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Monolayer transition metal dichalcogenides favor the formation of a variety of excitonic quasiparticles, and can serve
as an ideal material for exploring room-temperature many-body effects in two-dimensional systems. Here, using mechani-
cally exfoliated monolayer WS, and photoluminescence (PL) spectroscopy, exciton emission peaks are confirmed through
temperature-dependent and electric-field-tuned PL spectroscopy. The dependence of exciton concentration on the excitation
power density at room temperature is quantitatively analyzed. Exciton concentrations covering four orders of magnitude
are divided into three stages. Within the low carrier concentration stage, the system is dominated by excitons, with a small
fraction of trions and localized excitons. At the high carrier concentration stage, the localized exciton emission from defects
coincides with the emission peak position of trions, resulting in broad spectral characteristics at room temperature.

Keywords: transition metal dichalcogenides, photoluminescence, localized exciton, exciton density
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1. Introduction

Transition metal dichalcogenides (TMDCs) with the form
MX, (M =Mo, W and X = S, Se,, Te) have attracted attention
due to their layer-dependent electronic structure. Owing to
spatial confinement and weak dielectric screening, monolayer
TMDCs exhibit a semiconducting direct-bandgap nature,!!?]
strong Coulomb interactions and high exciton binding ener-
gies that favor the formation of excitonic quasiparticles such
as neutral excitons, charged excitons (trions), biexcitons and
exciton—trion complexes.*! The binding energies of these
excitons are around hundreds of meV, making them stable
even at room temperature.!!>1? In monolayer TMDCs, ex-
citons (boson quasiparticles) are immersed in an environ-
ment of charged carriers and form a Fermi sea.['3] There-
fore, monolayer TMDCs are an ideal system for explor-
ing room-temperature many-body effects in two-dimensional
systems.“‘“sl

Owing to the excellent luminescence properties of TMDC
excitons, photoluminescence (PL) has become the most com-
monly used experimental method to characterize and analyze

[13.14] Tn monolayer TMDCs, the exis-

the many-body effects.
tence of spin- and momentum-dark excitons, nonzero charge
and spin degrees of freedom in charged excitons contribute to
their luminescence properties for optical applications.!'%~1°1 Tn
addition, excitons interacting with defects lead to the forma-
tion of localized exciton states that strongly influence the PL

[20,21

spectra. | Radiated luminescence arises from the radiative
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recombination of excited states of carriers. Excitons dominate
radiated luminescence in semiconductor-layered TMDC mate-
rials and are at the core of the luminescence process. 1222231
However, to the best of our knowledge, the evolution and in-
teraction of excitons, exciton complexes and defects with in-
creasing excitation power has not been well studied; hence,
here we aim to understand these physical processes and their
practical applications.

Using mechanically exfoliated monolayer WS, and
PL spectroscopy, exciton emission peaks were confirmed
through temperature-dependent and electric-field-tuned PL
spectroscopy. We quantitatively analyzed the exciton concen-
tration dependence on temperature as well as the concentration
distribution of excitons at room temperature. The interaction
regime between excitons, trions and localized excitons can be
distinguished by three concentration ranges as the carrier con-
centration increases in the two-dimensional system. These
ranges describe the existing exciton species and how the ex-
tinction density and exciton lifetime affect their concentration.

2. Exciton energy levels

The energy levels and emission diagrams of excitons, tri-
ons and biexcitons are shown in Fig. 1. An exciton is a bound
electron—hole pair, and the energy difference between its en-
ergy state and the conduction band minimum is the exciton
binding energy, denoted as Epx. The exciton binding ener-
gies of TMDCs are typically hundreds of meV, orders of mag-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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nitude larger than those in quantum wells. Disorder caused
by defects in monolayer TMDCs can have an impact on the
physical behavior of excitons, resulting in spectral broadening
and localization. We denote these localized exciton states as
LX.[21.241 Combining a neutral exciton with one electron/hole
or another exciton generates trions (X~ or X*) or biexcitons
(XX), respectively,

X+e=X", (1)
X+h=X", (2
X+ X = XX. 3)

A high Eyx stabilizes excitons in semiconductor monolayer
TMDC:s; the energy state of trions and biexcitons is lower than
that of excitons (Fig. 1). The difference in energy between
the trion or biexciton and the exciton energy state is the trion

(E,x-) or biexciton (Eyxx) binding energy, 23]
Ein =FEx— EX*, (4)
EbXX = EX - EXX~ (5)

Conduction band
IEbX

Exciton state
Eyx- | Epxx %
bX 5 Trion state
_______ P ra— Biexciton state
j 25 Defect states
Ex |Ex- | Exx Erx
\ 4 \L \4 YVVYVV

Ground state
Valence band

Fig. 1. Band structure and energy states of excitons, trions, biexcitons, and

localized excitons of some monolayer TMDCs.

The above-mentioned excitons, trions and biexcitons are
produced by the Coulomb interaction of multiple particles, es-
pecially when a strong light pulse hits a solid material. This
phenomenon is termed the ‘many-body effect’.[®1314] Studies
on biexcitons are typically performed at low temperatures be-
cause they dissociate at room temperature.!%29-28] A5 shown
in the reverse reactions expressed by Eqgs. (1)—(3), trions and
biexcitons can be dissociated to neutral excitons when the sys-
tem temperature is slightly high, since E,x- and Epxx are of
the order of tens of meV.[*!223] In addition, a significant in-
crease in the concentration of excitons in the system will pro-
mote the formation of trions and biexcitons.!*) When study-
ing the room-temperature PL properties of TMDC materials,

the many-body effect caused by the temperature and photo-
generated carrier concentration will be more complicated. It
is therefore necessary to provide a comprehensive and system-
atic overview of the effect of temperature and exciton con-
centration on the PL mechanism of TMDCs. In this work,
monolayer WS, was selected as a representative TMDC to in-
vestigate the many-body effect at different temperatures and
exciton concentrations. Monolayer WS, like most single-
layer TMDCs, is dominated by negatively charged excitons
(n-doped) due to chalcogen vacancies that are the dominant
intrinsic defects and cause unsaturated electrons in the sur-
rounding transition metal atoms to act as electron donors.

3. Experiments
3.1. Sample preparation and device fabrication

WS, samples mechanically exfoliated from a bulk crys-
tal were transferred onto Si/SiO; (300 nm) wafers using

E-beam lithography (EBL) and metal ther-
mal evaporation were employed to deposit Au/Cr electrodes

adhesive tape.

(50 nm/10 nm) on the samples.

3.2. Characterization and measurements

Raman and steady-state PL spectral measurements were
performed using a confocal microscope (WITec alpha300)
with a continuous wave (CW) 532 nm laser and spot size of
about 2 um. A 50x objective lens was used for PL measure-
ments and a liquid-N,-cooled stage was used to control the
temperature. The incident laser power was obtained using a
power meter (PM100D, ThorLabs). Time-resolved photolu-
minescence (TRPL) spectra were collected using a confocal
microscope and Ti:sapphire laser pulses at 400 nm (80 MHz
repetition frequency and 80 fs pulse width). Laser pulses were
generated by an 800 nm laser from a mode-locked oscillator
(Tsunami 3941-X1BB, Spectra-Physics) placed behind a beta
barium borate crystal and focused onto the sample with a spot
size of about 3 um by an objective lens (50, Zeiss, 0.75 NA).
The emitted signal was reflected by a silver mirror and col-
lected into a streak camera (C10910, Hamamatsu).

4. Results and discussion

Figure 2(a) shows the optical micrograph of a WS, sam-
ple, where the bright area is multilayer WS, and the dark
area outlined by the yellow dashed line is monolayer WS,.
The monolayer was characterized by PL and Raman spec-
troscopies (supplementary Fig. S1). Steady-state PL spec-
troscopy was performed to characterize the exciton species
at 20 K (Fig. 2(b)).
trum was found to comprise four peaks with Gaussian line-

Through multi-peak fitting, the spec-

shapes. The summation of the four peaks matched the experi-
mental spectra, except for a slight deviation in the wavelength
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range (620-640 nm, supplementary Fig. S2). We attribute the
peak centered at 595 nm, located at the highest energy level
(2.079 eV), to the neutral excitons.2%30-31 The peak centered
at 605 nm is assigned to the charged exciton, with an Eyx— of
~ 35 meV, 2032331 pecause the energy level (2.044 eV) was
lower than that of the neutral exciton. The peak centered at
611 nm had the lowest energy level (2.024 eV) and may be as-
signed to an exciton complex, such as biexcitons.!%2>-26] The
origin of these peaks is consistent with previously reported

[26.31.34] Finally, the broad peak centered at 612.5 nm

[26,30]

values.
was attributed to the localized exciton emissions (LX).
The assignment of PL peaks was confirmed by temperature-
and excitation-power-dependent PL spectroscopy. [%-2%-26-30-31]

To further investigate the exciton species correspond-
ing to PL peaks, the excitation power density dependence of
the steady-state PL spectrum was analyzed at 20 K. From
Fig. 2(c), the emission peak intensities of exciton emission and
trion emission were linear with respect to the excitation power
density, and had slopes of 0.88 and 0.89, respectively.*®! Ide-
ally, the intensity of the biexciton emission can be described
by a power-law relation, Ixx o< P2, where Ixx is the PL in-
tensity of the biexciton, P is the excitation power density and
the log—log plot has a slope of 2.0. However, the biexcitons
in our study exhibited a slope of 1.16 due to the lack of equi-
librium between the exciton states.!*>! The PL intensity of lo-
calized exciton emissions exhibited a superlinear dependence
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on P with a log—log slope of 1.74, which may be caused by
localized exciton emissions involving defects and conduction
bands.[?%! The full width at half maximum (FWHM) of the
PL peaks offers insights into the emission characteristics. The
FWHMs of the exciton, trion and biexciton emissions were
about 4 nm and not affected by the excitation power density,
while the FWHM of localized exciton emissions decreased
from 14 nm to 8§ nm with increasing excitation power den-
sity (Fig. 2(d)), which may be explained by the superlinear
relationship of localized exciton emissions. Typically, an ex-
citation light source causes an observable thermal effect when
a CW laser is used. However, we did not observe a distinct
thermal effect in monolayer WS,, which may be due to its
low light absorption rate.!”l From the power-dependent PL
spectra at 20 K (supplementary Fig. S3), the characteristic
peak positions and the shape of the curve for each excitonic
species did not change for an excitation power density less
than 258 W/cm?. This implies that there was no distinct ther-
mal effect on our monolayer WS, from the CW laser, which
may be due to the low light absorption rate of monolayer
WS,.[37l Otherwise, the spectral features will change signifi-
cantly (see the temperature-dependent PL spectra in Fig. 3(a)).
When the excitation power density exceeded 258 W/cm?, the
exciton, trion, and biexciton peak positions redshifted by about
2 nm, which may be related to the bandgap renormalization in-
duced by a high carrier concentration or a small thermal effect.
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Fig. 2. (a) Optical micrograph of mechanical mechanically exfoliated monolayer WS,. (b) PL spectrum of monolayer WS, at 20 K under an excitation
power density of 512 W/cm?2. The overall PL profile is black and fitted into four peaks, one each for excitons (X), trions (X™), biexcitons (XX) and localized
excitons (LX). (c) Double-logarithmic plot of the integrated PL intensity of the exciton, trion, biexciton and localized exciton peaks as a function of the
excitation density, and the corresponding linear fitting for their peak intensities. (d) FWHMs of excitons, trions, biexcitons and localized exciton emission
peaks versus the excitation power density. The excitons, trions, biexcitons, and localized excitons are denoted in blue, green, red and gray, respectively.
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Fig. 3. (a) Multi-peak simulation of normalized PL spectra for a series of temperatures under an excitation power of 255 W/cm?. The peak positions for
exciton, trion, and biexciton emission are guided by corresponding lines. (b) Emission peak positions of excitons, trions, biexcitons, and localized excitons
as a function of the temperature, and corresponding Varshni fitting. (c) FWHMs of exciton, trion, biexciton and localized exciton emission peaks versus
temperature. The excitons, trions, biexcitons, and localized excitons are denoted in blue, green, red and gray, respectively.

Temperature-dependent PL spectra were acquired from
20 K to 295 K (Fig. 3(a)) to characterize the thermodynamic
evolution of the exciton species in monolayer WS;. When
the temperature was below 50 K, each PL spectrum consisted
of four peaks (X, X™, XX, and LX), representing four dis-
tinct components at low temperatures. As the temperature in-
creased, the biexciton peak vanished, which may be a result of
biexciton dissociation induced by the thermal effect. When the
temperature was between 60 K and 270 K, the PL spectra com-
prised three peaks (X, X, and LX). The percentage by weight
of the PL emission of excitons and trions increased with in-
creasing temperature and decreased with increasing tempera-
ture for localized exciton emissions (supplementary Fig. S4).
At temperatures above 270 K, the PL emission on the blue side
was dominated by excitons and the broad PL emission on the
red side could not distinguish between trion and localized ex-
citon emissions. Therefore, the broad PL emission centered
at 628 nm at room temperature is co-contributed by trion and
localized exciton emissions (Fig. S5). The Varshni equation
describes the temperature-dependent energy gaps correspond-
ing to the exciton species, X, X, and XX (Fig. 3(b)),[?%

Ey(T) =Ey(0)— aT?/(T +B), (6)

where E,(0) is the band gap at 0 K, and o and B are phe-
nomenological fit parameters. The curves of the exciton, trion

and biexciton species were fitted; the E,(0) values were fitted
to 2.082 eV, 2.045 eV, and 2.030 eV, respectively (supplemen-
tary Table S1). From Egs. (4) and (5), E,x- and Epxx were
calculated to be 35 meV and 55 meV, respectively, in agree-
ment with previously reported values.?®! From the detailed
multi-peak fit of the PL spectrum at 20 K in Fig. S2, the lo-
calized excitons have a series of corresponding defect states
with an equal energy interval of 25 meV. Furthermore, four
localized exciton emission peaks displayed a FWHM of about
7 nm, while P6 had a FWHM of about 4 nm. The temperature-
dependent FWHM of the exciton and trion emission peaks in-
creased from 2 nm to 8 nm and the FWHM of the localized
exciton emissions increased from 10 nm to 24 nm (Fig. 3(c)),
which may be related to the presence of defects, and requires
further study.

Room-temperature PL. measurements were performed un-
der different voltages to tune the intensities of the exciton and
trion emission peaks. A schematic of the fabricated monolayer
WS, device is shown in Fig. 4(a). The exfoliated monolayer
WS, was transferred onto the Si wafer with 300 nm SiO,, and
a voltage was applied across the electrode on the monolayer
WS, and the silicon back. The PL spectra of the device varied
with the gate voltage (V) under an excitation power density
of 8.15 kW/cm? (Fig. 4(b)). When a negative Vg was applied,
the exciton peak was dominant and the X~ /LX peak was sup-
pressed. When a positive V; was applied, the X peak was sup-
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pressed. Similar trends were observed when the sample was
excited by power densities of 254.6 W/cm? and 2.36 kW/cm?
(supplementary Fig. S6). This phenomenon is caused by the
dependence of charged excitons (X~) on the applied electric
field.[*) TRPL was utilized to understand the dynamics of ex-
citon recombination. Figures 4(c) and 4(d) show the PL decay
curves of X and X~ /LX emission, respectively, under an exci-
tation power density of 8.15 kW/cm?. A biexponential func-

(a)

—~
(¢
~

Norm. intensity

Delay time (ps)

tion was used to fit the PL lifetimes of X and X ~/LX.38 Both
lifetimes increased as the voltage decreased, and reached their
maximum values at a V, of —20 V. Under a negative V;, the
lifetime for exciton emission was longer than that of X~ /LX.
This may arise from electrostatic doping, which increases the
exciton concentration and promotes the reverse reaction stated

in Eq. (1).4

C
=z

—O0V
—4V
—8YV
—12V
—16 'V
—20V

205 K X
8.1 kW /cm?

— 4V
WX /LX gV
— 12V
——16V
— 20V

Intensity (arb. units)

580 600 620 640 660
Wavelength (nm)

=
2

Norm. intensity

0 50 100 150
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Fig. 4. (a) Schematic of the fabricated devices. (b) PL spectra at 295 K for different gate voltages. (c) TRPL of X at different gate voltages and (d) TRPL of

X7/LX at different gate voltages. Lines show the fitting functions.

The photogenerated carrier density is a key factor that af-
fects the luminescence properties of materials. Therefore, we
tuned the excitation light power density to obtain a nonlin-
ear carrier density and investigated the effect of carrier con-
centration on the evolution of excitonic species in monolayer
WS, at room temperature. Figure 5(a) shows the variation in
the PL spectra with increasing excitation power density from
5.1 W/em? to 32.6 kW/cm?. When the excitation power den-
sity was less than 127.3 W/cm?, the PL spectra exhibited a
single peak feature centered at 620 nm, corresponding to the
exciton emission.*”) When the excitation power density ex-
ceeded 127.3 W/cm?, another peak appeared at approximately
630 nm, corresponding to the overlapped emission of X /LX.
Furthermore, the percentage by weight of the X~ /LX emission
intensity increased with increasing excitation power density.
As the excitation power density increased, the X /LX peak
position red-shifted, while the X peak position was retained
(Fig. S7). When the excitation light power density reached

32.6 kW/cm?, the intensity of X /LX was higher than that of
X. Figure 5(b) presents a log—log plot of the excitation power
density dependence of the X and X~ /LX PL intensities. The
plots can be divided into three linear regions. When the excita-
tion power density is less than ~ 1 W/cm?, the X intensity has
a linear dependence on the excitation power intensity with a
slope of 0.91 (stage I). Within this stage, the intrinsic exciton
recombination is dominant. When the excitation power den-
sity is between 1 W/cm? and 10* W/cm?, the slope of the X
intensity has a sublinear dependence and the slope decreases
to 0.35 (stage II). Within this stage, the linear dependence of
the X intensity decreases to sublinear, which can be ascribed
to exciton—exciton annihilation in which the relaxation process
is nonradiative recombination.**#?1 When the power density
reaches 100 W/cm?, the X /LX emission dominates the PL
peak centered at 630 nm (TRPL data in Fig. 5(c)) and shows
a sublinear dependence on the excitation power intensity with
a slope of 0.52. When the excitation power density exceeds
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10* W/cm?, the intensity of X reaches a maximum and then
decreases (stage III). Within this stage, the radiation recombi-
nation of the exciton reaches saturation. Excitons form trions
and interact with defects to form the localized exciton more
quickly; therefore, the X~ /LX emission peak intensity main-
tains a sublinear slope. At stage I, the exciton concentration
was between 2 x 10° cm—2 and 2 x 107 cm~2, and the domi-
nant species in monolayer WS, was the neutral exciton. When
the exciton concentration was higher than ~ 2 x 107 cm~2, a
significant concentration of trions appeared and the forward
reaction in Eq. (3) commenced. At stage I, where exciton con-
centrations ranged from 2 x 10’ cm™2 to 3 x 10° cm~2, neutral
and charged excitons coexisted and their concentrations were
in equilibrium. As the exciton concentration increased further,
the forward rate of the reaction in Eq. (3) dominated. As a
result, trions become the dominant species in the system. At
stage III, the exciton concentration ranged from 3 x 10° cm 2
to 2 x 10'% cm~2 and charged excitons become the dominant
species in monolayer WS,, which may be accompanied by lo-
calized excitons (supplementary Table S3).

When the exciton concentration was high in stages II and
III, exciton—exciton annihilation caused the exciton lifetime
and quantum efficiency to decrease. The TRPL decay curves
of X under a series of excitation power densities are displayed
in Fig. 5(c). The lifetime decreased with increasing excita-
tion power density (Table S2, Figs. S8(a)-S8(c)). This can be
interpreted as the enhanced interaction between excitons and

excitons, as well as excitons and defects, with increasing exci-
tation power density. The TRPL of X~ /LX under different ex-
citation power densities is shown in Fig. S8(e). The lifetime of
X7 /LX decreased with increasing excitation power density. A
schematic (Fig. 5(d)) shows the corresponding exciton species
and their concentration distributions at three excitation power
density ranges.
The exciton concentration can be obtained from

Pz

N= -3, (N

where P is the excitation power, 7 is the exciton lifetime, hv
is the energy of the excitation photon, S is the spot area of the
excitation light and 1) is the absorption efficiency. A CW laser
with a wavelength of 532 nm and spot size of ~ 2 um was
used. 711 was estimated to be 10%. The exciton concentration
in the system is affected by the excitation power density P/S,
and exciton lifetime 7. Moreover, the excitation power density
and exciton lifetime affect one another. For example, when
the excitation power density is increased, the concentration
of photogenerated carriers also increases. However, when the
exciton concentration is high, exciton—exciton annihilation is
strong. Exciton—exciton annihilation shortens the exciton life-
time, which further reduces the steady-state exciton concentra-
tion. Therefore, the exciton concentration saturates when the
excitation power density increases to a relatively high value
(Fig. 5(b)).

a b 10° d
(a) (b) o X 1 (d)
2 @ X~/LX o
= X 32.6 kW /cm g 104k Slomer0 55 ° N\ @& 2x10'° cm—2
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g S 0.
& - v _
ol —-
8.1 kW /cm g 10 (DR
i I » O
- \ =
E Slope:0.91 Gt !
i 2 =
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. ~ qr
102107' 10° 10' 10% 10%* 10* 10° =
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| (c) 00.64 W/em? O 509.3 W/cm? -
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Fig. 5. (a) Normalized PL spectrum of monolayer WS, at room temperature with different excitation powers. The overall PL profile is black and fitted into
two peaks, X (blue area) and X~ /LX (gray area). (b) Double-logarithmic excitation power density dependence on the X (blue dots) and X /LX (gray dots)
emission intensities. (c) TRPL of X. Lines show the fitting functions. (d) Schematic of exciton density. X ~/LX starts to appear at stage II.

057803-6


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac380c

Chin. Phys. B 31, 057803 (2022)

5. Conclusion

Based on systematic analysis of temperature-dependent
and excitation power density-dependent PL spectra, we in-
vestigated the many-body effect in mechanically exfoliated
monolayer WS, at room temperature. From the temperature-
dependent PL spectra, we found that the system is dominated
by excitons for low-power excitation at room temperature. A
small fraction of trions and the defect emission spectra over-
lap to form a band tail at the low-energy side of the PL spec-
trum. The exciton binding energies of trions were determined
to be 35 meV. Tuning the room-temperature excitation power
density in monolayer WS, from 22 mW/cm? to 32.6 kW/cm?
resulted in a broad exciton concentration distribution rang-
ing from 10% cm~2 to 10'® cm~2. The existence of exciton
species in this concentration distribution can be divided into
the range dominated by excitons, the coexistence range with
trions, and the range where excitons are suppressed and tri-
ons dominate. Under a high excitation power density at room
temperature, the localized exciton emission from defects co-
incided with the emission peak position of trions and resulted
in broad spectral characteristics. Our study provides a semi-
quantitative description of the many-body effect of monolayer
WS, at room temperature and provides a physical descrip-
tion for studying room-temperature optical properties and op-
toelectronic devices based on TMDC materials.
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