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A
tomically thin transition-metal di-

chalcogenides (TMDs) have aroused

great attention because of their in-

triguing physical properties and promising

optoelectronic applications.1�3 In particu-

lar, monolayers (1Ls) of MoS2, MoSe2, WS2,

and WSe2 as a group of direct-band two-

dimensional (2D) semiconductors provide

a new platform to realize electronic and

optical functionalities in ultrathin, flexible,

and/or transparent devices, such as tran-

sistors4,5 and light-emitting diodes,6�8

which could potentially be superior alter-

natives of conventional Si and III�V based

semiconductors. Distinct from the conven-

tional bulk and quasi-2D semiconducting

materials, quantum confinement and re-

duced dielectric screening in 2D semicon-

ductors enhance quasiparticle interactions

and result in large binding energies of ex-

citons and trions,9�13 where many-body ef-

fects need to be taken into account for the

electronic and excitonic band structures.

The compelling optical properties of

TMD 1Ls are strongly correlated to their

quasiparticle band structures and signifi-

cantly influenced by the large excitonic

effects.14,15

Due to the existence of quantum confine-

ment and large excitonic effects in 2D semi-

conductors, investigations of many-body

physics become a very exciting research

field for exploring fundamentals of quan-

tum mechanics. In particular, the informa-

tion on elementary excitations is essential

to study many-body interactions. Precise

determination of basic quantities of binding

energies is critical for clarifying the current

theoretical debate on quasiparticle band

structures of 1L TMDs.14,15 Through experi-

mental probes such as scanning tunnelling

spectroscopy (STS), temperature-dependent

photoluminescence (PL) and/or nonlinear

optical spectroscopy, the binding energies

of A excitons in 1L MoS2,
16MoSe2,

17WSe2
18

and WS2
19�22 were measured to be in a
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ABSTRACT Two-dimensional (2D) semiconductors, such as transition-

metal dichalcogenide monolayers (TMD 1Ls), have attracted increasing

attention owing to the underlying fundamental physics (e.g., many body

effects) and the promising optoelectronic applications such as light-emitting

diodes. Though much progress has been made, intrinsic excitonic states of

TMD 1Ls are still highly debated in theory, which thirsts for direct

experimental determination. Here, we report unconventional emission

and excitonic fine structure in 1L WS2 revealed by electrical doping and

photoexcitation, which reflects the interplay of exciton, trion, and other excitonic states. Tunable excitonic emission has been realized in a controllable

manner via electrical and/or optical injection of charge carriers. Remarkably enough, the superlinear (i.e., quadratic) emission is unambiguously observed

which is attributed to biexciton states, indicating the strong Coulomb interactions in such a 2D material. In a nearly neutral 1L WS2, trions and biexcitons

possess large binding energies of∼10�15 and 45 meV, respectively. Moreover, our finding of electrically induced robust emission opens up a possibility to

boost the luminous efficiency of emerging 1L TMD light emitting diodes.
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range of 0.2 to 0.8 eV. However, the exact values are still

under discussion probably due to the spectral over-

lapping of near-band-edge electronic and excitonic

transitions. In nearly neutral 1Ls of MoS2,
9 MoSe2,

23

and WSe2,
24 the binding energies (18�30 meV) of

trions were uncovered. For 1L WS2, the binding energy

of negative trions is still controversial,19,20,25 and the

information on the positive trions is less known. In

addition to the exciton and trion states confirmed by

the previous studies,9,23,24 for 2D semiconductors of

high quality, formation of biexciton is highly expected

and desired owing to its unique roles in understanding

many-body effects and developing practical applica-

tions. Though the excited-state absorption features

have been correlated to the biexciton formation in 1L

MoS2,
26 the direct observation of biexciton emission in

TMD 1Ls is still highly desired.

The excitonic emission and the dissociation energies

of trions in TMD 1Ls have been found to be sensitive to

the electrical doping9,23,24 and photoexcitation.25

These studies have been focused on electrical or

photoinduced doping effect independently. By con-

trast, how the excitonic emission responds to both

electrical doping and excitation power simultaneously

remains unclear in 1L TMDs, especially for 1L WS2, a

very promising candidate for optoelectronic applica-

tions possessing much stronger light emission than 1L

MoS2 and a more favorable emission energy (visible)

than 1L Mo/WSe2 (near-infrared). Exciting enough, the

electroluminescence from 1L diodes of MoS2,
7,27

WSe2,
6 and WS2

8 was demonstrated, yet the low

efficiency (typically less than 1%)might be a bottleneck

for further practical applications. Hence, thoroughly

understanding and further modulating the excitonic

emission become a basis for solving such issues. In this

work, by separately and jointly controlling the electri-

cal doping and the photoexcitation strength, we have

observed the intrinsic excitonic states and achieved

the tunable emission in 1LWS2. The roles of unconven-

tional excitonic states are identified in the near-band

edge emission of 1L WS2. The basic quantities of

binding energies of both positive and negative trions

have been extracted from a nearly neutral 1L WS2. In

particular, the striking biexciton emission is electrically

controllable, which promises a bright future of signifi-

cantly improving luminous efficiency in 1L WS2 diodes.

RESULTS AND DISCUSSION

Here, all of the PL measurements were performed at

the excitation power of 65 μW unless otherwise speci-

fied. Figure 1a shows PL spectra from a field effect

device of exfoliated 1L-WS2 taken at the back-gate

voltages from�40 toþ40 V, which reflect the excitonic

emission near the band edge at room temperature (rt).

On the whole, the emission band consists of two

components, where the high/low energy peak be-

comes dominant at �40/40 V and is assigned to A

exciton (XA)/negative trion (XA
�) emission, as seen in

Figure 1b. On the one hand, from �40 to þ40 V, the

peak position of XA
� apparently redshifts and that of

XA slightly blueshifts (Figure 1c). Consequently, the

energy difference of XA and XA
� increases, which is

strongly related to phase space blocking28 and many

body effects.29 We define this energy splitting as the

dissociation energy of trion, which consists of the trion

binding energy (Etb) and the Fermi level (Ef). In a

simplified model,9,30 the dissociation energy of trion

is Etbþ Ef, where Etb is considered to be a constant. The

increase of the dissociation energy of trion with elec-

tron doping is mainly due to the rising of Fermi level. In

case the trion binding energy varies with doping,28

further theoretical investigation is needed to fully

address the observed trend. The exciton energy can

be estimated by Eg � Eexb, where Eg and Eexb are the

band gap and the exciton binding energy, respectively.

The blueshift of exciton energy may be due to the

decrease in the exciton binding energy with electron

doping or the band gap renormalization. A recent

theoretical study28 supports the former, where the

electron doping causes the reduction of phase space

due to Pauli exclusion and decreases the exciton

binding energy. Meanwhile, the electron doping

typically causes the reduction of band gap29,31,32 and

thus tends to decrease the exciton energy. Therefore,

the blueshift of exciton energy here is attributed to

the decrease in the exciton binding energy with elec-

tron doping. On the other hand, the total integrated

intensity and that of XA gradually decrease with the

increase in the back-gate voltage, while the intensity of

XA
� increases from�40 to 0 V and then remains stable

between 0 and 30 V and slightly decreases after 30 V

(Figure 1d). The stable feature has been seen in heavily

doped 1LMoS2,
9 and the intensity changes of XA

� have

been observed in the nearly neutral 1L MoSe2.
23 The

different responses of these three devices could be due

to the different grades of native doping in the original

TMD flakes. Special care should be paid to such a study.

Figure 1e shows the PL spectra of the CVD-grown 1L

WS2 at varied back-gate voltages (curves) and the total

integrated intensity as a function of gate voltage (dots).

The emission band mainly contains one component,

and its intensity decreases with more electron doping

as seen in Figure 1f. Comparing such gate dependence

of intensity with that of XA shown in Figure 1d, we

assign this strong peak to the XA emission. The general

agreement of the peak width (∼0.04 eV) of the present

band with that of XA in the exfoliated 1L WS2 further

confirms this assignment (see Figure S1a, Supporting

Information). At positive voltages larger than 20 V, the

emission profile widens and extends to the lower

energies (Figure S1b, Supporting Information). With

the increasing electron doping, the presence of the

emission component of trions and its redshift are

expected as seen in Figure 1a, which take responsibility
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for the observed broadening and the low energy tail at

40 V (Figure S1b, Supporting Information).

As noticed in graphene,33,34 in addition to the

electrical doping, the carrier concentration can also

be tuned by light illumination. Here, we studied the

influence of excitation power on the excitonic emission

in 1L WS2 at both room and cryogenic temperatures

and explored the possibility of controlling the excitonic

emission optically. Figure 2a shows the representative

PL spectra of an exfoliated 1L WS2 device taken under

four excitation powers. The overall emission band

profile evolves from the two-component feature at

low excitation powers into a single peak at high

powers. To further reveal the response of excitons

and trions to photoexcitation, their emission energies

and strengths are plotted as functions of the excitation

power. As shown in Figure 2b, with the increase in

the excitation power, the XA peak blueshifts while the

XA
� peak redshifts; the integrated intensity of XA

�

increases linearly while that of XA sublinearly increases

at lower excitation powers (<1000 μW) and saturates at

higher excitation powers (>1000μW). These peak shifts

and the rising intensity ratio of XA
�/XA are in line with

our electrical doping measurements (see Figure S2,

Supporting Information) and are mainly attributed to

the photoinduced electron doping, which is further

evidenced by the electrical transport measurements

under photoexcitation (Figure S3, Supporting Infor-

mation). In the n-type exfoliated 1L WS2, at a low

temperature (4 K)25 such photoinduced doping effect

has also been observed. Note that the possible lattice

heating induced by photoexcitation will cause the

redshift of exciton band while the blueshift presents

here. It indicates that the laser heating is a minor factor

in our cases. Figure 2c shows the PL spectra of the CVD-

grown 1L WS2 at different excitation powers. The peak

Figure 1. Electrical doping effect on excitonic emission in 1LWS2 at room temperature. Exfoliated 1LWS2: (a) Photolumines-
cence spectra at the back-gate voltages between�40 andþ40 V. (b) Photoluminescence intensity mapping as a function of
photon energy and gate voltage. (c) Photon energies of A exciton (XA) and negative trion (XA

�) (left vertical axis) versus gate
voltage; dissociation energy of negative trion (XA

�) (right vertical axis) versus gate voltage. (d) Integrated intensities of
XA, XA

�, and the total emission band versus gate voltage. CVD-grown 1L WS2: (e) Photoluminescence spectra at different
back-gate voltages (left vertical axis) and integrated photoluminescence intensity (right vertical axis) versus gate voltage
(upper horizontal axis). (f) Photoluminescence intensity imaging as a function of photon energy and gate voltage.
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shape maintains at the first three excitation powers

and becomes asymmetric at the highest excitation

power. In detail (Figure 2d), the total integrated in-

tensity of PL linearly increases with the excitation

power (<2500 μW) and slightly deviates at high excita-

tion powers (>2500 μW). The width of PL is nearly

constant at the excitation power less than 2500 μW. At

higher excitation powers, the band broadens toward

to lower photon energies and becomes more asym-

metric, which is analogous to the PL evolution induced

by electrical doping (Figure S1b, Supporting Infor-

mation) and results from the presence of excitonic

emission from negative trions induced by strong

photoexcitation.

As presented above, the PL spectrum of CVD-grown

1L WS2 at rt mainly shows one single component of

XA(Figure 1e). When the temperature cools down to a

cryogenic temperature of 4.2 K, one broad band

appears at the low energies and the other high-energy

band becomes asymmetric at the excitation powers of

7 and 65 μW as shown in the upper and middle panels

of Figure 3a, respectively. The corresponding emission

spectra can be well deconvoluted by three Lorentzian

peaks, assigned to XA, XA
� and localized states (LS). The

LS are probably due to shadow impurities, defects,

and/or disorder effects, which deserves further inves-

tigation. Similar emission bands with the lower ener-

gies than those of exciton and trion states have often

been observed in other TMD 1Ls of MoS2, MoSe2, and

WSe2.
6,23,35�37 At a high excitation power of 9570 μW,

the XA
� peak becomes more obvious and another new

band appears (Figure 3a, bottom panel). The new band

is assigned to the biexciton emission in 1L WS2,

denoted as XAXA, which will be further discussed later.

More clearly, the gradual evolution of the emission

bands with the excitation power is seen in the PL

intensity mapping versus excitation power and photon

energy (Figure 3b). Figure 3c presents the peak posi-

tions of four components as a function of excitation

power. As shown in Figure S4 (Supporting Informa-

tion), the dissociation energies of negative trions are

13�15 meV, which slightly increases with the excita-

tion power due to photoinduced doping; for XAXA, the

extracted dissociation energies are between 50 and

60 meV. In the electrical transport measurements of

the CVD-grown 1L WS2 device (Figure S5, Supporting

Information), the turn-on voltage shifts to negative

gate voltages with the increasing excitation power

which verifies the increasing electron doping at 4.2 K

by photoexcitation. Figure 3d presents the integrated

intensities of XA, XA
�, XAXA, and LS as functions of the

excitation power. With the increase in the excitation

power, the emission from exciton and trion states

linearly increases over the whole studied range. The

emission from LS shows a sublinear dependence

(<2200 μW, R ∼ 0.6). The defect-induced emission

band in 1L MoS2 also presents a sublinear behavior,38

which is consistent with our data. Remarkably, the

integrated intensity of XAXA grows quadratically with

the excitation powers (<2000 μW, R ∼ 1.9), which is a

strong evidence for biexciton emission.Meanwhile, the

typical crossover of exciton and biexciton intensities

Figure 2. Influence of excitation power on excitonic emission in 1L WS2 at room temperature. Exfoliated 1L WS2 field-effect
device: (a) Photoluminescence spectra at different excitation powers. (b) Dependences of photon energies and integrated
intensities of A exciton and negative trion bands on excitation power. CVD-grown 1L WS2 field-effect device:
(c) Photoluminescence spectra at different excitation powers. (d) Integrated peak intensity and full width at half-maximum
(fwhm) as a function of excitation power. Solid lines in b and d are the linear fit curves on log�log scales where the R values
represent the slopes.
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has also been observed with the increasing excita-

tion power. Moreover, it is found that the fwhm of the

XAXA peak is ∼2.1 times of that of XA (Figure S4d,

Supporting Information). In ideal cases, the spectral

width reflects the quasiparticle decay rate39�41 and the

biexciton lifetime is expected to be half of the exciton

lifetime.42,43 Assuming the homogeneous broad-

ening39,40 dominating for the observed PL at 4.2 K,

the observed width ratio of XAXA to XA (∼2.1) could be

another signature for the biexciton emission in 1L WS2.

Furthermore, the linear polarization dependences of

photon energies of XA, XA
�, XAXA ,and LS have been

measured at three excitation powers (Figure S6, Sup-

porting Information). The sinusoidal modulation has

been found for XA, XA
� and XAXA components, while

there are no periodic trends for the LS component. In

particular, the opposite linear polarization behaviors of

photon energies have been observed for XA and XAXA,

which is a unique characteristic for identifying the

XAXA.
44�47 Theoretically, in 2D case, the binding en-

ergy ratio of biexcitons to excitons is ∼0.08 according

to an exciton basis model48 when the effective masses

of electrons and holes in 1L WS2 are taken as 0.27 and

0.32,49 respectively. Recent works have extracted the

exciton binding energies of 0.53�0.71 eV for 1L

WS2.
20�22 As a result, the calculated biexciton binding

energies of 42�57 meV agree well with our observa-

tions above. In addition, in transient absorption

measurements of the similar material of 1L MoS2,
26,50

the photoinduced absorption features have been

correlated to biexciton formation, where the extracted

binding energies of 70 at 74K26 and 35 meV at 10 K50

for the biexcitons of XAXA are in the same order as the

data for biexcitons here. Note that the previous tran-

sient absorption measurements26,50 mainly imply bi-

exciton formation via upward transitions (absorption),

while our present steady-state data directly reflect

biexciton emission via downward transitions between

exciton and biexciton states. Both kinds of techniques

are parallel but complementary for uncovering biexci-

ton states in 1L TMDs. On the basis of the discussion

above, the observed superlinear emission of XAXA is

attributed to biexciton states in 1L WS2. Further experi-

mental investigations by transient four-wave mixing

and time-resolved fluorescence spectroscopy together

with selective polarizations should be very helpful to

elucidate the nature of biexciton and possible multi-

exciton states in such 2D semiconductors.

Finally, the superposition effect of electrical doping

and optical excitation has been further studied, and

tunable excitonic emission in a 1L WS2 field-effect

device has been demonstrated in a controllable man-

ner. Figure 4a shows the PL spectra of the CVD-grown

1L WS2 device at different back-gate voltages and the

excitation power of 65 μW. At 0 V, there are mainly two

broad bands: the higher energy one from the combi-

nation of XA and XA
� and the other from the LS at lower

energies which could be modified during device

fabrication6,23,51 and not the focus here. With the in-

crease of the positive back-gate voltage, the emission

Figure 3. Exciton, trionandbiexciton states in a CVD-grown1LWS2 at 4.2 K. (a) Photoluminescence spectra at various excitation
powers. The total fit curve and subpeaks are shown in red and green, respectively. (b) Photoluminescence intensity mapping
versus excitation power and photon energy, where dash curves are guide lines to indicate the spectral evolution. (c) Photon
energies of four emission components versus excitation power. (d) Log�log plots of integrated intensities of four emission
components versus excitation power. Solid lines are the linear fit curves, and the corresponding R values are the slopes.
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from negative trion and biexcion states becomesmore

obvious. At negative voltages, the enlarged spectra of

the higher energy band have been shown in Figure S7

(Supporting Information), which consist of the emis-

sion from exciton (XA) and positive trion states labeled

by XA
þ. The evolution of emission states is clearly

observed in the PL intensity mapping as a function of

photon energy andgate voltage (Figure 4b). The center

of exciton emission locates near zero or a small nega-

tive gate voltage, which indicates that the sample is

nearly neutral or slightly n-doped. The emission zones

of positive and negative trions behave like two wings,

spreading from the exciton emission center, redshift

with the carrier injection. The similar features of trion

and exciton bands have been observed in the field

effect devices based on 1Ls of WSe2 and MoSe2.
23,24

More importantly, the XAXA emission comes to be

pronounced at positive back-gate voltages. As shown

in the gate-tuned PL intensity maps at higher excita-

tion powers (Figure 4c,d), the overall feature shifts

down with respect to that in Figure 4b due to induced

electron doping by strong photoexcitation. In a nearly

neutral state of 1L WS2, the binding energies of ∼12,

10, and 45 meV are extracted for negative (XA
�),

positive trions (XA
þ) and biexcitons (XAXA), respectively.

Note that, on the one hand, the binding energies of

trions are much smaller than the thermal energy at rt

(kBT = 26 meV, kB is the Boltzmann constant); thus, the

trion is instable in such a nearly neutral 1L WS2 at rt

which will be thermally activated to lose one electron

or hole and form one exciton. This is supported by

the almost absence of trion emission in the nearly

neutral CVD-grown 1L WS2 at rt (Figure 1e). On the

other hand, the biexciton emission with a binding

Figure 4. Optoelectronic control of light emission from a single-layer WS2 field effect device at 4.2 K. (a) Photoluminescence
spectra at different gate voltages under the excitation power of 65 μW. (b�d) Photoluminescence intensity mappings versus
photon energy and gate voltage under the excitation powers of 65, 1570, and 6000 μW, respectively. (e) Photoluminescence
spectra at different gate voltages under the excitationpower of 6000 μW. (f) Schematics of excitonic and electronic transitions
at low (left) and high (right) excitation powers.
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energy of∼45meV is observed at 4.2 K but vanished at

rt. This is explained as follows: At 4.2 K, the excited

exciton state absorption in the spectral range of biex-

citon transitions is dominant which is in favor of

biexciton formation. This scene is consistent with the

recent studies on biexciton formation in 1L MoS2 at

10 K.50 At rt, the exciton decay becomes faster than

those at low temperatures so that the excited states of

biexcitons are hardly formed, and thus, the biexciton

emission is absent. The accelerated exciton relaxation

has been observed with the lifted temperature in 1L

WS2,
52 which is in line with the explanation above.

Figure 4e shows the gate-tuned PL spectra at the high

excitation power of 6000 μW, where the XAXA emission

is dominant and sensitive to the modulated back-

gate voltage. Figure 4f shows the schematics of the

electronic and excitonic transitions at low (e.g., 65 μW)

and high excitation powers (e.g., 6000 μW). Theoretical

calculations14 and recent experiments19�21 have

shown that the electronic band gap of 1L WS2 is larger

than 2.4 eV. Under our laser excitation energy of 2.33

eV, the electrons are pumped up to the lower excitonic

levels rather than the continuum. At rt and a low

excitation power, the dominant emission is due to

exciton states in a nearly neutral sample, both exciton

and trion states for amoderate doped sample and trion

states for a heavily doped sample, where the trion

emission becomes more important at high excitation

powers. At a low temperature of 4.2 K, the preferred

emission is through exciton, trion and localized states

at a low excitation power. The high excitation power

and the excited exciton state absorption will cause the

photon-induced n-doping and formation of biexciton

states. With the increase in the electron doping and

the excitation power, the XAXA emission starts to be

dominant over the other three emission channels by

exciton, trion, and localized states.

CONCLUSIONS

In summary, we have studied the intrinsic excitonic

emission of a 2D semiconductor 1L-WS2. By applying

the electrical back-gate and varying the excitation

power, tunable emission from exciton, trion, biexci-

ton, and localized states has been obtained. At rt, the

roles of excitons and trions in PL emission are clearly

identified under electrical doping and photoexcita-

tion. At 4.2 K, the emission from localized states

appears. With the increase in electron doping and/

or excitation power, the superlinear (i.e., quadratic)

emission due to biexcitons occurs and becomes

dominant. In a nearly neutral 1L WS2, the binding

energies of ∼10�15 meV have been extracted for

positive and negative trions. Here, the observed

biexciton emission in 1L WS2 reflects strong electron�

hole interactions in single-layer semiconductor,

which is calling more attention to the research of

many-body physics in atomically thin TMD layers. Our

studies also develop an efficient strategy for manip-

ulating the excitonic emission, which is valuable to 2D

light-emitting applications.

METHODS

Two kinds of 1L WS2 samples were used here: one was
mechanically exfoliated from a synthesized WS2 crystal (2D
semiconductors Inc.) onto SiO2 (300 nm)/Si (500 μm, pþ2)
substrates; the other was directly grown on the same SiO2/Si
substrates by chemical vapor deposition as described
previously.22,53 For the field effect devices, the electron beam
lithography and evaporator were used to make the electrodes
of Ni/Au (5 nm/80 nm) as source and drain contacts.54 The back-
gate voltage was applied between the pþ2 Si substrate and the
source/drain electrode.
Theprepared 1LWS2 samples were bonded to a printed circuit

board (PCB) attached to a three-dimensional piezo-stage in a
confocal micro-Raman/PL spectroscopic system with a liquid
helium cryostat.55 Gated PL measurements were conducted at
room temperature (300 K) in vacuum (∼1� 10�5mBar) and then
at 4.2 K where the helium gas was filled into the vacuum tube to
approach a pressure of 19 mbar before loading into the liquid-
helium cryostat. An 532 nm Nd:YAG laser was used to excite
the samples through a �50 objective lens, and the PL signals
were collected by a grating (600/mm) spectrometer with a
thermoelectrically cooled detector. The laser spot size on sam-
ples is ∼1 μm. The excitation power on samples was tunable in
the range from 0 to10 mW. Electrical transport data were
measured by a commercial Keithley 4200 parameter analyzer.
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