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Switching of K-Q intervalley trions fine structure
and their dynamics in n-doped monolayer WS,

Jiajie Peil?, Xue Liu3, Andrés Granados del Agui1a3, Di Bao3, Sheng Liu3,
Mohamed-Raouf Amara3, Weijie Zhao3, Feng Zhang!, Congya You*,
Yongzhe Zhang?*, Kenji Watanabe®, Takashi Taniguchi®, Han Zhang!*
and Qihua Xiong®*

Monolayer group VI transition metal dichalcogenides (TMDs) have recently emerged as promising candidates for photon-
ic and opto-valleytronic applications. The optoelectronic properties of these atomically-thin semiconducting crystals are
strongly governed by the tightly bound electron-hole pairs such as excitons and trions (charged excitons). The anomal-
ous spin and valley configurations at the conduction band edges in monolayer WS; give rise to even more fascinating
valley many-body complexes. Here we find that the indirect Q valley in the first Brillouin zone of monolayer WS, plays a
critical role in the formation of a new excitonic state, which has not been well studied. By employing a high-quality h-BN
encapsulated WS, field-effect transistor, we are able to switch the electron concentration within K-Q valleys at conduc-
tion band edges. Consequently, a distinct emission feature could be excited at the high electron doping region. Such fea-
ture has a competing population with the K valley trion, and experiences nonlinear power-law response and lifetime dy-
namics under doping. Our findings open up a new avenue for the study of valley many-body physics and quantum optics
in semiconducting 2D materials, as well as provide a promising way of valley manipulation for next-generation entangled
photonic devices.
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Introduction fects®. The tightly bound electron-hole quasiparticles (ex-
Transition metal dichalcogenides (TMDs) have attracted citon, trion, biexciton, etc.) that originated from the ex-
great attention as potential candidates for novel opto- citonic effect are extremely crucial for the optoelectronic
electronic applications'? in recent years, due to their properties of TMDs as well as their devices'”. The coup-
unique excitonic properties and strong many-body ef- ling of valleys to excitonic states gives rise to the

'Collaborative Innovation Center for Optoelectronic Science and Technology, International Collaborative Laboratory of 2D Materials for
Optoelectronic Science and Technology of Ministry of Education and Guangdong Province, College of Optoelectronic Engineering, Shenzhen
University, Shenzhen 518060, China; 2College of Materials Science and Engineering, Fuzhou University, Fuzhou 350108, China; ®Division of
Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, Singapore;
4College of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, China; Research Center for Functional
Materials, International Center for Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan;
6State Key Laboratory of Low Dimensional Quantum Physics and Department of Physics, Tsinghua University, Beijing 100084, China.
*Correspondence: H Zhang, E-mail: hzhang@szu.edu.cn; QH Xiong, E-mail: gihua_xiong@tsinghua.edu.cn

Received: 12 February 2022; Accepted: 11 May 2022; Published online: 28 October 2022

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
BY To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
The Author(s) 2023. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

220034-1


https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
http://creativecommons.org/licenses/by/4.0/.

Pei JJ et al. Opto-Electron Adv 6, 220034 (2023)

which
provide the possibility of manipulating the valley index

so-called valley many-body complexes'®-3,

via optical probes. Their unique properties provide an at-
tractive platform for research in fundamental physics,
quantum optics, valleytronics, etc!*-%,

For molybdenum compounds (MoS;, MoSe;), nor-
mally two main excitonic species are observed in the
photoluminescence (PL) spectra, namely exciton and tri-
on”#2>2°, owning to their aligned spin in the conduction
band minimum (CB) and the valance band maximum
(VB). In contrast, recent studies have proved that the
tungsten compounds (WS,, WSe;) have an opposite spin
configuration in the conduction band minimum and the
valence band maximum?® %, which significantly affects
their excitonic emissions, underpinning even more fas-
cinating valley excitonic states in those compounds. For
instance, the brightening of spin-dark exciton’***!, the
observation of biexciton***, or even higher-order many-
body complex®3>3¢ have been reported. Normally the dir-
ect K and K’ valleys were considered during the inter-
pretation of such excitonic states. The indirect Q valley
(sometimes also referred to as A or X), which possesses
the same spin and very close energy level to the K valley
in the first Brillouin zone of monolayer WS,*-%, has re-
ceived less attention. Such valley was recently found to
significantly influence the excited-state distribution un-
der the above-gap excitation®’-*2. Whereas the impact of
Qvalley on the formation of valley many-body com-
plexes has not been well studied so far. To unravel the
exact nature of the emissions, it is crucial to probe the
transition processes of the many-body species while
modulating the carrier densities within different valleys
at conduction band edges.

Here we probed the indirect Q-valley charged states by
tuning the Fermi energy with a high-quality h-BN encap-
sulated WS, field-effect transistor. A distinct emission
feature manifests itself as ~20 meV lower in energy and
competing population with the conventional trion of
monolayer WS, was stimulated when the sample is ex-
posed to high excitation power or under high electron
doping. We found that the actual doping level of the
sample has a significant impact on the power-law re-
sponse of this emission feature. And the carrier lifetime
of such an excitonic state probed by the time-resolved
photoluminescence (TRPL) measurement also shows a
strong gate dependence. The nonlinear power and gate
response were due to the changing Fermi level-induced
variation of the dark exciton population. Our study re-

https://doi.org/10.29026/0ea.2023.220034

veals the critical role of the indirect Q valley in the form-
ation of valley many-body complexes, as well as provides
an efficient way of manipulating such complexes in
transition metal dichalcogenides for future opto-val-
leytronic applications.

Results

Upon photoexcitation at the WS, monolayer, the elec-
trons and holes are generated and then bound together at
energy degenerate valleys of the first Brillouin zone (Fig.
1(a)), giving rise to various types of valley excitons and
trions'*-%. Previous studies found that the conduction
band of monolayer WS, has ~35 meV of spin splitting at
the K valley of the first Brillouin zone, while the spin of
conduction band minimum is opposite to the valance
band maximum??*¥. The spin configurations of the
conduction band and valence band are illustrated in Fig.
1(a) with arrows and different colors. Such spin-oppos-
ite valleys at K/K’' points of the conduction band have
been studied extensively. Recent calculations show that
the Coulomb interaction of electron-hole pairs in the in-
termediate Q valley is rather strong (70~100 meV larger
than the K valley exciton) in WSe/WS,, due to the much
larger effective mass of the Q valley compared to the K
valley?”?. This has been proved recently in experiments
with time-resolved XUV micro-angle resolved photoe-
mission spectroscopy for WSe;* and WS;*, where the
momentum-indirect Q valley excitons were found to be
rather significant.

The photoexcited electrons at K valley could be
scattered either to the K’ or Q valley via phonon (Fig.
1(a)) to form the so-called dark excitons?*%2, Strong ex-
citon binding energies of such excitons make them ener-
getically more favorable than the K valley bright exciton
in WS,. However, they are normally not observable in
the PL spectra due to the nonzero center-of-mass mo-
mentum. When the sample is electrically n doped, both
the K’ or Q valleys can be filled with electrons that inter-
act with the K valley exciton directly to form the so-
called intervalley trions, as illustrated in Fig. 1(b). These
configurations give rise to two types of intervalley trions
Xt and X{ in WS,. The former type has been classified as
a trion fine structure previously'''*, while the latter one
X2 has not been reported before.

We conducted optical spectroscopy measurement of a
monolayer WS, sample, configured as a typical field-ef-
fect transistor, to unravel the emission species upon the
back-gate potential modulation. As shown in Fig. 1(c)
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Fig. 1 | Schematic diagram and device characterization. (a) Schematic drawing of the spin configurations for monolayer WS in the conduc-
tion band and valence band at K and K’ point of the first Brillouin zone. The bands with two different spin configurations are schematically drawn
using two different colors (blue and red), annotated with arrows representing different spins. The symbols “e” and “h” represent electrons and
holes, respectively. Scattering pathways of electrons are denoted by the orange arrows. The green wavy arrow represents the excitation photons.
(b) The possible valley exciton and trions emissions from Ky valley in the momentum space. Upon linear optical excitation, the landscape of ex-
citons and trions with opposite spin configurations degenerates. Here, we display the valley excitons and trions for only one spin configuration.
Fermi level changes are represented by orange and green dashed lines. The Coulomb interactions of exciton and trions are denoted by the filled
areas with red, orange, and green colors. (c) Optical micrograph of the h-BN/1L-WS,/h-BN sandwiched sample. The scale bar is 5 ym. (d)
Schematic plot of the heterostructure device. (e) The drain-source current as a function of back-gate voltage for various source-drain biases. With
this transition curve, it is found the WS monolayer is an n-type semiconductor. Note that the gate-dependent PL measurement in the main text is

measured at zero source-drain bias.

and 1(d), the monolayer WS, sample is encapsulated by
two pieces of few-layer high-quality h-BN to minimize
the influence of surface defect states on the PL spectra®°.
The WS, sample is grounded and the back gate voltage is
applied to the degenerately doped n* Si substrate with a
300 nm thickness SiO; as the dielectric layer. The as-pre-
pared FET displays an n-channel depletion mode behavi-
or with a turn-on voltage of ~45 V (Fig. 1(e)).

The PL spectrum of the sample measured at zero gate
voltage at 10 K is shown in Fig. 2(a). Six PL emission fea-
tures are clearly observed: the peak with the highest en-
ergy ~2.075 eV arising from the exciton (Xo); the associ-
ated negatively charged exciton (Xt) at ~37 meV below
Xp; three lower-energy peaks labeled as L which are nor-
mally attributed to localized states’** or related to the
valley phonon replicas of dark trions*. The fine struc-
ture of trion Xt could not be resolved in our measure-

ments, possibly because of peak broadening due to elec-
tron doping or insufficiently low sample temperature.
The most prominent peak (X?) located at ~2.025 eV is
the focus of our current study. Fig. 2(b) shows the color
contour plot of the PL spectra at different doping densit-
ies (corresponding to back-gate voltages from -60 V to
60 V). As the doping density of electrons is increased, the
intensity of the X peak decreases gradually, while the in-
tensity of X peak and X{ peak increase slowly from -60
V to 0 V. When the back gate voltage increases from 0 V
to 60 V, the X, peak disappears and the intensity of Xt
peak drops rapidly. On the contrary, the intensity of X3¢
peak grows dramatically until it becomes dominant in
the spectrum at 60 V as a result of increased Fermi level.
On the other hand, the increase of Fermi level will en-
large the magnitude of Stokes shift®, resulting in a peak
red-shift of the trion Xt and Xt? with increasing
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Fig. 2 | Electrical tuning of the PL spectra of excitonic species. (a) A typical PL spectrum of the monolayer WS, at T=10 K excited by 2.33 eV

laser. The label Xq and Xt represent bright exciton and trion, respectively. The labels X$ represents Q-valley charged state, and the rest three

peaks are labeled as Lg representing localized states. (b) Color plot of the measured PL spectra for monolayer WS, as a function of back-gate

voltage at 25 pW excitation power. The black dashed lines are a guide to the eye showing the positions of the emission peaks. The red dashed

arrow illustrates the transition trend for XX- peak intensity under doping, which should be opposite to the X$ feature. (c) Integrated PL intensities

of the Xp (black circle), Xt (blue circle), and X? (red triangle) as a function of back-gate voltage. The solid lines are fitting results with the equa-

tions in Supplementary information Section 2.

electron doping (Fig. 2(b)). Figure 2(c) shows the integ-
rated PL intensities of such emission features, extracted
from detailed fitting results of all peaks as shown in Fig.
S1. It is interesting to found the intensities of Xt and X3
appear to be a competitive relationship that can be
switched by the gate (Fig.2(c)), which follows the
Boltzmann distribution (will be calculated later in Sup-
plementary information Section 2).

The power-law analysis was normally used to further
the
However, we found that the power-law trend of X? var-

characterize nature of excitonic complexes®.
ies with the actual doping of the sample (Fig.3(a, b),
which could be due to the variation of exciton/trion pop-
ulation induced by Fermi level changing. The corres-
ponding integrated PL intensity for X7 peak as a func-
tion of excitation power is shown in Fig. 3(c). When the
sample is at -60 V back gate tuning, the power-law slope
of such a peak is a~1.42. Meanwhile, the increase of ex-
citon Xj as a function of excitation power becomes sub-
linear with a power-law slope of a~0.84, while the
power-law slope for the trion Xt is a~1.16 (Fig. S2). A
transition from excitons to trions occurs as the excita-
tion power increases. In contrast, when the sample is
heavily n-doped (at 60 V back gate tuning), the power-
law slope of X{ becomes a~0.95 (Fig. 3(c)), which means
that the PL intensity of such feature is increasing near
linear with the excitation. The power-law slope of the X
could be tuned continuously from 1.42 to 0.95 by swap-
ping the back gate voltage from -60 V to 60 V (Fig. 3(c)).
Due to the variation of the power-law slope with sample
doping, it is important to note that the X% feature is un-

likely to be a biexciton emission as previously
reported®>!. Actually, it has been well accepted recently
that the binding energy of biexciton (~24 meV) is smal-
ler than that of the trion*.

The gate-dependent power-law responses can be ex-
plained as follows. For the -60 V back gate tuning, the
Fermi level is below the lower indirect valley. Upon low-
power excitation, most of the electrons are scattered into
the lower-lying valley forming the dark excitons. Only a
small amount of the photoexcited electrons participates
in the photoluminescence process from the direct valley,
as illustrated in the schematic diagram inserted at the
bottom of Fig. 3(c). As the excitation power increases,
the electron density in the indirect valley will continue to
increase until it finally reaches saturation. Most of the
electrons still remain in the direct valley, as illustrated in
the right upper panel of Fig.3(c). Thus, the total PL
emission experienced a super-linear increase from low
power to high power. For the 60 V situation, the indirect
valley has already been filled with electrons by doping
(left upper panel in Fig. 3(c)). At each power, the photo-
excited electrons will recombine through the direct val-
ley efficiently rather than scattering to other valleys. That
explains why the power-law slope of the PL emission was
close to 1 under 60 V back gate voltage.

Time-resolved photoluminescence (TRPL) measure-
ment (Methods) was used to further probe the carrier
dynamics of such excitonic species. Figure 3(d) shows
the normalized TRPL spectra for the Xt and X? emis-
sion features. Note that the fast Xy process is not dis-

cussed here since it approaches our instrument limit.
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Fig. 3 | Influence of electrical doping on the carrier dynamics of excitonic species. (a, b) Normalized PL spectra at per yW excitation power
for monolayer WS, as a function of excitation power at —60 V and 60 V back gate voltages. The dashed lines are guided to the eye showing the
peak positions of X and X‘T’. (c) Log-log plot of the integrated PL intensity for X? as a function of excitation power and gate voltage from —60 V to
60 V. The solid lines are power-law fittings with /p.=P°. The dashed line is guided to the eye showing the power-low slope of a=1. Insert illus-
trates the electron concentration in the direct and indirect valley at low and high doping and pumping. (d) Measured time-resolved PL traces
(dots) for the Xt and X$ at a temperature of 10 K with pulsed laser excitation at a photon energy of 3.1 eV and power of 0.5 uW. The dashed line
IRF is the instrument response function. The solid lines are double exponential fitting using the equation I = Aexp(-t/t1) + Bexp(-t/t2) + C based
on the convolution with respect to the instrument response. The fast decay lifetime ;1 for the X1 and X$ were extracted to be 20.9+2 ps and
38.512 ps, respectively. The slow decay lifetime t for the Xt and x$ were extracted to be 24918 ps and 31615 ps, respectively. (e) Measured
time-resolved PL traces (dots) for the X? at different back-gate voltages (from —60 V to 60 V). The solid lines are corresponding double exponen-
tial fitting curves. (f) The statistical values of the fast decay lifetime t1 and slow decay lifetime 1, for the fitting results of Xt and X2 at different

back-gate voltages.

The TRPL spectra experience a similar fast rise at the be- the weight of radiative decay (~60%) is more prominent
ginning, but the following decay processes differ signific- (Fig. 3(d)). More interestingly, the decay process of the
antly. For the trion X, the decay process contains two X? emission shows a strong gate dependence (Fig.
distinct time scales, namely a fast decay (7;) with ~85% 3(e-t)), whereas the trion Xt has negligible change as the
of the weight and a slow decay (72) with ~15% of the gate changes (Fig. 3(f) and Fig. S3).

weight. By a double exponential fitting, the values of 7, On the other hand, we observed similar results by
and 1, for the Xt are extracted to be (20.9+2) ps changing the excitation powers, as shown in Fig. S4. The
and (249+8) ps, respectively. The fast decay 7 of tens of radiative lifetime (75) of X1 does not show a noticeable
picoseconds has been attributed to the nonradiative de- change as a function of laser power. However, the radiat-
cay lifetime caused by the carrier-carrier scattering or ive lifetime (1) of X7 decreases from 530 ps to 328 ps,
carrier-phonon scattering, while the slow decay 7, of when we increase the laser power from 0.2 pyW to 4 uW.
hundreds of picoseconds is the radiative decay lifetime These results indicate that the increase of laser power ex-
that is related to the interband electron-hole recombina- periences a similar process of carrier dynamics to the
tion*®¥. In contrast, the values of 7; (~38.5+2 ps) and 7, electron doping in monolayer WS,. The nonlinear carri-
(~316%5 ps) for the X3 emission are much longer, and er dynamics of the X{ feature implies the transition
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relationship between these two types of trions. At each
Fermi level, the electrons scattering to the K'c valley are
always efficient due to their lower energy. Thus, the radi-
ative lifetime (73) of Xr trion is always short and has an
inconspicuous response to the doping (Fig. 3(f)). While
in terms of the X{ trion formation, it is suppressed at low
Fermi levels but becomes more favorable when the Fermi
level reaches the Q¢ valley as a result of the stronger
binding strength of Qc-Ky electron-hole pairs*”?. Thus,
the radiative lifetime (1) of X7 trion experiences a dra-
matic decrease until it reaches the same timescale (250
ps) as the Xr (Fig. 3(f)) under doping.

At last, we show that the switching between such two
types of intervalley trions could be observed as well due
to the thermalization induced K-Q valley energy vari-
ation (Fig. 4(a)). As the temperature decreases from 295
K, the intensity of Xy peak decreases gradually, while the
intensity of Xt peak increases first and then followed by

a fast decay after 110 K. Meanwhile, the XS peak starts to
emerge at around 110 K. For quantitative analysis, the
peak energies and integrated PL intensities of such emis-
sion features are collected in Fig. 4(b, ¢), extracted from
detailed fitting results as shown in Fig. S5. All the three
peaks experience a blue shift when the temperature de-
creases, and the peak energies can be fit well (Fig. 4(b))
using a standard semiconductor bandgap dependence
equation’. The integrated PL intensities of such emission
features fit with the model provided in Supplementary
information Section 1. Noticed that the total emission of
Xt and X7 follows a monotonic increasing trend (Fig.
4(c), violet curve) as a function of temperature. Thus, in
the calculation, we first estimated the populations of the
neutral (X) and charged states (X-) using the mass action
model’. Then, the populations of neutral and charged
states were further split into two substructures, as a res-

ult of the energy splitting of them. The concentration of
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Fig. 4 | Temperature-dependent PL spectra of the monolayer WS,. (a) PL spectra at different temperatures from 295 K to 10 K. The spectra

are vertically shifted for clarity. The dashed lines are a guide to the eye showing the peak positions of Xo, X1 and X‘T’. (b) Peak energy of Xo, Xt

and X$ emissions in dependence of temperature. The solid lines are fitting curves with a standard semiconductor bandgap dependence: Eg(T) =

Eq4(0)-Srw[coth(w/2kg T)-1], where Ey(0) is the ground state transition energy at 0 K, S is a dimensionless coupling constant and hw is an av-

erage phonon energy. The fitting parameters for Xq are: E¢(0)=2.08 eV, S =1.807, hw=11.91 meV, the fitting parameters for Xt are: Ey4(0)= 2.043
eV, S =2.038, hw= 14.69 meV; the fitting parameters for X$ are: E4(0)= 2.022 eV, S = 1.373, hw= 13.6 meV. (c) Integrated PL intensity of Xo,

Xt, and X$ emissions in dependence of temperature. The solid lines are fitting curves with the equations in Supplementary information Section 1.

The violet dashed line is the sum of the red and blue solid curves. (d) Schematic drawing of the thermalization induced shrinking and expansion

of lattice and related bandgap renormalization. (e) The Q-K valley energy difference at each temperature that extracted from the fit of the experi-

mental results in ¢ based on the equations in Supplementary information Section 1. The temperature-dependent AEqk is about twice the energy

offset value of the Xo peak, which implies that the offset between the K-Q valleys is in the opposite direction.

220034-6


https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034

Pei JJ et al. Opto-Electron Adv 6, 220034 (2023)

energy-split substructures at each temperature could be
estimated with the Boltzmann distribution®® (Supple-
mentary information Section 1). Here, a calibration of
the Q-K valley energy difference (AEqk) at each temper-
ature is necessary. According to the density functional
theory calculation®, the temperature variation induced
strain can result in a band renormalization that changes
the value of AEq;, i.e., the bandgap expands at the K val-
ley and contracts at the Q valley when the sample is sub-
jected to compressive strain, as illustrated in Fig. 4(d).
The calculated result matches well with the experimental
data (Fig. 4(c) & Fig. S6) by adding this term into the
Boltzmann distribution equation (Supplementary in-
formation Section 1). The Q-K valley energy difference
as a function of temperature was fit to be as AEqk =
15+0.24(kgT)? and the temperature-dependent curve is
shown in Fig. 4(e). Since the peak energy of exciton X is
blue-shifted (Fig. 4(b)) and the value of AEqk decreases
at low temperature (Fig. 4(e)), which implies that the
sample tends to experience compressive strain as tem-
perature decreases.

The population of Xt and X{ as a function of the dop-
ing level can be estimated by further taking into account
the gate-dependent Fermi energy change (AEg) (Supple-
mentary information Section 2). The Fermi energy as a
function of back-gate voltage was extracted from the re-
flectance contrast spectra®® (Fig. S7). In the calculation,
the range of Q-K valley energy difference AEqk was set
as from -200 meV to 200 meV to involve the configura-
tions of other TMDs materials. The calculated results are
shown in Fig. S8, in which the Q-K valley energy differ-
ences for the monolayer MoS; (~60 meV), MoSe; (~190
meV), WSe; (~30 meV), mono- and bilayer WS, (~20
and ~-150 meV) marked with dashed lines were extrac-
ted from the density functional theory calculation””. The
variation of electronic band structure with electric field
can be ignored here, since the threshold for band struc-
ture tuning is about 2 V/A (1 A=0.1 nm) according to
the calculation®, while the maximum value in our exper-
iments is 0.02 V/A (60 V/300 nm). The calculated gate-
dependent PL transition curves between Xt and X7 are
shown in Fig. S8, which are consistent with the experi-
mental observation (Fig. 2(c) and Fig. $9). The X{ emis-
sion peak in bilayer WS, dominates the spectra even at
-60 V back gate voltage (Fig. S9) due to the much lower
Q valley energy level (~-150 meV). For monolayer MoS,
and MoSe,, the Q valley is not normally accessible by
gate tuning because of the much higher energy level (~60

https://doi.org/10.29026/0ea.2023.220034

and ~190 meV). Nevertheless, it is still possible if the
samples have high initial doping or compressive strain.

Finally, we note that the X feature differs from the
previously reported trion-exciton complex (XX-)6336:45,
According to the previous observation, the XX~ only ap-
peared at the very low doping region of the sample, and
the gate-dependent intensity experienced an opposite
trend under electron doping (as illustrated with the red
dashed arrow in Fig. 2(b)). In some literature, a similar
feature has been observed at the high doping region of
monolayer WSe, that labeled as a fine structure of
trion!®, or its next charging state*>*, yet the interpreta-
tion of its exact nature was lacking. Recently, it also has
been suggested that the trion feature originates from an
exciton interacting with short-range intervalley plas-
mons (for W compounds)®!, or an exciton interacting
with a Fermi sea of excess carriers termed as exciton po-
laron (for Mo compounds)?**2. Actually, our interpreta-
tion is compatible with both by considering the indirect
Q valley. The trion X¥/Xt could be viewed as a K valley
exciton interacting with short-range intervalley plas-
mons at the indirect Q/K'valley in the momentum space,
or be viewed as an exciton polaron fine structure in the
real space. Anyhow, our observations suggest that the in-
direct Q valley has a significant impact on the relaxation
pathways of exciton complexes when its energy level is
lower or close to that of the direct K valley, which
provides a new perspective for understanding the materi-
al. Nevertheless, more experiments are needed in the fu-
ture to fully reveal the role of Q valley. We also remind
that the Q valley at the first Brillouin zone results from
the strong hybridization of p- and d-orbitals between the
chalcogen atom X and the transition metal atom M?,
which makes these valleys highly sensitive to the envir-
onmental stimulus, such as the strain, doping, magnetic
field, dielectric field, etc. The strong Q-K valley interac-
tion suggests that such states are good candidates for
tuning the spin/valley entanglement in these materials
and their heterostructures.

Conclusion

We have demonstrated that the indirect Q valley in
monolayer WS, significantly affects the transition path-
ways of exciton complexes at the band edges. By varying
the back-gate, we are able to switch the electron concen-
tration within the K and Q valleys in the conduction
band. As a result, a remarkable PL emission feature loc-
ated at the ~20 meV lower energy side of the conventional

220034-7


https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034

Pei JJ et al. Opto-Electron Adv 6, 220034 (2023)

https://doi.org/10.29026/0ea.2023.220034

trion could be excited and even becomes dominant at
high electron doping. With increasing Fermi level, the
scattering of electrons to the Q valley becomes more effi-
cient facilitating the formation of such a charged state.
Consequently, we are able to tune its power-law re-
sponse from linear (¢~0.95) to superlinear («~1.42), and
radiative lifetime 7, from 880 ps to 250 ps efficiently by
gate modulation. These findings provide a new perspect-
ive for understanding and manipulating the valley dy-
namics of the monolayer TMDs. The Q-valley excitonic
states in two-dimensional TMDs are expected to play
critical roles in developing next-generation entangled
photonics and valleytronics applications.

Materials and methods

Sample reparations. The heterostructure consisting of
bottom h-BN, monolayer WS,, and top h-BN was fabric-
ated by standard PDMS stamp dry transfer technique®.
Few layer h-BN (10~20 nm) and monolayer WS, were
exfoliated from the bulk crystals using scotch tape onto
PDMS stamp first. Then each 2D layer was transferred
onto 300 nm SiO,/Si substrate to form the hetero-stack-
ing region. The alignment was carefully done to expose
part of the WS; for the contacts. Followed by electron
beam lithography patterning, Cr (5 nm)/Au (50 nm)
contact layer was deposited by thermal evaporation. A
lift-off process in acetone was used to remove the sacrifi-
cial PMMA layer. The as-fabricated sample was an-
nealed at 120 °C for 2 hours under a high vacuum (< 10-
mTorr(1 Torr=133 Pa)).

Optical measurements. Steady-state photolumines-
cence spectroscopy was conducted using a spectrometer
(Horiba HR-Evolution) equipped with a liquid nitrogen
cooled charge-coupled device (CCD). A 532 nm solid
state laser was used as excitation source, whose power
was changed from a few micro-watts to above 400 uW by
a continuous neutral density filter. The numerical aper-
ture of the objective used in our experiment is NA=0.5.
For time-resolved photoluminescence spectroscopy
measurements, A Ti:sapphire femtosecond-pulsed laser
(400 nm, frequency-doubled) with 100 fs pulse duration
and 80 MHz repetition rate was used for excitation. The
lifetime was measured by a silicon avalanche single
photon detector, mounted on a Horiba iHR320 spectro-
meter dispersed by a 300 groves/mm grating, driven by a
time-correlated single photon counting system (TCSPC
system, PicoQuant). The collected PL was spectrally
filtered by a 1800 groves/mm grating monochromator

with bandpass of 2 nm. The back gate voltage ranging
from -60 V to 60 V was applied by a source-measure
unit in a semiconductor parameter analyzer (Agilent
B1500A), with the WS; flake grounded.

References

1. Mak KF, Shan J. Photonics and optoelectronics of 2D semicon-
ductor transition metal dichalcogenides. Nat Photonics 10,
216-226 (2016).

2. LiuY, Weiss NO, Duan XD, Cheng HC, Huang Y et al. Van der
Waals heterostructures and devices. Nat Rev Mater 1, 16042
(2016).

3. PeidJ, Yang J, Yildirim T, Zhang H, Lu YR. Many-body com-
plexes in 2D semiconductors. Adv Mater 31, 1706945 (2019).

4. Wang JY, Verzhbitskiy I, Eda G. Electroluminescent devices
based on 2D semiconducting transition metal dichalcogenides.
Adv Mater 30, 1802687 (2018).

5. Sarkar S, Goswami S, Trushin M, Saha S, Panahandeh-Fard M
et al. Polaronic trions at the MoS,/SrTiO3 interface. Adv Mater
31, 1903569 (2019).

6. Chen SY, Goldstein T, Taniguchi T, Watanabe K, Yan J. Cou-
lomb-bound four- and five-particle intervalley states in an atom-
ically-thin semiconductor. Nat Commun 9, 3717 (2018).

7. Ross JS, Wu SF, Yu HY, Ghimire NJ, Jones AM et al. Electrical
control of neutral and charged excitons in a monolayer semicon-
ductor. Nat Commun 4, 1474 (2013).

8. Mak KF, He KL, Lee C, Lee GH, Hone J et al. Tightly bound tri-
ons in monolayer MoSy. Nat Mater 12, 207-211 (2013).

9. Zhang XX, Cao T, Lu ZG, Lin YC, Zhang F et al. Magnetic
brightening and control of dark excitons in monolayer WSe,. Nat
Nanotechnol 12, 883-888 (2017).

10. Jones AM, Yu HY, Ghimire NJ, Wu SF, Aivazian G et al. Optic-
al generation of excitonic valley coherence in monolayer WSes.
Nat Nanotechnol 8, 634—638 (2013).

11. Plechinger G, Nagler P, Arora A, Schmidt R, Chernikov A et al.
Trion fine structure and coupled spin-valley dynamics in mono-
layer tungsten disulfide. Nat Commun 7, 12715 (2016).

12. Liu EF, Van Baren J, Lu ZG, Altaiary MM, Taniguchi T et al.
Gate tunable dark trions in monolayer WSey. Phys Rev Lett
123, 027401 (2019).

13. Lyons TP, Dufferwiel S, Brooks M, Withers F, Taniguchi T et al.
The valley Zeeman effect in inter- and intra-valley trions in
monolayer WSe;. Nat Commun 10, 2330 (2019).

14. LiZW, Yang W, Huang M, Yang X, Zhu CG et al. Light-triggered
interfacial charge transfer and enhanced photodetection in
CdSe/ZnS quantum dots/MoS; mixed-dimensional phototran-
sistors. Opto-Electron Adv 4, 210017 (2021).

15. Katoch J, Ulstrup S, Koch RJ, Moser S, McCreary KM et al. Gi-
ant spin-splitting and gap renormalization driven by trions in
single-layer WS,/h-BN heterostructures. Nat Phys 14, 355-359
(2018).

16. Steinhoff A, Florian M, Singh A, Tran K, Kolarczik M et al. Biex-
citon fine structure in monolayer transition metal dichalcogen-
ides. Nat Phys 14, 1199-1204 (2018).

17. Xu WG, Liu WW, Schmidt JF, Zhao WJ, Lu X et al. Correlated
fluorescence blinking in two-dimensional semiconductor hetero-
structures. Nature 541, 62—67 (2017).

18. He YM, Iff O, Lundt N, Baumann V, Davanco M et al. Cascaded
emission of single photons from the biexciton in monolayered
WSes. Nat Commun 7, 13409 (2016).

220034-8


https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1002/adma.201706945
https://doi.org/10.1002/adma.201802687
https://doi.org/10.1002/adma.201903569
https://doi.org/10.1038/s41467-018-05558-x
https://doi.org/10.1038/ncomms2498
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/nnano.2017.105
https://doi.org/10.1038/nnano.2017.105
https://doi.org/10.1038/nnano.2013.151
https://doi.org/10.1038/ncomms12715
https://doi.org/10.1103/PhysRevLett.123.027401
https://doi.org/10.1038/s41467-019-10228-7
https://doi.org/10.29026/oea.2021.210017
https://doi.org/10.1038/s41567-017-0033-4
https://doi.org/10.1038/s41567-018-0282-x
https://doi.org/10.1038/nature20601
https://doi.org/10.1038/ncomms13409
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1002/adma.201706945
https://doi.org/10.1002/adma.201802687
https://doi.org/10.1002/adma.201903569
https://doi.org/10.1038/s41467-018-05558-x
https://doi.org/10.1038/ncomms2498
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/nnano.2017.105
https://doi.org/10.1038/nnano.2017.105
https://doi.org/10.1038/nnano.2013.151
https://doi.org/10.1038/ncomms12715
https://doi.org/10.1103/PhysRevLett.123.027401
https://doi.org/10.1038/s41467-019-10228-7
https://doi.org/10.29026/oea.2021.210017
https://doi.org/10.1038/s41567-017-0033-4
https://doi.org/10.1038/s41567-018-0282-x
https://doi.org/10.1038/nature20601
https://doi.org/10.1038/ncomms13409

19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pei JJ et al. Opto-Electron Adv 6, 220034 (2023)

. Schaibley JR, Yu HY, Clark G, Rivera P, Ross JS et al. Val-

leytronics in 2D materials. Nat Rev Mater 1, 16055 (2016).

Xu XD, Yao W, Xiao D, Heinz TF. Spin and pseudospins in
layered transition metal dichalcogenides. Nat Phys 10, 343—-350
(2014).

Zhang H, Lu SB, Zheng J, Du J, Wen SC et al. Molybdenum di-
sulfide (MoS3) as a broadband saturable absorber for ultra-fast
photonics. Opt Express 22, 7249-7260 (2014).

Sidler M, Back P, Cotlet O, Srivastava A, Fink T et al. Fermi po-
laron-polaritons in charge-tunable atomically thin semiconduct-
ors. Nat Phys 13, 255-261 (2017).

Back P, Sidler M, Cotlet O, Srivastava A, Takemura N et al. Gi-
ant paramagnetism-induced valley polarization of electrons in
charge-tunable monolayer MoSey. Phys Rev Lett 118, 237404
(2017).

Liu ML, Wu HB, Liu XM, Wang YR, Lei M et al. Optical proper-
ties and applications of SnSy SAs with different thickness. Opto-
Electron Adv 4 4, 200029 (2021).

Pei JJ, Yang J, Wang XB, Wang F, Mokkapati S et al. Excited
state biexcitons in atomically thin MoSe;. ACS Nano 11,
7468-7475 (2017).

Pei JJ, Yang J, Xu RJ, Zeng YH, Myint YW et al. Exciton and tri-
on dynamics in bilayer MoS;. Small 11, 6384-6390 (2015).
Malic E, Selig M, Feierabend M, Brem S, Christiansen D et al.
Dark excitons in transition metal dichalcogenides. Phys Rev Ma-
ter 2, 014002 (2018).

Zhang XX, You YM, Zhao SYF, Heinz TF. Experimental evid-
ence for dark excitons in monolayer WSey. Phys Rev Lett 115,
257403 (2015).

Selig M, Berghduser G, Raja A, Nagler P, Schiller C et al. Ex-
citonic linewidth and coherence lifetime in monolayer transition
metal dichalcogenides. Nat Commun 7, 13279 (2016).

Wang G, Robert C, Glazov MM, Cadiz F, Courtade E et al. In-
plane propagation of light in transition metal dichalcogenide
monolayers: optical selection rules. Phys Rev Lett 119, 047401
(2017).

Park KD, Jiang T, Clark G, Xu XD, Raschke MB. Radiative con-
trol of dark excitons at room temperature by nano-optical an-
tenna-tip Purcell effect. Nat Nanotechnol 13, 59-64 (2018).

You YM, Zhang XX, Berkelbach TC, Hybertsen MS, Reichman
DR et al. Observation of biexcitons in monolayer WSe,. Nat
Phys 11, 477-481 (2015).

Shang JZ, Shen XN, Cong CX, Peimyoo N, Cao BC et al. Ob-
servation of excitonic fine structure in a 2D transition-metal di-
chalcogenide semiconductor. ACS Nano 9, 647-655 (2015).
Nagler P, Ballottin MV, Mitioglu AA, Durnev MV, Taniguchi T et
al. Zeeman splitting and inverted polarization of biexciton emis-
sion in monolayer WSj. Phys Rev Lett 121, 057402 (2018).
Barbone M, Montblanch ARP, Kara DM, Palacios-Berraquero C,
Cadore AR et al. Charge-tuneable biexciton complexes in
monolayer WSep. Nat Commun 9, 3721 (2018).

Li ZP, Wang TM, Lu ZG, Jin CH, Chen YW et al. Revealing the
biexciton and trion-exciton complexes in BN encapsulated
WSey. Nat Commun 9, 3719 (2018).

Roldan R, Silva-Guillén JA, Lépez-Sancho MP, Guinea F, Cap-
pelluti E et al. Electronic properties of single-layer and multilay-
er transition metal dichalcogenides MX, (M = Mo, W and X = S,
Se). Ann Phys 526, 347-357 (2014).

Lo PY, Peng GH, Li WH, Yang Y, Cheng SJ. Full-zone valley
polarization landscape of finite-momentum exciton in transition
metal dichalcogenide monolayers. Phys Rev Res 3, 043198
(2021).

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

https://doi.org/10.29026/0ea.2023.220034

Peng GH, Lo PY, Li WH, Huang YC, Chen YH et al. Distinctive
signatures of the spin- and momentum-forbidden dark exciton
states in the photoluminescence of strained WSe, monolayers
under thermalization. Nano Lett 19, 2299-2312 (2019).

Madéo J, Man MKL, Sahoo C, Campbell M, Pareek V et al. Dir-
ectly visualizing the momentum-forbidden dark excitons and
their dynamics in atomically thin semiconductors. Science 370,
1199-1204 (2020).

Wallauer R, Perea-Causin R, Munster L, Zajusch S, Brem S et
al. Momentum-resolved observation of exciton formation dy-
namics in monolayer WSy. Nano Lett 21, 5867-5873 (2021).
Bao D, Del Aguila AG, Do TTH, Liu S, Pei JJ et al. Probing mo-
mentum-indirect excitons by near-resonance photolumines-
cence excitation spectroscopy in WSy monolayer. 2D Mater 7,
031002 (2020).

He MH, Rivera P, Van Tuan D, Wilson NP, Yang M et al. Valley
phonons and exciton complexes in a monolayer semiconductor.
Nat Commun 11, 618 (2020).

Plechinger G, Nagler P, Kraus J, Paradiso N, Strunk C et al.
Identification of excitons, trions and biexcitons in single-layer
WS,. Phys Status Solidi (RRL) - Rapid Res Lett 9, 457-461
(2015).

Paur M, Molina-Mendoza AJ, Bratschitsch R, Watanabe K,
Taniguchi T et al. Electroluminescence from multi-particle ex-
citon complexes in transition metal dichalcogenide semiconduct-
ors. Nat Commun 10, 1709 (2019).

Shi HY, Yan RS, Bertolazzi S, Brivio J, Gao B et al. Exciton dy-
namics in suspended monolayer and few-layer MoS, 2D crys-
tals. ACS Nano 7, 1072—-1080 (2013).

LiYZ, Shi J, Mi Y, Sui XY, Xu HY et al. Ultrafast carrier dynam-
ics in two-dimensional transition metal dichalcogenides. J Mater
Chem C 7, 4304-4319 (2019).

Chernikov A, Van Der Zande AM, Hill HM, Rigosi AF, Velau-
thapillai A et al. Electrical tuning of exciton binding energies in
monolayer WSj. Phys Rev Lett 115, 126802 (2015).

Zibouche N, Philipsen P, Heine T, Kuc A. Electron transport in
MoWSeS monolayers in the presence of an external electric
field. Phys Chem Chem Phys 16, 11251-11255 (2014).

Li ZP, Wang TM, Lu ZG, Khatoniar M, Lian Z et al. Direct obser-
vation of gate-tunable dark trions in monolayer WSey. Nano Lett
19, 6886-6893 (2019).

Van Tuan D, Scharf B, Wang ZF, Shan J, Mak KF et al. Prob-
ing many-body interactions in monolayer transition-metal dichal-
cogenides. Phys Rev B 99, 085301 (2019).

Roch JG, Miserev D, Froehlicher G, Leisgang N, Sponfeldner L
et al. First-order magnetic phase transition of mobile electrons in
monolayer MoS;. Phys Rev Lett 124, 187602 (2020).
Castellanos-Gomez A, Buscema M, Molenaar R, Singh V,
Janssen L et al. Deterministic transfer of two-dimensional ma-
terials by all-dry viscoelastic stamping. 2D Mater 1, 011002
(2014).

Acknowledgements

Q. H. Xiong gratefully acknowledges the strong support from Singapore

Ministry of Education via AcRF Tier 3 Programme “Geometrical Quantum
Materials” (MOE2018-T3-1-002) and AcRF Tier 2 grants (MOE2017-T2-1-
040). H. Zhang acknowledges financial support from the National Natural
Science Foundation of China (Grant No. 61435010). J. J. Pei acknowledges
the National Natural Science Foundation of China (Grant No. 61905156),
the China Postdoctoral Science Foundation (Grant No. 2017M622764), and
the Natural Science Foundation of Fujian Province (Grant No. 2022J01555).
Y. Z. Zhang acknowledges the National Natural Science Foundation of

220034-9


https://doi.org/10.1038/natrevmats.2016.55
https://doi.org/10.1038/nphys2942
https://doi.org/10.1364/OE.22.007249
https://doi.org/10.1038/nphys3949
https://doi.org/10.1103/PhysRevLett.118.237404
https://doi.org/10.29026/oea.2021.200029
https://doi.org/10.29026/oea.2021.200029
https://doi.org/10.1021/acsnano.7b03909
https://doi.org/10.1002/smll.201501949
https://doi.org/10.1103/PhysRevMaterials.2.014002
https://doi.org/10.1103/PhysRevMaterials.2.014002
https://doi.org/10.1103/PhysRevMaterials.2.014002
https://doi.org/10.1103/PhysRevLett.115.257403
https://doi.org/10.1038/ncomms13279
https://doi.org/10.1103/PhysRevLett.119.047401
https://doi.org/10.1038/s41565-017-0003-0
https://doi.org/10.1038/nphys3324
https://doi.org/10.1038/nphys3324
https://doi.org/10.1021/nn5059908
https://doi.org/10.1103/PhysRevLett.121.057402
https://doi.org/10.1038/s41467-018-05632-4
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1002/andp.201400128
https://doi.org/10.1103/PhysRevResearch.3.043198
https://doi.org/10.1021/acs.nanolett.8b04786
https://doi.org/10.1126/science.aba1029
https://doi.org/10.1021/acs.nanolett.1c01839
https://doi.org/10.1088/2053-1583/ab817a
https://doi.org/10.1038/s41467-020-14472-0
https://doi.org/10.1002/pssr.201510224
https://doi.org/10.1038/s41467-019-09781-y
https://doi.org/10.1021/nn303973r
https://doi.org/10.1039/C8TC06343E
https://doi.org/10.1039/C8TC06343E
https://doi.org/10.1103/PhysRevLett.115.126802
https://doi.org/10.1039/C4CP00966E
https://doi.org/10.1021/acs.nanolett.9b02132
https://doi.org/10.1103/PhysRevB.99.085301
https://doi.org/10.1103/PhysRevLett.124.187602
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1038/natrevmats.2016.55
https://doi.org/10.1038/nphys2942
https://doi.org/10.1364/OE.22.007249
https://doi.org/10.1038/nphys3949
https://doi.org/10.1103/PhysRevLett.118.237404
https://doi.org/10.29026/oea.2021.200029
https://doi.org/10.29026/oea.2021.200029
https://doi.org/10.1021/acsnano.7b03909
https://doi.org/10.1002/smll.201501949
https://doi.org/10.1103/PhysRevMaterials.2.014002
https://doi.org/10.1103/PhysRevMaterials.2.014002
https://doi.org/10.1103/PhysRevMaterials.2.014002
https://doi.org/10.1103/PhysRevLett.115.257403
https://doi.org/10.1038/ncomms13279
https://doi.org/10.1103/PhysRevLett.119.047401
https://doi.org/10.1038/s41565-017-0003-0
https://doi.org/10.1038/nphys3324
https://doi.org/10.1038/nphys3324
https://doi.org/10.1021/nn5059908
https://doi.org/10.1103/PhysRevLett.121.057402
https://doi.org/10.1038/s41467-018-05632-4
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1002/andp.201400128
https://doi.org/10.1103/PhysRevResearch.3.043198
https://doi.org/10.1021/acs.nanolett.8b04786
https://doi.org/10.1126/science.aba1029
https://doi.org/10.1021/acs.nanolett.1c01839
https://doi.org/10.1088/2053-1583/ab817a
https://doi.org/10.1038/s41467-020-14472-0
https://doi.org/10.1002/pssr.201510224
https://doi.org/10.1038/s41467-019-09781-y
https://doi.org/10.1021/nn303973r
https://doi.org/10.1039/C8TC06343E
https://doi.org/10.1039/C8TC06343E
https://doi.org/10.1103/PhysRevLett.115.126802
https://doi.org/10.1039/C4CP00966E
https://doi.org/10.1021/acs.nanolett.9b02132
https://doi.org/10.1103/PhysRevB.99.085301
https://doi.org/10.1103/PhysRevLett.124.187602
https://doi.org/10.1088/2053-1583/1/1/011002

Pei JJ et al. Opto-Electron Adv 6, 220034 (2023)

https://doi.org/10.29026/0ea.2023.220034

China (Grant No. 61575010), the Beijing Municipal Natural Science Found-
ation (Grant No. 4162016). A. G. del Aguila gratefully acknowledges the fin-
ancial support of the Presidential Postdoctoral Fellowship program of the
Nanyang Technological University. K. Watanabe and T. Taniguchi acknow-
ledge support from the Elemental Strategy Initiative conducted by the
MEXT, Japan and the CREST (JPMJCR15E3), JST.

Author contributions

J.J. Pei, H. Zhang and Q. H. Xiong conceived the idea. J. J. Pei, X. Liu and A.
G. del Aguila designed the experiments. J. J. Pei prepared the samples and
performed the experiments. D. Bao, S. Liu helped with the set up for low
temperature measurement. M. R. AMARA helped with the set up for life-
time measurement. C. Y. You and X. Liu helped with the device fabrication.

K. Watanabe and T. Taniguchi provided the h-BN crystals. J. J. Pei, X. Liu,
D. Bao, A. G. del Aguila and Q. H. Xiong analyzed the data. F. Zhang, W. J.
Zhao, Y. Z. Zhang and H. Zhang helped with the theoretical analysis. J. J. Pei
wrote the manuscript with input from all authors. H. Zhang and Q. H.
Xiong supervised the whole project.

Competing interests

The authors declare no competing financial interests.

Supplementary information

Supplementary information for this paper is available at
https://doi.org/10.29026/0ea.2023.220034

220034-10


https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034
https://doi.org/10.29026/oea.2023.220034

	Introduction
	Results
	Conclusion
	Materials and methods

	References

