the temperature increases. In contrast, the electron
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occupation ratio at the A valley N,/(N; + N,) decreases mono-
tonously with increasing temperature. Similarly, the population
ratio of the holes at the K hill P,/(P, + P,) increases, whereas
that at the I" hill P,/(P; + P,) declines when the temperature is
elevated (see Fig. 1(d); P, and P, stand for the hole numbers at
the K hill and I hill, respectively). More specifically, the above
estimations demonstrate that the population ratio of photo-
carriers at the K point (including the K-valley and K-hill) is
improved ~1000-fold when the environmental temperature is
increased from 300 to 760 K. The opposite change tendency of
the population ratio at the K point and the A/I" point implies
that inter-valley carrier transfer could occur theoretically as the
temperature continuously increases. In such a case, the number
of excited-state carriers at the K point will be largely increased,
which may significantly enhance the emission intensity of the
K — K direct transition of ML-WS,.

To experimentally examine whether the fluorescence emission
intensity of ML-WS, is improved or not, temperature-dependent
PL (TD-PL) measurements from 300 to 760 K are performed for
mechanically exfoliated ML-WS, flakes. Fig. 2(a) shows an atomic
force microscopy (AFM) image of an exfoliated ML-WS, flake with
a thickness of ~18.5 nm, corresponding to ~23 layers. To
prevent the sample from being oxidized at high temperatures,
high-purity argon is employed as a shielding gas during the
whole PL measurement procedure. Fig. 2(b) shows the TD-PL
spectra of this ML-WS, sample. As an indirect-band-gap semi-
conductor, the PL intensity of ML-WS, is usually very low. Only a
weak emission peak with a broad linewidth is observed at
~ 870 nm when the temperature is below 400 K.

This weak PL signal can be attributed to the indirect-band-
gap transitions in ML-WS,, because indirect emissions generally
show very low quantum yields.?® As the measurement tempera-
ture increases to 440 K, another PL peak appears at ~690 nm,
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Fig. 2 (a) A typical AFM image showing the height profile of the mechanically exfoliated ML-WS; flake. (b) Steady-state TD-PL spectra of the ML-WS,
sample taken at a temperature range of 300-760 K; the red and blue dashed arrows respectively indicate the variations of direct and indirect emission

peaks with temperature.
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Fig. 3 (a) Multi-peak deconvolution fittings of the TD-PL spectra, showing the specific variation of each sub-peak at different temperatures.
(b) Schematic diagram illustrating the excited-state carrier distribution and possible radiative transition routes at (i) room temperature and (ii) high
temperature; the carrier population at the K point is effectively increased due to the heat-induced inter-valley transfer process in panel (ii).

corresponding to the K — K direct transition emission of
ML-WS,. The above assignments of the PL peaks will be dis-
cussed in detail in Fig. 3. Further increasing the temperature
leads to the PL intensity improvement for both peaks, but the
short-wavelength direct emission shows a more rapid increase
rate than the long-wavelength indirect emission. After 560 K,
the PL intensity of the direct emission is higher than that of the
indirect emission. The entire PL spectrum is dominated by
the direct emission at a high temperature of 760 K. To avoid
the thermo-induced sample destruction or defect formation
caused by atom evaporation, the measurement temperature is
not further elevated. The TD-PL spectra of other ML-WS,
samples with different thicknesses are also tested, and similar
high-temperature-induced fluorescence emission enhancements
are observed (see Fig. S1 of the ESIt), confirming the reliability
and reproducibility of this intriguing luminescence phenomenon.

It is noteworthy that the vast majority of previous reports on 2D
materials mainly focus on monolayer or few-layer (e.g. bilayer or
trilayer) flakes, which are usually grown by chemical vapor
deposition or other physical/chemical methods. Herein, we pay
attention to the luminescence properties of multilayer (> 10-layer)
WS, samples with different thicknesses. To easily obtain these
multilayer samples, a simple mechanical exfoliation method is
adopted. Honestly speaking, the mechanical exfoliation approach

This journal is © The Royal Society of Chemistry 2018

does not have good control over the sample thickness. However, it
is still able to produce experimental specimens with large thick-
ness difference via a multi-cycle peeling process. In the current
work, three multilayer WS, flakes with distinctly different thick-
nesses of 18.5 nm (~23-layer and < 50-layer), 54 nm (~ 68-layer
and >50-layer) and 120 nm (~150-layer and >100-layer) are
intentionally created, to confirm that the heating-triggered lumi-
nescence enhancement phenomenon could happen in multilayer
WS, samples with distinctly different thicknesses. As expected,
similar fluorescence emission enhancements at elevated tempera-
tures are observed from all these samples (see Fig. S1 of the ESIf),
indicating the validity of the proposed inter-valley carrier transfer
model for multilayer WS, samples.

For better analyzing these TD-PL spectra, Gaussian decon-
volution multi-peak fittings are performed, and the relevant
results are shown in Fig. 3(a). As can be seen, all spectra are
mainly composed of two emission bands at different measure-
ment temperatures. One is the indirect transition emission
located at ~1.42 eV at 300 K, originating from the 4 — I
transition (see Fig. 3(b)). The other is the direct transition
emission situated at ~1.82 eV at 300 K, stemming from the
K — K direct recombination. At a relatively low temperature of
300 K, the PL intensity of the 4 — I indirect emission is
obviously higher than that of the K — K direct emission. This is

Nanoscale Horiz., 2018, 3, 598-605 | 601
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because ML-WS, is an indirect-band-gap semiconductor. Nearly
all photo-excited electrons and holes are respectively populated
at the CBM (4 valley) and the VBM (I hill) at room temperature.
Therefore, only the 4 — I' indirect emission can be observed,
whereas the K — K direct emission, with a just detectable
intensity, is extremely weak. With the increase of measurement
temperature, the K — K emission intensity improves quickly
and exceeds the 4 — I' emission intensity at 560 K. At 760 K,
the K — K direct emission peak dominates over the entire PL
spectrum. As analyzed above, high temperatures induce a
re-distribution of photo-carriers. More electrons and holes are
transferred from the A/I" point to the K point, which increases
the carrier population fraction at the K point and thus
enhances the K — K direct emission intensity.

It is noted in Fig. 3(a) that two additional K-point-related
emission peaks (K — I transition and A — K transition, see
Fig. 3(b)) are also activated at high temperatures owing to the
increased K-point population ratio. In fact, the emergence of
these two new peaks could be just viewed as a piece of clear
evidence for the proposed carrier transfer model. Besides,
the red shifts of the emission energy for the K-point-related
transitions (K - K, K - I’ and A4 — K) are observed as the
temperature rises. This is a common result for the TD-PL
spectra of semiconductor materials, and could be attributed
to the thermo-induced band-gap shrinkage effect.>’>° In the
current case, the K valley moves downward and the K hill moves
upward, reducing the K-point-related band-gap and emission
energy at high temperatures.>>*” However, an interesting find-
ing is that the 4 — I' indirect transition displays an anomalous
blue shift in emission energy. According to a previous theore-
tical calculation study,** this may be because the A valley and
the I' hill would slightly depart from each other (upshift for the
A valley, while downshift for the I' hill) with increasing tem-
perature. Such a variation will slightly enlarge the band-gap
between the A valley and the I hill, resulting in a small increment
in the 4 — I emission energy. A similar high-temperature
causing a blue-shift phenomenon of the 4 — I transition in
other TMDs has also been observed by Zhao et al.**

To clearly demonstrate the enhancement extent of the two
main emissions, Fig. 4(a) shows the specific enhancement
factor (Fg) of the K — K direct and 4 — I' indirect transitions
at different temperatures. Herein, the enhancement factor Fy is
defined as the ratio between the K — K (or A4 — I') emission
intensity (integrated) at elevated temperatures and that at room
temperature. As is shown, a remarkable enhancement is
observed for the K — K direct emission intensity by increasing
the measurement temperature, and a ~300-fold Fy is obtained
at 760 K. In contrast, the 4 — I indirect emission exhibits a
negligible PL enhancement. The derived Fg for the 4 — I
emission is merely one percent of the enhancement factor for
the K — K direct emission. This minute improvement of the
A — T emission intensity could be ascribed to the strength-
ened electron-phonon (or electron-lattice) interaction at
elevated temperatures, which facilitates the phonon-assisted
indirect radiative transition.>>*' Fig. 4(b) shows the tempera-
ture dependence of the integrated intensity ratio of the K — K
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Fig. 4 (a) Enhancement factor of the K — K direct and A4 — I indirect
emissions at different temperatures. (b) Temperature dependence of the
integrated intensity ratio of the K — K direct emission to the A4 — I' indirect
emission (Ixk_x/l4-r).

direct emission to the A — I’ indirect emission (Ix_x/I1-r),
which can reflect the relative intensity variation of these two
luminescent components. As can be seen, the I, /I, _,  value
demonstrates a monotonous increasing trend with tempera-
ture, indicating a much faster PL intensity increase rate of the
K — K direct emission than that of the 4 — I indirect
emission. This is consistent with the former analysis, further
confirming the validity of our proposed carrier transfer mecha-
nism. Herein, a comparison of the radiative recombination
probability at the K point (Px) and the A/I" point (P,,r) is made
on the basis of the Ix_, /I, value at 760 K (see Note 2 of the
ESIt for detailed discussion). This comparison suggests that
the Py of the K-point-related direct transition is generally one to
two orders of magnitude higher than the P, of A/I-point-
related indirect transitions, verifying the effectiveness of the
K — K direct transition as a high-efficiency radiative recombi-
nation channel.

Fig. 5(a) shows the time-resolved PL spectra of the K — K
direct emission at different temperatures, which can directly
reflect the temperature-dependent exited-state carrier dynamic
process. As is shown, all transient-state spectra demonstrate a
similar decay behavior with time, and could be well fitted by an
exponential attenuation function: I = A exp(—t/t) + I,. Herein, t
is the effective lifetime of the K-point photo-carriers; A and I,
are two fitting parameters (see Note 3 of the ESIt for detailed
fitting results). As can be deduced from the fitting equation, I is
equal to I, as the time t approaches infinity. From this point of
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Fig. 5 (a) Time-resolved PL spectra of the K — K direct emission at

different temperatures. The solid lines are exponential decay fittings of the

obtained experimental data points, giving out the effective fluorescence

lifetime of the K — K direct emission. (b) The fitted effective lifetime t as a

function of the measurement temperature.
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view, the fitting parameter I, represents the residual fluores-
cence background signal after the effective emission intensity
completely decays. The residual fluorescence background
signal may come from the testing instrument response or
ambient environment noise. Usually, the excited-state carriers
can decay through both radiative (e.g. excitons/electron-hole-
pairs radiative emission) and non-radiative (e.g. carrier-carrier
scattering-induced Auger process or carrier-phonon scattering-
induced lattice heating effect) recombination pathways.**"*
Hence, the t derived here represents the overall depopulation
situation of the K point carriers induced by the above radiative
and non-radiative factors. Fig. 5(b) illustrates the variation
trend of the 7 value as a function of the measurement tempera-
ture. As can be seen, the 7 value is ~ 80 ps at 300 K, which is in
good agreement with the reported carrier lifetime value in 2D
WS, materials.>*° It is generally believed that the excited-state
lifetime of semiconductors will decrease with increasing
temperature, as a result of the strengthened carrier-phonon/
carrier—carrier interactions or more thermally-activated non-
radiative channels.>”*® However, it is observed that 1 exhibits
an abnormal uptrend from ~ 80 to ~120 ps when the measure-
ment temperature is elevated from 300 to 680 K, which is
inconsistent with the previous cognition. In fact, such an
abnormal lifetime increase of the K point carriers could just
prove the occurrence of inter-valley transfer at high tempera-
tures, which shall be interpreted as follows. According to the
proposed model, photo-carriers would transfer from the A/I’
point to the K point at elevated temperatures. Thanks to this
transfer process, the K point carrier number is supplemented
effectively and timely by these “newly injected” carriers from
the A/I" point, leading to the observed elongated lifetime of the
K point carriers. In addition, because a considerable amount of
these “newly injected” carriers participate in the radiative
recombination process, the PL intensity of the K — K direct
transition is significantly enhanced with increasing tempera-
tures. Although the transient-state fluorescence characteriza-
tion is unable to be performed on the A4 — I indirect emission
due to the limited detection wavelength (300-800 nm) of the
current spectroscopy system, the current experimental observa-
tions of the enhanced K — K emission intensity and the
prolonged K-point excited-state lifetime at elevated tempera-
tures have provided solid support to the proposed inter-valley
carrier transfer model.

One may argue that the thermal expansion induced inter-
layer decoupling effect can switch the band-gap structure of
ML-WS, from indirect transition to direct transition, and thus
improve its PL intensity.”” However, such a scenario cannot
happen in the current case because of the extremely small
thermal expansion coefficient of the ML-WS, sample. The
estimated increment in the c-axis interlayer distance (Ad)
is ~0.005 A at 760 K, which is far less than the necessary Ad
of ~0.97 A for the occurrence of indirect-to-direct band-gap
switching in ML-WS,. As for the in-plane a-axis thermal expansion,
its Ad is also very small (~0.009 A) and has almost no impact on
the band-gap structure of ML-WS,. Detailed calculations and
analyses of the thermal expansion induced band-gap structure

This journal is © The Royal Society of Chemistry 2018
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evolution in ML-WS, have been shown in Fig. S2-S4 and Note 4 of
the ESL7 In addition, the bandgap structure evolution of ML-WS,
with different layer numbers has also been calculated and dis-
cussed in Fig. S5 of the ESL{ On the basis of the above discussion,
it is concluded that the thermal expansion induced interlayer
decoupling cannot be the main cause responsible for the high-
temperature fluorescence enhancement observed in ML-WS,.

Another plausible explanation for the high-temperature
induced PL improvement is the formation of more defects
(e.g. sulfur vacancies) after the thermal annealing process.*’
To rule out this factor, PL and Raman spectra of this ML-WS,
sample are measured before and after the TD-PL test (see Fig. S6
of the ESIt). As can be seen, the PL and Raman spectra before/
after the TD-PL test look almost the same. No obvious peak
broadening or wavelength shift occurs, suggesting that there is
no notable defect multiplication after the TD-PL test. Therefore,
the observed PL variation is not induced by the formation of
more defects. In addition, the thickness of the ML-WS, flake
before/after the TD-PL test is nearly unchanged (see Fig. S7 of the
ESIt), indicating that the PL enhancement is not improved by
the sample thickness change either. Finally, the effects of
different supporting substrates and laser excitation power on
the PL behavior of ML-WS, are also studied and discussed in
detail (see Fig. S8 and S9 of the ESIt). It is found that the
substrate effect (e.g. interfacial strain, lattice mismatch or
charge transfer between the substrate and the sample) or laser
effect (e.g. power fluctuation, local heating or sample damage)
is not the main cause for the observed fluorescence emission
enhancement at high temperatures.

Experimental section

ML-WS, flakes were mechanically exfoliated from a WS, bulk
crystal (SPI Supplies Inc.), and then transferred onto commer-
cially available SiO,/Si substrates (the SiO, layer is ~300 nm)
for subsequent research. AFM (Bruker Dimension® Icon™) was
employed to study the surface topography and sample thickness
of these ML-WS, flakes. A JY HR-800 LabRam Infinity Spectro-
photometer, equipped with a 488 nm laser as the excitation
source and a Si photodiode as the signal detector, was employed
to measure the steady-state PL and Raman spectra. The laser
output power is fixed at ~1 mW during the temperature-
dependent PL measurements, and the laser spot size is focused
to be ~0.5 um. Thus, the laser power density is ~4 mW pm 2.
A time-correlated single-photon counting technique (TCSPC,
B&H Company) was used to record the time-resolved PL
spectra of the ML-WS, samples. The corresponding excitation
light source for the TR-PL test is a 530 nm laser generated
from a Mira 900 oscillator pulsed laser source with a repetition
rate of 76 MHz and a pulse width of 120 fs. An electric heater
(Linkam, TMS 600), equipped with an argon gas blower
(preventing the samples from being oxidized at high tempera-
tures), was adopted to heat the ML-WS, flakes for temperature-
dependent PL (including steady-state and transient-state) and
Raman characterization.

Nanoscale Horiz., 2018, 3, 598-605 | 603
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Conclusions

In summary, a hot-carrier dynamic model is established based
on the high-temperature driven inter-valley transfer mechanism
of excited-state carriers among different energy valleys and hills.
Significant fluorescence emission enhancement deduced from
this model is indeed observed in the ML-WS, nanoflake for the
first time. Population ratio calculations and multiple spectral
characterization techniques (including TD-PL and TR-PL) con-
firm the validity and reliability of this established inter-valley
transfer model. The present study not only suggests an efficient
strategy to enhance the luminescence performance of indirect-
band-gap ML-TMDs, but also sheds more light on the carrier
dynamic mechanism (e.g. transfer, relaxation, scattering, and
recombination) of 2D materials, both of which are very important
to develop new-type electronic and photonic devices based on these
emerging materials.
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