
Exploration of exciton behavior in
atomically thin WS2 layers by ionic gating

Item Type Article

Authors He, Xin; Zhang, Zehui; Zhang, Chenhui; Yang, Yang; Hu, Ming; Ge,
Weikun; Zhang, Xixiang

Citation He X, Zhang Z, Zhang C, Yang Y, Hu M, et al. (2018) Exploration
of exciton behavior in atomically thin WS2 layers by ionic
gating. Applied Physics Letters 113: 013104. Available: http://
dx.doi.org/10.1063/1.5022327.

Eprint version Publisher's Version/PDF

DOI 10.1063/1.5022327

Publisher AIP Publishing

Journal Applied Physics Letters

Rights This article may be downloaded for personal use only. Any other
use requires prior permission of the author and AIP Publishing.
The following article appeared in Applied Physics Letters and may
be found at http://doi.org/10.1063/1.5022327.

Download date 23/05/2023 20:04:35

Link to Item http://hdl.handle.net/10754/628382

http://dx.doi.org/10.1063/1.5022327
http://hdl.handle.net/10754/628382


Exploration of exciton behavior in atomically thin WS2 layers by ionic gating
Xin He, Zehui Zhang, Chenhui Zhang, Yang Yang, Ming Hu, Weikun Ge, and Xixiang Zhang

Citation: Appl. Phys. Lett. 113, 013104 (2018); doi: 10.1063/1.5022327
View online: https://doi.org/10.1063/1.5022327
View Table of Contents: http://aip.scitation.org/toc/apl/113/1
Published by the American Institute of Physics

Articles you may be interested in
Tuning the optical and electrical properties of MoS2 by selective Ag photo-reduction
Applied Physics Letters 113, 013105 (2018); 10.1063/1.5022705

Dielectric-induced interface states in black phosphorus and tungsten diselenide capacitors
Applied Physics Letters 113, 013103 (2018); 10.1063/1.5040093

Re doping induced 2H-1T phase transformation and ferromagnetism in MoS2 nanosheets
Applied Physics Letters 113, 013101 (2018); 10.1063/1.5027535

All polymer encapsulated, highly-sensitive MoS2 phototransistors on flexible PAR substrate
Applied Physics Letters 113, 013102 (2018); 10.1063/1.5036556

Artificial electronic synapse characteristics of a Ta/Ta2O5-x/Al2O3/InGaZnO4 memristor device on flexible
stainless steel substrate
Applied Physics Letters 113, 013503 (2018); 10.1063/1.5027776

Spectrally narrow exciton luminescence from monolayer MoS2 and MoSe2 exfoliated onto epitaxially grown
hexagonal BN
Applied Physics Letters 113, 032106 (2018); 10.1063/1.5033554

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/715690441/x01/AIP-PT/MMR_APLArticleDL_080118/MMR-ArticleDownloads-APL.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/He%2C+Xin
http://aip.scitation.org/author/Zhang%2C+Zehui
http://aip.scitation.org/author/Zhang%2C+Chenhui
http://aip.scitation.org/author/Yang%2C+Yang
http://aip.scitation.org/author/Hu%2C+Ming
http://aip.scitation.org/author/Ge%2C+Weikun
http://aip.scitation.org/author/Zhang%2C+Xixiang
/loi/apl
https://doi.org/10.1063/1.5022327
http://aip.scitation.org/toc/apl/113/1
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5022705
http://aip.scitation.org/doi/abs/10.1063/1.5040093
http://aip.scitation.org/doi/abs/10.1063/1.5027535
http://aip.scitation.org/doi/abs/10.1063/1.5036556
http://aip.scitation.org/doi/abs/10.1063/1.5027776
http://aip.scitation.org/doi/abs/10.1063/1.5027776
http://aip.scitation.org/doi/abs/10.1063/1.5033554
http://aip.scitation.org/doi/abs/10.1063/1.5033554


Exploration of exciton behavior in atomically thin WS2 layers by ionic gating

Xin He,1 Zehui Zhang,1,2 Chenhui Zhang,1 Yang Yang,3 Ming Hu,2 Weikun Ge,4

and Xixiang Zhang1,a)

1Physical Science and Engineering Division (PSE), King Abdullah University of Science and Technology
(KAUST), Thuwal 23955-6900, Saudi Arabia
2Institute of Mineral Engineering, Division of Materials Science and Engineering, Faculty of Georesources
and Materials Engineering, RWTH Aachen University, 52064 Aachen, Germany
3Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy
of Sciences, Beijing 100190, People’s Republic of China
4School of Physics, Peking University, Beijing 100871, People’s Republic of China

(Received 13 January 2018; accepted 18 June 2018; published online 3 July 2018)

The photoluminescence spectra of mono- and bilayer WS2, gated by the ionic liquid, were

systematically studied at 77 K. Interesting phenomena, such as a redshift of the exciton peaks and a

change in the spectral weight of the exciton, trion, and biexciton peaks, were observed at

intermediate doping levels. By increasing the doping level, all the exciton, trion, and biexciton

peaks vanished, which is attributed to the phase-space filling effect and the Coulomb screening

effect. The variation in the band structure, which was induced by the quantum-confined Stark effect

in both the mono- and bilayer WS2, was also studied using first-principle calculations. Published
by AIP Publishing. https://doi.org/10.1063/1.5022327

Two-dimensional (2D) transition-metal dichalcogenides

(TMDs) are drawing increasing attention for not only their

layer-stacking structure and characteristics that resemble

those of graphene,1,2 but also their unique properties, which

include thickness-dependent energy band gaps,3,4 a tightly

bound exciton,5–7 an efficiently coupled spin-valley,8,9 and

prominent many-body effects.10–16 Thus, 2D TMDs are

excellent material candidates for applications in nanoelec-

tronics, optoelectronics, and valleyelectronics, and are also

ideal platforms for exploring the physics of 2D materials.

The many-body effects in 2D TMDs have been explored

previously by tuning the applied laser power or external elec-

tric fields to obtain various exciton or carrier densities that

change the interactions among carriers.7,11,17–21 At a rela-

tively low-level carrier doping obtained by conventional gat-

ing at equilibrium, the transitions among exciton, trion, and

biexciton,7,11 a decrease in the exciton binding energy, and

the renormalization of a quasiparticle energy bandgap caused

by screening the Coulomb interactions were studied.21

Bandgap renormalization, carrier population inversion, and

the absence of exciton peaks were observed in a non-

equilibrium state in highly doped mono- and bilayer WS2

excited by intense optical pump pulses,22 indicating the

emergence of a Mott transition (MT). However, the many-

body effects in highly doped 2D TMDs have been rarely

studied in an equilibrium state.23

In this letter, we study the many-body effects via photolu-

minescence (PL) spectra in mono- and bilayer WS2 flakes

gated by ionic liquid (IL) in equilibrium states at 77 K. The

exciton, trion, and biexciton peaks redshifted when the carrier

density was relatively low and then, with increasing electron

density, vanished at the high carrier density of �1014cm�2.

We attribute this phenomenon to the high carrier density

induced Coulomb screening effect (CSE) and phase-space fill-

ing effect (PSFE) in both the mono- and bilayer WS2, and to

the quantum-confined Stark effect (QCSE) induced by an

external electric field in the bilayer WS2.

The mono- and bilayer WS2 flakes were exfoliated from

a single crystal WS2 onto the SiO2/Si substrate. Their thick-

nesses were measured using an atomic force microscope

(AFM) as shown in Figs. 1(a) and 1(b), confirming that they

were indeed mono- and bilayer WS2. As shown in Figs. 1(c)

and 1(d), the device used in the experiment consisted of two

gold electrodes, one in contact with the WS2 sample and the

other acting as an IL gate, and was covered by a droplet of

IL (see the supplementary material for the experimental

methods). The width of the Schottky barrier between the

WS2 and gold was reduced to 1–2 nm by the IL-induced

electrostatic screening, thus facilitating the carrier injection

by tunneling.24 Therefore, the Schottky contact would evolve

to Ohmic contact if the IL gate created a high enough carrier

density.

When a positive gate voltage was applied to the device,

negative ions were drawn to the IL gate electrode, while pos-

itive ions were pushed to the surfaces of both the sample and

the electrode in contact with the sample, as shown in Fig.

1(c), leading to an accumulation of electrons below these

positive ions.25 When a negative voltage was applied, the

electrons were depleted, and then holes accumulated in the

sample.25 A capacitor model was used to estimate the carrier

density under the IL gate application as n ¼ CV=eA, where

C is the IL capacitance, V is the effective voltage applied to

the sample, e is the charge of an electron, and A is the effec-

tive area of the capacitance.26 Note that the area of the gate

electrode covered by the ionic liquid was approximately

equal to that of the electrode in contact with WS2 in our

experiment [Fig. 1(d)], thus the effective voltage applied to

the samples was roughly half of the gate voltage (VG) that

we applied to the device [Fig. 1(c)]. In the following
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paragraphs, the gate voltage (Vg) refers to the effective volt-

age applied to the samples. The capacitance per unit area (C/

A) for the electron was estimated to be 7.2 lF cm�2,27 and

the highest electron carrier density in this work (Vg � 2 V)

was calculated as 9:0� 1013cm�2.

Figure 2 shows the PL spectra obtained from a mono-

layer WS2 flake under different gating voltages. Without gat-

ing, we observed several peaks in the spectra. The peaks at

2.075 eV and 2.044 eV correspond to exciton (X) and trion

(X-), respectively. We attribute the peak at 2.022 eV to a

superposition of the defect-bound exciton (L1) and biexciton

(XX), labeled L1/XX, while the peaks below 2 eV corre-

spond to the defect-bound excitons.7 The presence of these

peaks is consistent with previous reports, and the determina-

tion of the exciton (X), trion (X-), biexciton (XX), and

defect-bound excitons (BX) was confirmed by gate-

dependent, excitation-intensity-dependent, and helicity-

resolved PL measurements.7 To rule out the effects from IL,

the PL spectra of both IL and monolayer WS2 with and with-

out IL have been obtained (see the supplementary material).

In this letter, we focus on the exciton, trion, and biexciton.

As shown in Fig. 2(a), when positive IL gate voltages were

applied and increased, we observed several characteristics in

the PL spectra of the monolayer WS2: (a) the peaks red-

shifted; (b) the spectral weight and number of the peaks

changed with the gate voltage; and (c) all the peaks vanished

FIG. 1. (a) AFM image of a monolayer

WS2 sample. (b) AFM image of a

bilayer WS2 sample. (c) Diagram of

the metal-oxide-semiconductor device

during the experiment. (d) Optical

image of a typical metal-oxide-semi-

conductor device in our experiment.

The scale bar is 200 lm.

FIG. 2. (a) PL spectra of a typical

monolayer WS2 device measured at

77 K when applying various IL gate

voltages. (b) Normalized PL spectra

with fittings obtained from (a); the

spectrum in which the peaks disap-

peared is not normalized. (c) Exciton

(X), trion (X-), and biexciton (L1/XX)

peak positions as functions of the IL

gate voltage extracted from (a).
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when the voltage increased to 2 V. The phenomena can be

attributed to the many-body effects (see the supplementary

material). After turning off the gate voltage, we found that

all the peaks recovered. Therefore, the disappearance of the

peaks at the gating voltage of 2 V was not caused by damage

to the sample. When a negative gate voltage was applied and

increased to �1.5 V, only the spectral weight changed with

the gating voltage. The reason why the peak positions were

not sensitive to the negative gate voltage can be found in the

supplementary material.

To clearly illustrate the evolution of the spectra from the

monolayer WS2, the PL spectra obtained under different gate

voltages are shown in Fig. 2(b), respectively. Under relatively

low voltages (0 V to 1 V), the spectral weight of the peaks

changed with the voltage, i.e., the relative weight of the exci-

ton peak decreased while that of both the trion and the biexci-

ton peaks increased. This spectral weight change can be

ascribed to the fact that the formation of trions and biexcitons

was energetically favorable when the electron density

increased.28 Note that the spectral weight is sensitive even to

a slight change of carrier density, while the peak position is

not sensitive to it at low gate voltages.18,29 By fitting the data

to Gaussian functions, we obtained the exciton, trion, and

biexciton peak positions, as shown in Fig. 2(c). The peak posi-

tions do not show a significant dependence on the voltage,

indicating that the carrier injection through the interface

between the electrode and WS2 was still relatively low due to

the Schottky barrier. As the IL gate increased from 1 V to

1.5 V, the exciton peak vanished because of the complete tran-

sition of the excitons to trions and biexcitons, as well as the

redshift of the trion and biexciton peaks, which is consistent

with the previous report.7 Interestingly, as the IL gate voltage

increased to 2 V, all the peaks vanished. As stated above, both

the PSFE and CSE could be responsible for the vanishement

of the exciton peaks when the carrier density reached a critical

point.20–22,30 To gain a deeper understanding of the

mechanism behind this observation, we calculated the critical

carrier density for PSFE and the critical exciton density for

CSE using the formulas nP ¼ 2=pa2 (Refs. 20 and 31) and

nC ¼ 1=ð2aÞ2,30,32 respectively, where a is the Bohr radius of

the WS2 exciton. We note that the critical carrier density is

twice the critical exciton density, since an exciton is com-

posed of one electron and one hole, both of which screen the

Coulomb interaction. Therefore, the critical carrier density for

CSE is nC0 ¼ 2=ð2aÞ2. Thus, we estimated the critical carrier

densities for PSFE and CSE to be nP� 6:4� 1013cm�2 and

nC0 � 5:0� 1013cm�2, respectively, using a Bohr radius of

a¼ 1 nm,20,22 which is in line with the values reported previ-

ously.20,21 Hence, the highest carrier density in our experiment

at Vg� 2 V (9:0� 1013cm�2), which was estimated using

n ¼ CV=eA, was higher than the critical carrier densities for

both PSFE and CSE. In addition, it was previously predicted

that both PSFE and CSE are responsible for the disappearance

of the exciton states in 2D materials with a high carrier den-

sity, though CSE plays a more important role at low and inter-

mediate densities.33 Therefore, we attribute the peak

vanishment to both PSFE and CSE in our experiment. When

the IL gate was increased negatively from 0 V to �1.5 V, we

did not observe any apparent changes in the positions of the

X, X-, or L1/XX peaks, though the relative weight of the X

peak increased significantly. This phenomenon was due to a

gradual draining of electrons and, thus, a reduction in both the

trions and biexcitons.

Figure 3 shows the PL spectra of a typical bilayer WS2

under different IL gate voltages. At Vg ¼ 0, the exciton (X)

and trion (X-) peaks occurred at 2.024 eV and 1.999 eV,

respectively. Interestingly, we did not observe a biexciton

peak at Vg ¼ 0, which is in contrast to the PL spectra of the

monolayer WS2 (Fig. 2), because the indirect band structure

of the bilayer WS2 reduced the quantum yield of the direct

excitons needed to form biexcitons.12 Similar to our observa-

tions in monolayer WS2, we recorded the following

FIG. 3. (a) PL spectra of a typical

bilayer WS2 device measured at 77 K

when applying various IL gate vol-

tages. (b) Normalized PL spectra with

fittings obtained from (a); the spectrum

in which the peaks disappeared are not

normalized. (c) Exciton (X) and trion

(X-) peak positions as functions of the

IL gate voltage extracted from (a).
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phenomena when the IL gating voltage was increased posi-

tively: a redshift of the exciton peaks, variation in the rela-

tive weight of the peaks, and the disappearance of all the

exciton peaks at high carrier density, as shown in Figs.

3(a)–3(c). As observed in monolayer WS2, the relative

weight of the peaks from bilayer WS2 varied with the applied

voltage when negative voltages were applied, but the peak

positions remained nearly unchanged. Unlike monolayer

WS2, the excitons survived at low and intermediate densities

because the transition from exciton to biexciton did not

occur, and the exciton peak redshifted even at low positive

voltages due to the CSE effect. We attribute the relatively

large redshift (124 meV at Vg � 1.75 V) of the exciton peak

at intermediate positive voltages to the combined QCSE and

CSE. The band structure evolutions of both mono- and

bilayer WS2 induced by QCSE was also studied by first-

principle calculations (see the supplementary material). Both

the direct and indirect gaps of bilayer WS2 were found to

continuously shrink under an external electric field, while

the band gap of monolayer WS2 was much less sensitive to

the electric field.

In conclusion, we explored the evolution of the PL spec-

tra from mono- and bilayer WS2 samples at equilibrium

under IL gating. We observed changes in the spectral weight

and redshift of the exciton peaks at intermediate doping in

both the mono- and bilayer WS2 samples. Combining the

first-principle calculations and experimental results, we

found that both a quantum-confined Stark effect and a

Coulomb screening effect contributed to the large redshift of

the exciton peak in bilayer WS2, while the quantum-confined

Stark effect can be neglected in monolayer WS2. As the car-

rier density increased with the increasing positive gating

field, all the exciton, trion, and biexciton peaks vanished,

which we attribute to the joint influences of the phase-space

filling effect and the Coulomb screening effect from an exci-

tonic state to the electron-hole plasma regime.

See supplementary material for the experimental meth-

ods, PL spectra of the ionic liquid, PL spectra of monolayer

WS2 with and without the ionic liquid, introduction of the

many-body effects observed in our experiment, the reason

why the peak positions are not sensitive to negative gate

voltage, and first-principle calculations for the band structure

evolutions of both mono- and bilayer WS2.
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