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104. Nature Communications, published 2019, Springer 

Nature. ........................................................................................................................................... 80 
 

Figure 4.3: Gate dependent PL intensity of the dark-exciton and its replica. (a) PL spectra at 

4.2 K as a function of the top gate voltage for a second BN encapsulated monolayer WSe2 

device. The color represents the PL intensity. The excitation is a CW laser centered at 1.959 

eV with an excitation power of 40 µW, under which the biexciton (𝐗𝐗) and the charged 

biexciton (𝐗𝐗 −) are also visible. The gate dependence of the dark exciton replica 𝐗𝐃𝐑 is 

similar to that of the dark exciton. (b) The line traces from (a) for the gate voltage of 1.0 V 

(blue), -1.0 V (magenta) and -4.0 V (purple). (c) Integrated PL intensity for different exciton 

complexes as a function of the gate voltage. The non-zero PL intensity regions for the dark 

exciton and its replica are almost identical, from ~ -2.1 V to ~ 0.9 V of the top gate voltage. 

Material from: Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica 

in monolayer WSe2
104. Nature Communications, published 2019, Springer Nature. ................... 83 

 

Figure 4.4: Phonon coupling and PL pathway of the K-valley dark-exciton. (a) The conduction 

band structure in the K valley, with the two Se atoms in one unit cell displaced by 0.035 Å 

and -0.035 Å, respectively, calculated using Kohn-Sham density functional theory. The 

conduction band bottom is set to 0 eV. The k path is taken along the y-direction across the K 

point, i.e., kx = Kx. The lower (c1) and upper (c2) conduction bands are colored blue and orange, 

respectively. The black dashed lines are the two conduction bands in the equilibrium structure. 

Inset: a schematic of an 𝐄′′ phonon eigenmode. Grey and green spheres are W and Se atoms, 

respectively. Arrows indicate displacement. (b) Expectation values of conduction-band 

electron spin angular momentum in the x and y direction, Sx (solid line) and Sy (dashed line), 

of c1 (orange) and c2 (blue) as a function of k. (c) The bright exciton (𝐗𝟎) band and dark 

exciton (𝐗𝐃) band are denoted by the blue and yellow parabola, respectively. The solid circle 

and the empty circle represent the electron and the hole, respectively, while the arrows up and 

down indicate the spin orientation. The yellow shaded area above 𝐗𝐃 indicates a quasi-

equilibrium population of dark excitons at 4.2 K. The dark-exciton phonon replica (𝐗𝐃𝐑) state 

is labelled by a line with alternating blue and yellow color, indicating coupling between 𝐗𝟎 

and 𝐗𝐃 by emitting a chiral 𝐄′′ phonon of an energy ℏ𝛚𝐄′′ (purple wavy arrow). The photon 

emission by 𝐗𝐃𝐑 is labelled by the black arrow, having an energy ℏ𝛚𝐃𝐑. The emission 

process from 𝐗𝐃, in the second-order perturbation theory, is illustrated by the purple wavy 

and blue dashed lines, corresponding to the emission of a chiral 𝐄′′ phonon and a circularly 

polarized photon, respectively. The intermediate state is the bright exciton 𝐗𝟎. Material from: 
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Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica in monolayer 

WSe2
104. Nature Communications, published 2019, Springer Nature. ......................................... 86 

 

Figure 4.5: Scheme of the intervalley exciton and chiral phonon coupling. Assuming the initial 

population of excitons in the K valley, the intervalley exciton consists of one electron in the 

K’ valley and one hole in the K valley. The electron transitions to a virtual state in the K valley 

by emitting a chiral phonon and then recombines with the hole in the valence band of the same 

valley, emitting a photon with certain helicity. Inset: schematic representation of the chiral 

phonon mode. Blue sphere: W atom. Yellow and purple spheres are Se atoms in the 

equilibrium state and the vibration state, respectively. Reprinted with permission from Li, Z. 

et al. Momentum-dark intervalley exciton in monolayer tungsten diselenide brightened via 

chiral phonon. ACS Nano 13, 14107–14113 (2019)193. Copyright 2019 American Chemical 

Society........................................................................................................................................... 88 
 

Figure 4.6: Low-temperature PL spectra of BN encapsulated monolayer WSe2. (a) Schematic 

of the BN encapsulated monolayer WSe2 device, with the carrier density controlled by a top 

gate. (b) Optical microscope image of a fabricated device, scale bar: 20 µm. (c) PL spectra of 

device1 at 4.2 K with the gate voltage of -0.44 V. A CW laser centered at 1.959 eV was applied 

as the excitation source, with the excitation power of 40 µW. (d) PL spectra of device 2 at 4.2 

K with no gate voltage applied. CW lasers centered at 1.959 eV for (c) and 1.879 eV for (d) 

were applied as the excitation source, with excitation power of 40 µW and 60 µW for (c) and 

(d), respectively. Reprinted with permission from Li, Z. et al. Momentum-dark intervalley 

exciton in monolayer tungsten diselenide brightened via chiral phonon. ACS Nano 13, 14107–

14113 (2019)193. Copyright 2019 American Chemical Society.................................................... 90 
 

Figure 4.7: Gate-voltage dependent PL spectra at low temperature. (a) Color plot of PL spectra 

of device 1 at 4.2 K as a function of the top gate voltage. The excitonic complexes are all well-

resolved, including the bright exciton (𝐗𝟎), the biexciton (XX) and charge biexciton (𝐗𝐗 −), 

the two negative trions (𝐗𝟏 − and 𝐗𝟐 −), the dark exciton (𝐗𝐃) and the dark trions (𝐗𝐃 + 

and 𝐗𝐃 −), and the dark exciton phonon replica (𝐗𝐃𝐑). The color represents the PL intensity. 

The spectra were obtained by photoexcitation with a CW laser centered at 1.879 eV, with the 

excitation power of 100 µW. (b-c) Schematic representations of intravalley spin-forbidden 

dark exciton ( 𝐗𝐃 ) and intervalley exciton ( 𝐗𝐢 ). Low-temperature PL spectra of BN 

encapsulated monolayer WSe2. (a) Schematic of the BN encapsulated monolayer WSe2 device, 

with the carrier density controlled by a top gate. (b) Optical microscope image of a fabricated 

device, scale bar: 20 µm. (c) PL spectra of device1 at 4.2 K with the gate voltage of -0.44 V. 

A CW laser centered at 1.959 eV was applied as the excitation source, with the excitation 

power of 40 µW. (d) PL spectra of device 2 at 4.2 K with no gate voltage applied. CW lasers 

centered at 1.959 eV for (c) and 1.879 eV for (d) were applied as the excitation source, with 

excitation power of 40 µW and 60 µW for (c) and (d), respectively. Reprinted with permission 

from Li, Z. et al. Momentum-dark intervalley exciton in monolayer tungsten diselenide 

brightened via chiral phonon. ACS Nano 13, 14107–14113 (2019)193. Copyright 2019 

American Chemical Society. ........................................................................................................ 93 
 

Figure 4.8: Magnetic-field dependent PL spectra at low temperature. (a) Color plot of the PL 

spectra of device 2 at 4.2 K as a function of the out-of-plane magnetic field for (σ-σ-) 

configuration. The spectra were obtained with photoexcitation of a CW laser centered at 1.959 
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eV, with excitation power of 40 µW. (b) Extracted g-factor from a linear fit of the Zeeman 

splitting obtained from σ-σ- and σ+σ+ configurations. Reprinted with permission from Li, Z. et 

al. Momentum-dark intervalley exciton in monolayer tungsten diselenide brightened via chiral 

phonon. ACS Nano 13, 14107–14113 (2019)193. Copyright 2019 American Chemical Society.

....................................................................................................................................................... 95 
 

Figure 4.9: Valley polarization and time-resolved PL. (a) Valley-resolved PL spectra at 43 K 

with left circularly polarized excitation (σ-) and left (σ-) or right (σ+) circularly polarized 

detection. The spectra were obtained with the photoexcitation of a CW laser centered at 1.797 

eV, with the excitation power of 100 µW. The valley polarization, defined as 𝑷 = 𝑰𝛔 −
−𝑰𝛔 + 𝑰𝛔 − +𝑰𝛔 +, where I stands for PL intensity, is ~ 26% for  𝐗𝟎 and ~ 36 % for 𝐗𝐢.  (b) 

Time-resolved PL spectra of the distinct PL peaks shown in (a). The spectra were obtained 

with the pulsed laser excitation (pulse width ~ 120 fs) centered at 2.756 eV, with the excitation 

power of 50 µW. The lifetime of each excitonic complex is obtained through the convolution 

with the response from the laser pulse. Reprinted with permission from Li, Z. et al. 

Momentum-dark intervalley exciton in monolayer tungsten diselenide brightened via chiral 

phonon. ACS Nano 13, 14107–14113 (2019)193. Copyright 2019 American Chemical Society.

....................................................................................................................................................... 99 
 

Figure 4.10: PL spectra of BN encapsulated monolayer WSe2 at 4.2 K. (a) Schematic of the 

h-BN encapsulated monolayer WSe2 device. (b) Optical microscope image of the device. The 

flakes of few-layer h-BN, few-layer graphene and monolayer WSe2 are outlined with different 

colors. The scale bar is 20 µm. (c,d) PL spectra of the monolayer WSe2 as a function of top-

gate voltage for the 𝛔 − 𝛔 − configuration (𝛔 − excitation and 𝛔 − detection) and the 𝛔 −
𝛔 +  configuration ( 𝛔 −  excitation and 𝛔 +  detection), respectively, with a CW laser 

excitation centered at 1.879 eV and an excitation power of 50 µW. The color represents the 

PL intensity. Besides the bright exciton (𝐗𝟎) , dark exciton (𝐗𝐃) , positive trion (𝐗+) , 

intervalley trion (𝐗𝟏−), intravalley trion (𝐗𝟐−) and the recently discovered positive dark 

trion (𝐗𝐃+), negative dark trion (𝐗𝐃−), intervalley exciton phonon replica (𝐗𝐢𝐑) and dark 

exciton phonon replica (𝐗𝐃𝐑), there are additional emerging excitonic states that are labeled 

as 𝐗𝐃 + (𝐑𝟏), 𝐗𝐃 − (𝐑𝟏), 𝐗𝐃 + (𝐑𝟐), 𝐗𝐃 + (𝐑𝟑), 𝐗𝐃 − (𝐑𝟑), 𝐗𝐃 + (𝐑𝟒), 𝐗𝐃 − (𝐑𝟒), 

𝐗𝐃 + (𝐑𝟓)  and 𝐗𝐃 − (𝐑𝟓)  in the electron- and hole-doping regions. In addition, 𝐗𝐢𝐑𝟐 

emerges in the 𝛔 − 𝛔 + configuration. Material from: Li, Z. et al. Phonon-exciton interactions 

in WSe2 under a quantizing magnetic field209. Nature Communications, published 2020, 

Springer Nature. .......................................................................................................................... 103 
 

Figure 4.11: Phonon replicas of the dark trions. (a,b) Zoom-in color plots of the PL spectra 

for the boxed region (red dashed line) in Figure 4.10c and Figure 4.10d, respectively. The 

color represents the PL intensity. (c, d) Schematics of light emission from the positive dark 

trion state through the interlayer electron-hole recombination assisted by emitting a K phonon 

(c), or through the intralayer recombination assisted by emitting a Г phonon. (e) Illustration 

of different phonon modes and associated phonon replicas. Material from: Li, Z. et al. Phonon-

exciton interactions in WSe2 under a quantizing magnetic field209. Nature Communications, 

published 2020, Springer Nature. ............................................................................................... 104 
 

Figure 4.12: Magneto-PL spectra of BN encapsulated monolayer WSe2. (a) 2D color plot of 

PL spectra as a function of the top gate voltage. The 𝐗 +, 𝐗𝐃 + (𝐑𝟏), 𝐗𝐃 − (𝐑𝟏) and 𝐗𝐃 +
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(𝐑𝟒) peaks show clear Landau quantization. The color represents the PL intensity and the 

calculated carrier density is shown in the right axis with the charge-neutral region from -0.1 

to 0.2 V. (b) Zoom-in PL spectra for the boxed region in (a). (c) The PL spectra for the gate 

voltage of -3 V (horizontal dashed line in b). The PL intensity in the energy range of 𝐗𝐃 +
(𝐑𝟏) and 𝐗𝐃 + (𝐑𝟒) peaks (dashed box) is multiplied by 5 times. The oscillation spacing, 

∆𝐄, is ~3.9 meV for 𝐗𝐃 + (𝐑𝟏) and 𝐗𝐃 + (𝐑𝟒) and ~7.0 meV for 𝐗 +. (d) The effective 

mass of hole, electron and exciton in the hole-doping region. The error bar indicates the 

standard deviation of the LL spacing determined from the PL spectra. (e, f) Schematic of the 

inter-band LL transitions for different excitonic states: 𝐗𝐃𝐑𝟏+, 𝐗𝐃𝐑𝟒 + (e) and 𝐗 + (f). 

Material from: Li, Z. et al. Phonon-exciton interactions in WSe2 under a quantizing magnetic 

field209. Nature Communications, published 2020, Springer Nature. ......................................... 108 
 

Figure 4.13: Valley-Zeeman shift from the magneto-PL spectra. (a) PL spectra in the 𝛔 − 𝛔 − 

configuration at the gate voltage of -1 V for various magnetic field strengths. (b) The extracted 

PL peak position (solid dots) of 𝐗 +, 𝐗𝐃 +, 𝐗𝐃 + (𝐑𝟏), and 𝐗𝐃 + (𝐑𝟒)  as a function of the 

magnetic field at 4.2 K for the gate voltage of -1 V. Solid lines are the linear fittings, with the 

extracted g-factor labeled. (c) The extracted g-factors of the bright positive trion 𝐗 + for 

different gate voltages. Material from: Li, Z. et al. Phonon-exciton interactions in WSe2 under 

a quantizing magnetic field209. Nature Communications, published 2020, Springer Nature. .... 113 
 

Figure 5.1: Monolayer MoSe2/WS2 heterostructure device. (a) Optical microscope image of 

the monolayer MoSe2 /WS2 heterostructure, capped with a few-layer h-BN layer. Scale bar: 

10 µm. (b) Schematic of the MoSe2/WS2 heterostructure device, contacted by few-layer 

graphene electrodes and gated by the ionic substrate LaF3. (c) Typical room temperature PL 

spectra from regions of the monolayer MoSe2 (black), monolayer WS2 (blue), and MoSe2/WS2 

heterojunction (red), with no gate voltage applied. Inset: schematic representation of the type 

II band alignment of the MoSe2/WS2 heterostructure. Material from: Meng, Y. et al. Electrical 

switching between exciton dissociation to exciton funneling in MoSe2/WS2 heterostructure257. 

Nature Communications, published 2020, Springer Nature. ...................................................... 120 
 

Figure 5.2: Gate voltage tunable transition from PL quenching to PL enhancement in the 

MoSe2/WS2 heterojunction. (a) The color plot of the PL spectra for monolayer MoSe2 and (b) 

the color plot of the PL spectra for MoSe2/WS2 heterostructure region as a function of the gate 

voltage, under the continuous wave (CW) photoexcitation centered at 2.0 eV and with the 

excitation power of 100 µW. The color represents the integrated PL intensity at MoSe2 A 

exciton resonance. All spectra were taken at room temperature.  (c) and (d) are PL spectra of 

the monolayer MoSe2 (black) and MoSe2/WS2 heterojunction (red) under the CW 

photoexcitation centered at 1.797 eV and 2.0 eV, respectively. The excitation power for both 

(c) and (d) is 100 µW. (e) The experimentally extracted PL enhancement factor as a function 

of the gate voltage for the photoexcitation centered at 2.0 eV (black dots) and 1.797 eV (red 

dots). Material from: Meng, Y. et al. Electrical switching between exciton dissociation to 

exciton funneling in MoSe2/WS2 heterostructure257. Nature Communications, published 2020, 

Springer Nature. .......................................................................................................................... 122 
 

Figure 5.3: PLE spectra of the monolayer MoSe2 and MoSe2/WS2 heterostructure for different 

gate voltages. (a) and (b) are Integrated PL intensity at MoSe2 A exciton resonance as a 

function of the excitation photon energy for monolayer MoSe2 (black) and MoSe2/WS2 
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heterojunction (red) regions at the gate voltage of -2 V (a) and the gate voltage of 4 V (b), 

respectively. (c) and (d) are PL enhanced factor for the gate voltage of -2 V (c) and 4 V (d), 

respectively. Material from: Meng, Y. et al. Electrical switching between exciton dissociation 

to exciton funneling in MoSe2/WS2 heterostructure257. Nature Communications, published 

2020, Springer Nature. ................................................................................................................ 124 
 

Figure 5.4: Theoretical understanding of the PL quenching to PL enhancement transition. The 

enhancement factor as a function of the gate voltage clearly exhibits three distinct regions. 

Schematics of band alignment of the MoSe2/WS2 heterojunction, along with the Fermi energy 

level (dashed line), are labeled for different points to explain the different PL enhancement 

factor behaviors. Inset: schematic of the effective capacitance circuit of the MoSe2/WS2 

heterojunction with the device configuration shown in Figure 5.1b. Material from: Meng, Y. 

et al. Electrical switching between exciton dissociation to exciton funneling in MoSe2/WS2 

heterostructure257. Nature Communications, published 2020, Springer Nature. ........................ 127 
 

Figure 5.5: Interlayer excitons in WSe2/MoSe2 hetero bilayer. (a) Schematic of the BN-

encapsulated WSe2/MoSe2 heterostructure. One piece of few-layer graphene is used as the 

contact electrode and another piece is used as the transparent top-gate electrode. (b) 

Microscope image of the device. Scale bar: 10 µm. (c) PL spectra of the heterostructure, which 

exhibits two interlayer exciton peaks at 77 K. The CW laser centered at 1.959 eV was used as 

the excitation source. Inset: schematic of the type II band alignment of WSe2/MoSe2 hetero 

bilayer. (d) Color plot of the PL spectra at 77 K of the WSe2 (on top)/MoSe2 heterostructure 

as a function of gate voltage, which is the same stacking sequence as the scheme in (a). (e) 

Color plot of the PL spectra at 77 K of the MoSe2(on top)/WSe2 heterostructure as a function 

of gate voltage, which is the opposite stacking sequence as the scheme in (a). Reprinted with 

permission from Wang, T. et al. Giant valley-Zeeman splitting from spin-singlet and spin-

triplet interlayer excitons in WSe2/MoSe2 heterostructure. Nano Lett. 20, 694–700 (2020)61. 

Copyright 2020 American Chemical Society. ............................................................................ 131 
 

Figure 5.6: Magneto-PL spectra of interlayer excitons. (a) Color plot of the PL spectra of 

interlayer exciton as a function of the out-of-plane magnetic field at 77 K. The CW laser 

centered at 1.959 eV with a power of 250 µW was used as the excitation source. (b) PL peak 

energy splitting for both interlayer exciton states. The valley-Zeeman splitting of each 

interlayer exciton is utilized to extract the corresponding g-factor through a linear fitting. (c) 

Illustration of the band structure at the corners (K and K’ valleys) of the hexagonal Brillouin 

zone of a MoSe2/WSe2 heterostructure, with the twist angle of 60-degree. The K and K’ 

valleys at the conduction band minimum (in MoSe2) and valence band maximum (in WSe2) 

are aligned in momentum space. Here 𝛂 and 𝛃 are the heterostructure valleys, and red color 

stands for spin up, blue color stands for spin down. (d) Configurations of the interlayer exciton 

at 𝛂 and 𝛃 valleys. Solid dots represent the electrons and the empty ones represent the holes. 

The dashed lines indicate the formation of triplet interlayer exciton (𝐈𝐗𝑻) and the singlet 

interlayer exciton ( 𝐈𝐗𝑺 ), where green (purple) color represents 𝝈 + (𝝈−)  helicity PL 

observed experimentally. Reprinted with permission from Wang, T. et al. Giant valley-

Zeeman splitting from spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 

heterostructure. Nano Lett. 20, 694–700 (2020)61. Copyright 2020 American Chemical 

Society......................................................................................................................................... 134 
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Figure 5.7: PLE spectra of interlayer excitons at 77 K. (a) Color plot of the PL spectra of 

interlayer exciton as a function of excitation photon energy. 𝑿𝑩𝑾, 𝑿𝑩𝑴𝒐, 𝑿𝑨𝑾, 𝑿𝑨𝑴𝒐 

correspond to the photon energy of WSe2 B exciton, MoSe2 B exciton, WSe2 A exciton and 

MoSe2 A exciton modes, respectively. The PL measurement uses circularly polarized light 

(𝝈 +) for excitation and detects PL with the same (𝝈+) or opposite (𝝈−) helicity. (b) Valley 

polarization of two interlayer exciton states as a function of excitation energy. (c) PL spectra 

of interlayer exciton excited off-resonance, with the excitation photon energy centered at 

2.138 eV. (d) PL spectra of interlayer exciton excited resonantly at WSe2 A exciton energy 

(1.722 eV). Reprinted with permission from Wang, T. et al. Giant valley-Zeeman splitting 

from spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 heterostructure. Nano 

Lett. 20, 694–700 (2020)61. Copyright 2020 American Chemical Society. ................................ 137 
 

Figure 5.8: Temperature-dependent valley polarization of interlayer excitons. (a) and (b) are 

color plots of the PL spectra of interlayer exciton as a function of temperature in 𝝈 + 𝝈 + and 

𝝈 + 𝝈 − configuration, respectively. (c) Valley polarization of two interlayer exciton states 

as a function of temperature. (d) Representative PL spectra of interlayer exciton at 42 K and 

82 K. Reprinted with permission from Wang, T. et al. Giant valley-Zeeman splitting from 

spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 heterostructure. Nano Lett. 20, 

694–700 (2020)61. Copyright 2020 American Chemical Society. .............................................. 139 
 

Figure 5.9: Spectrum of the correlated insulating states in device D1. (a) Schematics of the 

device structure. (b) Effective circuit model for the tip-sample impedance probed by MIM, 

and a typical response curve showing MIM-Im and MIM-Re as a function of 2D resistivity of 

the sample. c, MIM-Im vs gate curve taken at T = 3 K. Dotted lines indicate the nominal 

positions of fractional fillings at n=±1/3, ±2/3, ±1/2, and the band edges at 0+ and 0-. Material 

from: Huang, X. et al. Correlated insulating states at fractional fillings of the WS2/WSe2 moiré 

lattice283. Nature Physics, published 2021, Springer Nature. ..................................................... 143 
 

Figure 5.10: Ordering patterns at fractional fillings of the moiré lattice. a, Schematics of the 

triangular lattice for the WS2/WSe2 moiré superlattice, filled by one carrier per moiré unit cell. 

b & c, The patterns for the triangular lattice formed at fractional fillings of n=1/3 and 1/4. d 

& e, The patterns for the stripe phase formed at fractional fillings of n=1/2 and 1/6. Material 

from: Huang, X. et al. Correlated insulating states at fractional fillings of the WS2/WSe2 moiré 

lattice283. Nature Physics, published 2021, Springer Nature. ..................................................... 144 
 

Figure 5.11: PL of interlayer exciton interacting with correlated states in WSe2/WS2 

heterobilayer. (a) Gate dependent PL of zero-degree aligned WSe2/WS2 heterobilayer. In the 

measurement, a He-Ne laser centered at 1.959eV was used with excitation power of 40 µW. 

Sample was mounted in a cryostat in 4 K. (b) Integrated PL intensity vs gate voltage. ............ 146 
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ABSTRACT 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) represent a new class of 

atomically thin semiconductors with superior optical and optoelectronic properties. TMDCs have 

extensively been investigated for potential applications in valleytronics, field-effect transistors, 

logic circuits, phototransistors, photodetectors, quantum information, and quantum computing. 

With the reduced dimension in one direction, 2D TMDCs show strong Coulomb interactions 

compared with bulk materials. The enhanced electron-electron interaction enables a new platform 

to study excitonic fine structures of different quasi-particles. Moreover, monolayer TMDCs 

possess a valley degree of freedom due to lack of spatial inversion symmetry, giving rise to 

applications like valleytronics. The strong spin-orbital coupling (SOC) results in spin-valley 

locking, leading to unique optical and electronic properties under the magnetic field. Besides, the 

angular controlled stacking of 2D TMDCs opens a new era for manipulating the electron-electron 

interactions in the artificial 2D structures, introducing a universal platform to study correlated 

states like Mott insulators and generalized Wigner crystals. A fundamental understanding of the 

excitonic states in TMDCs and their artificial structures is crucial for both fundamental physics 

studies and potential applications in the future. 

First, the excitonic fine structures due to strong electron-electron Coulomb interaction are 

investigated with helicity resolved photoluminescence (PL), reflectance and photocurrent 

spectroscopy under a high magnetic field in the hexagonal boron nitride (hBN) encapsulated 

monolayer tungsten diselenide (WSe2). The true biexciton state is identified in charge neutral 

WSe2 through the control of efficient electrostatic gating, indicating a strong Coulomb interaction 

in the 2D material. The new dark trion states are unveiled with magneto photoluminescence (PL) 

and back focal plane imaging technique. The helicity-resolved magneto-photocurrent spectroscopy 
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is introduced to study the excited states of neutral exciton in which the excited exciton states are 

observed to 11s, the highest excited state of exciton ever reported for any 2D semiconductor. 

Besides, exciton fine features and exciton-polaron are observed under a high magnetic field. The 

quantized excitonic resonance using the optical method is proof of strong many-body interactions 

in the 2D system. 

Second, the phonon-exciton interactions in monolayer WSe2 are explored. A phonon-

assisted circularly polarized replica has been discovered by magneto PL, where the spin-forbidden 

dark exciton is brightened by phonons. The exciton-phonon replica inherits large magneto-

tunability and a long lifetime from dark exciton. The replica has an efficient radiative 

recombination channel, providing a chirality dictated emission channel for both phonons and 

photons. In addition, the momentum-dark intervalley exciton is observed through the interaction 

between intervalley exciton and chiral phonon. The pseudo angular momentum (PAM) of the 

chiral phonon is shown to play an important role in determining the helicity of the emitted photon 

through phonon-exciton interaction. The phonon-exciton interaction in a high magnetic field also 

shows new excitonic states, including the phonon replica of the dark trions. The inter-LL transition 

selection rule of dark trions is modified by the exciton-phonon interaction. 

Finally, the excitonic physics of hetero-bilayers of TMDCs is studied. An electrical 

switchable effect, transferring between exciton dissociation and funneling, is observed in 

MoSe2/WS2 heterostructures by using a highly efficient ionic back gate substrate.  In WSe2/MoSe2 

heterostructures with magneto-PL, a near-unity valley polarization of the interlayer exciton is 

observed, inspiring future exploration of applications in valleytronics and spintronics. In angle 

aligned WSe2/WS2 heterostructures, a series of correlated insulating states at integer fillings and a 
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series of fractional fillings are investigated with scanning microwave impedance microscopy 

(MIM) and PL spectra of interlay exciton which interacts with correlated insulating states. 
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1. INTRODUCTION 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) represent a new class of 

atomically thin semiconductors with unique optical and optoelectronic properties1,2. 2D materials 

only have one or a few atomic layers in one direction while the size in the other two directions is 

macroscopically large. With the reduced dimension in one direction, Coulomb interaction in 

electrons is enhanced strongly so that excitonic behavior in 2D materials is more pronounced 

compared with bulk material like Si or GaAs3. The lack of inversion symmetry and large spin-

orbital coupling (SOC) 4–7 results in a valley degree of freedom in monolayer TMDCs, as valley 

selectivity and valley polarization of exciton8–10 is critical for valleytronics and quantum 

computing11–14.   

From the previous experiment results, the electron-electron interaction is a dominant factor 

in the exciton and its higher-order particles, which is related to nonlinear phenomena and the long 

lifetime of the quasiparticles and excitonic states. Investigating the excited states of excitons15, 

higher-order excitons16,17 and dark excitons under a strong magnetic field is a significant step to 

get a comprehensive understanding of the Coulomb interaction in monolayer WSe2.
 The direct 

bandgap of monolayer MoS2 was first discovered at the K and K’ point of the first Brillouin zone 

 

Portions of this chapter previously appeared as:  

Wang, T. et al. Observation of quantized exciton energies in monolayer WSe2 under a strong 

magnetic field. Phys. Rev. X 10, 021024 (2020). 

Li, Z. et al. Revealing the biexciton and trion-exciton complexes in BN encapsulated WSe2. Nat. 

Commun. 9, 3719 (2018). 

Huang, X. et al. Correlated insulating states at fractional fillings of the WS2/WSe2 moiré lattice. 

Nat. Phys. 17, 715–719 (2021). 

Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica in monolayer 

WSe2. Nat. Commun. 10, 2469 (2019). 

Li, Z. et al. Momentum-dark intervalley exciton in monolayer tungsten diselenide brightened via 

chiral phonon. ACS Nano 13, 14107–14113 (2019). 



 

2 

 

among the TMDC materials1,2. In the monolayer TMDC system, one electron in the conduction 

band and one hole in the valence band bond together and form a new bosonic quasiparticle, exciton. 

The exciton behaves similarly to a 2D hydrogen atom, where there are many different energy states 

below the free electron-hole bandgap, analogs to the Rydberg states in the Hydrogen model. The 

free-electron bandgap plays the role of vacuum energy in the hydrogen model 18, with the 

difference that the free electron-hole pair state is an excited state that will emit photon and then 

relax to the true ground state Due to the strong electron-electron interaction, the binding energy of 

the exciton is around hundreds of meV, much larger than bulk Si or GaAs (usually 1-10 meV)3.  

Understanding the exciton binding energy is critical for understanding the unique optical 

and optoelectronic properties. However, the exact binding energy cannot be determined easily with 

the optical method, as it is difficult to determine the free electron hole bandgap due to the very 

broad band edge absorption19,20. This broadening is partially caused by the oscillation strength 

transferring to the excitonic states21,22. The exciton states can be observed at room temperature 

because the binding energy is much larger than the thermal excitation energy (~26 meV). With 

this large binding energy, even higher-order quasiparticles can be observed. Once the material is 

doped, the excess electron or hole will interact with the neutral exciton to form a trion state16. The 

binding energy of the trion states has also been reported as tens of meV. Based on those previous 

experiment results, we use magneto-PL spectroscopy at low temperature to study the high-quality 

monolayer WSe2 sample. We discovered the higher order excitonic states including biexcitons and 

dark trions. The optical properties of those quasiparticles have been studied by optical methods. 

Then high-order excited states of exciton have been observed with our newly developed 

photocurrent spectroscopy method under a magnetic field, allowing us to extract accurate exciton 

binding energy from the diamagnetic shift of the excited states in monolayer WSe2. We also use 
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helicity-resolved magneto-reflectance spectroscopy under a strong magnetic field to observe 

exciton resonance exciton- polaron, with inter-Landau levels (LLs) transitions governed by unique 

valley-selective selection rules.  

Previous studies have shown that tungsten-based monolayer transition metal 

dichalcogenides host a long-lived “dark” exciton, an electron-hole pair in a spin-triplet 

configuration.23–25 The long lifetime and unique spin properties of the dark exciton provide 

exciting opportunities to explore light-matter interactions beyond simple electric dipole transitions. 

Electron-phonon interaction affects the electron relaxation and the dark exciton recombination 

process in monolayer WSe2, which modifies the PL spectrum significantly26–32.  Chiral phonons 

in monolayer TMDCs, also stemming from three-fold rotation symmetry, were theoretically 

predicted at Brillouin-zone corners.26 The large momentum of the chiral phonon can assist the 

radiative recombination of intervalley dark excitons, which is impossible to realize via one-photon 

process due to the momentum mismatch.  In our research, we studied the mechanism of the 

brightening of spin-forbidden dark exciton and intervalley dark excitons via chiral phonon 

emission. The electron-phonon interaction study from magneto PL is a powerful tool to investigate 

the transition rule of excitons with the scattering of the phonons as well as to illuminate the 

properties of pseudo angular momentum (PAM) of the chiral phonon chiral phonons32 through a 

polarization-sensitive PL measurement, where the chirality of the photon is altered by the electron-

phonon interaction. With a strong magnetic field, Landau quantization of the dark trion phonon 

replica and the bright trion was observed with the magneto-PL spectroscopy, in which the electron 
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and hole masses can be simultaneously extracted, in contrast to conventional magneto-optical 

spectroscopy which is constrained by the two-particle nature. 

In addition, angle-controlled hetero-bilayer TMDCs33–39 works as an exciting platform to 

investigate the artificial 2D superlattice hosting different correlated insulating states35–53. We 

studied the hetero bilayer MoSe2/WSe2 with the magneto-PL spectroscopy. The long-lived 

interlayer excitons with large valley polarization were discovered54, due to the strong Coulomb 

interaction and wavefunction separation of electron-hole pairs in real space. The interlayer 

excitons are promising for valleytronics applications and the study of possible Bose-Einstein 

condensate (BEC).  

In the artificial 2D superlattice structure, the moiré potential due to the lattice mismatch or 

twist angle in the hetero-bilayer TMDCs works as a periodic confinement for the electrons or holes. 

Previous studies have shown the strong correlated states in the superlattice, including Mott 

insulators36,37,39 and superconductivity. The strong electron interactions in the minibands formed 

in moiré superlattices of van der Waals materials, such as twisted bilayer graphene and TMDCs, 

make such systems a fascinating platform to study strongly correlated states.35–53 In most systems, 

the correlated states appear when the moiré lattice is filled by integer number of electrons per 

moiré unit cell. Previously, correlated states at fractional fillings of 1/3 and 2/3 holes per moiré 

unit cell have been reported as generalized Wigner crystal states in the WS2/WSe2 heterobilayer, 

indicating the long-range nature of the electron interaction.36 We have studied the WS2/WSe2 

heterobilayer system and found even more fractional filling states besides the states mentioned 

earlier. These new fractional fillings are a result of strong Coulomb interactions beyond the nearest 

neighboring sites and can potentially lead to more exotic states such as Chern insulators. We also 

found that the correlated states strongly modulated the interlayer exciton, suggesting the possibility 
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of using PL spectroscopy to study correlated states and using correlated states to control interlayer 

excitons as quantum emitter array. 

   

1.1 Lattice Structure and Band Structure of Monolayer TMDCs 

 

 

Figure 1.1: Lattice structure and Brillouin zone of monolayer MX2. (a) Top view of the lattice structure of 

monolayer MX2. Brown dots denote transition metal atom and yellow dots denote chalcogen atom. (b) Side 

view of the lattice structure of monolayer MX2. (c) First Brillouin zone of monolayer MX2. 

 

2H phase TMDCs are layered semiconductor materials. Intralayer atoms are bounded by 

strong covalent bonds while there is only weak van der Waals force between different layers. The 

atomic structure of monolayer TMDCs is shown in Error! Reference source not found. as MX2, w

here M in the middle layer of  Error! Reference source not found.b denotes the transition metal 

atom and X denotes the chalcogen atom. It is worth noting that the monolayer MX2 does not have 

an inversion center and nonlinear optical properties like second harmonic generation (SHG) 

originate from the lack of inversion symmetry. The SHG can be used for determining the 

crystallographic directions, which can further be applied in the stacking process of the hetero or 
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homo bilayer structure. The weak layer-layer interaction is critical for the exfoliation method on 

Si/SiO2 substrate or polymer substrate to get thin layer or monolayer materials. 

As monolayer TMDCs have a honeycomb lattice structure, the Brillouin zone is a hexagon.  

In monolayer TMDCs, the band gap opens at the K point the Brillouin zone with a parabolic band 

dispersion, which is different from the gapless graphene. With the strong spin-orbital coupling 

(SOC), electrons in the different valleys (K and K’) will have opposite spin locking with each band. 

The electrons and holes in the K and K’ valley play an important role in the optical and electrical 

properties, which will be discussed in detail in this thesis. 

 

1.2 Excitonic Effects in Two-Dimensional TMDCs  

With the reduced dimension in the out-of-layer direction, the Coulomb interaction gets 

enhanced resulting in strong excitonic effects in the 2D TMDCs. The electron in conduction band 

and hole in valence band will attract with each other, forming a quasiparticle, exciton. The exciton 

energy is lower than the original band gap of the materials at K point of the first Brillouin zone. 

Exciton binding energy is the energy difference in Figure 1.2a. In monolayer TMDCs, the exciton 

binding energy is around hundreds of milli electron volts, orders of magnitude larger than that in 

bulk semiconductor materials, enabling the exciton formation in room temperature. With the 

strong Coulomb interaction, nonhydrogenic Rydberg excited states of exciton exist in the 

monolayer TMDCs analogous to the various energy states in 2D hydrogen atoms. The binding 

energy and the electric bandgap of some monolayer TMDCs is listed in Table 1.1. From the table, 

different groups were using different methods to get the bandgap and binding energy form the 

monolayer TMDCs, like scanning tunneling spectroscopy (STS), optical PL or reflection 

spectroscopy and extrapolate the bandgap by linear absorption. As the sample environment varies 
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and the limitation of the experiment method, the binding energy can also be quite different from 

different reports.   

  

 

Figure 1.2: Schematic of exciton and trions (a) Schematic of exciton formed by electron and hole. (b) and (c) 

Schematic of N-trion and P-trion, respectively. 

 

Table 1.1: Binding energy of different monolayer TMDCs. 

Monolayer 

Material 

Banding energy 

(eV) 

Band gap 

(eV) 

MoS2 0.96 19 2.84 19 

MoSe2 0.55 55 2.18 55 

WS2 0.32 56,  0.83 57 2.41 56, 2.908 57 

WSe2 0.37 18, 0.169 58, 0.79 57 2.02 18, 1.90 58, 2.53 57 
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In addition to neutral exciton, higher order quasiparticles form in low temperatures. Once 

the material is electron or hole doped, the excess charge particle will bond with neutral exciton to 

form n-trion or p-trion, whose binding energy is around tens of meV shown in Figure 1.2b and 

Figure 1.2c. The strong Coulomb interaction gives rise to different quasiparticle states, and the 

strong light-matter interaction provides optical methods to access the excitonic fine structures of 

excitons in 2D TMDCs. 

 

1.3 Dissertation Outline 

Chapter 2 contains the description of how the device was fabricated. Various 

characterization methods are discussed in the paper. The simplified schematics of photocurrent 

spectroscopy, PL and reflection spectroscopy as well as the instruments we used in the experiment 

are plotted in Chapter 2. Those technics enable us to study the valley sensitive optical and 

optoelectronic properties in the monolayer WSe2 and the hetero bilayer TMDCs.  

Chapter 3 contains the description of the study of electron-electron interactions and 

excitonic fine structures in the monolayer WSe2. We discovered the higher-order excitonic states 

including biexcitons and dark trions, indicating a strong Coulomb interaction in the monolayer. 

The optical properties of those quasiparticles are also unveiled by methods in Chapter 2. Then high 

excited states of exciton are observed with a new photocurrent spectroscopy method under 

magnetic field, allowing us to extract accurate material parameters from the diamagnetic shift of 

the excited states. High magnetic field helicity resolved magneto-reflectance spectroscopy is 

another powerful tool to observe exciton resonance exciton- polaron, with inter-Landau levels 

(LLs) transitions governed by unique valley-selective selection rules. The observed quantized 
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excitation energy level spacing sensitively depends on the doping level, indicating strong many-

body effects. 

Chapter 4 contains the description of the research on electron-phonon interaction in the 

monolayer WSe2. Different types of phonon replicas are observed and discussed. The spin-

forbidden dark-exciton is brightened by a Γ phonon, which is a chirality dictated emission channel 

for both phonons and photons. The momentum-dark intervalley exciton is brightened by the chiral 

phonon at the K point of the Brillouin zone. The chirality of photons is determined by both 

interlayer exciton and the pseudo angular momentum (PAM) of the phonon involved in the 

emitting process, opening a new way to read out the valley information of excitons. We also 

studied the phonon replica behavior under a strong magnetic field up to 31 T.  Phonon replica of 

the dark trions is brightened, indicating K phonons scattering with dark trions lifts the inter-LL 

transition selection rules.  

Chapter 5 contains the description of the study of the excitonic physics of hetero bilayer of 

TMDCs. The exciton funneling effect is observed in MoSe2/WS2 heterostructures by changing the 

doping of the hetero bilayer on the LaF3 substrate as the ionic back gate.  A very long lifetime and 

high valley polarization of the interlayer exciton was observed in WSe2/MoSe2 heterostructures. 

The Zeeman shift of interlayer excitons is extracted from the magneto PL, showing the nature of 

constituent particles of the interlayer excitons in the hetero-bilayer. Then, in angle aligned 

WSe2/WS2 heterostructures, we observed a series of correlated insulating states at integer fillings 

and fractional fillings with scanning microwave impedance microscopy (MIM). We also studied 

the optical properties of interlayer excitons modulated by the correlated insulating states. 
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2. EXPERIMENTAL METHODS 

In this chapter, I describe the sample preparation process as well as device characterization 

methods used in this thesis. The layer-layer interaction in TMDCs is weak comparing to the 

intralayer bonds, enabling the mechanical exfoliation method to get monolayer or multilayer flakes 

of TMDCs, of which the size is around a few to tens of micrometers. The high-quality sample is 

critical for studying the intrinsic properties of the material and device base on the TMDCs 

materials, as defects in the sample affects its electric and optical properties significantly. After we 

fabricated the high-quality sample, photoluminescence (PL), reflection contrast and photocurrent 

spectroscopy are used to characterize the properties of excitons and exciton complexes.  

 

2.1 Sample Preparation and Device Fabrication 

The BN encapsulated monolayer WSe2 device was fabricated by the dry transfer technique: 

PPC (poly propylene carbonate) pickup method59. First, the monolayer WSe2, few-layer graphene 

and few-layer BN were exfoliated onto Si substrate with 300 nm thick SiO2 and inspected by the 

optical microscope. A microscope slide with ~1 μm thick PPC on the transparent elastomer stamp 

(PDMS, poly dimethyl siloxane) was inverted and attached to the micromanipulator of the transfer 

stage. We used the manipulator to align and pick up the few-layer BN flake. This process was 

repeated to pick up the monolayer WSe2, few-layer graphene and another few-layer BN in 

 

Portions of this chapter previously appeared as:  

Wang, T. et al. Giant valley-polarized Rydberg excitons in monolayer WSe2 revealed by magneto-

photocurrent spectroscopy. Nano Lett. 20, 7635–7641 (2020). 

Wang, T. et al. Giant valley-Zeeman splitting from spin-singlet and spin-triplet interlayer excitons 

in WSe2/MoSe2 heterostructure. Nano Lett. 20, 694–700 (2020). 

Li, Z. et al. Revealing the biexciton and trion-exciton complexes in BN encapsulated WSe2. Nat. 

Commun. 9, 3719 (2018). 
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sequence. The prepared stack was placed onto a pair of pre-patterned Au electrodes and removed 

the PPC by heating up to 90 °C. The PPC residue was removed by chloroform to leave the 

BN/WSe2/Graphene/BN stack on the substrate. Finally, we added another few-layer graphene onto 

the top BN as a top gate electrode, using the top BN as the gate dielectrics.  

It is worth noting that h-BN has rich spectroscopic features in the visible regime due to 

defect states. However, the related PL is much weaker than that of the monolayer WSe2. Our high-

quality WSe2 device also enables the onset of the biexciton behavior at low excitation power, under 

which our control measurements of the bare BN flakes did not show any observable PL, confirming 

that the measured PL from the BN encapsulated monolayer WSe2 is from WSe2. 

The procedure of making heterostructure samples is similar with the BN encapsulated 

single-layer WSe2 device. Take WSe2 and MoSe2 hetero bilayer as an example. Monolayer WSe2 

and MoSe2 are prepared by mechanical exfoliation first. Then we measure the second harmonic 

generation (SHG) signal with a femtosecond laser with the center wavelength of 900 nm. The 

monolayer sample is mounted on a rotational stage, and the SHG signal is measured after a linear 

polarizer. The relative angle of the monolayer WSe2 and MoSe2 can be calculated from the SHG 

pattern by changing the sample angle. Then we stack h-BN, WSe2, MoSe2, h-BN and graphite 

layer by layer on silicon substrates with a 285 nm thermal oxide layer. The constructed stack is 

then annealed at 140 °C for 3 hours.  

 

2.2 Optical and Electrical Characterization Methods 

2.2.1 Photoluminescence Spectroscopy and Optical Reflection Contrast 

Spectroscopy 

The magneto-PL setup is shown in Figure 2.1. The incident laser was focused by a 32X 

objective (NA: ~0.6) to a spot size of ~2 μm. The quarter waveplate is to convert the linearly 
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polarized incident laser into circularly polarized light. The circularly polarized light excites the 

electron and hole pair in the sample where chiral effect or valley selection exists. Then the PL light 

is collected by the objective and passes the quarter waveplate again converting the circularly 

polarized PL light to linearly polarized PL signal, which is analyzed by the half waveplate and 

linear polarizer before the spectrometer.  

   

 

Figure 2.1: Schematic of the magneto-optical setup for the photoluminescence measurement. Material from: 

Li, Z. et al. Revealing the biexciton and trion-exciton complexes in BN encapsulated WSe2
60. Nature 

Communications, published 2018, Springer Nature. 

 

The optical reflection contrast measurement is similar to the magneto-PL setup in Figure 

2.1. The CW laser is replaced by a supercontinuum white laser. This broadband laser has small 

angle divergence, and it can focus to a spot size of ~2 μm. The polarization of the white light is 

controlled by achromatic waveplates, which are used to change the polarization of the incident 

light. 

 

2.2.2 Photocurrent Spectroscopy 

The photocurrent spectrum setup is shown in Figure 2.2. The incident laser (NKT 

supercontinuum) working as the broadband light source goes through a monochromator as a 
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tunable filter, which selects and scans different wavelengths with the bandwidth of ~1 nm. The 

optical excitation of the selected wavelength passes a linear polarizer and a beam splitter, and then 

the linearly polarized light is converted into circularly polarized light by a quarter waveplate. The 

optical excitation is focused by a 50X objective (NA: ~ 0.65) to a spot size of ~ 2 μm to excite the 

WSe2 sample. We used a lock-in amplifier (SR830) to read out the photocurrent modulated by a 

mechanical chopper. The photocurrent is measured and recorded with the center wavelength of the 

excitation laser after the monochromator. The optical path can be either free-space coupled or 

fiber-coupled considering the 10 Gauss line of the magnet, within which electronics may not 

function properly.  

In Figure 2.2, the microscopic imaging system is not shown. The objective in the Dewar 

works to focus the laser to a 2 μm spot and the objective will also enable us to see the sample 

image under low temperature and high magnetic field, which is critical to locate the sample or 

particular spot of the sample. 

   

 

Figure 2.2: Schematic of the magneto-photocurrent setup. Reprinted with permission from Wang, T. et al. 

Giant valley-polarized Rydberg excitons in monolayer WSe2 revealed by magneto-photocurrent spectroscopy. 

Nano Lett. 20, 7635–7641 (2020)15. Copyright 2020 American Chemical Society. 
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2.2.3 Second Harmonic Generation Measurement 

The second-order nonlinear susceptibility may have a non-zero value for the materials 

lacking inversion symmetry. Second-harmonic generation (SHG) is a powerful method to study 

the nonlinear properties and stacking angles of homo or hetero bilayer TMDCs. In this thesis, 

trigonal prismatic (2H) phase bulk crystals of TMDCs are studied. Monolayer TMDCs exfoliated 

from 2H phase bulk crystals belong to 𝐷3ℎ
1  space group, lacking inversion symmetry. Those 

monolayers have large second-order susceptibility comparing to bulk materials and SHG signal 

can be used to identify the armchair and zigzag direction, enabling the precise controlling of the 

angle alignment of homo or hetero bilayers. 

Taking the MoSe2 or WSe2 hetero bilayer device shown in Figure 2.3 as one example, the 

SHG intensity from the hetero-bilayer junction is significantly weaker than that from monolayer 

MoSe2 or WSe2, and the SHG patterns from the two monolayer parts show misalignment of 0.2 

degrees, indicating the heterostructure sample is aligned with 60.2 degrees, for the reason that the 

60 degree aligned sample has a similar symmetry property to the natural even number of TMDCs 

layers, which belong to  𝐷3ℎ
3  space group with inversion symmetry. In the SHG measurement, a 

femtosecond Ti-Sapphire laser was used, and the excitation is linearly polarized with respect to 

the lab coordinate. The sample is mounted in the rotation stage and the SHG signal goes through 

another fixed linear polarizer. SHG signal is recorded while the angle of the sample is changing.  
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Figure 2.3: Determination of the twist angle through SHG measurements. (a) Optical microscope image of the 

device. Scale bar: 10 µm. (b) Angular dependence of SHG measurement of monolayer WSe2 outside the 

heterostructure junction. (c) Angular dependence of SHG measurement of monolayer MoSe2. (d) SHG 

measurement of 0-degree twisted heterostructure as a function of angle. (e) SHG measurement of 60-degree 

twisted heterostructure as a function of angle. Reprinted with permission from Wang, T. et al. Giant valley-

Zeeman splitting from spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 heterostructure. Nano 

Lett. 20, 694–700 (2020)61. Copyright 2020 American Chemical Society. 

 

For the 0-degree stacked sample, the stark difference arises from the coherence nature of 

the SHG signal (Figure 2.3d and Figure 2.3e). In the 0-degree twisted angle, the inversion 
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symmetry is broken and the SHG signals (electrical field) from each layer add up coherently, which 

greatly enhances the SHG signals from the heterojunction. In contrast, the 60-degree twisted 

heterostructure, similar to the 2-H bilayer TMDCs, the inversion symmetry is restored and the 

SHG signal from each layer interferes with each destructively. As a result, we expect a much 

weaker SHG signal than that from each monolayer. 
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3. EXCITON PROPERTIES AND EXCITONIC COMPLEXE 

STATES IN MONOLAYER TUNGSTEN DISELENIDE 

Single layer transition metal dichalcogenides (TMDCs) represent a new class of atomically 

thin semiconductors with superior optical and optoelectronic properties1,2. The two-dimensional 

nature of single-layer TMDCs result in reduced screening and enhanced Coulomb interaction, 

giving rise to excitonic complexes such as exciton, trion, and biexciton with binding energy orders 

of magnitude larger than that of conventional semiconductors such as GaAs3. Large spin-orbit 

coupling4–7 leads to the splitting of the valence bands in TMDCs, and the resulting valence band 

minimum with different spin configurations breaks the symmetry at the corners of TMDCs’ 

Brillouin zone, i.e., K and K’ valleys. The different valleys can be accessed selectively through 

circularly polarized light8–10, providing a valley degree of freedom that can be exploited for 

valleytronics11–14. Besides the exciton, the higher-order charge-complexes such as trions16,17 and 

biexcitons also possess a valley degree of freedom, and they can be further used as entangled 

photon sources62. Fundamental understanding of the charge-complexes in TMDCs is thus critical 

for fully utilizing the potential of TMDCs for novel optoelectronics applications.   
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3.1 Biexciton and Trion-Exciton Complexes in h-BN Encapsulated 

Monolayer WSe2 

  Despite recent developments in the understanding of excitons and trions in TMDCs19,55, an 

unambiguous measure of the biexciton binding energy remains elusive. Many experimental studies 

based on linear photoluminescence (PL) spectroscopy reported a biexciton binding energy larger 

than theoretical predictions63–70, while recent coherent pump-probe spectroscopy measurements 

reported a value close to the theoretical prediction71,72. Here we demonstrate that, by fabricating a 

clean single layer WSe2 sandwiched by two h-BN flakes, we can detect evidence of biexciton PL 

emission in charge neutral WSe2 at low temperature, and the observed binding energy is in 

excellent agreement with the theoretical calculations73–77. We also perform PL spectroscopy as a 

function of the carrier density and reveal the formation of the electron-bound biexciton that exists 

in the lightly n-doping regime only.  

3.1.1 Optical Signatures of Biexciton and Trion-Exciton Complexes in WSe2 

To preserve the WSe2 monolayer crystal quality and probe the intrinsic optical behavior, 

we constructed the BN/WSe2/BN structure with the pickup method59, during which the WSe2 was 

never exposed to any polymer. A piece of few-layer graphene (labeled as graphite) was used as 

the contact electrode of the single layer WSe2, while another piece was used as the transparent top-

gate electrode on the top layer BN, as shown in Figure 3.1. The high quality of the WSe2 sample 

is illustrated in Figure 3.1c, which displays low-temperature PL spectra measured under 633 nm 

continuous-wave (CW) laser excitation. Indeed, the linewidth of the exciton (located at 1.740 eV) 

can be as narrow as ~ 4 meV, significantly less than that from the typical single-layer exfoliated 

WSe2 on SiO2, 
78,79 which results in a clear fine structure of well-separated PL features. The 

emission from the exciton (X0) is observed at 1.740 eV. The two peaks at 1.712 eV and 1.705 eV 
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correspond to intervalley and intravalley trions80,81, which we label as X1
− and X2

−, respectively. 

The PL peak at 1.697 eV is attributed to the emission from the spin-forbidden dark exciton 

transition23–25, which is observed here because our high numerical aperture (NA) objective collects 

the out-of-plane p-polarized dark exciton emission82.  

   

 

Figure 3.1: PL spectra of BN encapsulated single layer WSe2 device at 4.2 K. (a) Schematic of the BN 

encapsulated single layer WSe2. One piece of few-layer graphene (graphite) is used as the contact electrode 

and another piece is used as the transparent top gate electrode. (b) The microscope image of the device. Scale 

bar: 10 µm. (c) PL spectra of the single layer WSe2 for different excitation powers. The CW laser of 

wavelength 633 nm was used as the excitation source. (d) Integrated PL intensity of WSe2 as a function of the 

excitation power, and the XX and 𝑿𝑿− peaks clearly exhibit a nonlinear power dependence with the power 

law close to 2. Material from: Li, Z. et al. Revealing the biexciton and trion-exciton complexes in BN 

encapsulated WSe2
60. Nature Communications, published 2018, Springer Nature. 

 

Another feature of the PL spectra in Figure 3.1c is that, as the excitation power increases, 

additional PL peaks at 1.723 eV and 1.691 eV emerge. The integrated PL intensity of these two 
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peaks, along with the exciton PL intensity, is plotted as a function of the excitation power in Figure 

3.1d. The power law dependence of the integrated PL intensity, expressed as 𝐼 ∝ 𝑃𝛼 , where I 

stands for the integrated PL intensity and P for the excitation power, is evidently different for the 

two new emergent peaks compared with that of the exciton. From the fitting to the experimental 

data in Figure 3.1c, we obtained α=1.94 for the peak at 1.723 eV and α=1.82 for the peak at 1.691 

eV, significantly larger than that of the exciton (α=1.29) and close to what is expected for biexciton 

(α=2).  

The binding energy of the biexciton, ΔXX, is defined as the energy difference between the 

two excitons in the free state and the biexciton in the bound state. If we assume that the radiative 

recombination of the biexciton emits one photon, ΔXX is equal to the emitted photon energy of the 

free exciton (ħωX) minus the emitted photon energy of the biexciton (ħωXX), i.e. 𝛥𝑋𝑋 = ħ𝜔𝑋 −

ħ𝜔𝑋𝑋. Theoretical calculations have predicted the biexciton binding energy to be ~20 meV76,77,83,84. 

The emerging PL peak at 1.723 eV lies 17 meV below the exciton peak, in excellent agreement 

with the predictions for the biexciton binding energy. Considering the nearly quadratic (α=1.94) 

power dependence of the PL intensity, we assign the peak at 1.723 eV to the true biexciton peak 

which we label as XX. The other emerging PL peak at 1.691 eV, 49 meV below the exciton peak, 

was recently reported as the biexciton peak. Considering that the power law exponent α=1.82, 

being close to the expected value of 2 for a biexciton, we interpret this peak as a negative charge 

bound biexciton  XX−, based on the following PL spectra study as a function of the gate voltage. 

We note that the XX and XX− PL peaks are detected at as low excitation power as 40 µW , which 

corresponds to a power density of 1274 W/cm2 and an exciton density of 6 × 109 cm  for a CW 

laser excitation centered at 633 nm (assuming that the absorption coefficient of WSe2 is 10% and 

the lifetime of bright exciton is around 15 ps1,85,86), significantly lower than what has been used to 
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observe the previous “biexciton” peak, which either involves pulse laser excitation63 or CW laser 

excitation with large power68.  

   

 

Figure 3.2: PL spectra of WSe2 as a function of the top gate voltage. (a) Color plot of the PL spectra as a 

function of the top gate voltage. The color represents the PL intensity. Inset: enhanced color plot of the 

biexciton region. (b) PL spectra at the top gate voltage of -2.5 V, -0.5 V and 0.2 V, corresponding to p-doped 

(magenta), intrinsic (black), and n-doped (blue) region. (c) Integrated PL intensity for 𝑿𝟎, 𝑿𝑿, 𝑿+and 𝑿𝟏
− as a 

function of the top gate voltage. It is evident that the XX only exists in the charge neutral region while 𝑿𝑿− 

exits in the lightly n-doped region. Material from: Li, Z. et al. Revealing the biexciton and trion-exciton 

complexes in BN encapsulated WSe2
60. Nature Communications, published 2018, Springer Nature. 

 

To investigate further the origin of the emerging PL peaks, we measured the PL spectra as 

a function of the carrier density using another device with an efficient top gate enabling accurate 

tuning between the p-type and n-type doping regimes. The gate-voltage dependent PL spectra are 

shown as a color plot in Figure 3.2a, in which the color represents the PL intensity. The PL spectra 
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at specific gate voltages, corresponding to the line cuts in Figure 3.2a, are shown in Figure 3.2b. 

At the top gate voltage of -0.5 V (black line in Figure 3.2b), the WSe2 is close to charge-neutral, 

and only two PL peaks are observed. The exciton (X0) peak is the most pronounced one centered 

at 1.724 eV, and the biexciton (XX) peak is located at 1.708 eV, thus indicating the 16 meV 

biexciton binding energy for the second device. At the gate voltage of -2.5 V (magenta line in 

Figure 3.2b), the WSe2 is strongly p-doped and the positive trion peak X+ occurs at 1.701 eV, 

while the exciton peak disappears. At the top gate voltage of 0.2 V (blue line in Figure 3.2b), the 

WSe2 is n-doped, and the exciton peak is quenched. However, the two negative trion peaks emerge 

at 1.689 eV and 1.696 eV, which corresponds to the intravalley and intervalley trions, respectively. 

Interestingly, the biexciton (XX) peak disappears, but the XX− peak at 1.676 eV appears.   

The sensitive gate dependence of the XX  and XX−  peaks closely correlate to the PL 

intensity of the exciton and trions. We plot the integrated PL intensity as a function of the gate 

voltage for different peaks in Figure 3.2c. It is evident that the PL intensity of the exciton peak 

(black line in Figure 3.2c) quickly vanishes in the strongly p-doped (VTG < -2.0 V) and n-doped 

(VTG > 0.5 V) regimes. The PL for the trions, both the positive and the negative ones, is sensitive 

to the gate voltage. The PL for the positive trion (X+, blue line) occurs when the gate voltage is 

less than -1.0 V, and the PL for the negative trions emerges when the gate voltage is greater than 

-0.5 V. This observation enables us to determine the charge-neutral region to be between -1.0 to -

0.5 V, where the biexciton PL is peaked (red line in Figure 3.2c). In contrast, the PL of XX− (purple 

line in Figure 3.2c) does not show up in the charge-neutral region, and only emerges at higher gate 

voltage from -0.5 V to 0.5 V (corresponding to the slightly n-doped region). Considering the 
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doping dependence of XX− PL and its characteristic intensity power law, we assign XX− to an 

electron-bound biexciton. 

 

3.1.2 Configurations of Biexciton and Trion-Exciton Complexes 

The detailed valley configuration of XX and XX− can be probed using circularly polarized 

PL spectroscopy, where we selectively excite and probe a particular valley of WSe2. The band 

structure at the K and K’ valleys for WSe2 is shown in Figure 3.3b. It is worth noting that the spin-

orbit coupling87 not only gives rise to the large spin splitting in the valence band but also generates 

a splitting on the order of tens of meV in the conduction band4–7,87,88. For WS2 and WSe2, this 

splitting leads to an opposite spin configuration between the conduction band minimum (CBM) 

and the valence band maximum (VBM) in the same valley, hosting a ground state exciton which 

is optically dark. We excited the device with circularly polarized light, such as right circularly 

polarized light (σ+), and detected the PL emission with the same or opposite helicity. The valley 

polarization, defined as the ratio of right circular and left circular components of the emitted PL, 

i.e.,  𝑃 =
𝐼

𝜎+−𝐼𝜎−

𝐼𝜎++𝐼𝜎−
, measures the capability of the TMDC to maintain the valley information. 

Interestingly, XX and XX− exhibit higher valley polarization of 0.19 and 0.20, respectively, both 

higher than the valley polarization of the exciton (0.12), as shown in Figure 3.3a. This valley 

polarization suggests that both XX and XX− involve a bright exciton in the K valley, which we 

excited with σ+ light.  

 



 

24 

 

 

Figure 3.3: Valley polarized PL spectra and biexciton configurations. (a) PL spectra with circularly polarized 

(𝝈+) excitation and the same (𝝈+) or opposite (𝝈−) helicity detection. Valley polarization, defined as 
𝑰

𝝈+−𝑰𝝈−

𝑰𝝈++𝑰𝝈−
 , 

where 𝑰 is the integrated PL intensity, is calculated for exciton (0.12), biexciton (0.19) and electron bound 

biexciton (0.20). (b-c) trion-exciton and biexciton configurations with the solid dots being the electron and the 

empty one being the hole. Blue color stands for spin up and orange for spin down. Material from: Li, Z. et al. 

Revealing the biexciton and trion-exciton complexes in BN encapsulated WSe2
60. Nature Communications, 

published 2018, Springer Nature. 

 

Since XX− is a five-particle complex, the lowest energy configuration that maintains the 

valley polarization can only be the one shown in Figure 3.3b. This configuration can be viewed as 

a biexciton bound to a free electron, or equivalently, a trion bound to one dark exciton. The 

negative charge bound biexciton is thus effectively a trion-exciton complex (negative trion). The 

biexciton state of XX is composed of four particles, and one possible configuration is shown in 

Figure 3.3c, with one bright exciton in K valley and one dark exciton in K’ valley. Our following 

magneto-PL spectroscopy study confirms that the configuration shown in Figure 3.3c is the right 

configuration for XX. 

3.1.3 Magneto-PL spectra of Biexciton and Trion-Exciton Complexes in WSe2 

In the presence of an out-of-plane magnetic field, the degeneracy of the K and K’ valleys 

is lifted, and the spectra of K (K’) valley can be selectively accessed through 𝜎+ (𝜎−) excitation 

with  𝜎+ (𝜎−)   detection configuration as shown in Figure 3.4d. The PL spectra as a function of 
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the magnetic field for different valleys are shown in Figure 3.4a ( 𝜎−𝜎−) and in Figure 3.4b 

(𝜎+𝜎+) as a color plot. It is evident that the PL peak positions (dashed lines) in Figure 3.4a and 

Figure 3.4b exhibit a linear shift as a function of the B field due to the Zeeman shift, and the slope 

is opposite in sign for the 𝜎+𝜎+ and 𝜎−𝜎− configurations. The opposite Zeeman shifts for the 

different valleys result in a Zeeman splitting of the PL peaks in the spectra, as shown in Figure 

3.4d. The Zeeman splitting between the two valleys can be expressed as ∆= ∆𝜎+𝜎+ − ∆𝜎−𝜎−=

𝑔𝜇𝐵𝐵, where the 𝜇𝐵 is the Bohr magneton, which is about 58 µeV/T, and ∆𝜎+𝜎+ (∆𝜎−𝜎−) is the 

Zeeman shift in the 𝜎+𝜎+ ( 𝜎−𝜎−) configuration. Linear fitting of the experimentally obtained 

Zeeman splitting ∆ as a function of the B field Figure 3.4c) determines that the g-factor for the 

exciton (black dots in Figure 3.4c) is−3.64 ± 0.08. Our experimentally extracted value is in good 

agreement with the theoretical calculation𝑔𝑋 = −4.0, and it is also consistent with previous 

reports. The PL emission of XX and XX− involves the recombination of one bright exciton, and the 

expected g factor should be the same as that for the exciton. We obtained a XX g-factor (Figure 

3.4c) of  −4.03 ± 0.07  and a XX−  g-factor of  −5.33 ± 0.18  in Figure 3.4c, also in good 

agreement with the theoretical expectation. The deviation from the theoretical expectations is 

potentially due to the increased Coulomb interaction in the many-particle complex, which is not 

taken into account in the theoretical calculations. 

The PL intensity ratio of the two Zeeman splitted states (𝜎+𝜎+ and 𝜎−𝜎−) in the B field 

provides insight into the detailed configuration of the biexciton. The Zeeman splitting lifts the 

energy degeneracy at the K and K’ valleys and creates two states with the energy difference of ∆=

𝑔𝜇𝐵𝐵, which leads to an unequal complex population of the two states, and hence, different PL 

emission intensities. We use the quasi thermal equilibrium picture for a qualitative understanding 

of the PL difference for the 𝜎+𝜎+ and 𝜎−𝜎− configurations. The exciton PL intensity in the B 
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field, shown in Figure 3.4d, is higher in the state that emits photon with the lower energy (𝜎−𝜎−), 

consistent with the quasi-thermal equilibrium picture. We emphasize, however, a quantitative 

understanding is not easily accessible because of the short exciton lifetime and the finite intervalley 

scattering complicates the exact thermal equilibrium of the two states. In contrast to the behavior 

of the exciton, the spectrally higher energy state for biexciton (XX) at ~ 1.726 eV exhibits much 

higher PL intensity than that of the lower energy state in the spectra, as shown in Figure 3.4d. The 

apparent contradiction arises from the fact that the real energy difference between the two Zeeman 

splitted states for the biexciton (or other high order excitonic complex) is determined by the total 

g-factor, 𝑔𝑡 , which should include the contributions from all the constituent particles. On the 

contrary, the emission photon energy in PL is only determined by the bright exciton which 

radiatively recombines to emit a photon, and hence the PL peak position difference between the 

two states is determined by the spectral g-factor, 𝑔𝑠. The difference between the total g factor (𝑔𝑡) 

and the spectral g-factor (𝑔𝑠) indicates that the spectrally lower energy state is not necessarily 

lower in total energy.  

We can calculate the total g-factor for the biexciton to be 𝑔𝑋𝑋
𝑡 = 4.0 for the configuration 

in Figure 3.3c, which has the opposite sign of the spectral g-factor of 𝑔𝑠 = −4.03 ± 0.07 

(experiment) or −4.0 (theory). The positive total g-factor means that the spectrally higher energy 

state (PL peak emits higher energy photon) actually has overall lower energy and should have 

higher PL intensity. This idea is consistent with our observation in Figure 3.4d (XX panel). The 

alternative configuration involving the intervalley dark exciton has a total g-factor of zero, and it 

cannot explain the drastic biexciton PL intensity difference between the 𝜎+𝜎+ and 

𝜎−𝜎− configurations. The total g-factor for the XX− state is calculated to be 6.0, which is also 

opposite in sign to the spectral g-factor of –5.33 ± 0.18 (experiment). Therefore, for the XX− state, 
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𝜎−𝜎− configuration is also lower in total energy and should have higher PL intensity, which is 

consistent with our observation (Figure 3.4d). 

   

 

Figure 3.4: Magneto-PL spectra of WSe2. (a) and (b) Color plot of the PL spectra of WSe2 as a function of B 

field at 4.2 K for the 𝝈−𝝈− and 𝝈+𝝈+ configuration. The dashed lines are the eye guide to the shift of different 

PL peaks (c) g-factors for different peaks calculated from the Zeeman splitting between the  𝝈−𝝈− and 𝝈+𝝈+ 

states as a function of B field, extracted from the magneto-PL spectra in (a) and (b). (d) PL spectra for (𝝈−) 

excitation and 𝝈+(𝝈−) detection of exciton, biexciton and trion-exciton complexes, respectively (B =17 T). 

Material from: Li, Z. et al. Revealing the biexciton and trion-exciton complexes in BN encapsulated WSe2
60. 

Nature Communications, published 2018, Springer Nature. 

 

It is worth noting that the magneto-PL spectra of the dark exciton state at 1.691 eV are 

intrinsically different from other PL peaks. While all other states exhibit a single peak in the 

circularly polarized detection scheme, the emission from the dark exciton splits into two peaks in 

the B field (magenta lines in Figure 3.4a, b). This is because that the optical selection rule in 
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TMDCs originates from the conservation of the out-of-plane quasi angular momentum with 

respect to the three-fold rotational symmetry. However, the optically dark exciton can only couple 

to an out-of-plane optical field, which has zero out-of-plane angular momentum. Therefore, 

responses from both valleys can be excited and detected simultaneously, which were detected by 

an objective with large NA and showed up as the two separate peaks in the spectra. The spectra g-

factor of the dark exciton is experimentally determined to be −9.75 ± 0.18 (Figure 3.4c), in good 

agreement with the expected value of -8.0 and the experimental result with the g factor of −9.4 ±

0.1.89 The unique behavior of the dark exciton confirms that the emission from the excitonic 

complexes of biexciton and trion-exciton both originate from a bright exciton.  

In summary, we have fabricated a high-quality single-layer WSe2 device by employing BN 

encapsulation and revealed both the biexciton and (negative) trion-exciton complexes through low-

temperature PL spectroscopy. The binding energy of the biexciton in the BN encapsulated single 

layer WSe2 is determined to be about 16-17 meV, in agreement with the theoretical calculations73,74 

and previous coherent pump-probe measurements71,72. The biexciton state only exists in charge 

neutral WSe2, and the trion-exciton complex only emerges in lightly n-doped WSe2. Improved 

understanding of the high-order excitonic complexes in high-quality WSe2 devices will enable 

further investigation of many-body physics and furnish new opportunities for novel quantum 

optoelectronics based on TMDs.  

 

3.2 Dark Trions in h-BN Encapsulated Monolayer WSe2 

Spin-forbidden intravalley dark exciton in tungsten-based transition metal dichalcogenides 

(TMDCs), owing to its unique spin texture and long lifetime, has attracted intense research interest. 

Here, we show that we can control the dark exciton electrostatically by dressing it with one free 
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electron or free hole, forming the dark trions. The existence of the dark trions is suggested by the 

unique magneto-photoluminescence spectroscopy pattern of the boron nitride (BN) encapsulated 

monolayer WSe2 device at low temperature. The unambiguous evidence of the dark trions is 

further obtained by directly resolving the radiation pattern of the dark trions through back focal 

plane imaging. The dark trions possess binding energy of ~ 15 meV, and it inherits the long lifetime 

and large g-factor from the dark exciton. Interestingly, under the out-of-plane magnetic field, 

dressing the dark exciton with one free electron or hole results in distinctively different valley 

polarization of the emitted phonon, a result of the different intervalley scattering mechanism for 

the electron and hole. Finally, the lifetime of the positive dark trion can be further tuned from ~ 50 

to ~ 215 ps by controlling the gate voltage. The gate tunable dark trions ushers in new opportunities 

for excitonic optoelectronics and valleytronics. 

3.2.1 Gate-Dependent Magneto-PL Spectroscopy of Monolayer WSe2 

Due to the reduced screening and enhanced Coulomb interactions, monolayer TMDCs host 

exciton with large binding energy on the order of hundreds of meV18,55,56,90. Owing to the lack of 

inversion symmetry and the three-fold rotation symmetry, the excitons in TMDCs possess the 

valley degree of freedom which can be accessed through left or right circularly polarized light, 

which selectively excites the excitons at the K or K’ valley (corners of the Brillouin zone)8–14,91. 

The large spin-orbit coupling induced valence band splitting ensures the spin-valley locking56,92–

94, which results in the robust valley polarized photoluminescence (PL) even at room temperature4–

7. However, the excitons are short-lived, with a typical lifetime in the range of a few to tens of 

picoseconds89,95,96, which significantly limits potential applications.  

Recently, it has been discovered that tungsten-based TMDCs such as WSe2 and WS2 have 

a unique bandstructure, in which the spin-orbit coupling also induces the splitting of the conduction 
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band1,24,80. The resulted ground state of the exciton, however, is a spin-triplet state which prevents 

direct recombination, hence referred to as the spin-forbidden dark exciton23–25,82,89. The existence 

of such a long-lived dark exciton has been revealed through the application of an in-plane magnetic 

field24, coupling to a plasmonic substrate25,  directly observing PL from the side, or collecting PL 

signals with an objective of large numerical aperture (N.A.).  

The spin-forbidden dark exciton, nonetheless, can also radiate through a finite out-of-plane 

dipole moment, which does not obey the same valley physics as the bright exciton, which arises 

from the combination of the inversion symmetry breaking and three-fold rotation symmetry that 

restricts the in-plane dipole radiation.25,97. As a result, we previously found that the valley-resolved 

PL spectra under an out-of-plane magnetic field exhibit a unique “cross” pattern in the intrinsic 

regime, distinctively different from other excitonic complexes60,98,99. Here we apply magneto-PL 

spectroscopy to investigate a top-gated monolayer WSe2 device and found a similar pattern in the 

n- or p-doped WSe2. We attribute this pattern to the dark trions, a dark exciton bound to a free 

electron or hole. And the existence of the dark trions is demonstrated by directly resolving the 

radiation angle of the dark trions through back focal plane imaging. The binding energy of the dark 

trions, determined by the PL peak position difference between the dark trions and dark exciton, is 

found to be ~ 15 meV. Interestingly, we found the asymmetric valley polarization behavior of the 

positive and negative trions in the presence of the out-of-plane magnetic field, originating from 

the different intervalley scattering mechanism of the electron and hole. The dark trions also inherit 

the large g-factor of the dark exciton, ~ -9, leading to a large Zeeman splitting of ~ 9.0 meV under 

the magnetic field of 17 T. The direct observation and improved understanding of the dark trions 
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pave the way of exploiting the charged dark exciton for optoelectronic and valleytronics 

applications. 

  

 

Figure 3.5: Gate-dependent PL spectroscopy of the BN encapsulated monolayer WSe2 device. (a) Schematic 

representation of the BN encapsulated monolayer WSe2 device. One piece of few-layer graphene is used as the 

electrode and another piece is used as the top gate electrode. (b) PL spectra at 4.2 K as a function of the top 

gate voltage for the BN encapsulated monolayer WSe2 device. The color represents the PL intensity. The 

excitation is a CW laser centered at 1.879 eV with an excitation power of 40 µW. (c) PL spectra at the gate 

voltages of -4.0 V, -1.28 V, 0.24 V and 4.0 V, respectively, corresponding to the dash lines in (b). (d-f) are 

schemes of the dark exciton (𝐗𝐃), positive dark trion (𝐗𝐃
+) and negative dark trion (𝐗𝐃

−), respectively. 

Reprinted with permission from Li, Z. et al. Direct observation of gate-tunable dark trions in monolayer 

WSe2. Nano Lett. 19, 6886–6893 (2019)58.  Copyright 2019 American Chemical Society. 

 

The boron nitride (BN) encapsulated monolayer WSe2 device is fabricated through a 

pickup method as described in previous works59,60,100,101, and it is shown schematically in Figure 

3.5a. The monolayer WSe2 is contacted by a few-layer graphene electrode, and is also gated 
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through a few-layer graphene as the top gate electrode, with the top BN flake working as the gate 

dielectric. The high quality of monolayer WSe2 is demonstrated through the well-resolved 

excitonic fine structures in the gate-dependent PL spectra at 4.2 K (Figure 3.5b and Figure 3.5c). 

Most of the excitonic complexes have been identified previously, including the bright exciton (X0), 

the biexciton (XX) and charged biexciton (XX−)60,63,68,72,98,99,102, the positive bright trion (X+), the 

two negative trions (X1
− and X2

−)12,80,81,103 and the dark exciton replica (XD
R)104. In particular, the PL 

peak centered at 1.690 eV, with the intensity maximized in the nearly charge neutral region (gate 

voltage between ~ -1.0 V to ~ 0.35 V), has been identified as the spin-forbidden dark exciton (XD) 

previously23–25,82,89,97. The spin-forbidden XD, schematically shown in Figure 3.5d, arises from the 

unique bandstructure of WSe2, in which the spin-orbit coupling induced conduction band splitting 

leads to a conduction band minimum (CBM) with the spin opposite to that of the valence band 

maximum (VBM). As a result, the ground state of the optical excitation generated exciton is a 

spin-triplet state and its direct recombination is spin forbidden.  

The valley-resolved magneto-PL spectra have been previously employed to identify the 

dark exciton in charge-neutral WSe2. When the WSe2 is excited with a circularly polarized light 

(say 𝜎−), the radiation from the out-of-plane dipole is p-polarized and will give rise to both left 

(𝜎− ) and right ( 𝜎+ ) circularly polarized PL emission in our detection scheme, which have 

different energies under the out-of-plane magnetic field, a result of the opposite Zeeman splitting 

for the exciton in K and K’ valleys4–7,68,105–108. Therefore, for charge-neutral WSe2, the valley 

resolved magneto-PL spectra in the 𝜎−𝜎− configuration, standing for the left-circular polarized 

excitation and left-circular polarized detection, show that the PL peak corresponding to XD splits 

into two branches, while the other excitonic complexes, such as X0, exhibit a linear Zeeman shift. 

In this section, we found that as we gate the WSe2 to the hole-doping (gate voltage -2.0 V) and 
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electron-doping regime (gate voltage 1.0 V), the PL peaks centered at ~1.675 eV and 1.674 eV 

with no magnetic field applied, labeled as XD
+  and XD

−  in Figure 3.5b, exhibit similar “cross” 

patterns in the valley-resolved magneto-PL spectra shown in Figure 3.6a and Figure 3.6b, 

respectively.  

 

 

Figure 3.6: Gate-dependent magneto-PL spectroscopy of monolayer WSe2. (a-b) are color plots of the PL 

spectra as a function of the magnetic field for the gate voltage of -2 V (hole-doped) and 1 V (electron-doped), 

respectively. (c-d) are the PL peak shift for different excitonic complexes extracted from (a) and (b). The 

Zeeman shift of each peak is utilized to calculate the associated g-factor through a linear fitting, for the gate 

voltages of -2.0 V and 1.0 V, respectively. Reprinted with permission from Li, Z. et al. Direct observation of 

gate-tunable dark trions in monolayer WSe2. Nano Lett. 19, 6886–6893 (2019)58.  Copyright 2019 American 

Chemical Society. 
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The positive dark trion and negative dark trion, schematically shown in Figure 3.5e and 

Figure 3.5f, emit photons through the recombination of the electron and hole either in the K or K’ 

valley, same as the dark exciton (Figure 3.5d). As a result, in a non-interacting picture in which 

the Zeeman splitting is calculated through the individual shift of CBM and VBM associated with 

the recombination electron-hole pair60,74, the magneto-PL spectra of XD
+  and XD

−  will share the 

same Zeeman splitting as the charge-neutral XD . Therefore, we assign the emerging “cross” 

patterns in the hole-doped and electron-doped WSe2 (Figure 3.6a and Figure 3.6b) to the positive 

dark trion and the negative dark trion, a neutral dark exciton bound to a free hole and an electron, 

respectively. We notice that a very recent report also utilizes the similar pattern in the magneto-

PL spectra to identify the dark trions109. 

This determination is also supported by the quantitative analysis of the Zeeman splitting4–

7. The valley-Zeeman splitting can be expressed as: 𝐸𝐾(𝐾′) = 𝐸0 ± 𝑔𝜇BB, where 𝐸0 is the PL peak 

position at the absence of the external magnetic field, “+” or “-” corresponds to the shift in the K 

or K' valley, g is the Landé g-factor, 𝜇B is the Bohr magneton. The Landé g-factor, as previously 

mentioned, can be calculated by counting the difference of the shift of the conducting band 

minimum (CBM) and valence band maximum (VBM) that are associated with the electron and 

hole involved in the recombination. The g-factor for XD in this device is ~ -9.5, consistent with the 

theoretical expectation of -8 and previous experimentally reported value60,89,98. Figure 3.6c and 

Figure 3.6d show that the g-factors of XD
+ and XD

− are ~ -8.6 and ~ -9.8, respectively, similar to that 

of XD, considering the fitting uncertainty, experimental uncertainty and possible change of the g-

factors with the increased doping level. According to our discussion, these agreements support the 

assignments of the positive dark trion and the negative dark trion, as the recombination e-h pairs 

involved in the dark trion is the same as the charge-neutral dark exciton. The g-factor calculation 
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is also confirmed from the data from other two devices. The g-factors of XD
+ and XD

− , similar to 

that of XD, are more than two times larger than that of X0 (~ -4.3)7,60,110,111. As a result, the Zeeman 

splitting of the dark trions can be as large as ~ 9.0 meV at the presence of an out-of-plane magnetic 

field of 17 T. The significant Zeeman splitting due to the large g-factor can be utilized for breaking 

the valley degeneracy.   

Despite the similar binding energy, the negative and positive dark trions exhibit 

asymmetric behavior. The intensity of the negative dark trion is weaker than that of the positive 

dark trion (Figure 3.5b and (Figure 3.5c), consistent with previous reports25,112. It is likely due to 

the existence of the lower energy states in the n-doped WSe2, such as the one suggested by the 

bright PL peak near energy 1.660 eV in the n-doped WSe2 ((Figure 3.5b). It is also worth noting 

that due to the weak PL intensity of the negative dark trion, the “cross” pattern is more difficult to 

observe in the n-doped WSe2. More interestingly, the splitting K and K’ branches PL in the 

magneto-PL spectra are not of equal intensity for dark trions, in contrast to the case of the dark 

exciton60,104 that has equal emission probability form K and K’ branches under the external out-

of-plane magnetic field. In addition, the brighter branch of the negative dark trion (XD
−) (with the 

intensity ratio ~ 20 for the PL intensity between the two branches) is the same as the branch visible 

in the magneto-PL for the bright exciton (X0), but the opposite to the brighter branch of the positive 

dark trion (XD
+) (with the intensity ratio ~ 4). This means that dressing the dark exciton with one 

free hole or electron makes the dark trion to emit light more likely from one valley or the other, 

granting the valley information to the dark trion.   

 

3.2.2 Valley Polarization of Dark Trions of Monolayer WSe2 
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Figure 3.7: Valley polarization under the magnetic field. (a) the valley polarization 𝑷𝑩 of negative dark trion, 

dark exciton and positive dark trion under magnetic field, 𝑷𝑩 =
𝑰(𝑲′)−𝑰 (𝑲)

𝑰(𝑲′)+𝑰 (𝑲)
𝝈(𝑩), where I (K) and I (K’)  are 

the PL intensity from K and K’ valley, respectively. 𝝈(𝑩) is 1 or -1 for positive or negative B field, 

respectively. (b-c) are the schematics of electron and hole recombination for positive dark trion and negative 

dark trion, respectively. Reprinted with permission from Li, Z. et al. Direct observation of gate-tunable dark 

trions in monolayer WSe2. Nano Lett. 19, 6886–6893 (2019)58.  Copyright 2019 American Chemical Society. 

 

This information can be quantitatively shown in Figure 3.7. Since only one branch of the 

bright exciton is visible in the helicity-resolved PL spectra under the out-of-plane magnetic field, 

we define the valley polarization of the bright exciton under the magnetic field as  𝑃𝐵=1. 𝑃𝐵 is 

defined as 𝑃𝐵 =
𝐼(𝐾′)−𝐼 (𝐾)

𝐼(𝐾′)+𝐼 (𝐾)
𝜎(𝐵), where I(K’) and I(K) are the PL intensities for K’ valley and K 

valley. 𝜎(𝐵) is 1 or-1 for positive or negative B field, respectively. It is evident from Figure 3.7a 

that the positive dark trion has negative 𝑃𝐵 and the negative dark trion has positive 𝑃𝐵, while the 

dark exciton has 𝑃𝐵 close to zero as the PL intensity from the two branches are similar. The valley 

information granted by the additional electron or hole can be understood by the different 

intervalley scattering mechanism. For doped samples under weak optical excitation, the electron-

hole recombination, which generates the emitted photon, is determined by the optically excited 

minority carrier (hole for n-doped sample and electron for p-doped sample). For the case of the 
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electron-doped sample, optically excited hole determines the electron-hole recombination. It has 

been shown113 that the intervalley scattering is less likely and the hole prefers to stay in the same 

valley as it is excited, say K valley (Figure 3.7c), and a photon will be emitted as a result of the e-

h recombination in the K valley. As a result, the PL from the negative dark trion will exhibit the 

same valley polarization of the PL from the bright exciton. In the case of the p-doped sample, the 

e-h recombination will be determined by the optically excited electron. However, the intervalley 

scattering of electrons is much faster. In particular, the electron in the 2nd conduction band (shown 

in Figure 3.7b) could be more likely to scatter to the other valley due to efficient coupling to the 

K point phonons, compared with the possibility of relaxing to the 1st CBM in the same valley as 

it requires flipping the spin. As a result, the emitted photon will arise from the e-h recombination 

in the other valley (K’ in Figure 3.7b) which has the opposite valley polarization as the bright 

exciton. In the presence of the out-of-plane magnetic field, the energy degeneracy between K and 

K’ valley is lifted, and the valley information of the emitted phonon can be resolved in the 

magneto-PL spectra as the two well-resolved branches (Figure 3.6a and Figure 3.6b). The higher 

valley polarization of the negative dark trion, stemming from the prohibitive intervalley scattering 

of the hole, making it an ideal candidate for valleytronics applications.  

 

3.2.3 Back Focal Plane Imaging of the PL Radiation Pattern for Different 

Excitonic Complexes 

Considering the complexity of valley polarization associated with the dressing of free 

carriers and especially the weak PL from the negative dark trion, the “cross” pattern could be hard 

to resolve, especially for the negative dark trion with relatively weak PL. Therefore, direct 

evidence of the dark trion is needed. Since the dark trions also radiate through the out-of-plane 

dipole as the dark exciton, the radiation pattern of the dark trion, if can be resolved, will be the 
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unambiguous evidence of the dark trion. We achieved so by directly imaging the back focal 

plane114, which is a Fourier transform of the real space image and has been used to resolve the 

energy dispersion in momentum space for photonic cavity115,116. Recently it has been applied to 

resolve the exciton radiation pattern of the 2D semiconductor99,117. Here we resolve the spectra 

information of the PL using the horizontal array of the pixels of the silicon charge-coupled device 

(CCD) and resolve the radiation angle, defined here as the angle from the normal, using the vertical 

array of the CCD camera.  
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Figure 3.8: Back focal plane imaging of the PL radiation pattern for different excitonic complexes. (a-c) Color 

plots of PL intensity for different excitonic complexes as a function of emitted photon energy and the 

radiation angle. The radiation angle is resolved through imaging the back focal plane directly. (a), (b) and (c) 

are the experimental data obtained for the top gate voltage of -2 V, 0 V, and 1 V, showing the radiation 

pattern for the positive dark trion, dark exciton and negative dark trion, respectively. (d-f) PL intensity as a 

function of the radiation angle (vertical line cut in a-c) of the positive dark trion, dark exciton and negative 

dark trion in the corresponding color plot, compared with the bright exciton (X0) PL intensity at the same 

gate voltage. Reprinted with permission from Li, Z. et al. Direct observation of gate-tunable dark trions in 

monolayer WSe2. Nano Lett. 19, 6886–6893 (2019)58.  Copyright 2019 American Chemical Society. 
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3.2.4 Time-Resolved PL Spectra of Dark Trion in Monolayer WSe2  

The spectral-resolved and radiation-angle-resolved experimental data at 4.2 K are shown 

in Figure 3.8. It is evident that the radiation pattern of the dark trion (Figure 3.8a and Figure 3.8c) 

is distinctively different from other excitonic complexes such as the bright exciton, but the same 

as that of the dark exciton (Figure 3.8b). The maximum PL intensity is for the dark trions or the 

dark exciton is located at ~ 64 degrees, limited by the N.A. (~ 0.9) of our objective. In contrast, 

the PL intensity of the bright exciton is maximized near zero degree. The direct observation of the 

radiation pattern thus provides a decisive determination of the dark trions.  

  

 

Figure 3.9: Time-resolved PL spectra of 𝐗𝐃
+ of monolayer WSe2. (a) PL spectrum with a pulse laser excitation 

centered at 1.908 eV at 42 K, with the excitation power of 50 μW and the gate voltage of -2.5 V. (b) 

Comparison of the TRPL spectra of the positive bright trion (p-trion, purple) and positive dark trion 

(magenta) at the gate voltage of -2.0 V. The time-resolved PL data (dot) are convoluted (solid line) with IRF, 

using a single exponential function 𝑰 = 𝑨𝒆−𝒕/𝝉 for 𝐗+ and a biexponential function 𝑰 = 𝑨𝟏𝒆−𝒕𝟏/𝝉𝟏 + 𝑨𝟐𝒆−𝒕𝟐/𝝉𝟐 

for 𝐗𝐃
+. (c) TRPL spectra of the positive dark trion as a function of the gate voltage (dots), with the extracted 

lifetime for the fast component shown. Reprinted with permission from Li, Z. et al. Direct observation of 

gate-tunable dark trions in monolayer WSe2. Nano Lett. 19, 6886–6893 (2019)58.  Copyright 2019 American 

Chemical Society. 

 

Finally, the well-resolved different excitonic peaks allow us to reveal the dynamics of the 

positive dark trion through time-resolved PL (TRPL) measurement directly104. Figure 3.9a shows 
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the PL spectrum obtained with a pulse laser excitation at 1.908 eV at 42 K, with the excitation 

power of 50 µW and the gate voltage of -2.5 V, and XD
+ and X+ are well-resolved. Since both XD

+ 

and X+ are charge-neutral excitons bound to a free hole, we assume the dielectric environment is 

similar at the same gate voltage, and we can directly compare the lifetimes of these two types of 

p-trions. The TRPL spectra (dots) for XD
+ and X+ are presented in Figure 3.9b, and the lifetimes 

are extracted by the convolution of the instrument response function (IRF) (solid lines) with a 

single exponential function 𝐼 = 𝐴𝑒−𝑡/𝜏  for X+  and a biexponential function 𝐼 = 𝐴1𝑒−𝑡1/𝜏1 +

𝐴2𝑒−𝑡2/𝜏2 for XD
+, respectively32,118–120. The results indicate that the lifetime of X+ only shows a 

fast component while that of  XD
+ exhibits both a dominant fast component and a slow component. 

We attribute the slow component to the contribution from the residue of the possible slowly 

decaying PL from defects and thus use the fast component as the dark trion lifetime to compare 

with that of X+.  As shown in Figure 3.9b, at the gate voltage of -2 V, the lifetime of XD
+ (~ 90 ps) 

is more than 10 times longer than that of X+ (~ 5 ps), which confirms that the positive dark trion 

inherits the long lifetime from the dark exciton24,68,89,95. The lifetime of the dark trion is also a 

sensitive function of the gate voltage. As shown in Figure 3.9c, the lifetime of  XD
+  can be tuned 

from~ 215 ps to ~ 50 ps as we change the gate voltage from -0.5 V to -4 V, which is expected as 

the increased hole doping increases the non-radiative channels and decreases the positive dark 

trion lifetime. The long lifetime of ~ 215 ps in the slight n-doping WSe2 is comparable to that of 

the charge-neutral dark exciton (~ 250 ps) reported previously104. 

In summary, we have directly observed the dark trions through the back focal plane 

imaging of the radiation pattern of BN encapsulated monolayer WSe2. The binding energy is 

determined to be ~ 15 meV. The large g-factor (~ -9) of the dark trions can be utilized to break 

valley degeneracy through an external magnetic field or proximity field effects121,122.   The 
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discovery of the dark trions illustrates a new way to tune the dark exciton complexes in WSe2 

through electrostatic gating. Dressing the dark exciton with the additional free carrier encodes the 

valley information into the otherwise valley-depolarized dark exciton. In addition, the lifetime of 

the dark trion can be sensitively changed from ~ 215 ps to ~ 50 ps by the control of doping. The 

dark trions thus open the door to new possibilities of valleytronics and excitonic applications. 

 

3.3 Excited States in Monolayer WSe2 Revealed by Magneto-

Photocurrent Spectroscopy 

Strong Coulomb interaction could lead to strongly bound exciton with high-order excited 

states, similar to the Rydberg atom. The interaction of giant Rydberg excitons can be engineered 

for correlated ordered exciton array with Rydberg blockade, which is promising for realizing 

quantum simulation. Monolayer transition metal dichalcogenides, with its greatly enhanced 

Coulomb interaction, is an ideal platform to host the Rydberg excitons in two-dimension (2D). 

Here, we employ helicity-resolved magneto-photocurrent spectroscopy to identify Rydberg 

exciton states up to 11s in monolayer WSe2. Notably, the radius of the Rydberg exciton at 11s can 

be as large as 214 nm, orders of magnitude larger than the 1s exciton. The giant valley-polarized 

Rydberg exciton not only provides an exciting platform to study the strong exciton-exciton 

interaction and nonlinear exciton response, but also allows the investigation of the different 
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interplay between Coulomb interaction and Landau quantization, tunable from a low to high 

magnetic field limit.  

 

3.3.1 Introduction to Excited States in Monolayer WSe2  

The Rydberg atom18,56,123–125, with its large size of hundreds of nanometers, can be easily 

controlled and probed with light. As a result, the Rydberg atom can be used to generate artificial 

molecules to study molecular dynamics126. The giant size of Rydberg atoms also results in 

enhanced interaction that leads to large nonlinearity and exciton Coulomb blockade, which can be 

utilized for quantum information processing and quantum simulation127,128. Despite the significant 

experimental progress for creating Rydberg atom in optical traps, its analog in a solid-state system 

is still highly desirable for better integration into modern electronic technology. Exciton, a 

ubiquitous quasiparticle in the optically excited semiconductor, is consisted of a negatively 

charged electron and a positively charged hole bound together through Coulomb interaction18,56,125. 

In bulk semiconductors, excitons would also have Rydberg series like the hydrogen atom, which 

has been identified by the serial absorption peaks below the bandgap with energy spacing matching 

the Rydberg description 𝐸𝑏 = −
𝑅𝑦

𝑛2
, where 𝐸𝑏 is the binding energy, 𝑅𝑦 is the Rydberg constant, 

and n is the principal quantum number129–132. For large principal number n, the corresponding 

Rydberg exciton would have a large radius extension and thus strongly enhanced exciton-exciton 

interaction, which is critical for realizing large optical nonlinearity needed for quantum 

optoelectronics. One such example is the Rydberg blockade that can be utilized for quantum 

computing and quantum sensing18,56,123–125, in  which the existence of a large size Rydberg exciton 

will exclude the possibility of another Rydberg exciton nearby. Rydberg exciton blockade has been 
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shown for a n=25 exciton found in the crystal of copper oxide (Cu2O)129, which has a 

corresponding Bohr radius of 1.04 µm. 

The ordered array of Rydberg excitons can be utilized as a quantum simulator and for 

quantum computing127 as well. However, generating such an ordered array in a bulk semiconductor 

is extremely challenging, if feasible at all. The emergence of the monolayer transition metal 

dichalcogenides (TMDCs) provides a promising platform to address the challenge13. The strongly 

enhanced Coulomb interaction in 2D leads to robust exciton with large binding energy, which 

renders the highly excited state of the exciton possible. The 2D nature of the TMDCs allows 

patterning it with periodic potential to form the ordered array of Rydberg excitons. Also, the valley 

degree of freedom of the exciton brings additional control of the Rydberg exciton. Nevertheless, 

the existence of a giant Rydberg exciton with a size comparable to the optical wavelength remains 

elusive. So far, only excited exciton state up to 5s has been revealed in TMDCs133, which requires 

an extremely strong magnetic field (~ 91 T)133 and is still too small for convenient optical readout. 

Will a higher-order Rydberg exciton with the size comparable to optical wavelength exits in 

TMDCs at all? That is the central question we want to address in this section.  

We employ a helicity-resolved magneto-photocurrent spectroscopy technique15 to reveal 

the exciton excited states up to 11s in a high-quality WSe2 monolayer device under a ~17 T 

magnetic field, which, to the best of our knowledge, is the highest excited state of exciton ever 

reported for any 2D semiconductor. Under an out-of-plane magnetic field, the energy degeneracy 

of the K and K’ valleys is lifted, which can be exploited to improve the signal to noise ratio further. 

The extensive information about the size and energy of the Rydberg series of the exciton, from 1s 

to 11s, is in excellent agreement with numerical simulations using the non-hydrogenic screened 

Keldysh potential. Being able to resolve the highly excited state up to 11s, we can accurately 
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determine the exciton binding energy of the A exciton (1s) in WSe2 to be 168.6 meV, consistent 

with previous reports18,134–137. Notably, the size of the 11s exciton is determined to be 214 nm, 

orders of magnitude larger than that of the ground state exciton (1.75 nm for the 1s state, see Table 

3.1) and comparable to the wavelength of light, especially with the consideration of the dielectric 

environment.  

 

Table 3.1: Binding energy and radius for each Rydberg exciton state at B=0 T, obtained by fitting the 

experimental data with the numerical calculations. Reprinted with permission from Wang, T. et al. Giant 

valley-polarized Rydberg excitons in monolayer WSe2 revealed by magneto-photocurrent spectroscopy. Nano 

Lett. 20, 7635–7641 (2020)15. Copyright 2020 American Chemical Society. 

Excited states Binding energy 
(meV) 

Radius (nm) 

𝒓𝒏𝒔 = √〈𝒓𝟐〉𝒏𝒔. 

1s 168.6 1.75 

2s 40.0 6.80 

3s 17.4 15.45 

4s 9.7 27.68 

5s 6.1 43.51 

6s 4.2 62.94 

7s 3.1 85.96 

8s 2.4 112.6 

9s 1.9 142.9 

10s 1.5 176.7 

11s 1.2 214.0 

The unveiling of the valley-polarized giant Rydberg excitons in monolayer WSe2 would 

enable further investigation of the enhanced exciton-exciton interactions. In addition, the two 
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orders of magnitude difference of the binding energy between different Rydberg excitons allows 

the investigation of the interplay between Coulomb interaction and Landau quantization, which 

transition from a low to high magnetic field limit for increasing n. It is worth noting that the high 

magnetic field limit can be reached at a reasonable magnetic field of ~10 T for n ≥ 9, owing to 

the small binding energy of the high-order Rydberg exciton (Table 3.1). 

The boron nitride (BN) encapsulated monolayer WSe2 device was fabricated through the 

method described previously58,60,104, and the schematic is shown in Figure 3.10a. Two pieces of 

few-layer graphene were used as the source and drain electrodes of the WSe2 layer, and one piece 

of few-layer graphene was used as the top gate electrode, gating the monolayer WSe2 through the 

top BN layer. The microscope image of the device is shown in Figure 3.10b. 

The conductance of the WSe2 device, without light illumination, was measured as a 

function of the top gate voltage at both room temperature and 4.2 K, as shown in Figure 3.10c. It 

is evident that the WSe2 device exhibit bipolar behaviors and is charge neutral at the gate voltage 

of 0 V. We then performed spatially resolved photocurrent measurement at 77 K with zero bias 

voltage applied, by scanning a focused laser spot (~ 2 µm) across the sample and measured the 

resulting photocurrent response as a function of the spatial location of the laser spot. As shown in 

Figure 3.10d, the photocurrent response at zero bias is mainly from the junction of the few-layer 

graphene electrode and the monolayer WSe2, with a photoresponsivity as large as 4.4 µA/W, with 

the continuous wave (CW) photoexcitation centered at 1.959 eV and an excitation power of 1 µW.  
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Figure 3.10: Photocurrent response from BN encapsulated monolayer WSe2 device. (a) Schematic of the BN 

encapsulated monolayer WSe2 device. Two pieces of few-layer graphene are used as the source and drain 

electrodes, and one few-layer graphene is used as the top gate electrode, with the top BN layer working as the 

gate dielectric. (b) Optical microscope image of the device. (c) Source-drain current of the WSe2 device as a 

function of the top gate voltage, with the applied bias of 100 mV, at room temperature (black line) and 4.2 K 

(red line). (d) Spatially resolved photocurrent image of the boxed region in (b), with the CW excitation 

centered at 1.959 eV and excitation power of 1 µW.   The color represents the photocurrent magnitude. The 

red and white dash line outlines the boundary of the WSe2 and few-layer graphene electrode, respectively. 

The few-layer graphene electrode on the right is on top of the monolayer WSe2 and is denoted as WSe2/Gr. 

Reprinted with permission from Wang, T. et al. Giant valley-polarized Rydberg excitons in monolayer WSe2 

revealed by magneto-photocurrent spectroscopy. Nano Lett. 20, 7635–7641 (2020)15. Copyright 2020 

American Chemical Society. 

 

3.3.2 Rydberg Exciton Study by Magneto-Photocurrent Spectroscopy 

Photocurrent is a sensitive probe of the absorption information of 2D semiconductor with 

a large signal to noise ratio, due to the large photocurrent response and negligible dark 

current136,138–140. Here we investigate the photocurrent response from the monolayer WSe2 device 
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as a function of the excitation photon energy. We also choose light excitation with a particular 

helicity (σ+) to selectively excite a particular valley (K). Shown in Figure 3.11a and Figure 3.11b, 

we found that, even at the absence of the external magnetic field (blue curve in Figure 3.11b), the 

photocurrent response exhibits resonance response at a few particular excitation photon energies. 

The most pronounced one is at 1.730 eV, the same as the absorption resonance of the 1s state of 

the A exciton in WSe2. The second pronounced resonance peak is located at 1.861 eV, which we 

assign as the 2s state of the A exciton due to the agreement with the absorption spectra. There is a 

third peak smaller in magnitude but clearly visible at 1.880 eV, which we will show in the 

following discussion to be the 3s state of the A exciton. As we increase the magnitude of the out-

of-plane magnetic field, it is evident from Figure 3.11b the resonance at 3s is enhanced at the 

magnetic field of 15 T (-15 T), with even higher order excited exciton state, up to 8s, is visible at 

4.2 K. The detailed photocurrent spectra as a function of the out-of-plane magnetic field is shown 

in Figure 3.11a, with all the resonance peaks (bright line) exhibiting distinctive dependence on the 

magnetic field. These dependences, as we show below, is consistent with the expected absorption 

resonance for different exciton state, from 1s to 8s. We note that the photocurrent spectra are taken 

at the zero-gate voltage, when the WSe2 is charge neutral. As soon as we change the gate voltage 

to electron or hole dope the WSe2, all the resonance peaks disappear quickly.  
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Figure 3.11: Photocurrent spectroscopy of exciton Rydberg series in BN encapsulated monolayer WSe2. (a) 

Photocurrent response of the monolayer WSe2 device as a function of the excitation photon energy and 

magnetic field for the σ+ photoexcitation (K valley). The color represents the photocurrent magnitude, which 

is most pronounced as the excitation photon energy is in resonance with the 1s state (1.725 eV) of the A 

exciton of monolayer WSe2. The resonance corresponding to the Rydberg series from 2s to 8s is clearly visible 

on the right. (b) Photocurrent response as a function of the excitation photon energy for the different 

magnetic fields. All the measurements are taken with 100 mV bias voltage and a temperature of 4.2 K. 

Reprinted with permission from Wang, T. et al. Giant valley-polarized Rydberg excitons in monolayer WSe2 

revealed by magneto-photocurrent spectroscopy. Nano Lett. 20, 7635–7641 (2020)15. Copyright 2020 

American Chemical Society. 

 

3.3.3 Magnetic Field Dependence of Rydberg Exciton Resonance 

We then use optical excitation with different helicities to access the photocurrent spectra 

of K and K’ valleys, mainly focusing on the exciton excited state starting from 2s. We normalize 

the photocurrent with the excitation laser power, and the normalized photoresponsivity spectra 

were further subtracted background and shown in Figure 3.12a and Figure 3.12b. It is evident from 

Figure 3.12a and Figure 3.12b that, starting from 3s, the resonance peak position is approximately 

a quadratic function of the magnitude of the magnetic field B, significantly different from the 2s. 

This distinct difference of the magnetic field can be understood by considering the energy shift of 

Rydberg (ns) exciton in the presence of the magnetic field129–132. In the low magnetic field limit 
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where Landau quantization does not need to be considered, the resonance energy for each ns 

exciton state can be expressed as a function of the magnetic field as 

𝐸𝑛𝑠 = 𝐸𝑛𝑠
0 +

1

2
𝜎𝑔𝜇𝐵𝐵 + ∆𝐸𝑑𝑚 

(3.1) 

where 𝐸𝑛𝑠
0  is the energy of the ns state at zero magnetic field, 𝜎 is the valley index that is 

+1 for K valley and -1 for K’ valley,  𝜇𝐵 is the value of Bohr magneton and g is the Landé g-factor. 

The third term ∆𝐸𝑑𝑚 is the diamagnetic shift. In the low magnetic field limit, where the cyclotron 

resonance energy ħ𝜔𝐵 =
𝑒ℏ

𝑚𝑟
|B| is much smaller than the exciton binding energy, the diamagnetic 

shift ∆𝐸𝑑𝑚 can be expressed as 
𝑒2

8𝑚𝑟
〈𝑟2〉𝑛𝑠𝐵2, with 𝑚𝑟 being  the reduced mass of exciton and 

〈𝑟2〉𝑛𝑠 being the square of the expected ns exciton radius. For ground state 1s, as the exciton is 

strongly bounded, 〈𝑟2〉1𝑠 is small and the energy shift ∆𝐸 = 𝐸𝑛𝑠 − 𝐸𝑛𝑠
0  is dominated by the valley-

Zeeman term that linearly depends on the magnetic field. Even for the 2s state, the linear term is 

still more significant (Figure 3.12a, b). In contrast, for the higher order excited state starting from 

3s, 〈𝑟2〉𝑛𝑠  increases significantly and the diamagnetic shift term will dominate. Therefore, the 

exciton energy shift will be an approximately quadratic function of the magnetic field. The 

distinctive difference in the magnetic field dependence for different ns state is evident in Figure 

3.12a and Figure 3.12b.  

In the extremely high magnetic field limit, though, the Landau levels (LLs) will form. If 

𝑒ℏ

𝑚𝑟
|B| is much larger than the binding energy, and the absorption is dominated by the inter-LL 

transitions, which is valley-selective due to the nontrivial Berry phase141–145. The diamagnetic shift 

term ∆𝐸𝑑𝑚 will be (n −
1

2
)

𝑒ℏ

𝑚𝑟
|B|, where n is the number of allowed inter-LL transition for each 
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valley. As a result, the energy shift ∆𝐸 = 𝐸𝑛𝑠 − 𝐸𝑛𝑠
0  will again be a linear function of the magnetic 

field in the high field limit133–135. We note here that, as the binding energy of the high order excited 

state decreases, the high field limit can be easier to achieve for ns state when n≫1. We will discuss 

this further later with our data from high order excited state.  

The Equation (3.1) allows us to quantitatively analyze the experimental data. From the 

photocurrent spectra of the K and K’ valleys (Figure 3.12a, b), the energy difference of the 

resonance peaks ∆𝐸 = 𝐸𝑛𝑠 − 𝐸𝑛𝑠
0  is given by the expression of 

1

2
𝑔𝜇𝐵𝐵 , which is the valley-

Zeeman shift for different excited exciton states. Therefore, we extract the energy difference of 

the resonance for the K (Figure 3.12a) and K’ valley (Figure 3.12b) for the exciton with the same 

principal number (n), and we plot it as the function of the magnetic field as shown in Figure 3.12c. 

We can see that the resonance energy difference up to 8s can all be well fitted with a linear fitting, 

which gives a g-factor between 4 to 5. The g-factor of the A exciton has been reported to be in this 

range for the excited state up to 5s134,135. Here we show that the g-factor value of the 8s is also 

similar. This insensitive dependence of g factor on the quantum principal number suggests that the 

Zeeman shift of exciton mainly originates from the Zeeman shift of band edges. 
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Figure 3.12:  Photocurrent spectroscopy of exciton Rydberg series from the K and K’ valleys. (a) and (b) are 

photocurrent responsivity of the monolayer WSe2 device as a function of the excitation photon energy and 

magnetic field for K (a) and K’ valley (b). Background of photocurrent is subtracted in (a) and (b) for better 

illustration. (c) Difference of the peak energy for different Rydberg excited states (Zeeman splitting) as a 

function of the magnetic field. (d) Average of the peak energy for different Rydberg excited states at K and 

K’ valley (Zeeman splitting) as a function of the magnetic field. The solid dots are extracted from 

experimental data, and the solid lines are from theoretical fittings. All the measurements are taken with a 

bias voltage of 100 mV and a temperature of 4.2 K. Reprinted with permission from Wang, T. et al. Giant 

valley-polarized Rydberg excitons in monolayer WSe2 revealed by magneto-photocurrent spectroscopy. Nano 

Lett. 20, 7635–7641 (2020)15. Copyright 2020 American Chemical Society. 

 

3.3.4 Numerical Calculation of Rydberg Exciton Resonance 
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Also, from Equation (3.1), the average energy of the resonance peaks from the photocurrent 

spectra of the K and K’ valley, �̅�𝑛𝑠 =
1

2
(𝐸𝐾 + 𝐸𝐾′).  can be expressed as 𝐸𝑛𝑠

0 + ∆𝐸𝑑𝑚, noting that 

∆𝐸𝑑𝑚 is an even function of the magnetic field, and the valley-Zeeman shift from K or K’ valleys 

is an odd function of the magnetic field that cancels each other. As a result, the shift of the average 

resonance energy for ns, ∆�̅�𝑛𝑠 = �̅�𝑛𝑠 − 𝐸𝑛𝑠
0 , will only be determined by the diamagnetic shift, and 

the experimentally extracted value is shown in Figure 3.12d (solid dots).  

In the most range of our data, we are dealing with the scenario that the strong Coulomb 

interaction and Landau quantization coexist, which gives rise to the intriguing question of the 

exciton behavior in a strong quantizing magnetic field. Since neither Coulomb interaction or the 

Landau quantization energy can be treated as a perturbation, we do not have an analytical solution. 

Instead, we can numerically calculate average resonance shift ∆�̅�𝑛𝑠 as a function of the magnetic 

field. Here, we adopt a nonhydrogenic screened Keldysh potential75,135,146,147, which is given by 

V(𝑟) = −
𝑒2

8휀0𝑟0
[𝐻0 (

휀𝑟

𝑟0
) − 𝑌0 (

휀𝑟

𝑟0
)] 

(3.2) 

where 휀 = (휀𝑡𝑜𝑝 + 휀𝑏𝑜𝑡𝑡𝑜𝑚)/2 is the averaged relative dielectric constant of surrounding, 

휀0  is the vacuum permittivity, and 𝑟0 = 2𝜋𝜒2𝐷  is the screening length with 𝜒2𝐷  being the 2D 

polarizability. 𝐻0 and 𝑌0 are the Struve and Bessel functions of the second kind, respectively. The 

numerically calculated ∆�̅�𝑛𝑠  as a function of the magnetic field is best fitted with our experimental 

data with the fitting parameters 휀=4.3, 𝑟0=4.5 nm, and 𝑚𝑟=0.2𝑚0, where 𝑚0 is the free electron 

mass in vacuum. Figure 3.12d shows that the numerical calculation is in excellent agreement with 

the experimental data for the exciton state from 2s to 8s. The fitting parameter, screening length 

𝑟0=4.5 nm, is consistent with the theory76,148 and previous experimental work134. Our obtained 
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fitting result of the BN dielectric constant,  휀 =4.3,  is consistent with previous infrared 

measurements149. 

It is worth noting that even higher order exciton excited states (n>8) are also vaguely visible 

in the color plots (Figure 3.12a,b), especially for the magnetic field near -17 T. To extract this 

information out, we exploit the valley degree of freedom to better subtract the background. 

 

 

Figure 3.13:  Photocurrent spectroscopy of valley polarization for exciton Rydberg series of monolayer WSe2. 

(a) Color plot of the photocurrent valley polarization, defined as 
𝑷𝑪𝑲−𝑷𝑪

𝑲′

𝑷𝑪𝑲+𝑷𝑪𝑲′
, as a function of the excitation 

photon energy and magnetic field. (b) Line traces of photocurrent valley polarization for different magnetic 

fields. The dashed lines are the eye guide to track the peaks associated with different Rydberg excited states 

up to 11s. (c) The energy position of the node in (a), where the photocurrent valley polarization is zero, as a 

function of the magnetic field. The solid dots are extracted experimental data, and the solid lines are from the 

numerical calculations. Reprinted with permission from Wang, T. et al. Giant valley-polarized Rydberg 

excitons in monolayer WSe2 revealed by magneto-photocurrent spectroscopy. Nano Lett. 20, 7635–7641 

(2020)15. Copyright 2020 American Chemical Society. 

As we can see from Equation (3.1), the valley degree of freedom helps lift the energy 

degeneracy of the exciton states at the K and K’ valley. Hence, we define the valley polarization 

of the photocurrent as 𝑃𝑃𝐶 =
𝑃𝐶𝐾−𝑃𝐶

𝐾′

𝑃𝐶𝐾+𝑃𝐶𝐾′
, where 𝑃𝐶𝐾 (𝑃𝐶𝐾′) is the photocurrent response from the 

K (K’) valley. If the separation of the resonances from the K and K’ valley is much larger than the 

linewidth of the resonance, the photocurrent valley polarization, 𝑃𝑃𝐶, will have the extreme value 

of 50% for the K valley resonance and -50% valley resonance. The linewidth broadens for the 

higher order excited states, and the peak value of the photocurrent valley polarization becomes 
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smaller, but we can still use the positive or negative peak to track the shift of the resonance of the 

K and K’ valley.  

The experimentally extracted valley polarization as a function of the magnetic field can be 

found in the color plot of Figure 3.13a. It is evident that higher excited exciton state with the 

principal number n>8 is visible, especially for the magnetic field <-15 T. The valley polarization 

for different negative magnetic fields from -10 T to -17.5 T can also be found in the line traces 

shown in Figure 3.13b, which shows that we can identify the excited exciton states up to 11s. The 

average resonance energy, which corresponds to the node of zero photocurrent valley polarization, 

is in excellent agreement with the numerical calculation, as shown in Figure 3.13c, with the fitting 

parameters obtained in the previous discussion (휀=4.3, 𝑟0=4.5 nm, and 𝑚𝑟=0.2𝑚0). We can thus 

obtain the binding energy and radius extension for all the excited exciton state up to 11s (Table 

3.1), which is the most comprehensive study of the Rydberg exciton in TMDC up to date. It is 

worth noting that the binding energy of 11s exciton (1.2 meV) is significantly smaller than the 

Landau quantization energy ħ𝜔𝐵 =
𝑒ℏ

𝑚𝑟
|B| at 15 T (~8.69 meV), which suggests that we are in the 

high magnetic field limit. Per our previous discussion, in the high filed limit, the average energy 

shift will be a linear function of the B field, with the slope asymptotically approaching (n −
1

2
)

𝑒ℏ

𝑚𝑟
. 

Therefore, we could obtain the reduced mass of the exciton solely from experimental data. Fitting 

all Rydberg exciton data shows that, starting from 9s, we reach saturating reduced mass of 0.2𝑚0, 

in excellent agreement with fitting result mentioned above, confirming that we are in the high field 

limit for n ≥ 9 excitons even with a magnetic field as low as ~10 T. Monolayer WSe2, therefore, 

provides an intriguing platform to investigate the different interplay between Coulomb interaction 

and Landau quantization. By tuning the principal number n of Rydberg excitons, we can smoothly 

transition from a low to high magnetic field limit with a reasonable magnetic field between 10 to 
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17 T,  which is drastically advantageous for detailed investigations considering the extremely 

strong magnetic field (~91 T) needed in the previous study133. Finally, this giant valley-polarized 

Rydberg excitons in monolayer WSe2 set up the stage to the future investigation of the greatly 

enhanced exciton-exciton interaction in 2D. 

 

3.4 Quantized Exciton Energies in Monolayer WSe2 under a Strong 

Magnetic Field 

Quantized energy levels are one of the hallmarks of quantum mechanics at the atomic level. 

The manifestation of quantization in macroscopic physical systems has showcased important 

quantum phenomena, such as quantized conductance in (fractional) quantum Hall effects and 

quantized vortices in superconductors. Here we report the first experimental observation of 

quantized exciton energies in a macroscopic system with strong Coulomb interaction, monolayer 

WSe2 crystal under a strong magnetic field. Employing helicity resolved magneto-reflectance 

spectroscopy, we observe a striking ladder of plateaus as a function of the gate voltage for both 

exciton resonance in one valley and exciton- polaron branch in the opposite valley, thanks to the 

inter-Landau levels (LLs) transitions governed by unique valley-selective selection rules. The 

observed quantized excitation energy level spacing sensitively depends on the doping level, 

indicating strong many-body effects. Our work will inspire the study of intriguing quantum 

phenomena originating from the interplay between LLs and many-body interactions in two-

dimension monolayer crystals. 
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3.4.1 Helicity-Resolved Optical Magneto-Reflectance Spectra in Monolayer 

WSe2 

Quantized energy is a fundamental property for physical systems at the atomic scale, such 

as the spectra of hydrogen atoms and single atom trapped in an optical tweezer150,151. In some 

macroscopic quantum systems, quantized physical quantities, usually originating from topology, 

defect, or interaction, have also been observed, and well-known examples include quantized 

vortices in superfluids and superconductors152–154, quantum Hall effects (QHE)155–158, etc. Among 

them, quantized Hall conductance is one of the most striking phenomena in condensed matter 

physics. In two-dimension (2D) electron gases, the out-of-plane magnetic field forms quantized 

Landau Levels (LLs) for carries142,159. With low magnetic fields, the LLs lead to quantum 

oscillations such as the Shubnikov–de Haas (SdH) oscillations, while quantized Hall conductance 

emerges with a strong magnetic field due to the topological band of the highly-degenerate LLs160–

165. Strong many-body interaction can lead to further fractionalization of quantized Hall 

conductance166,167.  

Monolayer transition metal dichalcogenides (TMDCs) offer an intrinsic 2D semiconductor 

system for the study of quantum physics with a magnetic field, where optical signature plays a 

major role in exploring material properties. In particular, the optically excited electron-hole pair 

forms exciton with large exciton binding energy of hundreds of meV1,2,20,168 because of the 

enhanced Coulomb interaction in 2D due to reduced screening. In monolayer TMDCs, the 

nontrivial Berry phase13,143,144,169,170 and strong spin-orbital coupling161 lead to a set of valley- and 

spin-polarized LLs with unique transition rules142,159. The coexistence of such LLs and strongly 

bound exciton161–165 raises an intriguing question: Will the quantized LLs work as a series of 

tunable bandgaps and host excitons with quantized energies? Although the valley-and spin-

polarized LLs have been demonstrated in the reflectance spectra of highly n-doped WSe2, the 
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much-reduced binding energy of the exciton renders the inter-LL transition similar to the band 

edge transition of conventional semiconductors141. A recent work on MoSe2 explores the LLs 

effects in the low p-doping region, in which the exciton binding energy is still significant. However, 

only Shubnikov–de Haas (SdH) type of oscillation was observed in the optical reflectance 

spectra171. 

In this section, we report the first experimental observation of quantized exciton energies 

in a macroscopic system with strong Coulomb interaction. We achieve so through the helicity 

resolved magneto-reflectance spectra of a high-quality monolayer WSe2 device under an out-of-

plane magnetic field up to 31 T, and the Landau quantization of the exciton energy clearly occurs 

in the lightly p-doping region. Here the optical signature of the inter-LL transition is tuned by the 

gate voltage that controls the Fermi energy. Due to the valley-Zeeman shift, at the finite shift of 

Fermi energy, it could be realized that only one valley of TMDC is doped while the opposite valley 

remains charge neutral. As a result, the magneto-reflectance spectrum is dominated by the exciton 

resonance in one valley and the exciton-polaron resonance in the opposite valley. Here the exciton-

polaron branch arises when the Fermi energy is non-negligible compared with the trion binding 

energy (20-30 meV16,17,125,172,173). Therefore, instead of forming the trion with a free carrier from 

the opposite valley, the exciton interacts with the whole Fermi sea of the opposite valley171,174,175. 

We also observed the signature of valley-polarized LLs from the highly electron-doping 

regime141, which shows distinctively different behavior compared with the Landau quantization of 

the exciton in the hole-doping regime. In the slight hole-doping regime, the exciton resonance 

energies start to exhibit quantized plateaus with abrupt jumps when the Fermi energy crosses 

different LLs, which is also significantly different from the SdH like resonance energy shift 

previously observed in MoSe2
171. The exciton-polaron branch exhibits a correlated intensity 
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oscillation, in agreement with theoretical prediction174,175. In the heavily hole-doping regime, even 

the exciton-polaron branch exhibits quantized resonance plateaus when the Fermi energy is further 

tuned below both valence bands.  

  

 

Figure 3.14: Optical reflectance spectra of the top-gated monolayer WSe2 device. (a) Schematic of the BN 

(blue) encapsulated monolayer WSe2 device, contacted and top-gated by few-layer graphene flakes (black). 

(b) Schematic of the bandstructure of monolayer WSe2 at K and K’ valleys, and the exciton can be selectively 

excited by the right circularly polarized (𝛔+) or left circularly polarized (𝛔−) light. Note that the spin-orbit 

coupling induced band splittings in the conduction and valence bands are not drawn to their actual scale. (c) 

The color plot of the optical reflectance spectra as a function of the top gate voltage. The reflectance spectra 

were obtained by subtracting the reference reflectance spectra at the gate voltage of -4 V as the background, 

and the color represents the reflectance intensity difference. 𝐗𝟎, 𝐗𝟎
𝟐𝐬, 𝐗+, 𝐗𝟏

−, 𝐗𝟐
−and 𝐗′− correspond to the 

absorption resonance at the A exciton, 2s state of A exciton, the positive trion, intervalley trion, intravalley 

trion, and the emerging plasmon polaron mode, respectively. Reprinted with permission from Wang, T. et al. 

Observation of quantized exciton energies in monolayer WSe2 under a strong magnetic field. Phys. Rev. X 10, 

021024 (2020)145. https://doi.org/10.1103/PhysRevX.10.021024 Copyright 2020 American Physical Society. 

 

Further, the quantitative analysis reveals that the plateau spacing for the neighboring inter-

LL transition for hole-doped WSe2 is only about half of the value for electron-doped WSe2, 

suggesting different excitonic physics that leads to the Landau quantization of the exciton energy 

in the p-doped regime compared with the LL signatures in the highly n-doped regime. The 
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extremely high-quality monolayer WSe2 device in the presence of the strong magnetic field thus 

provides an exciting platform for investigating the interplay of LLs and many-body interactions in 

2D monolayer crystals with rich spin and valley physics. 

The BN encapsulated monolayer WSe2 device is schematically shown in Figure 3.14a, and 

the fabrication details can be found in our previous work58,60,104. Since the reflectance spectrum of 

the monolayer WSe2 at the top gate voltage of -4 V is rather flat and has no resonance feature, we 

use it as the reference and obtain the reflectance spectra of monolayer WSe2 by subtracting the 

reflectance spectra at a given gate voltage from the reference, i.e., by ∆𝑅 = 𝑅(𝑉𝑔) − 𝑅(−4𝑉). The 

optical reflectance spectra at 4.2 K are plotted as a function of the top gate voltage in Figure 3.14c. 

The high quality of the reflectance spectra is evidenced by the well-resolved resonance peaks of 

intervalley trion (X2
−) and intravalley trion (X1

−), as well as the reflectance resonance corresponding 

to the 2s state of the A exciton (X0
2s )133,135,137,176–178. The clear optical signature of different 

excitonic resonances also divides Figure 3.14c into four different doping regime: (I) charge-neutral 

region, in which 1s (X0) and 2s (X0
2s) resonances of the A exciton are most pronounced; (II) hole-

doped region, which is marked by the onset of the positive trion (X+); (III) electron-doped region, 

which is marked by the onset of the negative trions resonance (X1
−, X2

−); (IV) heavily electron-

doped region, which is signaled by the onset of the exciton-plasma mode (X′−)179.  

 

3.4.2 Quantized Exciton Energy and Spin- and Valley-Polarized Landau Levels 

The strong spin-orbit coupling in TMDCs generates a large splitting of the valence band 

(~ 300-500 meV) and a sizable splitting of the conduction bands (~ 20 to 40 meV) at the K and K’ 

valley91,92, and the resulted bandstructure for monolayer WSe2 is schematically shown in Figure 

3.14b. The different spin configurations locked with K and K’ valleys result in the valley degree 
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of freedom, and the exciton can be selectively generated in either K or K’ valley using left or right 

circularly polarized light. As the reflectance spectra reflect the coherent absorption progress for 

monolayer WSe2
18,56, the helicity-resolved reflectance spectroscopy, which utilizes the light with 

certain helicity as the excitation and detects the reflected light of the same helicity, can directly 

probe the information of each valley specifically. Meanwhile, the application of the out-of-plane 

magnetic field has two major effects on the electronic structure. First, the opposite Zeeman 

splitting of the K and K’ valleys lifts the energy degeneracy of the two valleys. Second, spin- and 

valley-polarized LLs start to develop in both valleys (Figure 3.15c).  
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Figure 3.15: Helicity-resolved optical magneto-reflectance spectra. (a) and (b) are color plots of the helicity 

resolved optical reflectance spectra for K and K’ valleys, respectively, as a function of the top gate voltage 

with the application of the out-of-plane magnetic field of 25 T. (c) The magnetic field lifts the degeneracy of 

the K and K’ valley, and LLs forms in the conduction and valence band. The arrows indicate the allowed 

inter-LL transitions in the K and K’ valley. Fermi energies of 𝛍𝟏, 𝛍𝟐, 𝛍𝟑, and 𝛍𝟒 correspond to different 

doping levels controlled by the top gate voltage. Reprinted with permission from Wang, T. et al. Observation 

of quantized exciton energies in monolayer WSe2 under a strong magnetic field. Phys. Rev. X 10, 021024 

(2020)145. https://doi.org/10.1103/PhysRevX.10.021024 Copyright 2020 American Physical Society. 
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We measure the helicity-resolved reflectance spectra of each valley in the presence of the 

out-of-plane magnetic field, and the data for the magnetic field of 25 T are shown in Figure 3.15a 

(K valley, 𝜎+  excitation and 𝜎+  detection) and Figure 3.15b (K’ valley, 𝜎−  excitation and 𝜎− 

detection). The reflectance spectra in Figure 3.15a and Figure 3.15b are distinctively different, 

especially in the lightly hole-doping regime (Fermi energy between µ3 and µ4 in Figure 3.15). At 

K valley, the exciton resonance extends into the hole doping region (region II) and becomes 

quantized resonances with an overall blue shift with increased doping. At K’ valley, in contrast, 

the exciton resonance quickly disappears in the hole-doping region, while the exciton-polaron 

resonance undergoes a redshift, along with a periodic intensity oscillation (c.f. the zoom-in plot in 

Figure 3.16d). The exciton-polaron resonance becomes quantized resonance peaks when WSe2 is 

highly hole-doped (top gate voltage < -2.10 V, corresponding to Fermi energy below µ4 in Figure 

3.15b). We will show in the later discussion that the asymmetry between the K and K’ valley is 

due to the lift of energy degeneracy of the two valleys by the magnetic field, and the position of 

the Fermi energy sensitively determines the nature of the exciton-electron interaction. 

The differential reflectance spectra also exhibit a striking difference in the n-doping and p-

doping regime. In the lightly n-doping region (gate voltage from 0.22 to 0.95 V, region III), we 

still observe two negative trions, similar to the scenario without the magnetic field. However, the 

PL from the two negative trions are not equal in intensity at the presence of the out-of-plane 

magnetic field, with that of X1
− (intervalley exciton) stronger in the K valley and X2

− (intravalley 

exciton) stronger in the K’ valley. This is due to the degeneracy lifted by the out-of-plane magnetic 

field, under which the lower conduction band (C2) in the K’ valley is slightly below the C2 in the 

K valley (Figure 3.16c). As a result, the negative trion absorption from the K valley (with the 
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electron and hole pair residing in the K valley) is mostly from the intervalley exciton X1
−, while 

that from the K’ valley is mostly from the intravalley exciton X2
−. 

As the gate voltage is increased to > 0.95 V (region IV) in which X′− emerges, we observe 

a set of Landau-fan like patterns that are consistent with the previous report and were previously 

attributed to the inter-LL transition141,163,165. The correlation of the optical signature of LLs in the 

n-doping side with the onset of the exciton-plasma mode indicates the importance of many-body 

interaction to observe the LLs’ effect in the reflectance spectra. In this section, we focus on the 

hole-doping regime (region II), where we observe either a set of discrete exciton resonances (K 

valley) or intensity oscillation of the exciton-polaron resonance (K’ valley). Both will be shown 

later to be attributed to the LLs formation. This apparent asymmetry between the n-doping and p-

doping regions might arise from the unique band structure of monolayer WSe2, in which the spin-

orbit coupling induced splitting of the conduction bands dictates that the lower energy conduction 

band (C1 in Figure 3.15c) has opposite spin compared to that of the valence band maximum 

(VBM). The bright exciton, therefore, has to be formed with the electron in the C2 band and hole 

in the V1 band (Figure 3.15c). While the p-doping immediately fills the VBM and directly affects 

the bright exciton formation through the phase filling effect, the initial n-doping only fills the C1 

band and does not affect the bright exciton formation, which involves C2 band. As a result, the LL 

effects in the n-doping region occurs at high doping density, which greatly reduces the Coulomb 

interaction and significantly modifies the excitonic physics. The coincidence of the onset of the 

Landau-fan feature in the n-doping region with the plasmon mode also suggests different excitonic 

physics, compared with the strongly bound exciton in the lightly p-doped regime. However, the 
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exact microscopic mechanism needs to be investigated later, which is beyond the scope of this 

work.  

  

 

Figure 3.16: Magneto-reflectance spectra modified by inter-LL transitions. (a) and (b) are zoom-in color plots 

of the helicity resolved optical reflectance spectra for K (a) and K’ (b) valleys in Figure 3.15 (a) and (b), in the 

highly n-doped region. (c) and (d) are zoom-in color plots of Figure 3.15 (a) and (b) in the p-doped region. 

Reprinted with permission from Wang, T. et al. Observation of quantized exciton energies in monolayer 

WSe2 under a strong magnetic field. Phys. Rev. X 10, 021024 (2020)145. 
https://doi.org/10.1103/PhysRevX.10.021024 Copyright 2020 American Physical Society. 
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In the n-doping region, the reflectance spectra modified by the inter-LL transition can be 

seen more clearly in Figure 3.16a and  Figure 3.16b, which are zoom-in images from Figure 3.15a 

and Figure 3.15b. These observations are similar to the previous report by Wang et al.141 and can 

be quantitatively understood with the inter-LL transition, considering the set of LLs developed in 

the valence band and conduction band independently. It is worth noting that, similar to graphene, 

the nontrivial Berry phase in TMDCs dictates the existence of LL with index n=0 (Figure 3.15c). 

Previous theory study142 has shown that, in contrast to the selection rules of two-dimensional 

electron gas (2DEG) and graphene that requires |n| = |n′| ± 1, where n and n’ are the LL index, 

the inter-LL transition in TMDCs is governed by valley-selective selection rules141,142,144. Namely, 

the only allowed transitions are −n ↔ n + 1 transition in K valley and  −(n + 1) ↔ n in K’ 

valley. These allowed transitions can be tuned by controlling the Fermi energy through doping. 

For example, as shown in Figure 3.15c, the −1 ↔ 0 transition in the K’ valley will be blocked if 

the Fermi energy is increased to the C2 band, which corresponds to the termination of one of the 

Landau-fan like resonances shown in the reflectance spectra, indicated by the dashed line in Figure 

3.16b. Based on the previous report of the conduction band splitting of 40 meV141, the correlation 

of the gate voltage to the Fermi energy shift in our device can be established. 

In this section, we focus on the hole doping region, in which the effect of LLs can only be 

observed in high-quality samples. We show in Figure 3.16c and Figure 3.16d the enhanced zoom-

in color plot of the hole-doped region in Figure 3.15a and Figure 3.15b. The reflectance spectra 

could be understood with the consideration of both the Zeeman splitting effect and the LLs 

formation for K and K valleys (B > 0 here), shown schematically in Figure 3.15c. The intensity 

oscillation in the hole-doping side from the K’ valley has been theoretically174,175 investigated and 
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attributed to the magnetic field dependence of the repulsive exciton-polaron, which is a 

quasiparticle of the exciton interacting with the entire Fermi sea in the opposite valley. The simple 

picture of trion, which consists of one exciton with one free electron or hole in the opposite valley, 

is only valid for small doping, or EF << ET, in which the EF is the Fermi energy associated with 

the doping and ET is the binding energy of the trion. For the gate voltage of -0.19 V to -2.10 V, 

corresponding to the Fermi energy between µ3 and µ4, the exciton in K’ valley interact with the 

entire Fermi sea of the holes in the K valley, and the exciton-polaron undergoes a redshift along 

with intensity oscillation as shown in Figure 3.16d. Recently, helicity-resolved reflectance 

spectroscopy study of monolayer MoSe2 has shown exciton-polaron intensity oscillation in the 

hole-doped high-quality monolayer MoSe2 device171. We note that the exciton-polaron intensity 

oscillation in our monolayer WSe2 device is much more pronounced, likely due to improved 

sample quality and stronger magnetic field applied. 

When the Fermi energy is between µ3 and µ4, as free holes only exist in K valley but not 

in K’ valley, no free holes are available in the K’ valley to form the exciton-polaron with the 

excited exciton in K valley. As a result, the optical reflectance spectra from the K valley (Figure 

3.16) are dominated by the exciton resonances from the inter-LL transitions. We observed that the 

exciton resonance energy at zero doping is not a sensitive function of the magnetic field, only 

modified slightly by the valley-Zeeman shift, which is consistent with our numerical calculations 

that show the exciton binding energy not significantly affected by the magnetic field. Because the 

exciton binding energy is much larger than that of the LL spacing, a large number of LLs from the 

conduction and valence bands need to be taken into consideration to construct the exciton wave 

function in the numerical calculations. Quantized exciton resonances occur when the Fermi energy 

crosses each LL individually as the doping is increased, corresponding to the sequential filling of 
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LL which is then not involved in the exciton wavefunction. Because of the large exciton binding 

energy and the number of LLs involved, the quantized exciton energy in this low doping regime 

is not determined simply by the inter-LL transition spacings from the single particle spectrum163. 

It is also interesting to note that, in the p-doped region, only one exciton resonance is visible at a 

fixed gate voltage in the reflectance spectra. In contrast, in the n-doped region, multiple excitonic 

resonances coexist in the reflectance spectra.  

 

3.4.3 Spin- and Valley-Polarized Landau Levels and Effective Mass 

Renormalization in Doped Regions in Monolayer WSe2 

The quantized exciton energy at K valley (Figure 3.16c) can be better visualized in Figure 

3.17a, in which the exciton resonance energy is plotted as a function of the gate voltage. It is 

evident that, with the sequential filling of the LLs in the valence band (filling factor ν noted) for 

increased p-doping, the resonance energy exhibits a series of plateaus, each corresponding to the 

blocking of a low energy LL in the formation of exciton such that its energy increases by the LL 

spacing. This is in stark contrast to the previous report in monolayer MoSe2, in which only a SdH 

like oscillation of the resonance energy on top of a smooth blueshift background was observed. 

We attribute the plateau-like resonance energy shift to the improved sample quality that reduces 

the scattering and the larger magnetic field that increases the LL spacing. The combination of these 

two effects ensures that the LL is well resolved, similar to what is required to observe QHE instead 

of SdH oscillations in low-temperature transport measurements162,163,180–182. In fact, optical 

spectroscopy techniques have been employed to investigate the QHE of 2DEG. It was found that 

when the LL is completely filled, which corresponds to the onset of the new plateau of the quantum 

hall conductance, the optical absorption is at its a minimum182–184. Interestingly, we find the 
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integrated reflectance intensity also shows a sudden change at the gate voltage corresponding to 

the quantum jump of exciton resonance.  

  

 

Figure 3.17: Quantized exciton energy and spin- and valley-polarized LLs. (a) Under the out-of-plane 

magnetic field of 25 T, the reflectance spectra local maximum position was tracked as a function of the gate 

voltage. The exciton resonance energy as a function of the gate voltage for different LL filling factors exhibits 

a ladder of plateaus. (b) Integrated exciton differential reflectance intensity as a function of the gate voltage 

for different filling factors. (c) Integrated reflectance intensity for the exciton-polaron as a function of the 

gate voltage for different filling factors. (d) Exciton resonance energy as a function of the gate voltage for 

different magnetic field applied. The plateau feature starts to develop when the magnetic field exceeds 15 T. 

For each curve in different magnetic fields, we shift the energy of each curve by 4 meV for clarity. (e) The 

required hole density to completely fill the LL with the filling factor from 1 to 6. Reprinted with permission 

from Wang, T. et al. Observation of quantized exciton energies in monolayer WSe2 under a strong magnetic 

field. Phys. Rev. X 10, 021024 (2020)145. https://doi.org/10.1103/PhysRevX.10.021024 Copyright 2020 

American Physical Society. 
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At K’ valley, for the gate voltage between -0.19 V to -2.10 V at the magnetic field of 25 T, 

the integrated reflectance spectra intensity of the exciton-polaron resonance shows oscillation 

(Figure 3.17c) concurrent with the discrete exciton resonance shift observed in K valley (Figure 

3.17a). In the highly p doped region when the Fermi energy is tuned to below µ4 (gate voltage < -

2.10 V), the exciton-polaron branch turns into a set of quantized resonances as well. This is because 

the corresponding Fermi energy is below µ4 (Figure 3.15c) and starts to fill LL sequentially in the 

K’ valley, similar to what occurs in the exciton branch (K valley) between the gate voltage -0.19 

V to -2.10 V. Therefore, the reflectance spectra in K’ valley is dominated by quantized exciton-

polaron resonance, dressed by the whole Fermi sea from K valley.  

Both quantized resonances from the exciton (K valley) and exciton-polaron branch (K’ 

valley) can be utilized to construct the corresponding Landau fans (Figure 3.17e). The quantized 

resonance energy (K valley) as a function of the top-gate voltage for different magnetic field is 

plotted in Figure 3.17d, which shows that the series of plateaus of exciton resonances occur for 

magnetic field ≥ 15 T, and the onset gate voltage for each plateau clearly shifts (dashed line in 

Figure 3.17d) as the magnetic field strength increases. Based on a simple capacitance model, the 

density of the carrier will increase as a function of the gate voltage as 2.15 × 1014 𝑐𝑚−2 𝑉−1. 

Therefore, the hole density for the onset of each resonance plateau as a function of the B field can 

be plotted as the Landau fan shown in Figure 3.17e. The degeneracy of each LL can be calculated 

as Nν −  Nν−1 = 𝑓𝑒𝐵/ℎ, in which Nν is the density of holes needed to completely fill the LL level 

in the valence associated with inter-LL transition index ν, and 𝑓 is degeneracy. We found that 𝑓 is 

about 1, confirming that all the LLs from the K valley are spin- and valley-polarized. In the highly 

p-doped regime, we observe the second set of quantized excitonic resonance (Figure 3.16d, below 
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µ4), which we attribute to the inter-LL transition in the K’ valley as the Fermi energy is tuned to 

be below µ4. In this regime, as the Fermi energy crosses both K and K’ valleys, the observation of 

the sequential inter-LL transition associated excitonic resonance involving filling the LL in the K 

valley as well, and we expect a degeneracy 𝑓 = 2. However, the required density of holes as a 

function of the B field significantly deviates from a linear fit and calls for future investigation.      

Strikingly, the energy spacing between neighboring Landau quantized excitonic 

resonances (∆𝐿𝐿) in the lightly p-doping region is significantly different from what can be extracted 

from the reflectance spectra in the highly n-doping region. In the highly n-doping regime, at the 

gate voltage of 3 V and B field of 25 T, ∆𝐿𝐿 is about 12 meV. In contrast, in the slight p-doping 

region, ∆𝐿𝐿 is approximately 5.5 meV at LL with the filling factor ν = 1, only half the value of 

that in the n-doping regime. The striking difference of the LL effects between the n-doping region 

and the p-doping region might arise from the unique bandstructure of WSe2, in which the lower 

conduction band host the dark exciton and the Fermi energy has to be tuned to the 2nd conduction 

band to modulate the inter-LL transition, as we discussed previously. This is consistent with our 

observation of the LL effects on the reflectance spectra in the highly n-doped region. We also 

notice that the Landau-fan pattern in the n-doping region is associated with the onset of the 

plasmon mode, suggesting that LL effects are different from what is observed in the lightly p-

doped region, which is due to Landau quantization of strongly bound excitons. 

 

The difference of the LL spacing extracted from the n- and p-doping regions can be 

phenomenologically explained with the effective mass renormalization with finite doping 185,186, 

which in the lightly p-doped region (Fermi energy below µ3 in Figure 3.15) expresses the reduced 

mass of exciton as of 𝑚𝑟 = 𝑚𝑟0(1 + 0.043𝑟𝑠)  with 𝑟𝑠 =
1

√π𝜎𝑎𝐵
∗ , where 𝑚𝑟0 = 0.2𝑚0  is the 
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theoretical exciton reduced mass with no interaction, and 𝑚0 is the free electron mass. 𝜎 is the 

carrier density. Effective Bohr radius is defined as 𝑎𝐵
∗ =

𝑎𝐵𝜀

𝑚ℎ(𝑒)/𝑚0
,where 𝑎𝐵  is the Bohr radius, 

𝑚ℎ(𝑒) is the carrier mass without mass renormalization and 휀 is the dielectric constant of h-BN. 

∆𝐿𝐿 of 12 meV in the highly n-doped region (Fermi energy above µ1 in Figure 3.15) corresponds 

to the electron doping density of σ = 7.0 × 1012 𝑐𝑚−2, and this high doping density leads to an 

effective reduced mass of 𝑚𝑟 = 0.24𝑚0, which is close to the expected value with no interaction 

(0.2𝑚0). In the lightly hole-doing region, the ∆𝐿𝐿 of 5.5 meV corresponds to the hole density of 

𝜎 = 0.6 × 1012 𝑐𝑚−2, which is more than one order of magnitude smaller than the n-doping of 

7.0 × 1012 𝑐𝑚−2. This much smaller density of carriers results in a much enhanced Wigner-Seitz 

radius 𝑟𝑠 and thus a much larger effective reduced mass of 𝑚𝑟 = 0.34𝑚0. The increased effective 

reduced mass for exciton stems from the low doping density at which the Landau quantization of 

exciton occurs in the p-doped monolayer WSe2, suggesting different physics from the LL effects 

observed in the highly n-doped region, in which the Coulomb interaction is much reduced, and 

excitons can be approximated as electron-hole pairs with negligible binding energy171. The strong 

Coulomb interaction of the tightly bound exciton might explain the unequal exciton energy 

between the neighboring filling factor of LLs, evidence of significant interaction due to many-

body effects.  

By pushing the limit of the sample quality and applying a strong magnetic field, we have 

observed quantized excitonic resonance from both the exciton and exciton-polaron branches from 

the magneto-reflectance spectra of monolayer WSe2 device. The nonequal spacing of the excitonic 

resonance in the presence of the valley- and spin-polarized LLs is a manifestation of strong many-
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body interactions in 2D, which will inspire the future development of a microscopic many-body 

interacting model for detailed and quantitative understanding.  
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4. EXCITON-PHONON INTERACTION AND 

PHOTOLUMINESCENCE MODIFICATION IN 

MONOLAYER TUNGSTEN DISELENIDE 

Light-matter interactions are often dictated by optical selection rules which enable access 

to unique material properties such as valley-spin degrees of freedom in transition metal 

dichalcogenides (TMDCs)9,10,13,187. However, the selection rules based on electric dipole 

approximations also render many important processes optically “dark”, prohibiting the extraction 

of critical material properties. To overcome this limitation, careful maneuvering of the selection 

rules through higher order interactions provides access to the otherwise dark states and reveal 

additional rich physics. To this end, two-photon luminescence spectrum probes the 2p exciton 

states of carbon nanotube188 and WS2
90, which provides critical information about the exciton 

binding energies18,56. Raman spectroscopy reveals the 2D vibration mode of graphene through 

two-phonon process, which played a significant role in identifying graphene layer number in the 

early stage of graphene research189,190.   

 

4.1 Spin-Forbidden Dark-Exciton Phonon Replica in Monolayer 

WSe2 

Tungsten-based monolayer transition metal dichalcogenides host a long-lived “dark” 

exciton, an electron-hole pair in a spin-triplet configuration. The long lifetime and unique spin 

 

Portions of this chapter previously appeared as:  

Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica in monolayer 

WSe2. Nat. Commun. 10, 2469 (2019). 

Li, Z. et al. Momentum-dark intervalley exciton in monolayer tungsten diselenide brightened via 

chiral phonon. ACS Nano 13, 14107–14113 (2019). 

Li, Z. et al. Phonon-exciton interactions in WSe2 under a quantizing magnetic field. Nat. Commun. 

11, 3104 (2020). 
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properties of the dark exciton provide exciting opportunities to explore light-matter interactions 

beyond electric dipole transitions. Here we demonstrate that the coupling of the dark exciton and 

an optically silent chiral phonon enables the intrinsic photoluminescence of the dark-exciton 

replica in monolayer WSe2. Gate and magnetic-field dependent PL measurements unveil a 

circularly-polarized replica peak located below the dark exciton by 21.6 meV, equal to E′′ phonon 

energy from Se vibrations. First-principles calculations show that the exciton-phonon interaction 

selectively couples the spin-forbidden dark exciton to the intravalley spin-allowed bright exciton, 

permitting the simultaneous emission of a chiral phonon and a circularly-polarized photon. Our 

discovery and understanding of the phonon replica sheds light on the quantum engineering of the 

exciton-spin manifold by the coupling with lattice vibrations.  

In this section, we report the emerging circularly-polarized photoluminescence of dark-

exciton phonon replica states in monolayer WSe2, which arises from a second-order interaction 

between the spin-forbidden dark exciton and the phonon-photon degree of freedom, providing a 

completely new strategy to investigate the exciton-spin manifold. The chiral E’’-phonon-assisted 

interaction26–32 between the dark exciton and light leads to circularly-polarized photoluminescence 

(PL) from the phonon-replica state, which we unambiguously reveal and identify by magnetic 

field- and gate-dependent PL spectroscopies. The energy of the E’’ phonon mode is extracted 

experimentally to be 21.6 meV, which is in excellent agreement with the E’’ phonon mode from 

first-principles calculations (21.8 meV). We further provide a microscopic model and demonstrate 

the brightening of the dark exciton state through the unique role of the phonon mode, which acts 

as a fluctuating in-plane effective magnetic field and mixes the spin-allowed (bright) and spin-

forbidden (dark) exciton states of the same valley. Our observation therefore opens exciting new 
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possibilities to probe and control the dark exciton state on its light-interaction, spin properties, and 

dynamics. 

 

4.1.1 Experiment Evidence of Spin-Forbidden Dark Exciton Phonon Replica 

We fabricate the BN/WSe2/BN van der Waals (vdW) heterostructure through a dry pickup 

method which avoids exposing any vdW interface to polymer59,60. Two pieces of few-layer 

graphene were used as the contact electrode to monolayer WSe2 and the transparent top gate 

electrode, respectively, with the top BN layer working as the dielectric. A schematic representation 

of the device is shown in Figure 4.1a, with the optical microscope image of a device shown in the 

inset. With the continuous wave (CW) laser excitation centered at 1.879 eV and a low excitation 

power of 60 μW, low temperature (4.2 K) PL spectra of the device shown in Figure 4.1b resolve 

distinct peaks from different excitonic complexes, including the dark exciton23–25,82,89. The 

presence of the dark exciton arises from the unique band structure of monolayer WSe2, in which 

the conduction band minimum (CBM) and valence band maximum (VBM) are opposite in spin 

orientations and the lowest-energy electron-hole pairs form spin-forbidden excitons (Figure 4.1d). 

As a result, light emission with an in-plane electric dipole is strictly forbidden, and an in-plane 

magnetic field24 or the coupling to a plasmonic structure is required to brighten the dark exciton. 

However, using an objective of large numerical aperture (N.A.), the PL of the dark exciton can 

still be directly observed in high-quality samples, since the radiation from a small out-of-plane 

dipole82 of the dark exciton can be collected by the objective. In this case, a well-resolved dark 

exciton PL peak appears with a narrow linewidth. We perform valley-resolved PL spectroscopy 

on our devices using optical excitation with certain circular polarization (σ+ or σ-), and detect the 

PL of the same or opposite circular polarization. Such a configuration of excitation and detection 
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is labelled (σ±, σ±) in our work9,10,91. Without applying a top gate voltage and magnetic field, the 

circularly polarized PL spectra in the  (σ−, σ−) configuration clearly resolve the charge neutral 

exciton X0 and two well-separated negative trions12,80,81,103, X1
− and X2

−, indicative of an initially 

lightly electron-doped sample. The linewidths of the two trions are 2.1 meV and 2.2 meV, 

respectively, much smaller than their energy splitting of ~7 meV. It is worth noting that the 

linewidth of the dark exciton is as narrow as 0.9 meV, which demonstrates the quality of the spectra 

and is the key to our discovery of the dark-exciton replica. With the application of an out-of-plane 

magnetic field of 6 T, the exciton (X0), trion 1 (X1
−), and trion 2 (X2

−) peaks all blue shift in energy 

and remain a single peak in the PL spectra (red curve in Figure 4.1b), indicating that their emission 

is intrinsically circularly polarized at each valley. However, the dark exciton PL at 1.689 eV split 

into two peaks at 1.687 eV and 1.690 eV at 6 T. This splitting occurs because that the small out-

of-plane electric dipole of dark excitons is expected to result in linearly polarized rather than 

circularly polarized light for each wavevector. Therefore, the emissions from the two valleys could 

both be detected in this σ− collection configuration, with their energy difference dictated by the 

valley Zeeman effect4–7. Remarkably, another PL peak (indicated by arrows in Figure 4.1b) 

emerges and exhibits behavior similar to the dark excitons. This PL peak, located at 1.667 eV, 

splits into two peaks with unequal heights at 1.665 eV and 1.669 eV, with the application of the 

magnetic field of 6 T. For this reason, we label this peak as the dark-exciton replica (XD
R). We have 

reproduced XD
R in four different BN encapsulated WSe2 devices. The power dependent PL intensity 

of the exciton, dark exciton, and dark exciton replica is shown in Figure 4.1d (solid dots) at the 

absence of the magnetic field. The PL intensity can be fitted with a power law  P ~ Iα, where P is 

the PL intensity and I is the excitation laser power. It is evident that the dark exciton replica and 

dark exciton share similar power law exponent, with their α  values being 0.93 and 0.98, 
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respectively. In comparison, the PL-power scaling for other excitonic complexes exhibits a slight 

super-linear behavior, e.g., with α being 1.13 for the bright exciton (X0), consistent with the 

previous reports24,60.  

  

 

Figure 4.1: Dark exciton PL splitting in magnetic field. (a) Schematic representation of BN encapsulated 

monolayer WSe2 with graphene contact and top gate electrodes. Inset: optical microscope image of a device, 

and the monolayer WSe2, top BN layer, bottom BN layer, contact graphene, and top gate graphene are 

outlined separately. Scale bar: 20 µm. (b) PL spectra of the device in (a) at 4.2 K without the application of 

the top gate voltage, with no magnetic field (black) and with 6 T out-of-plane magnetic field (red) applied. (c) 

Integrated PL intensity of WSe2 as a function of the excitation power for the 𝐗𝟎, 𝐗𝐃 and 𝐗𝐃
𝐑  PL peaks. (d) 

Schematic configurations of exciton and dark-exciton states with the solid and empty dots representing the 

electron and hole. Blue and orange colors stand for spin-up and spin-down bands, respectively. Material 

from: Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica in monolayer WSe2
104. 

Nature Communications, published 2019, Springer Nature. 
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4.1.2 Magneto-PL of Spin-Forbidden Dark Exciton Phonon Replica 

The connection between XD
R  and XD  can also be revealed through circularly-polarized 

magneto-PL spectra measurements taken in the (𝜎−, 𝜎−) configuration (Figure 4.2). We note that 

the intensity oscillation as a function of the B field is a measurement artifact, which we attribute 

to the slight beam position shift as we increase the magnetic field. As shown in Figure 4.2a, it is 

evident that all the peaks, except for XD and XD
R, undergo a monotonic blue-shift as a function of 

the out-of-plane magnetic field due to the valley Zeeman effect4–7. On the contrary, XD and XD
R 

exhibit a splitting that increases linearly with the magnetic field. The emission energy in the 

presence of the magnetic field can be expressed as 𝐸 = 𝐸0 ±
1

2
𝑔𝜇BB, where g is the Landé g-factor 

of the excitonic complex of interest, 𝜇B the Bohr magneton. “+” and “-” correspond to the PL peak 

energies from the K and K’ valleys, respectively. For the bright exciton, only K’ valley radiation 

(𝜎−) is allowed to be detected in the valley polarized PL spectra of the (𝜎−, 𝜎−) configuration, and 

hence, only the blue-shifted emission is observed. The Zeeman splitting between the two 

valleys, ∆𝐸 = 𝐸𝐾−𝐸𝐾′
= 𝑔𝜇BB, is plotted in Figure 4.2c (dots) where g factor can be obtained 

through a linear fitting (solid lines). The g-factor for the bright exciton, trion X1
−, and trion X2

− are 

-3.7, -4.4, and -4.5, respectively, consistent with previous studies60,98,99,102 and a theoretical 

expectation of 4 based on a non-interacting particle analysis. The g-factor for the dark exciton, 

however, is -9.3, consistent with previous reports60,89,98 and the theoretical expectation of -8. 

Interestingly, the dark exciton replica XD
R has a g-factor of -9.4, similar to that of the dark exciton 

XD but distinctly different from those of the bright exciton and trions. This particular magnetic 

field dependence of XD
R  indicates that its spin-valley configuration is almost identical to that of the 

dark exciton XD. It is worth noting that the relative intensity of the two branches of the dark exciton 

replica in the magneto-PL spectra sensitively depends on the circular polarization of bright exciton 
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in the (𝜎+, 𝜎+)  or (𝜎−, 𝜎−)  measurement (Figure 4.2a). The high-intensity branch switches as the 

helicity of circularly polarized excitation switch as it closely follows the Zeeman-shifted circularly 

polarized bright exciton. This is in stark contrast to the two branches of the dark exciton, which 

are always the same in intensity regardless of the helicity of the detection.  

  

 

Figure 4.2: Valley-resolved magneto-PL spectra of the dark-exciton and its replica. (a) Valley-resolved PL 

spectra at 4.2 K as a function of the emission photon energy and the applied out-of-plane magnetic field, with 

the excitation of a CW laser centered at 1.879 eV and excitation power of 60 µW. The color represents the PL 

intensity. The dark exciton and its replica exhibit distinctively different magnetic field dependence compared 

to bright excitonic complexes. (b) Line traces of the PL spectra as a function of the applied magnetic field. 

The dashed lines are the guide for the eye. (c) g-factor for different excitonic complexes obtained from the 

Zeeman splitting between the 𝑬𝑲 and 𝑬𝑲′
. The data sets are offseted 5 meV intentionally in y-axis for clarity. 

Material from: Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica in monolayer 

WSe2
104. Nature Communications, published 2019, Springer Nature. 
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The close correlation of the high PL intensity branch of the dark exciton replica and the 

bright exciton strongly supports our theory of the phonon-mediated mixing of the dark exciton and 

bright exciton. The slight difference between the valley polarization of the dark exciton replica 

and the bright exciton at finite magnetic field can be potentially attributed to higher order mixing 

process, which is beyond the scope of this work. 

4.1.3 Gate-Voltage Dependent PL of Spin-Forbidden Dark Exciton Phonon 

Replica 

To further explore the origin of the replica, we investigate the PL spectra as a function of 

the top gate voltage for a second device, and the results are shown in Figure 4.3. We employ a CW 

laser centered at 1.959 eV with an excitation power of 40 µW, under which the biexciton (XX) and 

negatively charged biexciton (XX−) can both be observed60. The XD
R peak of the second device is 

located at 1.676 eV, slightly higher in energy than the XD
R peak (1.667 eV) in the first device. 

Despite the small peak-energy shift, which possibly arises from the residual strain, the splitting 

between the XD
R and XD in the second device remains almost the same as that in the first device, ~ 

21.3 meV. From Figure 4.3a and Figure 4.3b, it is obvious that the spectrum weight of all the 

resolved excitonic complexes depends sensitively on the top gate voltage that effectively controls 

the density and type of charge carriers in the monolayer WSe2. While the X+ occurs when the 

monolayer WSe2 is hole-doped, X1
−, X2

−, and XX− emerge when the WSe2 is electron-doped, and 

XX only exists in the charge-neutral region60,98,99,102. It can be seen in Figure 4.3a that the regions 

where XD  and XD
R  exist overlap significantly. For a quantitative understanding, we plot the 

integrated PL intensity as a function of the gate voltage for each excitonic complex in Figure 4.3c. 

We find that the gate-voltage dependent integrated PL intensity of the dark exciton replica exactly 
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mimics that of the dark exciton, both reaching the maximum near the charge-neutral region and 

decreasing rapidly with either electron-doping or hole-doping (gate voltage > 0 V or < -2 V, as 

indicated by the onset of significant PL intensity from negative trions or positive trion). The charge 

neutral region also strongly correlates with the PL intensity of the dark exciton. This gate-voltage 

dependent measurement rules out the possibility that the dark exciton replica is a charged dark 

exciton. 

The gate-voltage-dependence and magnetic-field-and of the PL demonstrate that XD and 

XD
R  are both charge-neutral excitations, and they should also share similar valley-spin 

configurations and wavefunctions. The sample-independent energy difference (~ 21.6 meV) 

between XD and XD
R  and their sharp PL peaks further suggest that XD

R, a previously unrecognized 

excitation of monolayer WSe2, arises from coupling XD to a quasiparticle at ~ 21.6 meV which 

cannot be a charge carrier or a plasmon. Based on these analyses, we attribute XD
R to a phonon 

replica state formed by the coupling between XD and a phonon. To check this assumption and 

identify the phonon mode involved, we first perform a first-principles calculation of the phonon 

dispersions of monolayer WSe2. Our results show that doubly degenerate E′′ phonon modes appear 

with vibration energy ℏωE′′ = 21.8 meV, consistent with previous reports29,191,192. This energy is 

in excellent agreement with our observation of the XD-XD
R energy difference of 21.6 meV.  
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Figure 4.3: Gate dependent PL intensity of the dark-exciton and its replica. (a) PL spectra at 4.2 K as a 

function of the top gate voltage for a second BN encapsulated monolayer WSe2 device. The color represents 

the PL intensity. The excitation is a CW laser centered at 1.959 eV with an excitation power of 40 µW, under 

which the biexciton (𝐗𝐗) and the charged biexciton (𝐗𝐗−) are also visible. The gate dependence of the dark 

exciton replica 𝐗𝐃
𝐑  is similar to that of the dark exciton. (b) The line traces from (a) for the gate voltage of 1.0 

V (blue), -1.0 V (magenta) and -4.0 V (purple). (c) Integrated PL intensity for different exciton complexes as a 

function of the gate voltage. The non-zero PL intensity regions for the dark exciton and its replica are almost 

identical, from ~ -2.1 V to ~ 0.9 V of the top gate voltage. Material from: Li, Z. et al. Emerging 

photoluminescence from the dark-exciton phonon replica in monolayer WSe2
104. Nature Communications, 

published 2019, Springer Nature. 

 

4.1.4 Perturbation Theory of Electron-Phonon Coupling for Phonon Replica 

Despite the energy agreement, it is entirely unexpected that the phonon replica PL shows 

an intensity comparable to the bright exciton PL (Figure 4.1b and Figure 4.2b), which normally 

would require a strong exciton-phonon coupling strength or large phonon population. Furthermore, 

on closer examination of the optical spectra under magnetic fields (Figure 4.1b and Figure 4.2b), 
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we find that the higher-energy replica peak is much stronger than the lower-energy one, meaning 

that the replica PL arising from each valley has finite circular polarization. For instance, at 5 T, we 

estimate the degree of circular polarization of the phonon replica to be 72%. To understand these 

features, we first look into the spatial symmetry of the WSe2 lattice in the presence of E′′ phonons. 

In Figure 4.4a (inset), we schematically plot one of the doubly degenerate E′′ lattice vibrational 

modes that involve the opposite in-plane movement of the upper-plane and lower-plane Se atoms. 

This vibration breaks the mirror symmetry about the 2D plane and the three-fold rotation symmetry. 

Furthermore, the vibration modes along the two in-plane directions can construct two chiral E′′ 

phonon modes192 at the gamma point, with angular momentum of 1 and -1, respectively. As a 

result, the excitons in the K or K’ valleys can acquire a finite angular momentum and be brightened 

up by coupling to one of the chiral combinations (1 for K valley or -1 for K’ valley). To illustrate 

this effect on the electrons quantitatively, we plot the conduction bands (Figure 4.4a) and their in-

plane spin components (Sx and Sy) at the K valley (Figure 4.4b), in a structure with the upper-plane 

and lower-plane Se atoms displaced along x by 0.035 Å (i.e., zero-point motion amplitude) and -

0.035 Å, respectively. At the K point, we obtain a conduction band splitting of 49 meV, 9 meV 

larger than that of 40 meV in the equilibrium structure. More significantly, Sx of the two 

conduction bands at K, initially 0 in the equilibrium structure, increases to 0.27 ℏ and −0.27 ℏ 

after the displacement. Such band splitting enhancement and spin realignment clearly demonstrate 

an emerging in-plane spin-orbit field arising from the lattice vibrations. As such, the E′′ phonons 

are analogous to a fluctuating in-plane effective magnetic field that induces finite coupling 
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between the two conduction bands and between the bright and dark excitons in the same valley24, 

thus greatly enhancing out-of-plane and circularly-polarized PL of XD
R.  

We further use a frozen phonon method and a second-order perturbation theory 

(schematically shown in Figure 4.4c) to calculate the photon emission probability of the phonon 

replica XD
R relative to the bright exciton. The perturbing Hamiltonian consists of two terms, 𝐻𝑒𝑥−𝑝ℎ 

and 𝐻𝑒𝑥−𝑙, arising from the exciton-phonon and exciton-photon interactions, respectively. The 

exciton-phonon coupling allows the dark exciton to mix with the intravalley bright exciton by 

emitting a chiral E′′ phonon; exciton-photon coupling describes circularly polarized light emission 

of the bright exciton with an in-plane electric dipole. The overall process, i.e., simultaneously 

emitting a chiral E′′ phonon with energy ℏ𝜔E′′ and a circularly polarized photon with an energy 

ℏωD
R, have a transition probability given by the following equation,  

𝑊 (ωD
R) = |

⟨Φ𝐷|𝐻𝑒𝑥−𝑝ℎ|Φ0⟩⟨Φ0|𝐻𝑒𝑥−𝑙|Φ𝐺⟩

𝐸𝐷 − 𝐸0 − ℏ𝜔E′′
|

2

𝛿(𝐸𝐷 − ℏ𝜔E′′ − ℏωD
R). 

(4.1) 

Here, Φ𝐷 , Φ0 , and Φ𝐺  are the wavefunctions of the dark exciton, bright exciton, and 

ground state, respectively. At the experimental temperature of 4.2 K, the thermal energy of dark 

excitons is very small (~ 0.4 meV). We, therefore, use the zero-momentum dark exciton 

wavefunctions for Φ𝐷. In the equation, |⟨Φ0|𝐻𝑒𝑥−𝑙|Φ𝐺⟩|2 is the photon emission probability from 

the bright exciton. Therefore, the other term|
⟨Φ𝐷|𝐻𝑒𝑥−𝑝ℎ|Φ0⟩

𝐸𝐷−𝐸0−ℏ𝜔E′′
|

2

, having a dimensionless value ~0.04, 

defines the ratio of photon emission probability between the replica state and the bright state. This 

large ratio, together with the long lifetime of dark excitons24,68,89,95 of (~ 250 ± 20 ps in our device), 

explains the significant replica PL in our experiment. It is worth noting that the dark exciton 



 

86 

 

phonon replica possesses a lifetime of  ~ 230 ± 20 ps, same as the dark exciton lifetime within the 

experimental uncertainty, confirming the phonon replica interpretation. 

 

 

Figure 4.4: Phonon coupling and PL pathway of the K-valley dark-exciton. (a) The conduction band 

structure in the K valley, with the two Se atoms in one unit cell displaced by 0.035 Å and -0.035 Å, 

respectively, calculated using Kohn-Sham density functional theory. The conduction band bottom is set to 0 

eV. The k path is taken along the y-direction across the K point, i.e., kx = Kx. The lower (c1) and upper (c2) 

conduction bands are colored blue and orange, respectively. The black dashed lines are the two conduction 

bands in the equilibrium structure. Inset: a schematic of an 𝐄′′ phonon eigenmode. Grey and green spheres 

are W and Se atoms, respectively. Arrows indicate displacement. (b) Expectation values of conduction-band 

electron spin angular momentum in the x and y direction, Sx (solid line) and Sy (dashed line), of c1 (orange) 

and c2 (blue) as a function of k. (c) The bright exciton (𝐗𝟎) band and dark exciton (𝐗𝐃) band are denoted by 

the blue and yellow parabola, respectively. The solid circle and the empty circle represent the electron and 

the hole, respectively, while the arrows up and down indicate the spin orientation. The yellow shaded area 

above 𝐗𝐃 indicates a quasi-equilibrium population of dark excitons at 4.2 K. The dark-exciton phonon replica 

(𝐗𝐃
𝐑) state is labelled by a line with alternating blue and yellow color, indicating coupling between 𝐗𝟎 and 𝐗𝐃 

by emitting a chiral 𝐄′′ phonon of an energy ℏ𝛚𝐄′′  (purple wavy arrow). The photon emission by 𝐗𝐃
𝐑  is 

labelled by the black arrow, having an energy ℏ𝛚𝐃
𝐑. The emission process from 𝐗𝐃, in the second-order 

perturbation theory, is illustrated by the purple wavy and blue dashed lines, corresponding to the emission of 

a chiral 𝐄′′ phonon and a circularly polarized photon, respectively. The intermediate state is the bright 

exciton 𝐗𝟎. Material from: Li, Z. et al. Emerging photoluminescence from the dark-exciton phonon replica in 

monolayer WSe2
104. Nature Communications, published 2019, Springer Nature. 

 

The dark exciton state, owing to its distinctive symmetry properties, provides an intriguing 

way to directly probe the “dark” phonon mode. The exciton-phonon interaction, due to the unique 

symmetry of the E′′ phonon mode, leads to the formation of the dark-exciton phonon replica which 
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potentially inherits both the long lifetime of dark exciton and valley polarization of the bright 

exciton. Our understanding sheds light on the manipulation of dark exciton through the new knob 

of lattice vibrations, which also furnishes a new route for dynamically manipulating the dark 

exciton through the phonon-exciton interactions. 

 

4.2 Momentum-Dark Intervalley Exciton Brightened via Chiral 

Phonon in h-BN Encapsulated Monolayer WSe2 

Inversion symmetry breaking and three-fold rotation symmetry grant the valley degree of 

freedom to the robust exciton in monolayer transition metal dichalcogenides (TMDCs), which can 

be exploited for valleytronics applications. However, the short lifetime of the exciton significantly 

constrains the possible applications. In contrast, dark exciton could be long-lived but does not 

necessarily possess the valley degree of freedom. In this section, we report the identification of the 

momentum-dark, intervalley exciton in monolayer WSe2 through low-temperature magneto-

photoluminescence (PL) spectra. Interestingly, the intervalley exciton is brightened through the 

emission of a chiral phonon at the corners of the Brillouin zone (K point), and the pseudoangular 

momentum (PAM) of the phonon is transferred to the emitted photon to preserve the valley 

information. The chiral phonon energy is determined to be ~ 23 meV, based on the experimentally 

extracted exchange interaction (~ 7 meV), in excellent agreement with the theoretical expectation 

of 24.6 meV. The long-lived intervalley exciton with valley degree of freedom adds an exciting 

quasiparticle for valleytronics, and the coupling between the chiral phonon and intervalley exciton 

furnishes a venue for valley spin manipulation.  
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Figure 4.5: Scheme of the intervalley exciton and chiral phonon coupling. Assuming the initial population of 

excitons in the K valley, the intervalley exciton consists of one electron in the K’ valley and one hole in the K 

valley. The electron transitions to a virtual state in the K valley by emitting a chiral phonon and then 

recombines with the hole in the valence band of the same valley, emitting a photon with certain helicity. Inset: 

schematic representation of the chiral phonon mode. Blue sphere: W atom. Yellow and purple spheres are Se 

atoms in the equilibrium state and the vibration state, respectively. Reprinted with permission from Li, Z. et 

al. Momentum-dark intervalley exciton in monolayer tungsten diselenide brightened via chiral phonon. ACS 

Nano 13, 14107–14113 (2019)193. Copyright 2019 American Chemical Society. 

 

4.2.1 Gate-Voltage Dependent Photoluminescence Spectra of Momentum-Dark 

Intervalley Exciton 

In monolayer transition metal dichalcogenides (TMDCs), the inversion symmetry breaking 

and three-fold rotation symmetry endow the intravalley exciton valley degree of freedom, which 

can be accessed through circularly polarized light8–14,91,194 and ushers in the exciting field of 

valleytronics.11–14,93,119,192,195–198 However, the exciton in TMDCs is typically short-lived, with the 

lifetime of a few to tens of picoseconds,89,95,96 limiting the potential applications. The spin-

forbidden dark exciton in tungsten-based TMDCs24,25,82 possesses a much longer lifetime and has 
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caught significant attention for the last few years. However, the out-of-plane radiation of the spin-

forbidden dark exciton is not protected by the same valley physics of the in-plane dipole radiation 

of the bright exciton that is constrained by the three-fold rotation symmetry and inversion 

symmetry breaking, and the valley degree of freedom cannot be easily maintained. Intervalley 

exciton, with the hole residing in the K valley and electron in the K’ valley (Figure 4.5), due to the 

restricted intervalley scattering of the hole, could potentially solve this problem. Intervalley 

exciton can naturally occur when excitons are selectively generated by optical pumping in the K 

valley (Figure 4.5), as the electron can be relatively easy to be scattered to the K’ valley, and 

intervalley exciton thus could be both long-lived due to the momentum mismatch and valley 

polarized due to the constrained intervalley scattering of the hole199 because of the large valence 

band splitting induced by the spin-orbit coupling.  
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Figure 4.6: Low-temperature PL spectra of BN encapsulated monolayer WSe2. (a) Schematic of the BN 

encapsulated monolayer WSe2 device, with the carrier density controlled by a top gate. (b) Optical 

microscope image of a fabricated device, scale bar: 20 µm. (c) PL spectra of device1 at 4.2 K with the gate 

voltage of -0.44 V. A CW laser centered at 1.959 eV was applied as the excitation source, with the excitation 

power of 40 µW. (d) PL spectra of device 2 at 4.2 K with no gate voltage applied. CW lasers centered at 1.959 

eV for (c) and 1.879 eV for (d) were applied as the excitation source, with excitation power of 40 µW and 60 

µW for (c) and (d), respectively. Reprinted with permission from Li, Z. et al. Momentum-dark intervalley 

exciton in monolayer tungsten diselenide brightened via chiral phonon. ACS Nano 13, 14107–14113 (2019)193. 

Copyright 2019 American Chemical Society. 

 

In this section, we identify the intervalley exciton in high-quality monolayer WSe2 device 

through the gate and magnetic field dependent photoluminescence (PL) spectra at low temperature. 

We also unveil the intervalley exciton coupling with a specialized phonon, the chiral phonon of 

the WSe2. Chiral phonons in monolayer TMDCs, also stemming from three-fold rotation 

symmetry, were theoretically predicted at Brillouin-zone corners.26 The large momentum of the 
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chiral phonon can resolve the dilemma of the momentum mismatch that prohibits the 

recombination of intervalley excitons. In addition, the pseudoangular momentum (PAM) of the 

chiral phonon potentially can be transferred to and determine the helicity of the emitted photon 

through phonon-exciton interaction.  

The intervalley exciton and chiral phonon coupling also allows us to directly study the 

chiral phonon. Chiral phonons play a critical role in intervalley scattering32 and can be utilized for 

phononic chirality, phonon-driven topological states, and dissipationless information processing.  

However, direct probing of the chiral phonon at the Brillouin-zone corners (K and K’ valleys) is 

restrained by the large momentum mismatch between the phonon mode and the photon, which 

prevents us from using polarization-resolved Raman spectroscopy to investigate the energy and 

chirality of the phonon mode directly. Very recently, the existence of such chiral phonon modes 

was verified by transient infrared spectroscopy.32 However, the experimental complexity for chiral 

phonon creation and detection gives rise to uncertainty in determining the chiral phonon energy. 

In contrast, the energy conservation of the intervalley exciton recombination allows us to 

determine the phonon energy accurately by analyzing the emitted photon energy through PL 

spectra, and we experimentally extracted the phonon energy to be ~ 23 meV, in excellent 

agreement with the prediction from first principle calculation.32 The angular momentum 

conservation of the process also allows us to determine the phonon PAM to be 1 (inset of Figure 

4.5) by analyzing the emitted photon chirality in the helicity-resolved PL spectra.  

Through the valley-resolved PL spectra, we found that the emitted photon retains the valley 

information due to the PAM transferred from the chiral phonon. And the time-resolved PL (TRPL) 

spectra show that the lifetime of the momentum-dark intervalley exciton is ~ 200 ps, comparable 

to that of the spin-forbidden dark exciton (~ 250 ps) but much longer than that of the bright exciton 
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(~ 5 ps).104 The valley-polarized, long-lived intervalley exciton thus adds to the excitonic 

quasiparticles for the valleytronics, and the coupling between the chiral phonon and the intervalley 

exciton can be utilized as a tunable knob for manipulating valley degree of freedom in TMDCs.  

We fabricated a BN encapsulated monolayer WSe2 device using a dry pickup method 

described in our previous studies.60,104 The device structure is shown schematically in Figure 4.6a, 

in which one piece of few-layer graphene was used as the contact to the WSe2 while the other 

piece of graphene was used as the transparent top gate electrode, controlling the density of carriers 

in WSe2 effectively with the thin top BN flake as the gate dielectric. The optical microscope image 

for a typical device is shown in Figure 4.6b. The PL spectra for two different devices at 4.2 K are 

shown in Figure 4.6 (c,d), in which most of the features have been identified in the previous work, 

including the bright exciton (X0), the biexciton (XX) and charge biexciton (XX−),60,63,68,69,72,98,99,102 

the two negative trions (X1
− and X2

−),12,67,80,81,103 the dark exciton (XD),23–25,82,89,97 and the dark 

exciton phonon replica (XD
R).104 However, the origin of the PL peak at 1.674 eV in Figure 4.6c and 

1.681 eV in Figure 4.6d remains unknown. Despite the variation of the PL peak position in the two 

different devices, the energy difference between this emerging peak and that of the dark exciton 

remains constant, 16 meV for both device 1 Figure 4.6c) and device 2 (Figure 4.6d). We thus 

believe that the emerging PL peak in the two different devices shares the same origin and we label 

it as Xi. 
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Figure 4.7: Gate-voltage dependent PL spectra at low temperature. (a) Color plot of PL spectra of device 1 at 

4.2 K as a function of the top gate voltage. The excitonic complexes are all well-resolved, including the bright 

exciton (𝐗𝟎), the biexciton (XX) and charge biexciton (𝐗𝐗−), the two negative trions (𝐗𝟏
− and 𝐗𝟐

−), the dark 

exciton (𝐗𝐃) and the dark trions (𝐗𝐃
+ and 𝐗𝐃

−), and the dark exciton phonon replica (𝐗𝐃
𝐑). The color represents 

the PL intensity. The spectra were obtained by photoexcitation with a CW laser centered at 1.879 eV, with 

the excitation power of 100 µW. (b-c) Schematic representations of intravalley spin-forbidden dark exciton 

(𝐗𝐃) and intervalley exciton (𝐗𝐢). Low-temperature PL spectra of BN encapsulated monolayer WSe2. (a) 

Schematic of the BN encapsulated monolayer WSe2 device, with the carrier density controlled by a top gate. 

(b) Optical microscope image of a fabricated device, scale bar: 20 µm. (c) PL spectra of device1 at 4.2 K with 

the gate voltage of -0.44 V. A CW laser centered at 1.959 eV was applied as the excitation source, with the 

excitation power of 40 µW. (d) PL spectra of device 2 at 4.2 K with no gate voltage applied. CW lasers 

centered at 1.959 eV for (c) and 1.879 eV for (d) were applied as the excitation source, with excitation power 

of 40 µW and 60 µW for (c) and (d), respectively. Reprinted with permission from Li, Z. et al. Momentum-

dark intervalley exciton in monolayer tungsten diselenide brightened via chiral phonon. ACS Nano 13, 14107–

14113 (2019)193. Copyright 2019 American Chemical Society. 

 

To explore the origin of the PL peak Xi, we performed PL spectra as a function of the top 

gate voltage, which effectively controls the density and type of the charge carriers in the monolayer 

WSe2. As shown in Figure 4.7a, the intensity of the emerging PL peak as a function of the gate 

voltage closely follows the gate dependence of the dark exciton peak XD . We found the PL 
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intensity of the peak Xi is maximized between gate voltages -1.0 V to 0.35 V, when WSe2 is charge 

neutral, which suggests that the Xi  stems from the photon emission of a charge-neutral 

quasiparticle. The gate dependence rules out the possibility of the Q-K exciton200, whose PL will 

have different gate dependence from that of the spin-forbidden dark exciton (XD). It is worth noting 

that at the n doping (gate voltage > 0.35 V) and p doping (gate voltage < -1.0 V) sides, PL peaks 

of negative dark trion (XD
−) and positive dark trion (XD

+) emerge (Figure 4.7a).25,109,112  

 

4.2.2 Magnetic-Field Dependent PL Spectra at Low Temperature 

Photoluminescence Spectroscopy 

To further illustrate the nature of Xi, we performed PL spectra measurements as a function 

of the out-of-plane magnetic field. The PL spectra measurements were performed in a valley-

resolved configuration in which we excited the monolayer WSe2 with either right circularly 

polarized light or left circularly polarized light (σ-), and we detected PL with the same polarization, 

i.e., (σ+σ+) or (σ-σ-) configuration.9,10,91 The PL peaks exhibit a Zeeman splitting as defined by E =

E0 ±
1

2
gμBB, where g is the Landé g-factor of the excitonic complex of interest, μB  the Bohr 

magneton. The symbol “+” and “-” correspond to the PL peak energies from the K and K’ valleys, 

respectively. The PL peaks in the magneto-PL spectra of the (σ-σ-) (Figure 4.8a) configuration 

exhibits either a linear blue shift due to the valley Zeeman effects and the size of the shift in a fixed 

B field is determined by the g-factor. It is evident from Figure 4.8a that the Xi peak has the largest 

g-factor because the shift of the Xi peak has the steepest slope as a function of the magnetic field. 

Quantitatively, we can extract the g-factor from the experimental data of (σ-σ-) and (σ+σ+) by 

calculating the Zeeman shift difference between the K and K’ valleys, and the results are shown 

in Figure 4.8b. The experimentally extracted g-factor for Xi is ~ -12.5, significantly larger than 
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that of the bright exciton (~ -3.6), trions (~ -4.5 and ~ -4.0 for intervalley trion and intravalley 

trions, respectively), and the dark exciton (~ -9.3).5,60,89,99,102  

  

 

Figure 4.8: Magnetic-field dependent PL spectra at low temperature. (a) Color plot of the PL spectra of 

device 2 at 4.2 K as a function of the out-of-plane magnetic field for (σ-σ-) configuration. The spectra were 

obtained with photoexcitation of a CW laser centered at 1.959 eV, with excitation power of 40 µW. (b) 

Extracted g-factor from a linear fit of the Zeeman splitting obtained from σ-σ- and σ+σ+ configurations. 

Reprinted with permission from Li, Z. et al. Momentum-dark intervalley exciton in monolayer tungsten 

diselenide brightened via chiral phonon. ACS Nano 13, 14107–14113 (2019)193. Copyright 2019 American 

Chemical Society. 

 

Theoretically, the g-factor can be determined by the overall contribution of the spin, valley, 

and orbital momentum components combined, and the theoretically expected value can be used to 

illustrate the nature of the quasiparticle. Considering the charge-neutral nature of the quasiparticle 

associated with PL peak Xi and the large g factor, the only possibility for the quasiparticle is the 

intervalley exciton, as schematically shown in Figure 4.7c. Based on a non-interacting picture, the 

intervalley exciton is supposed to have a g-factor of -12, much larger in magnitude than the 

theoretically expected value for the bright exciton (g-factor of -4) and the dark exciton (g-factor 
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of -8). Our experimentally extracted g-factor for the Xi peak is in excellent agreement with the 

theoretically expected value of the intervalley exciton. In contrast, we expect significantly different 

g-factor for the Q-K exciton, as the orbital component of the conduction band at Q point is different 

from that of the K valley, and the Berry phase of the Q point is zero201. 

Based on the results from the gate and magnetic-field dependent PL spectra, we identify 

the Xi peak to be associated with the intervalley exciton as shown in Figure 4.7c. The intervalley 

exciton consists of an electron and a hole residing in different valleys, and the direct recombination 

is forbidden due to their momentum mismatch. Therefore, additional quasi-particles with 

momentum K must be involved in the emission process to satisfy momentum conservation. 

Interestingly, the Xi peak exhibits a valley polarization as large as ~ 36%, as observed in valley-

resolved PL spectroscopy (Figure 4.9a). The valley polarization of the Xi  requires the quasi-

particle to comply with three-fold rotation symmetry and have well-defined PAM. Furthermore, 

the energy of peak Xi is highly reproducible in all four samples (with respect to the bright exciton). 

We thus conclude that the involved quasi-particle should be intrinsic to monolayer WSe2, and it is 

likely to be a phonon with momentum K. Such phonon-assisted emission of the intervalley exciton 

is already illustrated in Figure 4.5, where the intervalley exciton scatters to a virtual intravalley 

state through emitting a phonon. 

To gain further knowledge of this phonon mode, we analyze the behavior of Xi peak in 

detail. The intervalley dark exciton is theoretically expected to have an energy about 6 meV higher 

than that of the intravalley dark exciton due to the exchange interaction,5,12,24,71,80,81 and our 

measurement of the splitting between the intervalley and intravlley n-trions reveals a value of ~ 7 

meV (energy difference between X1
−  and X2

− ). Combined with the experimentally determined 

separation of 16 meV between the intravalley dark exciton (XD) and the Xi peak, we determine the 
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energy of the phonon mode to be around 23 meV. It is worth noting that, the temperature dependent 

PL spectra show that, despite the shift of the XD and Xi as a function of the temperature, the energy 

separation between these two peaks remains a constant, ~ 16 meV, consistent with the phonon 

assisted recombination picture (assuming that the exchange interaction is not a sensitive function 

of temperature).   

In addition, the peculiar valley polarization of the Xi peak bears important information 

about the symmetry properties of the phonon mode. Because holes have much longer valley 

lifetime than electrons in WSe2,
199 the bright excitons in the K valley created by σ+ excitation will 

mainly generate intervalley excitons with holes maintained in the K valley and electrons scattered 

into the K’ valley. As a result, if the phonon mode does not have PAM, the intervalley dark exciton 

emission is expected to show the opposite circular helicity as the excitation light,82 similar to the 

case of interlayer exciton emission in AB-stacked WSe2/MoSe2 heterostructure.202 In contrast, a 

large positive circular helicity is observed experimentally for the Xi  peak, suggesting that the 

phonon mode with momentum K should have additional PAM of -2 (or equivalently, +1).  

Theoretical analysis26 reveals that at the corner of Brillouin Zone (K or K' point), the 

threefold rotational symmetry endows phonon eigenmodes with a PAM which includes both 

orbital and spin parts. The orbital PAM for sublattice W and Se at K point can be determined 

through phase change under counterclockwise 120° rotations, and the total PAM of each phonon 

mode can be obtained after further analyzing the spin PAM of each phonon eigenmode. Since the 

system is symmetric with regard to a mirror operation with respect to the monolayer WSe2 plane 

(M=1), we determine the phonon mode involved in the intervalley exciton recombination process 

to be the chiral phonon mode LO(E') at K, with the energy calculated to be 24.6 meV. This chiral 

phonon mode features a unidirectional circular rotation as illustrated in the inset of Figure 4.5, and 
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it has been previously observed experimentally by investigating the transition between A and B 

exciton states with transient infrared spectroscopy.32 The observation of intervalley exciton PL 

here provides another direct evidence of the chiral phonon and its intriguing capability in 

manipulating the symmetry and valley selection rules of exciton states. In addition, owing to the 

simplicity of the intervalley exciton emission process without involving an additional infrared 

photon, the energy of the chiral phonon mode (~ 23 meV) can be accurately determined, which is 

in excellent agreement with the theoretical prediction of 24.6 meV. It is worth noting that the dark 

exciton emission in Figure 4.9a is not valley polarized, consistent with our expectation, since the 

observed XD emission arises from out-of-plane dipole radiation, which is p-polarized and has equal 

intensity from the left-polarized and right-polarized PL in our detection scheme.60    

 

4.2.3 Time-Resolved PL of Momentum-Dark Intervalley Exciton 

Finally, we performed time-resolved PL measurements using the time-correlated single 

photon counting (TCSPC) technique. The second harmonic generation (SHG) signal from a 

Ti:Sapphire oscillator (80 MHz, ~ 120 fs pulse width), centered at 2.756 eV, was used as the 

excitation source. The direct observation of the sharp intravalley dark exciton PL peak (Figure 

4.9a) enables time-resolved PL measurements, which reveals the lifetime of the dark exciton. As 

shown in Figure 4.9b, the lifetime of the Xi  peak is determined to be around 200 ps. It is 

significantly longer than that of the bright exciton (~ 5 ps) but comparable to the lifetime of the 

spin-forbidden intravalley dark exciton (~ 250 ps),24,68,89,95,103 which rules out the possibility of 

defects, since they usually possess even longer lifetime.63,203 The long lifetime of the Xi peak also 

suggest that the measured high valley polarization (36%, Figure 4.9a) arises from decreased 

channels of valley depolarization, which also rules out the possibility of defects and strongly 
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suggests the angular momentum conservation in the recombination process, consistent with our 

interpretation involving the chiral phonon. 

  

 

Figure 4.9: Valley polarization and time-resolved PL. (a) Valley-resolved PL spectra at 43 K with left 

circularly polarized excitation (σ-) and left (σ-) or right (σ+) circularly polarized detection. The spectra were 

obtained with the photoexcitation of a CW laser centered at 1.797 eV, with the excitation power of 100 µW. 

The valley polarization, defined as 𝑷 =
𝑰𝛔−−𝑰

𝛔+

𝑰𝛔−+𝑰𝛔+
, where I stands for PL intensity, is ~ 26% for  𝐗𝟎 and ~ 36 % 

for 𝐗𝐢.  (b) Time-resolved PL spectra of the distinct PL peaks shown in (a). The spectra were obtained with 

the pulsed laser excitation (pulse width ~ 120 fs) centered at 2.756 eV, with the excitation power of 50 µW. 

The lifetime of each excitonic complex is obtained through the convolution with the response from the laser 

pulse. Reprinted with permission from Li, Z. et al. Momentum-dark intervalley exciton in monolayer 

tungsten diselenide brightened via chiral phonon. ACS Nano 13, 14107–14113 (2019)193. Copyright 2019 

American Chemical Society. 

 

In summary, we have identified the PL peak associated with the momentum-dark, 

intervalley exciton through gate and magnetic-field dependent PL spectroscopy at low temperature. 

The energy and momentum conservation demand a K photon with energy to be involved to 

brighten the intervalley exciton. The robust valley polarization also requires the angular 

momentum conservation in the phonon assisted recombination process, which can be satisfied with 

the chiral K phonon possessing a well-defined PAM. The long lived intervalley exciton with valley 
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information coded shed light on promising routes of realizing excitonic valleytronics, and the 

coupling of the intervalley exciton with the chiral phonon could inspire future endeavor of 

exploiting chiral phonon for valleyspin manipulation.   

 

4.3 Phonon-Exciton Interactions in WSe2 under a Strong Magnetic 

Field 

Strong many-body interaction in two-dimensional transitional metal dichalcogenides 

provides a unique platform to study the interplay between different quasi-particles, such as 

prominent phonon replica emission and modified valley-selection rules. A large out-of-plane 

magnetic field is expected to modify the exciton-phonon interactions by quantizing excitons into 

discrete Landau levels, which is largely unexplored. Here, we observe the Landau levels 

originating from phonon-exciton complexes and directly probe exciton-phonon interaction under 

a quantizing magnetic field. Phonon-exciton interaction lifts the inter-Landau-level transition 

selection rules for dark trions, manifested by a distinctively different Landau-fan pattern compared 

to bright trions. This allows us to experimentally extract the effective mass of both holes and 

electrons. The onset of Landau quantization coincides with a significant increase of the valley-

Zeeman shift, suggesting strong many-body effects on the phonon-exciton interaction. Our work 

demonstrates monolayer WSe2 as an intriguing playground to study phonon-exciton interactions 

and their interplay with charge, spin, and valley.   

Phonons, quasiparticles describing the collective vibrations of lattice, can strongly interact 

with excitons in semiconductor nanostructures26,29,32,104,193,204–207 and significantly influence the 

light emission and energy relaxation26,29,32. The strong Coulomb interaction and many-body effects 

in monolayer transition metal dichalcogenides (TMDCs)60,63,98,99 significantly enhance the 
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phonon-exciton interaction, which was shown to reveal the silent Raman modes in boron nitride 

(BN) encapsulated monolayer WSe2
31,207. The valley degree of freedom of the excitonic complexes 

also leads to types of phonon-exciton interactions that brighten the spin-forbidden dark exciton 

and intervalley exciton in WSe2 through chiral phonon modes at Γ point104 and K point193, 

respectively, resulting in phonon replica PL with long lifetime and large valley polarization. Due 

to the valley-spin locking196,208 and the nontrivial Berry phase13,169,170, the phonon-exciton 

interaction can be even more intriguing with the application of a large out-of-plane magnetic field, 

which induces valley-polarized  Landau levels (LLs) and dictates the unique selection rules of the 

inter-LL transition141,142,144.  

In this section, we explore the phonon-exciton interaction in the regime of Landau 

quantization209. We achieve this through PL spectroscopy of a high-quality monolayer WSe2 

device, which clearly resolves PL peaks from different phonon replicas, especially the phonon 

replica of the dark trions. We found that K phonons can lift the inter-LL transition selection rules 

of positive dark trions, resulting in the distinctively different Landau-fan in the PL spectra 

compared with that from the bright trion. Exploiting the unique phonon-exciton interaction in 

WSe2, we can directly probe the hole LL in the valence band, bypassing the limitations of most 

optical spectroscopy techniques that can only probe the Landau quantization of combined electron-

hole pairs. The simultaneous observation of the Landau quantization of the dark trion phonon 

replica and the bright trion also allows us to experimentally extract the electron and hole masses 

separately, which exhibit surprisingly large asymmetry, in stark contrast to common 

assumptions185,201,210. Interestingly, the onset of the phonon replica PL quantization also correlates 
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with a drastic change of valley-Zeeman shift characterized by an increase of Landé g-factor from 

5.5 to 18.0, suggesting strong many-body interactions. 

 

4.3.1 Phonon Replicas of Excitonic Particles in Monolayer WSe2 

 The BN encapsulated monolayer WSe2 device was fabricated through a pickup method 

similar to previous reports58,60,104. The device structure is schematically shown in Figure 4.10a, 

and a typical optical microscope image of the device is shown in Figure 4.10b. We investigate the 

helicity-resolved PL spectra of the monolayer WSe2 as a function of the gate voltage at 4.2 K. The 

gate-voltage-dependent PL spectra in 𝜎−𝜎−  ( 𝜎− excitation and 𝜎− detection) and 𝜎−𝜎+ 

(𝜎− excitation and 𝜎+ detection) configurations, shown in Figure 4.10c and Figure 4.10d, exhibit 

high spectral quality and a series of well-resolved PL peaks arising from various excitonic 

complexes. A significant number of the excitonic complexes have been identified previously, 

including the exciton (X0 ), intervalley n-trions (X1
− ), intravalley n-trions (X2

− ), dark exciton 

(XD)23,24,89, positive and negative dark trions (XD
+ and XD

−)25,58,109. Phonon replicas of the spin-

forbidden dark exciton (XD
R) and the momentum-dark intervalley exciton (Xi

R) have also been 

observed previously104,193, due to the long lifetime of the dark excitonic complexes. Because of the 

valley degree of freedom, angular momentum conservation has to be considered in the phonon-

exciton interaction in TMDCs, and the chiral phonon mode is involved in XD
R (linear combination 

of two doubly degenerate E’’(Г) or Xi
R  (LO(E’)(K))104,193. In the charge-neutral region (gate 

voltage from -0.10 to 0.21 V in Figure 4.10c,d), one additional PL peak Xi
R2 (1.6788 eV in Figure 

4.10d) emerges in the 𝜎−𝜎+ configuration due to its negative valley polarization. The Xi
R2  is 
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another phonon replica of the intervalley exciton with the LA(K) phonon involved, consistent with 

a very recent report211.  

 

 

Figure 4.10: PL spectra of BN encapsulated monolayer WSe2 at 4.2 K. (a) Schematic of the h-BN 

encapsulated monolayer WSe2 device. (b) Optical microscope image of the device. The flakes of few-layer h-

BN, few-layer graphene and monolayer WSe2 are outlined with different colors. The scale bar is 20 µm. (c,d) 

PL spectra of the monolayer WSe2 as a function of top-gate voltage for the 𝛔−𝛔− configuration (𝛔− excitation 

and 𝛔− detection) and the 𝛔−𝛔+ configuration (𝛔− excitation and 𝛔+ detection), respectively, with a CW laser 

excitation centered at 1.879 eV and an excitation power of 50 µW. The color represents the PL intensity. 

Besides the bright exciton (𝐗𝟎), dark exciton (𝐗𝐃), positive trion (𝐗+), intervalley trion (𝐗𝟏
−), intravalley 

trion (𝐗𝟐
−) and the recently discovered positive dark trion (𝐗𝐃

+), negative dark trion (𝐗𝐃
−), intervalley exciton 

phonon replica (𝐗𝐢
𝐑) and dark exciton phonon replica (𝐗𝐃

𝐑), there are additional emerging excitonic states that 

are labeled as 𝐗𝐃
+(𝐑𝟏)

, 𝐗𝐃
−(𝐑𝟏)

, 𝐗𝐃
+(𝐑𝟐)

, 𝐗𝐃
+(𝐑𝟑)

, 𝐗𝐃
−(𝐑𝟑)

, 𝐗𝐃
+(𝐑𝟒)

, 𝐗𝐃
−(𝐑𝟒)

, 𝐗𝐃
+(𝐑𝟓)

 and 𝐗𝐃
−(𝐑𝟓)

 in the electron- and hole-

doping regions. In addition, 𝐗𝐢
𝐑𝟐  emerges in the 𝛔−𝛔+ configuration. Material from: Li, Z. et al. Phonon-

exciton interactions in WSe2 under a quantizing magnetic field209. Nature Communications, published 2020, 

Springer Nature. 
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Figure 4.11: Phonon replicas of the dark trions. (a,b) Zoom-in color plots of the PL spectra for the boxed 

region (red dashed line) in Figure 4.10c and Figure 4.10d, respectively. The color represents the PL intensity. 

(c, d) Schematics of light emission from the positive dark trion state through the interlayer electron-hole 

recombination assisted by emitting a K phonon (c), or through the intralayer recombination assisted by 

emitting a Г phonon. (e) Illustration of different phonon modes and associated phonon replicas. Material 

from: Li, Z. et al. Phonon-exciton interactions in WSe2 under a quantizing magnetic field209. Nature 

Communications, published 2020, Springer Nature. 
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Interestingly, in the highly p-doped region, the PL of the bright trion peak (𝐗+)  exhibits a 

significant redshift after the gate voltage of ~ -2.5 V (Figure 4.10a,b), and this gate dependence is 

closely followed by the dark trion (𝐗𝐃
+), along with five PL peaks labeled as 𝐗𝐃

+(𝐑𝟏)
, 𝐗𝐃

+(𝐑𝟐)
, 𝐗𝐃

+(𝐑𝟑)
, 

𝐗𝐃
+(𝐑𝟒)

 and 𝐗𝐃
+(𝐑𝟓)

 (Figure 4.11a,b). This constant energy differences between each of the five 

emerging peaks and the dark trion for different gate voltages suggest that these five peaks are all 

phonon replicas (associated with different phonon modes) of the long-lived positive dark trion (or 

dark p-trion). Due to the three-particle nature of the positive dark trion, the electron-hole 

recombination can occur either in the same valley or across the opposite valley, assisted by Γ 

(Figure 4.11d) or K phonons (Figure 4.11c).  The 𝐗𝐃
+(𝐑𝟏)

 and 𝐗𝐃
+(𝐑𝟒)

 peaks are lower than the dark 

trion peak by 13.1 meV and 26.4 meV, respectively, in good agreement with the theoretically 

calculated energy of the TA(K) phonon (11.6 to 11.7 meV)32,193,211 and LO(E’)(K) phonon (24.6 

or 26.0 meV)193,211, respectively (see Table 4.1). The phonon replica nature of the XD
+(R1)

 and 

XD
+(R4)

 peaks are also confirmed later by the measured Landé g-factor, which is the same as the 

positive dark trion within the experimental uncertainty. The XD
+(R2)

 and XD
+(R3)

 peaks are ~ 17.3 

meV and ~ 21.6 meV below the positive dark trion XD
+, suggesting that they are the phonon replicas 

involving the LA(K) phonon (calculated energy of 16.8 to 17.0 meV)32,193,211 and E’’(Г) 

(calculated energy of 21.8 meV)104, respectively, also consistent with a very recent report211.  
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Table 4.1: Energy of replica and determined phonon mode. Material from: Li, Z. et al. Phonon-exciton 

interactions in WSe2 under a quantizing magnetic field209. Nature Communications, published 2020, Springer 

Nature. 

 
Energy of replica 

peak (eV) 
Energy of parent 

peak (eV) 
Energy 

shift 
(meV) 

Phonon 
energy 
(meV) 

Exchange 
interaction 

(meV) 

Phonon 
mode 

Neutral 
region 
(Vg =

0 V) 

XD
R 1.6656  XD 1.6872 21.6 21.6 / 𝐸′′(𝛤) 

Xi
R 1.6706 XD 1.6872 16.6 26.4 

(P) 
9.8 𝐿𝑂(𝐸′)(𝐾) 

26.7 
(N) 

10.1 

Xi

R2 1.6788 XD(

𝜎−𝜎+) 
1.6868 8.0 17.3 9.3 𝐿𝐴(𝐾) 

XD

R5 1.6343 XD 1.6872 52.9 52.9 / 
 

Electro
n 

doping 
region 
(Vg =

0 . 4 V) 

 XD

−(R1) 
 

XD
− 1.6713 

  
/ 

 

  XD

−(R3) 1.6497 XD
− 1.6713 21.6 21.6 / 𝐸′′(𝛤) 

XD

−(R4) 1.6446 XD
− 1.6713 26.7 26.7 / 𝐿𝑂(𝐸′)(𝐾) 

XD

−(R5) 1.6265 XD
− 1.6713 44.8 44.8 / 

 

Hole 
doping 
region 
(Vg =

−0 . 4 V) 

  XD

+(R1) 1.6594 XD
+ 1.6725 13.1 13.1 / 𝑇𝐴(𝐾) 

  XD

+(R2) 1.6552 XD
+ 1.6725 17.3 17.3 / 𝐿𝐴(𝐾) 

  XD

+(R3) 1.6509 XD
+ 1.6725 21.6 21.6 / 𝐸′′(𝛤) 

  XD

+(R4) 1.6461 XD
+ 1.6725 26.4 26.4 / 𝐿𝑂(𝐸′)(𝐾) 

XD

+(R5) 1.6268 XD
+ 1.6725 45.7 45.7 / 
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It is worth noting that the phonon energy can be experimentally extracted from the phonon 

replicas of the positive dark trion without worrying about the exchange interaction (see Table 4.1). 

As the phonon replicas associated with E’’(Г), LO(E’)(K) and  LA(K) modes are also found in the 

charge-neutral region, the corresponding peak of 𝐗𝐃
𝐑, 𝐗𝐢

𝐑 and 𝐗𝐢
𝐑𝟐 can then be used to determine 

the exchange interaction, which is extracted to be 9.3-10.1 meV (see Table 4.1). 

 

4.3.2 Landau Quantization of the Bright Trion and Phonon Replica of the 

Dark Trion 

A large out-of-plane magnetic field not only lifts the valley degeneracy by lowering the 

valence band maximum (VBM) of the K’ valley compared to that of the K valley (Figure 4.12e,f); 

it also induces the valley-polarized LLs. We optically pump the WSe2 in the K’ valley and detect 

PL from the K’ valley (𝜎−𝜎− configuration). In the highly p-doped WSe2 (boxed region in Figure 

4.12a and Figure 4.12b), with an out-of-plane magnetic field of 17 T, we found Landau-fan like 

oscillations emerging in the helicity-resolved PL spectra. These oscillations can be categorized 

into three sets: one set of parallel strips accompanying the positive bright trion (X+) and the other 

two sets accompanying the phonon replicas of the dark trion ( XD
+(R1)

 and XD
+(R4)

) (Figure 4.12b). 

We attribute these oscillation features to the LL formation. The energy spacing between the 

oscillations increases linearly as a function of the magnetic field strength, consistent with our 

interpretation. 
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Figure 4.12: Magneto-PL spectra of BN encapsulated monolayer WSe2. (a) 2D color plot of PL spectra as a 

function of the top gate voltage. The 𝐗+, 𝐗𝐃
+(𝐑𝟏)

, 𝐗𝐃
−(𝐑𝟏)

 and 𝐗𝐃
+(𝐑𝟒)

 peaks show clear Landau quantization. The 

color represents the PL intensity and the calculated carrier density is shown in the right axis with the charge-

neutral region from -0.1 to 0.2 V. (b) Zoom-in PL spectra for the boxed region in (a). (c) The PL spectra for 

the gate voltage of -3 V (horizontal dashed line in b). The PL intensity in the energy range of 𝐗𝐃
+(𝐑𝟏)

 and 

𝐗𝐃
+(𝐑𝟒)

 peaks (dashed box) is multiplied by 5 times. The oscillation spacing, ∆𝐄, is ~3.9 meV for 𝐗𝐃
+(𝐑𝟏)

 and 

𝐗𝐃
+(𝐑𝟒)

 and ~7.0 meV for 𝐗+. (d) The effective mass of hole, electron and exciton in the hole-doping region. 

The error bar indicates the standard deviation of the LL spacing determined from the PL spectra. (e, f) 

Schematic of the inter-band LL transitions for different excitonic states: 𝐗𝐃

𝐑𝟏
+

, 𝐗𝐃

𝐑𝟒
+

 (e) and 𝐗+ (f). Material 

from: Li, Z. et al. Phonon-exciton interactions in WSe2 under a quantizing magnetic field209. Nature 

Communications, published 2020, Springer Nature. 

 

The Landau fan patterns can be seen more clearly from PL spectra at the representative 

gate voltage of -3 V and B field of 17 T, shown in Figure 4.12c (corresponding to the horizontal 

dashed line in Figure 4.12b). The PL from the bright trion (X+) shows multiple peaks with even 

energy spacing of ~7.0 meV (red curve in Figure 4.12c). The electron-hole recombination in the 

K’ valley is constrained by the valley-polarized selection rules in the K’ valley and only the n → 

-(n-1) transition is allowed141,142. At a given gate voltage, this gives rise to evenly space Landau 
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fans with separation, which can be expressed phonematically as 
𝑒ℏ𝐵

µ∗  , where µ∗ is the effective 

reduced mass of exciton. In addition, in the highly p-doped regime, the optically excited electron 

is mostly at the bottom of the conduction band. Therefore, PL intensity is strongest at the lowest 

energy peak (associated with the 0 → -1 inter-LL transition) and decreases quickly for higher-

energy transition. These behaviors match well with our experimental observation in Figure 4.12c. 

And we show the extracted value of µ∗ as a function of the gate voltage in Figure 4.12d. 

Surprisingly, the Landau-fan pattern from dark trion phonon replica XD
+(R1)

 and XD
+(R4)

 

show remarkably different behaviors: First, the energy spacing of the oscillations is ~ 3.9 ± 0.2 

meV, about half of the value for the bright trion (~ 7.0 ± 0.2 meV). In addition, the intensity of the 

oscillations remains largely constant with energy for dark trion phonon replicas. These two 

distinctive differences suggest that the recombination processes underlying dark trion phonon 

replicas have very different inter-LL transition selection rules.  

In a dark trion phonon replica, the recombination of the electron and hole can either occur 

in the same valley (K valley here) through emitting a Γ phonon or across the valley through 

emitting a K phonon (Figure 4.11c). We do not observe the LL quantization associated with the Γ 

phonon replica of the positive dark trion, likely due to the weakened coupling with the Γ phonon 

in the presence of the large out-of-plane field. For the K phonon replica, the electron can recombine 

with the hole in the other valley by emitting a K phonon. From the Fermi’s golden rule, the inter-

LL transition rate from n in K valley to −n′ in K’ valley (minus sign means valence band) is 

given by212 

Pn→−n′ =
2𝜋

ℏ
∑ |∑

⟨−𝑛′, −|𝐻𝑒𝑙|𝑚, −⟩⟨𝑚, −|𝐻𝑒𝑝|𝑛, +⟩

𝐸𝑚,− − 𝐸𝑛,+ + ℏω𝐊ν
𝑚

|

2

δ(𝐸𝑛,+ − 𝐸−𝑛′,− − ℏ𝜔 − ℏω𝐊ν)

𝜈
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(4.2) 

where 𝐻𝑒𝑝  is the electron-phonon interaction Hamiltonian and 𝐻𝑒𝑙  is the electron-light 

coupling Hamiltonian. ℏω𝐊ν is the K phonon energy with mode 𝜈. |𝑛, +⟩ (|𝑛, −⟩) represents the 

LL state in K (K’) valley. The selection rule for optical intra-LL transition is 𝑛′ = 𝑚 + 1 . 

Different from the optical process, the phonon scattering process ⟨𝑚, −|𝐻𝑒𝑝|𝑛, +⟩ is not limited 

by the selection rules. Thus, the phonon-exciton interaction involved here lifts the constraint of 

inter-LL transition selection rules. As a result, electrons in the K valley can recombine with holes 

in any LLs in the K’ valley, as shown in Figure 4.12d. The oscillation spacing will be determined 

solely by the ∆𝐿𝐿
𝑉 . In addition, the recombination probability will be similar for holes at different 

LLs in the valence band, as the occupation probability for holes in the first few LLs are all close 

to unity in the highly p-doped WSe2. This interpretation is consistent with the experimental 

observations.  

 

4.3.3 Effective Mass Asymmetry between the Electron and Hole 

Through the oscillation period of phonon replica of the positive dark trion, we can 

experimentally determine the LL spacing of the valence band ∆𝐿𝐿
𝑉 =

𝑒ℏ𝐵

𝑚ℎ
∗ , where 𝑚ℎ

∗  is the effective 

hole mass and B is the magnetic field strength. For the gate voltage of -3 V, the extracted valence 

band LL spacing is ~ 3.9 ± 0.2 meV (Figure 4.12c), corresponding to 𝑚ℎ
∗  ~ 0.50m0, with m0 being 

the free electron mass in the vacuum. Using the experimentally extracted oscillation spacing as a 

function of the gate voltage, we can extract the gate-voltage-dependent effective hole mass as 

shown in Figure 4.12d. The effective mass of the hole decreases from 0.61m0 to 0.45m0 as the 

voltage decreases from -2.6 V to -4.0 V. The value of ~ 0.45m0 at the highest p- doping (gate 
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voltage of -4.0 V) is close to the theoretically predicted value of 0.4m0, while the much-enhanced 

value of 0.61m0 indicates strong interactions at the gate voltage of -2.6 V.  

At the same time, we also observe the LL quantization of the bright trion, which probes the 

combined Landau quantization of the exciton.  Our top BN flake is ~ 9 nm thick, which 

corresponding to a gating efficiency of 2.15 × 1012 𝑐𝑚−2 𝑉−1 based on a geometry capacitance 

model. As a result, at the onset of the Landau fan of the bright trion at ~ -2.6 V, the density of hole 

is estimated to be 5.4 × 1012 𝑐𝑚−2 (onset of the p-doping at -0.1 V, Figure 4.10). In this strongly 

p-doped regime, we expect a much reduced Coulomb interaction and assume a small exciton 

binding energy to help extract the effective electron mass141. For the loosely bound electron-hole 

pair141, the LL of the exciton 
𝑒ℏ𝐵

µ∗   can be expressed as the summation of the LL spacing of the 

conduction band (∆𝐿𝐿
𝐶 ) and valence band ∆𝐿𝐿

𝑉 , i.e., ∆𝐿𝐿
𝐶 + ∆𝐿𝐿

𝑉 =
𝑒ℏ𝐵

µ∗ .  Therefore, we would have the 

expression 
1

µ∗ =
1

𝑚ℎ
∗ +

1

𝑚𝑒
∗ , which we can use to extract the effective electron mass of the electron, 

𝑚𝑒
∗ 19. This picture is confirmed by the observation that the LL spacing from the exciton-phonon 

complex is always about half of the value for the bright trion for the gate voltage range we studied. 

Between the gate voltage -3.5 V to -2.6 V, the extracted effective mass of the exciton varies from 

0.25m0 to 0.38m0 (Figure 4.12d), similar to what has been extracted from the absorption spectra 

of n-doped WSe2
141. However, the associated effective electron mass is much larger than that of 

hole, 0.58m0 to 1.01m0 between the gate voltage -3.5 V to -2.6 V. At the same experimental 

condition, this larger effective mass of electron than hole by as large as > 50% (Figure 4.12d), is 

in stark contrast to the typical assumption of electron-hole symmetry141,185,201,210.  

The electron mass can also be directly extracted for n-doped WSe2, from the Landau 

quantization of the PL from the phonon replica of the negative dark trion (XD
−(R1)

, see Figure 4.12a). 
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The effective electron mass is extracted to be ~ 0.8m0 between the gate voltage of 2.25 V to 2.85 

V. This value falls in the range of the effective electron mass extracted from the p-doped WSe2 

and is also significantly larger than the effective mass of hole.  

 

4.3.4 Gate-Dependent Valley-Zeeman Shift of Phonon Replicas 

Under the out-of-plane magnetic field, the PL peak of excitonic complexes from one 

particular valley will exhibit a linear shift due to the valley-Zeeman effect (Figure 4.13a for K’ 

valley), which can be used to determine the g-factor and thus the nature of the excitonic 

complexes58,60,104,193. As shown in Figure 4.13b, at the gate voltage of -1 V, the g-factor for the 

bright trion and dark positive trion is -5.2 and -9.8, respectively, consistent with the previous 

report5,58,89,99. For the dark trion phonon replica involving K phonons, the g-factor should be 

determined by the recombination of electron-hole pair from the opposite valleys, which is 

theoretically expected to be -12. This value agrees well with that of the dark trion replica, -11.6 

for XD
+(R1)

 and -13.1 for XD
+(R4)

, confirming that these two PL peaks are the phonon replicas of the 

positive dark trion. 

Interestingly, the magnitude of the g-factor of the bright trion increases significantly when 

the p-doping increases, with an abrupt change at the gate voltage of -2.6 V (Figure 4.13c).  This 

similar enhancement of the g-factor has been observed in the strongly n-doped WSe2 for the plasma 

mode141,179. This peculiarly abrupt enhancement of g-factor magnitude at the gate voltage of -2.6 

V also closely correlates with the significant increase of the effective mass of electron and hole, 

suggesting the effects of many-body interactions. In fact, it has been shown that, in the highly p-

doped regime, the simple trion picture should be better described with the picture of exciton-

polaron171, in which the exciton interacts with all the holes in the opposite valley. Future 
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exploration of the phonon-exciton interactions in the presence of valley polarized LLs will 

strengthen our understanding of the exciting quantum many-body effects in the monolayer WSe2 

platform. 

  

 

Figure 4.13: Valley-Zeeman shift from the magneto-PL spectra. (a) PL spectra in the 𝛔−𝛔− configuration at 

the gate voltage of -1 V for various magnetic field strengths. (b) The extracted PL peak position (solid dots) of 

𝐗+, 𝐗𝐃
+, 𝐗𝐃

+(𝐑𝟏)
, and 𝐗𝐃

+(𝐑𝟒)
  as a function of the magnetic field at 4.2 K for the gate voltage of -1 V. Solid lines 

are the linear fittings, with the extracted g-factor labeled. (c) The extracted g-factors of the bright positive 

trion 𝐗+ for different gate voltages. Material from: Li, Z. et al. Phonon-exciton interactions in WSe2 under a 

quantizing magnetic field209. Nature Communications, published 2020, Springer Nature. 

 

In summary, we have shown the observation of Landau quantization of exciton-phonon 

complexes in monolayer WSe2 under a large out-of-plane magnetic field. Although optical 

spectroscopy has proven to be a powerful tool to study Landau quantization in two-

dimension182,183,213, the two-particle nature makes it challenging to directly probe the electron or 

hole mass, and we cannot directly compare the obtained information from the optical spectroscopy 

with the single-particle information extracted from the low-temperature transport measurements. 

Here, taking advantage of the unique phonon-exciton interactions in WSe2, we bridge these two 

worlds through the sensitive PL spectroscopy, whose noncoherent nature helps reveal the single-

particle information. The obtained electron mass and hole mass exhibit unexpected asymmetry, 

likely arising from many-body effects and will inspire future theoretical investigation. The 
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advancement will be crucial for the understanding of mobility and thus the application of TMDCs-

based devices. Further, the unique interaction between phonons and dark excitons in the presence 

of the valley polarized LLs may shed light on potential avenues of manipulating spin and valley 

for valleytronics spintronics. 
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5. EXCITONIC PHYSICS IN TRANSITION METAL 

DICHALCOGENIDE HETEROSTRUTURES 

Two-dimensional (2D) semiconductors are promising candidates for light-harvesting and 

optoelectronic applications214–218 due to their strong light matter interaction from excitonic 

responses1,2,16,17,60,65,172,219. Their atomically thin nature further enables engineering exciton 

dynamics and energy relaxation pathways through ultrafast carrier transfer across 2D vdW 

interfaces119,199,220–225. In particular, a vdW heterostructure can, respectively, dissociate electrons 

and holes into separate layers or funnel excitons to one layer with a type II or type I band 

alignment119,225–232. It is highly desirable to achieve both functions in a single device in an 

electrically reconfigurable way. However, to the best of our knowledge, this has not been 

demonstrated yet. Here we demonstrate reversible electrical switching between exciton 

dissociation and funneling in a MoSe2/WS2 heterostructure device. We show that the electron 

transfer from MoSe2 to WS2 can be blocked by efficient gating of the LaF3 substrate, leading to a 

transition between PL quenching to PL enhancement for the MoSe2 A exciton emission61. The 

ability to electrically control interlayer charge transfer pathways ushers in application concepts 

such as light switch and energy steering.   

After the study of intralayer excitons, we focused on interlayer excitons in 2D hetero 

bilayers. Due to the reduced screening in two-dimension (2D), the enhanced Coulomb interaction 

not only gives rise to strongly bound exciton in monolayer TMDC16,17,60,65,172,219 but also leads to 

 

Portions of this chapter previously appeared as:  

Meng, Y. et al. Electrical switching between exciton dissociation to exciton funneling in 

MoSe2/WS2 heterostructure. Nat. Commun. 11, 2640 (2020). 

Wang, T. et al. Giant valley-Zeeman splitting from spin-singlet and spin-triplet interlayer excitons 

in WSe2/MoSe2 heterostructure. Nano Lett. 20, 694–700 (2020). 

Huang, X. et al. Correlated insulating states at fractional fillings of the WS2/WSe2 moiré lattice. 

Nat. Phys. 17, 715–719 (2021). 
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robust interlayer exciton in a type II alignment TMDC hetero-bilayer, with the optically excited 

electron and hole residing in different TMDC layers119,139,220–223,233–236. The spatial separation of 

the electron and hole results in the long lifetime of the interlayer exciton228–232,237. It was also 

theoretically predicted that the TMDC hetero-bilayer would host interlayer exciton fine structure: 

singlet and triplet interlayer excitons238, a result of the spin-orbit coupling induced splitting of the 

conduction bands for monolayer TMDCs4–7,23,24,87,88. Interestingly, the singlet interlayer exciton, 

unlike its counterpart in monolayer TMDCs239,240, is not restricted by the mirror symmetry and 

could have finite radiation through the in-plane dipole, depending on the atomic registry of the 

hetero-bilayer238. The long-lived singlet and triplet interlayer excitons could also retain valley 

polarization198,202,241–245, promising for valleytronics applications.  

Beyond the properties of interlayer excitons in heterostructures, the electron-electron 

interaction is strong, leading to multiple correlated states in the heterostructures once it is doped. 

The band theory predicts that a partially filled energy band should produce a metallic state. 

However, when electron interaction becomes considerable, insulating states can appear at partial 

fillings of the band. A well-known example is the Mott insulator state at half filling in which strong 

on-site Coulomb repulsion prevents double occupancy on the same lattice site, resulting in electron 

localization with exactly one electron per lattice site.246,247 If we go beyond on-site repulsion, inter-

site interactions can lead to even more exotic correlated states at other fractional band fillings, 

corresponding to commensurate occupation of the lattice sites, such as fractional Chern 

insulators248, charge density waves249, checkerboard and stripe phases250,251, and Wigner 

crystals252–256. Recently, moiré superlattices based on van der Waals heterostructure of two-

dimensional (2D) materials emerge as a new playground to engineer correlated states.35–53 The 

formation of the periodic moiré structure with a lattice size on the mesoscopic length scale (on the 
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order of 10’s of nm) results in flat minibands with much reduced kinetic energies, while the 

Coulomb interaction is strongly enhanced due to the reduced screening in 2D. Correlated states, 

including Mott insulators and superconductivity, have been observed in various versions of twisted 

graphene layers at small angles.40–53 The Mott insulator states appear at fillings of the minibands 

corresponding to one, two, and three electrons per moiré unit cell. Very recently, it has been shown 

that the electron interaction is even further strengthened in angle-aligned hetero-bilayers of 

TMDs33–39, including WS2/WSe2
33,34,36,37, WSe2/WSe2

39, and WSe2/hBN/WSe2
38 systems. The 

Mott insulator state at the filling of one hole per moiré unit cell36,37,39 and generalized Wigner 

crystal states at fillings of 1/3 and 2/3 holes per moiré unit cell36 have been reported, indicating 

strong interactions on site and among nearest-neighbors, but these correlated states have only been 

observed on the hole-doped side. It is intriguing to explore whether these correlated states would 

form on the electron-doped side, and more importantly, whether the strong interaction can extend 

beyond nearest neighbors to induce correlated states at more complex commensurate fillings of 

the underlying moiré lattice. 

 

5.1 Electrical Switching between Exciton Dissociation to Exciton 

Funneling in MoSe2/WS2 Heterostructure 

Monolayer transition metal dichalcogenides (TMDCs) heterostructure provides a unique 

platform to manipulate exciton dynamics. The ultrafast carrier transfer across the van der Waals 

interface of the TMDCs hetero-bilayer can efficiently separate electrons and holes in the intralayer 

excitons with a type II alignment, but it will funnel excitons into one layer with a type I alignment. 

In this work, we demonstrate the reversible switch from exciton dissociation to exciton funneling 

in a MoSe2/WS2 heterostructure, which manifests itself as the photoluminescence (PL) quenching 
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to PL enhancement transition. This transition was realized through effectively controlling the 

quantum capacitance of both MoSe2 and WS2 layers with gating. PL excitation spectroscopy study 

unveils that PL enhancement arises from the blockage of the optically excited electron transfer 

from MoSe2 to WS2. Our work demonstrates electrical control of photoexcited carrier transfer 

across the van der Waals interface, and the understanding of which promises applications in 

quantum optoelectronics. 

 

5.1.1 Charge Transfer in the MoSe2/WS2 Heterostructure  

We construct the MoSe2/WS2 heterostructure on the LaF3 substrate through a layer-by-

layer dry transfer technique104, and the heterostructure is also capped by a thin layer of h-BN on 

the top. A typical MoSe2/WS2 heterostructure on the LaF3 substrate is shown in Figure 5.1a257. The 

overlapped region of the monolayer MoSe2 and WS2 forms the MoSe2/WS2 heterojunction. We 

use few-layer flakes of graphene to contact both the monolayer MoSe2 and WS2, and a schematic 

of the device is shown in Figure 5.1b. The heterostructure can be gated through the LaF3 substrate 

as the back gate, which provides efficient control of doping through the double layer258, as 

schematically shown in Figure 5.1b. Typical photoluminescence (PL) spectra for different regions 

of the device is shown in Figure 5.1c, with the continuous wave (CW) laser excitation centered at 

2.331 eV and a power of 100 µW. Without applying any gate voltage, the PL from the MoSe2/WS2 

heterojunction (red line in Figure 5.1c) exhibits quenching of both the PL at the WS2 A exciton 

resonance (~1.979 eV) and MoSe2 A exciton resonance (~1.548 eV), compared with that of the 

monolayer WS2 (blue line in Figure 5.1c) and the monolayer MoSe2 (black line in Figure 5.1c), 

respectively. This simultaneous quenching of PL at both MoSe2 and WS2 A excitons was observed 

in all the heterostructures we constructed, including three MoSe2/WS2 heterostructures on SiO2/Si 
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substrate and seven heterostructures on LaF3 at the absence of the gate voltage. It thus suggests a 

type II alignment for the as-prepared MoSe2/WS2 heterostructures, and the PL quenching is a result 

of the optically excited electron transferred to the MoSe2 layer and hole transferred to the WS2, 

according to the band alignment259,260 shown schematically in the inset of Figure 5.1c. It is 

interesting to note that the quenching of MoSe2 A exciton PL is significantly less than that of the 

WS2 A exciton in the heterojunction region. While the integrated PL of the WS2 A exciton in the 

heterojunction is quenched by more than one order of magnitude smaller, the integrated PL 

intensity of MoSe2 A exciton in the heterojunction is only slightly quenched, being ~70% of that 

from the monolayer MoSe2 (Figure 5.1c). The significantly less quenching of MoSe2 A exciton PL 

can be understood from the relative band alignment shown in the inset of Figure 5.1c. In the type 

II alignment configuration, the conduction band minimum (CBM) of the WS2 is only slightly lower 

than that of the MoSe2 according to the theoretical calculations214,259. The thermal equilibrium of 

the two CBMs at room temperature, therefore, allows a certain population of electrons in the CBM 

of the MoSe2 even though the CBM of the WS2 is the lower energy state for electrons in the 

heterojunction region. The small energy difference between the two CBMs offers the opportunity 

for us to apply an efficient electrostatic gating to manipulate the optically excited carrier transfer 

across the MoSe2/WS2 interface. We achieve that by using the LaF3 as the ionic back gate, which 

has been proven to efficiently gate 2D materials though a double layer258 (schematically shown in 

Figure 5.1b).  

   



 

120 

 

 

Figure 5.1: Monolayer MoSe2/WS2 heterostructure device. (a) Optical microscope image of the monolayer 

MoSe2 /WS2 heterostructure, capped with a few-layer h-BN layer. Scale bar: 10 µm. (b) Schematic of the 

MoSe2/WS2 heterostructure device, contacted by few-layer graphene electrodes and gated by the ionic 

substrate LaF3. (c) Typical room temperature PL spectra from regions of the monolayer MoSe2 (black), 

monolayer WS2 (blue), and MoSe2/WS2 heterojunction (red), with no gate voltage applied. Inset: schematic 

representation of the type II band alignment of the MoSe2/WS2 heterostructure. Material from: Meng, Y. et 

al. Electrical switching between exciton dissociation to exciton funneling in MoSe2/WS2 heterostructure257. 

Nature Communications, published 2020, Springer Nature. 

 

To reveal the effect of gate-controlled carrier transfer across the heterojunction, we then 

investigate the PL spectra around the MoSe2 A exciton resonance as a function of the gate voltage 

for both monolayer MoSe2 (Figure 5.2a) and MoSe2/WS2 heterojunction (Figure 5.2b). The 

continuous wave (CW) laser excitation centered at 2.0 eV (620 nm) with a power of 100 µW was 

used to obtain the PL spectra shown in Figure 5.2a and Figure 5.2b. This excitation photon energy 

is large enough to excite A excitons in both monolayer MoSe2 (1.548 eV) and WS2 (1.979 eV). 

The PL intensity from the WS2 A exciton is drastically quenched in the heterojunction, and we 

focus on the PL intensity of the MoSe2 A exciton for both the monolayer (Figure 5.2a) and 

heterojunction region (Figure 5.2b). We can see from the color plots (Figure 5.2a and Figure 5.2b) 

that, although the MoSe2 A exciton PL intensity is weaker in MoSe2/WS2 heterojunction (Figure 
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5.2b) than in the monolayer MoSe2 (Figure 5.2a) for the gate voltage from ~ -2 V to -1 V, the PL 

is stronger in the heterojunction than in the monolayer MoSe2 at the gate voltage > 0 V. This 

relative PL ratio from quenching to enhancement transition is clearly illustrated in the PL spectra 

in Figure 5.2d, which combine the line cuts of Figure 5.2a and Figure 5.2b at the gate voltage -2 

V and 4 V. To better understand the PL behavior change, we define the PL enhancement factor 

(EF) as 𝐸𝐹 = 𝐼𝐻𝑒𝑡𝑒𝑟/𝐼𝑀𝑜𝑆𝑒2
, where 𝐼𝐻𝑒𝑡𝑒𝑟 (𝐼𝑀𝑜𝑆𝑒2

) is the integrated MoSe2 A exciton PL intensity 

in the MoSe2/WS2 heterojunction (monolayer MoSe2). EF as a function of the gate voltage for the 

photoexcitation centered at 2.0 eV is shown in Figure 5.2e (black dots), which shows that EF is 

almost a constant between the gate voltage of -2 V to -1 V (EF ~0.6) but quickly rises to ~1.8 at 

the gate voltage 0 V, and it remains largely a constant as the gate voltage is further increased. 

It is interesting to note that this observation is sensitive to the excitation photon energy, 

and the results are distinctively different for the CW photoexcitation of the same power (100 µW) 

but centered at 1.797 eV (690 nm), which is below the A exciton resonance energy of WS2 but 

above that of MoSe2. At the gate voltage of -4 V, we observe PL quenching at MoSe2 A exciton 

resonance in the heterojunction (Figure 5.2d), similar to the scenario with the photoexcitation at 2 

eV (Figure 5.2c). However, as we increase the gate voltage to 4 V, we do not observe the PL 

enhancement of the MoSe2 A exciton in the heterojunction, even though the PL intensity is quite 

close to that of the monolayer MoSe2 (Figure 5.2d). A detailed gate dependence study of the 

photoexcitation centered at 1.797 eV also results in quantitative EF as shown in Figure 5.2e (red 

dots), which shows a similar step function behavior as the case of photoexcitation centered at 2.0 

eV, but the maximum value of EF is smaller and never exceeds 1.  
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Figure 5.2: Gate voltage tunable transition from PL quenching to PL enhancement in the MoSe2/WS2 

heterojunction. (a) The color plot of the PL spectra for monolayer MoSe2 and (b) the color plot of the PL 

spectra for MoSe2/WS2 heterostructure region as a function of the gate voltage, under the continuous wave 

(CW) photoexcitation centered at 2.0 eV and with the excitation power of 100 µW. The color represents the 

integrated PL intensity at MoSe2 A exciton resonance. All spectra were taken at room temperature.  (c) and 

(d) are PL spectra of the monolayer MoSe2 (black) and MoSe2/WS2 heterojunction (red) under the CW 

photoexcitation centered at 1.797 eV and 2.0 eV, respectively. The excitation power for both (c) and (d) is 100 

µW. (e) The experimentally extracted PL enhancement factor as a function of the gate voltage for the 

photoexcitation centered at 2.0 eV (black dots) and 1.797 eV (red dots). Material from: Meng, Y. et al. 

Electrical switching between exciton dissociation to exciton funneling in MoSe2/WS2 heterostructure257. 

Nature Communications, published 2020, Springer Nature. 
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5.1.2 Photoluminescence Excitation Spectroscopy of MoSe2 and MoSe2/WS2  

Since the observed PL EF at MoSe2 A exciton resonance is sensitive to the excitation 

photon energy, we then perform a detailed photoluminescence excitation (PLE) spectroscopy 

study. The integrated PL intensity at the MoSe2 A exciton resonance for monolayer MoSe2 (black) 

and MoSe2/WS2 heterojunction (red) are plotted as a function of the excitation photon energy in 

Figure 5.3a and Figure 5.3b, for the gate voltage of -2 V and 4 V, respectively. Figure 5.3c shows 

the EF for the gate voltage of -2 V, when both MoSe2 and WS2 are intrinsic, the MoSe2 A exciton 

PL intensity is always quenched for different excitation photon energies, with the peak value of 

0.55 at the excitation photon energy of ~2.0 eV. However, at the gate voltage of 4 V, the EF is 

largely flat and slightly less than 1 (~0.8) when the excitation photon energy is less than 1.9 eV. 

When the excitation photon energy exceeds 1.9 eV, the PL enhancement effect starts to occur with 

the EF exceeding 1. The EF reaches the maximum value when the excitation photon energy is 

about 2.0 eV. The excitation photon energy for the peaked EF value in Figure 5.3c and Figure 5.3d 

coincides with the A exciton resonance of monolayer WS2, which suggests that photoexcited 

carrier transfer from WS2 to MoSe2 plays the central role in the PL enhancement in the MoSe2/WS2 

heterojunction, which, as a result, explains the lack of the PL enhancement with the off-resonance 

excitation at 1.797 eV (Figure 5.3d).  

It is worth noting that, even with the CW photoexcitation centered at 2.0 eV, we have not 

observed the PL EF exceeds 1 for three MoSe2/WS2 heterojunction devices fabricated on SiO2/Si 

substrate (300 nm thick thermal oxide), with the silicon back gate voltage as high as 80 V. This 

observation suggests that the efficient gating from LaF3 is essential for realizing the PL 
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enhancement in the heterojunction. Previous work has shown that the LaF3 back gate should be at 

least more than 100 times more efficient than the silicon back gate with 300 nm thermal oxide258.     

 

 

Figure 5.3: PLE spectra of the monolayer MoSe2 and MoSe2/WS2 heterostructure for different gate voltages. 

(a) and (b) are Integrated PL intensity at MoSe2 A exciton resonance as a function of the excitation photon 

energy for monolayer MoSe2 (black) and MoSe2/WS2 heterojunction (red) regions at the gate voltage of -2 V 

(a) and the gate voltage of 4 V (b), respectively. (c) and (d) are PL enhanced factor for the gate voltage of -2 V 

(c) and 4 V (d), respectively. Material from: Meng, Y. et al. Electrical switching between exciton dissociation 

to exciton funneling in MoSe2/WS2 heterostructure257. Nature Communications, published 2020, Springer 

Nature. 
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5.1.3 Analytical Analysis of Quantum Capacitance and Exciton Funneling of 

MoSe2 and MoSe2/WS2 Heterostructure 

The experimental observation can be understood theoretically by considering the gate-

dependent carrier distribution in the heterostructure. Taking into account the quantum capacitance 

of the monolayer MoSe2 and WS2, for the device configuration shown in Figure 5.1b, the effective 

capacitance model can be schematically shown as the inset of Figure 5.4. Here 𝐶𝑄1(𝐶𝑄2 ) are the 

quantum capacitance of monolayer MoSe2 (WS2), 𝐶𝐺1 is the geometry capacitance between MoSe2 

and the LaF3 back gate, and 𝐶𝐺2  is the geometry capacitance between MoSe2 and WS2. For 

qualitative understanding, we consider zero-temperature case here. Due to the large energy 

difference between the VBMs of MoSe2 and WS2, the hole transfer from WS2 to MoSe2 (when 

WS2 is optically excited) is always ~100 %. As a result, we focus on the gate dependence of the 

electron transfer from MoSe2 to WS2. As shown in Figure 5.4, when the gate voltage is at point A 

(e.g. -2 V for the device 2 shown in Figure 5.2), both the MoSe2 and WS2 layers are intrinsic and 

with the quantum capacitance of zero. As a result, the gate voltage is dropped only on the quantum 

capacitance and the band alignment is determined by the work function of each layer. The type II 

alignment (shown at point A in Figure 5.4) determines that the optically excited electron in MoSe2 

will transfer to WS2, reducing the electron density in the MoSe2 layer in the heterojunction, 

compared to the case of the bare monolayer MoSe2. In addition, with (on-resonance excitation) 

and without (off-resonance excitation) the hole transfer from WS2 to MoSe2, the electron density 

in the MoSe2 layer in the heterojunction is always less than the hole density. As a result, the 
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electron is the minor carrier that determines the available MoSe2 A exciton density. The reduced 

electron density thus leads to the quenching of MoSe2 A exciton PL in the heterojunction.  

When the WS2 layer starts to get electron-doped (point B), the number of optically excited 

electrons transferred from the MoSe2 to WS2 in the heterojunction region will be modulated by the 

gate voltage. For simplicity, we can use the off-resonance excitation as an example. The charge 

transfer from MoSe2 to WS2, Δ𝑄, can be obtained from the following equation according to the 

effective capacitance model261 (inset of Figure 5.4): 

𝑄 − Δ𝑄

𝐶𝑄1
=

Δ𝑄

𝐶𝑄2
+

Δ𝑄

𝐶𝐺2
 

(5.1) 

where 𝑄  is the total charge of optically excited electrons in the MoSe2 layer of the 

MoSe2/WS2 heterojunction. Reorganization of Equation (5.1) results in the expression of Δ𝑄 as:  

Δ𝑄

𝑄
=

1

1 +
𝐶𝑄1

𝐶𝑄2
+

𝐶𝑄1

𝐶𝐺2

  

(5.2) 

For gate voltage smaller than that of point B, 𝐶𝑄1 = 0 and hence Δ𝑄 = 𝑄, which indicates 

~100% of the optically excited electron in MoSe2 layer of the heterojunction region transferred to 

WS2. As a result, PL quenching of the MoSe2 layer in the heterojunction is similar to that of A 

point (similar EF). As we move forward from point B, however, electron transfer will be less 

efficient due to the finite 𝐶𝑄1 (i.e., finite density of states at Fermi level in MoSe2) and the PL 

quenching will be less significant. As the gate voltage is increased to point C, the doping further 

increases and the Fermi level is aligned with the conduction band of MoSe2. Assuming a similar 

effective electron mass m in WS2 MoSe2, we have  𝐶𝑄1 = 𝐶𝑄2 = 𝐶𝑄, where 𝐶𝑄 =
𝑚

𝜋ℏ2 is the density 
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of states (DOS) in 2D. Since 𝐶𝑄 ≫ 𝐶𝐺2, from Equation (5.2), we found that Δ𝑄~0 and optically 

excited electron transfer from MoSe2 to WS2 is blocked. The EF of MoSe2 A exciton PL will 

therefore again be largely a constant, with the value of 1 (Figure 5.4) for the off-resonance 

excitation in the ideal scenario.  

   

 

Figure 5.4: Theoretical understanding of the PL quenching to PL enhancement transition. The enhancement 

factor as a function of the gate voltage clearly exhibits three distinct regions. Schematics of band alignment of 

the MoSe2/WS2 heterojunction, along with the Fermi energy level (dashed line), are labeled for different 

points to explain the different PL enhancement factor behaviors. Inset: schematic of the effective capacitance 

circuit of the MoSe2/WS2 heterojunction with the device configuration shown in Figure 5.1b. Material from: 

Meng, Y. et al. Electrical switching between exciton dissociation to exciton funneling in MoSe2/WS2 

heterostructure257. Nature Communications, published 2020, Springer Nature. 

 

The electron transfer in the on-resonance scenario can be understood in a similar fashion, 

with similar PL quenching (EF<1) from point A to B. However, when MoSe2 is sufficiently doped 

(point C), optically induced holes in the MoSe2 layer become the minor carrier that determines the 
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MoSe2 A exciton density. For the on-resonance excitation, the WS2 layer is also excited and we 

have nearly 100% of the optically excited holes transfer from WS2 to MoSe2. Therefore, the A 

exciton density in the MoSe2 layer in the heterojunction is enhanced, giving rise to the PL 

enhancement with a largely constant EF >1 We thus conclude that for both the off-resonance and 

on-resonance excitation, the qualitative gate-dependence of EF will be of the form shown in Figure 

5.4. Particularly, EF will show an abrupt increase around specific gate voltage (region II) and 

remain largely constant on either side. On the low voltage side (region I), EF should be smaller 

than 1; and on the high gate voltage side (region III), EF=1 for the off-resonance excitation and 

EF>1 for the on-resonance excitation.   

The theoretical prediction in Figure 5.4 is in excellent agreement with our experimental 

observation in Figure 5.2e. The experimentally observed EF as a function of the gate voltage can 

be clearly divided into three regions, similar to a step function for both the on-resonance and off-

resonance excitation as predicted by Figure 5.4. The EF for the on-resonance excitation 

(photoexcitation at 2.0 eV) in region III shows an EF ~2.0, while the EF for the off-resonance 

excitation (photoexcitation at 1.797 eV) in the region III is about 0.8. The EF of less than 1 for the 

off-resonance case is probably due to decreased quantum efficiency in the heterojunction from the 

different dielectric environment.  

Considering the finite temperature effects, it gives qualitatively similar results as in Figure 

5.4. Interestingly, we found that for large enough gate voltage, the charge accumulated on the  𝐶𝐺2 

will give rise to a large energy shift between the MoSe2 and WS2, which switches the type II 

alignment to a type I alignment configuration, as shown schematically by the inset at point E in 

Figure 5.4. The efficient ionic gating thus not only allows the control of optically excited carrier 

transfer across the atomically sharp interface but also leads to the possibility of modifying the 
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alignment type reversibly. The associated fundamental understanding will enable quantum 

optoelectronics based on TMDC vdW heterostructures. 

 

5.2 Spin-Singlet and Spin-Triplet Interlayer Excitons in 

WSe2/MoSe2 Heterostructure 

Transition metal dichalcogenides (TMDCs) heterostructure with a type II alignment hosts 

unique interlayer excitons with the possibility of spin-triplet and spin-singlet states. However, the 

associated spectroscopy signatures remain elusive, strongly hindering the understanding of the 

Moiré potential modulation of interlayer exciton. In this section, we identify the spin-singlet and 

spin-triplet interlayer excitons in the WSe2/MoSe2 hetero-bilayer with a 60-degree twist angle 

through the gate- and magnetic field-dependent photoluminescence spectroscopy. Both the singlet 

and triplet interlayer excitons show giant valley-Zeeman splitting between the K and K’ valleys, a 

result of the large Landé g-factor of the singlet interlayer exciton and triplet interlayer exciton, 

which are experimentally determined to be ~ 10.7 and ~ 15.2, respectively, in good agreement 

with theoretical expectation. The PL from the singlet and triplet interlayer excitons show opposite 

helicities, determined by the atomic registry. Helicity-resolved photoluminescence excitation 

(PLE) spectroscopy shows that both singlet and triplet interlayer excitons are highly valley-

polarized at resonant excitation, with the valley polarization of the singlet interlayer exciton 
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approaches unity at ~ 20 K. The highly valley-polarized singlet and triplet interlayer excitons with 

giant valley-Zeeman splitting inspire future applications in spintronics and valleytronics.  

 

5.2.1 Introduction to Interlayer Excitons in WSe2/MoSe2 Hetero Bilayer  

The small twist angle or lattice mismatch between the TMDCs hetero-bilayer would 

generate a Moiré superlattice potential260,262–264, which modulates the interlayer exciton and leads 

to more fine features. The Moiré modulated interlayer exciton complicates the optical spectra265,266 

and renders it even more challenging to identify the triplet and singlet interlayer excitons. On the 

other side, identification of the singlet and triplet interlayer excitons would be critical for exploring 

Moiré potential to engineer interlayer exciton. In this section, we construct a perfectly aligned 

WSe2/MoSe2 heterostructure with a 60-degree twist angle. We unambiguously identify the singlet 

and triplet interlayer excitons through gate-, temperature-, and magnetic field-dependent 

photoluminescence (PL) spectroscopy. We found that both the singlet and triplet interlayer 

excitons have a large response to the out-of-plane magnetic field, with the Landé g-factor as large 

as ~ 10.7 and ~ 15.2, respectively, in excellent agreement with theoretical expectation74,111. These 

g-factors are much larger than that of the bright intralayer exciton in monolayer TMDC (~ 4)60,104 

and lead to a giant valley-Zeeman splitting between the K and K’ valleys107, ~ 11.2 meV and ~ 

16.0 meV for the singlet and triplet interlayer excitons, respectively, for an out-of-plane magnetic 

field of 17.5 T. 
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Figure 5.5: Interlayer excitons in WSe2/MoSe2 hetero bilayer. (a) Schematic of the BN-encapsulated 

WSe2/MoSe2 heterostructure. One piece of few-layer graphene is used as the contact electrode and another 

piece is used as the transparent top-gate electrode. (b) Microscope image of the device. Scale bar: 10 µm. (c) 

PL spectra of the heterostructure, which exhibits two interlayer exciton peaks at 77 K. The CW laser 

centered at 1.959 eV was used as the excitation source. Inset: schematic of the type II band alignment of 

WSe2/MoSe2 hetero bilayer. (d) Color plot of the PL spectra at 77 K of the WSe2 (on top)/MoSe2 

heterostructure as a function of gate voltage, which is the same stacking sequence as the scheme in (a). (e) 

Color plot of the PL spectra at 77 K of the MoSe2(on top)/WSe2 heterostructure as a function of gate voltage, 

which is the opposite stacking sequence as the scheme in (a). Reprinted with permission from Wang, T. et al. 

Giant valley-Zeeman splitting from spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 

heterostructure. Nano Lett. 20, 694–700 (2020)61. Copyright 2020 American Chemical Society. 
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We also find that the singlet and triplet interlayer excitons possess opposite valley 

polarization, corresponding to a 𝐻ℎ
ℎ  atomic registry predicted theoretically238. The helicity- 

resolved photoluminescence excitation (PLE) spectroscopy study shows that the PL from each 

interlayer exciton is highly valley polarized at resonance excitation, which for singlet interlayer 

exciton can be as high as ~ -100% at 23 K and ~ -85% even for the elevated temperature of 82 K. 

The high valley polarization of the interlayer excitons originates from the long valley lifetime of 

the holes113,199,267. The robust valley polarization of the long-lived interlayer excitons thus presents 

new quasiparticles for valleytronics applications, while the giant valley-Zeeman splitting could be 

further exploited to break the valley degeneracy.  

The monolayer MoSe2 and WSe2 were exfoliated separately, with the crystal orientation 

determined by the second harmonic generation (SHG). The twist angle between the constructed 

hetero bilayer was further determined to be 60 degrees by comparing the SHG signals from the 

heterostructure region and monolayer region. The heterostructure was further encapsulated with 

few-layer boron nitride (BN) flakes and integrated into the dual gated device using a similar 

method as described previously60,104,268. The schematic of constructed heterostructure device is 

shown in Figure 5.5a, and a typical device image is shown in Figure 5.5b. At 77 K, the PL spectra 

of one device (Figure 5.5c) show much quenched PL of intralayer bright exciton of MoSe2 and 

WSe2, at 1.624 eV and 1.706 eV respectively, while two pronounced interlayer exciton-PL peaks 

centered at 1.392 eV and 1.416 eV. These two peaks can be tuned by the gate voltage. As shown 

in Figure 5.5d and Figure 5.5e, when the gate voltage is positive, which corresponds to the electron 

doping of the bottom layer, the two peaks exhibit sensitive shift as a function of the top gate voltage 

due to the Stark shift268,269. It is worth noting that, for a device which we take MoSe2 as the bottom 
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layer (Figure 5.5d), we observe a blue-shift of the two peaks, opposite to the red-shift observed in 

the device with the opposite hetero-bilayer stacking orders (Figure 5.5e), confirming that the 

observed two PL peaks are associated with the interlayer exciton, whose dipole direction switches 

as the stacking order switches.  

 

5.2.2 Magneto Photoluminescence Spectra of Interlayer Excitons  

To reveal the nature of the observed two PL peaks associated with the interlayer exciton, 

we performed magnetic field dependent PL spectroscopy study. We use a linearly polarized 

continuous wave (CW) laser centered at 1.959 eV as the excitation, and the obtained PL spectra as 

a function of the out-of-plane magnetic field are shown as a color plot in Figure 5.6a. It is evident 

that, in the presence of the magnetic field, each of the PL peaks is split into two, with the splitting 

as high as 16.0 meV for the triplet interlayer exciton (IXT) and 11.2 meV for the singlet interlayer 

exciton (IXs) under magnetic field of 17 T. This splitting is due to the valley-Zeeman shift since 

the linearly polarized light excites both K and K’ valleys, which undergoes an opposite shift in the 

presence of the magnetic field4–7. This splitting can be expressed as ∆𝐸 = gµ𝐵𝐵, in which g is the 

Landé g-factor, µ𝐵 is the Bohr magneton, and B is the magnetic field strength. As shown in Figure 

5.6b, the experimentally measured energy splitting for different magnetic field strengths can be 

fitted with a linear function, which gives the g factor ~ 15.2 for IXT and ~ 10.7 for IXs. These g 

factors are much larger than that of the bright exciton or trions in monolayer TMDC (~ 

4)60,104,170,270, attributing to the giant valley-Zeeman splitting of the interlayer excitons271.  
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Figure 5.6: Magneto-PL spectra of interlayer excitons. (a) Color plot of the PL spectra of interlayer exciton as 

a function of the out-of-plane magnetic field at 77 K. The CW laser centered at 1.959 eV with a power of 250 

µW was used as the excitation source. (b) PL peak energy splitting for both interlayer exciton states. The 

valley-Zeeman splitting of each interlayer exciton is utilized to extract the corresponding g-factor through a 

linear fitting. (c) Illustration of the band structure at the corners (K and K’ valleys) of the hexagonal 

Brillouin zone of a MoSe2/WSe2 heterostructure, with the twist angle of 60-degree. The K and K’ valleys at 

the conduction band minimum (in MoSe2) and valence band maximum (in WSe2) are aligned in momentum 

space. Here 𝛂 and 𝛃 are the heterostructure valleys, and red color stands for spin up, blue color stands for 

spin down. (d) Configurations of the interlayer exciton at 𝛂 and 𝛃 valleys. Solid dots represent the electrons 

and the empty ones represent the holes. The dashed lines indicate the formation of triplet interlayer exciton 

(𝐈𝐗𝑻) and the singlet interlayer exciton (𝐈𝐗𝑺), where green (purple) color represents 𝝈+(𝝈−) helicity PL 

observed experimentally. Reprinted with permission from Wang, T. et al. Giant valley-Zeeman splitting from 

spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 heterostructure. Nano Lett. 20, 694–700 

(2020)61. Copyright 2020 American Chemical Society. 

 

The measured g-factor can also be used to determine the nature of the interlayer exciton 

peaks. As shown by recent studies, the spin-orbit coupling in monolayer TMDC not only leads to 
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a large splitting of the valence bands (300-500 meV) but also gives rise to a splitting in the 

conduction bands, which is much smaller in scale (~ 20 meV)91,92. As a result, for the WSe2/MoSe2 

heterostructure with a 60-degree twist angle, the K valley of WSe2 is aligned with the K’ valley of 

MoSe2, as schematically shown in Figure 5.6c, d. It has been shown previously that the conduction 

band splitting gives rise to the spin triplet exciton, dark exciton, in monolayer TMDCs239,240,271. 

Here, the presence of the conduction band splitting renders it possible to have two configurations 

of the interlayer exciton: spin triplet (IXT) and spin singlet (IXS) interlayer exciton, as shown in 

Figure 5.6d. At a finite temperature, the thermal fluctuation ensures certain population of exciton 

in the higher energy IXS, and both peaks are clearly visible in the PL spectra (Figure 5.5d-e and 

Figure 5.6a). In a non-interacting picture, the g factor for either of the interlayer exciton, IXT or 

IXs, can be calculated theoretically counting the overall contribution of the spin, orbital and valley 

components, and it is expected to be 16 for IXT and 12 for IXs. The experimentally extracted values 

are in excellent agreement with the theoretical expectations, confirming the assignment of the 

singlet and triplet interlayer excitons. It is worth noting that, in monolayer WSe2 or WS2, the triplet 

exciton is spin-forbidden dark exciton and can only radiate through an out-of-plane 

dipole24,58,60,82,97,104,112,272. In the WSe2/MoSe2 heterostructure that we study here, due to the lift of 

mirror symmetry, the triplet interlayer exciton is not necessarily dark and could have significant 

in-plane dipole radiation. The recent theory has shown that, depending on the exact atomic registry 
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of the hetero-bilayers, there could be significant in-plane dipole radiation, and even valley 

information can be retained238.  

 

5.2.3 Helicity-Resolved Photoluminescence Excitation Spectroscopy of 

Interlayer Excitons  

To investigate the valley polarization of the interlayer excitons, we perform helicity 

resolved PLE spectroscopy study. We first excite the heterostructure with circularly polarized light 

(𝜎+) and vary the excitation photon energy, and we detect the PL of the same (𝜎+) or opposite 

helicity (𝜎−). The obtained data near the interlayer exciton region (from 1.355 eV to 1.470 eV) at 

77 K is shown in Figure 5.7a. It is evident that PL intensity is at its local maximum when the 

excitation is in resonance with the A or B exciton of either MoSe2 (X𝐴
𝑀𝑜, X𝐵

𝑀𝑜) or WSe2 (X𝐴
𝑊, X𝐵

𝑊). 

More interestingly, at resonant excitation, the relative intensity of the IXS and IXT in different 

detection schemes are significantly different, as shown in Figure 5.6d. For the excitation photon 

energy (1.722 eV) in resonance with the A exciton of the WSe2, the higher PL intensity peak of 

IXT in the 𝜎+𝜎+  detection scheme switches to the lower intensity in the 𝜎+𝜎−  configuration. 

Similarly to the definition of the intralayer bright exciton in monolayer TMDC, we define valley 

polarization as 𝑃 =
𝐼(𝜎+)−𝐼(𝜎−)

𝐼(𝜎+)+𝐼(𝜎−)
, in which 𝐼(𝜎+) is the integrated PL intensity of the same helicity 

(𝜎+) and 𝐼(𝜎−) is the integrated PL intensity of the opposite helicity (𝜎−). The switch of the 

relative PL intensity is due to the negative valley polarization of the IXS and positive valley 

polarization of the IXT (Figure 5.7b). The particular helicity of PL emission agrees with the 𝐻ℎ
ℎ 

atomic registry238, in which the singlet and triplet interlayer exciton both radiate through an in-

plane dipole but with opposite helicity. As shown in Figure 5.7b, the valley polarization of the two 

interlayer excitons is sensitively dependent on the excitation photon energy. At the excitation 
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photon energy of 1.722 eV, the valley polarization of the singlet interlayer exciton (IXS) is as high 

as ~ 32.9% and the triplet interlayer exciton (IXT) could be as high as ~ -58.6% at 77 K (Figure 

5.7d). When the excitation photon energy is off resonance (2.138 eV in Figure 5.7c), the valley 

polarization vanishes.  

  

 

Figure 5.7: PLE spectra of interlayer excitons at 77 K. (a) Color plot of the PL spectra of interlayer exciton as 

a function of excitation photon energy. 𝑿𝑩
𝑾, 𝑿𝑩

𝑴𝒐, 𝑿𝑨
𝑾, 𝑿𝑨

𝑴𝒐 correspond to the photon energy of WSe2 B 

exciton, MoSe2 B exciton, WSe2 A exciton and MoSe2 A exciton modes, respectively. The PL measurement 

uses circularly polarized light (𝝈+) for excitation and detects PL with the same (𝝈+) or opposite (𝝈−) helicity. 

(b) Valley polarization of two interlayer exciton states as a function of excitation energy. (c) PL spectra of 

interlayer exciton excited off-resonance, with the excitation photon energy centered at 2.138 eV. (d) PL 

spectra of interlayer exciton excited resonantly at WSe2 A exciton energy (1.722 eV). Reprinted with 

permission from Wang, T. et al. Giant valley-Zeeman splitting from spin-singlet and spin-triplet interlayer 

excitons in WSe2/MoSe2 heterostructure. Nano Lett. 20, 694–700 (2020)61. Copyright 2020 American Chemical 

Society. 
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The valley polarization also sensitively depends on the temperature. The temperature 

dependent PL spectra for the 𝜎+𝜎+ and 𝜎+𝜎− configurations are shown in Figure 5.8a and Figure 

5.8b, respectively. Figure 5.8a shows that, as we detect the PL of the same helicity of the excitation 

light, the higher energy singlet interlayer exciton PL decreases significantly as the temperature is 

decreased, suggesting that the singlet interlayer exciton is in thermal equilibrium with the triplet 

interlayer exciton and is thermally populated. The thermal equilibrium picture is also confirmed 

through lifetime measurements, which shows similar lifetime of the singlet and triplet interlayer 

exciton. In contrast, in the 𝜎+𝜎−  scheme (Figure 5.8b), as we detect the PL in the opposite helicity 

channel, the singlet interlayer exciton PL becomes pronounced at the lower temperature, which is 

due to the increased negative valley polarization and can be shown explicitly in Figure 5.8c. Here 

figure 4c plotted the valley polarization (P) of the triplet and singlet interlayer excitons as a 

function of temperature, at the resonant excitation of 1.722 eV (in resonance with the A exciton of 

WSe2). As the temperature decreases to 23 K, the valley polarization of the singlet interlayer 

exciton is approaching 100%. This high valley polarization arises from the long valley lifetime of 

the hole113,199,267. The optically excited electron-hole pairs can quickly dissociate and separate into 

two layers224,225,273,274, and the intervalley scattering of the hole is strongly inhibited107,199,241, 

especially for resonance excitation198,202,242–245. This sensitive temperature dependence of the 

valley polarization for both interlayer exciton can be easily illustrated in Figure 5.8d, which shows 

PL spectra of the 𝜎+𝜎+ and 𝜎+𝜎− configurations for temperatures of 42 K and 82 K. 
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Figure 5.8: Temperature-dependent valley polarization of interlayer excitons. (a) and (b) are color plots of the 

PL spectra of interlayer exciton as a function of temperature in 𝝈+𝝈+ and 𝝈+𝝈− configuration, respectively. 

(c) Valley polarization of two interlayer exciton states as a function of temperature. (d) Representative PL 

spectra of interlayer exciton at 42 K and 82 K. Reprinted with permission from Wang, T. et al. Giant valley-

Zeeman splitting from spin-singlet and spin-triplet interlayer excitons in WSe2/MoSe2 heterostructure. Nano 

Lett. 20, 694–700 (2020)61. Copyright 2020 American Chemical Society. 

 

Interestingly, the valley polarization of the triplet interlayer exciton seems to saturate at the 

temperature around 102 K, with a saturated value of ~ 40%, less than that of the singlet interlayer 

exciton. We suspect that it is due to the lower energy of the triplet interlayer exciton, and the PL 

is more likely to be affected by defect PL at similar energy. This is supported by our observation 
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in Figure 5.8a, b, which shows that the PL near 1.395 eV is significantly broadened as the 

temperature is decreased.  

In summary, we report the unambiguous identification of the triplet and singlet interlayer 

excitons through gate-, magnetic field-, and temperature-dependent PL spectroscopy study. The 

helicity resolved PLE spectroscopy study shows that the valley polarization of the interlayer 

exciton can approach unity at low temperature. These highly valley polarized interlayer excitons, 

with giant valley-Zeeman splitting, inspire future exploration of applications in valleytronics and 

spintronics. Utilization of the proximity field of a 2D magnetic material122,275–279 could take 

advantages of the large valley-Zeeman splitting in a device configuration, without the necessity of 

involving an external magnetic field.   

 

5.3 Correlated Insulating States at Fractional Fillings of the 

WS2/WSe2 Moiré Lattice 

The strong electron interactions in the minibands formed in moiré superlattices of van der 

Waals materials, such as twisted graphene and transitional metal dichalcogenides, make such 

systems a fascinating platform to study strongly correlated states.35–53 In most systems, the 

correlated states appear when the moiré lattice is filled by integer number of electrons per moiré 

unit cell. Recently, correlated states at fractional fillings of 1/3 and 2/3 holes per moiré unit cell 

have been reported in the WS2/WSe2 heterobilayer, hinting the long range nature of the electron 

interaction.36 In this section, we observe a series of correlated insulating states at fractional fillings 

of the moiré minibands on both electron- and hole-doped sides in angle-aligned WS2/WSe2 hetero-

bilayers, with certain states persisting at temperatures up to 120 K. Simulations reveal that these 

insulating states correspond to ordering of electrons in the moiré lattice with a periodicity much 
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larger than the moiré unit cell, indicating a surprisingly strong and long-range interaction beyond 

the nearest neighbors.  

 

5.3.1 Introduction to Scanning Microwave Impedance Microscopy (MIM) 

The MIM measurements were performed on a home-built cryogenic scanning probe 

microscope platform. A small microwave excitation of ~0.1 μW at a fixed frequency around 

10 GHz was delivered to a chemically etched tungsten tip mounted on a quartz tuning fork. The 

reflected signal was analyzed to extract the demodulated output channels, MIM-Im and MIM-Re, 

which are proportional to the imaginary and real parts of the admittance between the tip and sample, 

respectively. To enhance the MIM signal quality, the tip on the tuning fork was excited to oscillate 

at a frequency of ~32 kHz with an amplitude of ~8 nm. The resulting oscillation amplitudes of 

MIM-Im and MIM-Re were then extracted using a lock-in amplifier to yield d(MIM-Im)/dz and 

d(MIM-Re)/dz, respectively. The d(MIM)/dz signals are free of fluctuating backgrounds, and their 

behavior is very similar to that of standard MIM signals. In this section, we simply refer to 

d(MIM)/dz as the MIM signal. 

 

5.3.2 MIM Spectrum of the Correlated Insulating States in WS2/WSe2 Moiré 

Lattice 

We observed of a series of correlated insulating states for both electron- and hole-doped 

regimes in a WS2/WSe2 moiré heterostructure, including the states at fillings of n=±1 (one electron 

(+1) or hole (-1) per moiré unit cell), and more excitingly, correlated insulating states at a series 

of fractional fillings including n=+1/6, ±1/4, ±1/3, ±1/2, ±2/3, ±3/4, +5/6, ±3/2. Monte Carlo 

simulations of a Coulomb gas model suggest that they correspond to long-range orderings of 
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electrons in the moiré lattice with spatial patterns of various triangular and stripe phases. In one 

sample, we find that the transition temperature for n=±1/3 and ±2/3 can be as high as 120 K, and 

additional fillings at n=-8/9, -5/6, -7/9, +5/9 and +6/7 are also observed, indicating an unexpectedly 

strong interaction achieved in this sample.  

The typical structure of our devices is shown in Figure 5.9a. Angle-aligned monolayers of 

WS2 and WSe2 are encapsulated by hexagonal boron nitride (hBN) flakes, and thin graphite flakes 

are used as both the electrical contact and bottom gate electrodes. The lattice constants of WS2 and 

WSe2 have a 4% mismatch, which creates a moiré pattern with a periodicity of about 8 nm when 

the two monolayers are aligned precisely at either 0º or 60º. Multiple minibands should form on 

both the electron- and hole-doped sides, with the conduction band minimum and valence band 

maximum locating in different layers according to the type-II band alignment in this hetero-

bilayer.35,37,264,280 Therefore, correlated insulating states can potentially appear on both electron- 

and hole-doped sides. To probe the insulating states, we employ scanning microwave impedance 

microscopy (MIM) that is capable of sensing the local resistivity of the sample (Figure 5.9b).281 In 

MIM, a microwave signal in the frequency range of 1-10 GHz is routed to a sharp metal tip, and 

the reflected signal is analyzed to extract the imaginary and real parts of the complex tip-sample 

impedance, which we call MIM-Im and MIM-Re, respectively.282 As the tip voltage oscillates, 

carriers in the sample move toward and away from the tip to screen the ac electric fields. Such 

screening capability is characterized by the MIM-Im signal. The MIM-Re signal, on the other hand, 

characterizes the dissipation generated by the oscillating current induced in the sample. Both 

channels depend on the sample resistivity as shown in the typical MIM response curves in Figure 
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5.9b. In general, MIM-Im decreases monotonically with increasing resistivity, and there is a finite 

sensitivity window outside which MIM signals become saturated.  

  

 

Figure 5.9: Spectrum of the correlated insulating states in device D1. (a) Schematics of the device structure. 

(b) Effective circuit model for the tip-sample impedance probed by MIM, and a typical response curve 

showing MIM-Im and MIM-Re as a function of 2D resistivity of the sample. c, MIM-Im vs gate curve taken 

at T = 3 K. Dotted lines indicate the nominal positions of fractional fillings at n=±1/3, ±2/3, ±1/2, and the band 

edges at 0+ and 0-. Material from: Huang, X. et al. Correlated insulating states at fractional fillings of the 

WS2/WSe2 moiré lattice283. Nature Physics, published 2021, Springer Nature. 

 

Using MIM, we observe a series of insulating states at fractional filling levels in the 

WS2/WSe2 moiré lattice on both doping sides. We perform MIM measurement with the tip parked 

at a fixed spot over the sample while sweeping the gate voltage. A representative data taken at a 

temperature T = 3 K is shown in Figure 5.9c. At high doping levels on both electron and hole sides, 
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the sample is highly conductive, resulting in a saturated high MIM-Im signal. As the doping is 

reduced from either side, the sample becomes more insulating and the MIM-Im signal decreases. 

In this process, a series of pronounced dips appear in the MIM-Im trace, indicating that the sample 

goes through several insulating states. The major dips exhibit a structure very similar between 

electron and hole sides, corresponding to n = ±1/3, ±1/2, ±2/3, ±1, ±3/2, and +2.  

 

 

Figure 5.10: Ordering patterns at fractional fillings of the moiré lattice. a, Schematics of the triangular lattice 

for the WS2/WSe2 moiré superlattice, filled by one carrier per moiré unit cell. b & c, The patterns for the 

triangular lattice formed at fractional fillings of n=1/3 and 1/4. d & e, The patterns for the stripe phase 

formed at fractional fillings of n=1/2 and 1/6. Material from: Huang, X. et al. Correlated insulating states at 

fractional fillings of the WS2/WSe2 moiré lattice283. Nature Physics, published 2021, Springer Nature. 

 

For the n=±1 Mott insulator states36,37, the entire moiré lattice is uniformly occupied by 

exactly one electron/hole per moiré unit cell (Figure 5.10a). For the generalized Wigner crystal 

states36 at n=±1/3, one electron/hole fills in a set of three moiré unit cells so that charges can only 

occupy every second nearest-neighbor sites, which forms a triangular lattice as illustrated in Figure 

5.10b. The distance between neighboring occupied sites is √3𝑎0, where 𝑎0 is the distance between 

the nearest-neighbor sites in the moiré lattice. The n=±2/3 states are simply complementary to 
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n=±1/3 by exchanging occupied and empty sites. All the other fractional fillings should correspond 

to more complex spatial patterns.  

To gain more insights on the ordering patterns in these insulating states at fractional filling 

|n| < 1, we describe our system with a Coulomb gas model on a triangular lattice.  For definiteness, 

we assume n > 0. The corresponding Hamiltonian reads 

𝐻 =
1

2
∑ 𝑉𝑖𝑗(𝑛𝑖 − 𝑛)(𝑛𝑗 − 𝑛)

𝑖,𝑗

 

(5.3) 

where 𝑉𝑖𝑗 is the inter-site repulsion and 𝑛𝑖 = 0 or 1 is the occupation number of site i. We 

have subtracted the average charge density, which is the filling fraction n, to ensure charge 

neutrality. The Hamiltonian above is manifestly particle-hole symmetric, i.e., the state at filling 

faction 1-n can be obtained from that at n by swapping occupied and empty sites. Here we have 

neglected the kinetic energy completely. Since the period of the moiré lattice is relatively large (𝑎0 

~ 8 nm), long-range hopping should be exponentially suppressed. To capture the essence of the 

interaction effect, we consider the unscreened Coulomb interaction, 𝑉𝑖𝑗 = 1/|𝑹𝑖 − 𝑹𝑗|.  Note that 

in a 2D device with a nearby metallic gate, the Coulomb interaction is in general screened and can 

be approximated by 𝑉(𝑟) = 1/𝑟 − 1/√𝑟2 + 4𝐷2, where D is the distance from the gate to the 

device. The unscreened Coulomb potential is therefore appropriate for large D. This model can be 

used to explain the correlated states numerically. 

 

5.3.3 Interaction between Correlated Insulating States and Interlayer Excitons 

By stacking TMDC monolayers or multilayers together, we get a universal platform to 

create artificial superlattice, unique bandstructures and strong electron-electron interacting 
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systems. As we mentioned in the previous section, a type-II alignment in the heterobilayer allows 

the formation of interlayer excitons. The electron and hole wavefunctions in interlayer exciton are 

centered at different layers and separate spatially due to strong Coulomb interaction. We studied 

the interaction between the interlayer exciton and the correlated insulating states in a zero-degree 

aligned WSe2/WS2 heterobilayer by changing the doping density using PL measurement in low 

temperature of 4 K.  

 

 

Figure 5.11: PL of interlayer exciton interacting with correlated states in WSe2/WS2 heterobilayer. (a) Gate 

dependent PL of zero-degree aligned WSe2/WS2 heterobilayer. In the measurement, a He-Ne laser centered at 

1.959eV was used with excitation power of 40 µW. Sample was mounted in a cryostat in 4 K. (b) Integrated 

PL intensity vs gate voltage. 

 

The zero-degree aligned WSe2/WS2 heterobilayer was fabricated with a dry pick up method 

sandwiched in h-BN thin layers. The alignment of the WSe2/WS2 heterobilayer was done under an 

optical microscope with natural exfoliated edges parallel with each other, for in most cases the 
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longest and most straight edges are armchair edges in natural exfoliated monolayer WSe2 or WS2. 

This result was also confirmed by SHG measurement.  

As there is a 4% lattice mismatch in the zero-degree aligned WSe2/WS2 heterobilayer, a 

hexagon moiré potential with a periodicity of ~ 8 nm is formed naturally, creating an 2D artificial 

superlattice and resulting a convolution of the original electrons and holes wavefunctions at the 

band edge with the envelope wavefunction of in the mini bands from the superlattice. After the 

remoralization of the electron structure, with strong Coulomb interactions, multiple insulating 

sates show up once doping density is tuned with the gate voltage. The normal Bloch band 

insulating sates was observed at the full filling of electrons or hole of the first mini moiré band at 

n=±2. For the n=±1 Mott insulator states36,37, the entire moiré lattice is uniformly occupied by 

exactly one electron/hole per moiré unit cell (Figure 5.10a). The Mott insulator states will interact 

with the interlayer exciton created by a continuous wave He-Ne laser. The intensity and peak 

position of the interlayer exciton is modulated by the formation of the Mott insulator states at n=±1. 

(Figure 5.11a) 

For the generalized Wigner crystal states36 at ±1/3, ±2/3, ±1/4 , one electron/hole partially  

fills in moiré unit cells so that long range Coulomb interaction dominate the states formation 

process, which forms the lattice as illustrated in Figure 5.10b. This generalized Wigner crystal 

states indicating the long-range Coulomb interaction is modifying the interlayer excitons. Form 

Figure 5.11, the intensity of PL spectra shows a maximum point at generalized Wigner crystal 

states, which is consistent with the previous MIM study of correlated states283. One of the 

explanations is once the system enters an insulator state, the non-radiative recombination channel 

of interlayer exciton is suppressed due to reduce scattering cross section as the miniband is totally 

occupied by electrons or holes. At the same time, the interlayer exciton can work as an indicator 
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to study the different insulator states and electron-electron interactions in the strong correlated 

states54. This is a universal platform to study the interaction between exciton and correlated 

electrons in a 2D superlattice. 
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6. CONCLUSION AND FUTURE PERSPECTIVES 

In summary, two-dimensional (2D) transition metal dichalcogenides (TMDCs) represent a 

new class of atomically thin semiconductors with unique optical and optoelectronic properties. 

With the reduced dimension, Coulomb interaction is strongly enhanced. The lack of inversion 

symmetry and large spin-orbital coupling (SOC) results in a valley degree of freedom in monolayer 

TMDCs, as valley selectivity and valley polarization of exciton are critical for valleytronics and 

quantum computing. We have investigated the electron-electron interaction in monolayer WSe2, 

which is critical for the optical properties. New higher-order quasi-particles are discovered, which 

are related to nonlinear phenomena and the long lifetime of the excitonic complexes. Optical 

properties of the higher-order excitons under a strong magnetic field are important to understand 

the electron Coulomb interaction in monolayer WSe2. Electron-phonon interaction has also been 

investigated with magneto PL. Different phonon replica states are detected, showing the PAM of 

the chiral phonon chiral phonons is a dominant factor for the photon emission process of the dark 

exciton states. With a strong magnetic field, Landau quantization of the dark trion phonon replica 

and the bright trion is observed with magneto PL. As a result, the electron and hole masses can be 

extracted simultaneously. In addition, we have studied the optical and electrical properties of 

angular controlled hetero bilayer TMDCs. We discovered the long-lived interlayer excitons with 

large valley polarization, which are promising for valleytronics applications and the study of Bose-

Einstein condensation.  The electron-electron and electron-phonon in monolayer TMDCs need 

further study in the future. In this thesis, we used the hBN encapsulated monolayer WSe2 device 

as a platform, while we can also replace the WSe2 with different 2D TMDCs to study the 

interactions. Dark exciton has unique properties such as possible long coherent time and can 

potentially be used for Qubit in quantum computing, while the chiral phonon can serve as a 
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mechanism to read it out. New avenues of valley spin manipulation can be obtained by studying 

the chiral phonon interaction and injecting some particular mode of chiral phonon. In addition, the 

strong magnetic field provides a powerful tool to study strong interaction. With the strong 

magnetic field, Landau quantization with the valley-Zeeman shift can modify the electron-electron 

interaction and electron-phonon interaction in the 2D system, where the many-particle interaction 

plays an important role that needs to be investigated in the future. 

Versatile van der Waals heterostructures lead to intriguing systems of the artificial 2D 

superlattice. We have observed the electrical switch from exciton dissociation to exciton funneling 

in a MoSe2/WS2 heterostructure. We have also discovered the long-lived interlayer excitons with 

large valley polarization in a MoSe2/WSe2 heterostructure.  In addition, the moiré potential hosts 

periodic electrons or holes to form different correlates insulator states. We have studied the 

electronic properties of the insulator states and optical properties of interlayer excitons interacting 

with the correlated states in 0-degree or 60-degree aligned WSe2/WS2. 

The ‘Lego’ game of stacking different 2D materials can enable the investigation of many 

unexplored territories of low dimensional physics and light-matter interactions.  As the intralayer 

exciton dissociation and funneling in MoSe2/WS2 is controlled by the band alignment change via 

the electric field or doping, it will be intriguing to investigate the effect on interlayer excitons, 

which promise new avenues of controlling interlayer excitons for quantum emitters. With the small 

energy difference of conduction bands of monolayer MoSe2 and WS2 in the type-II heterostructure, 

the possible band hybridization controlled by band alignment modulated by the electric field or 

doping is another platform to study the electron interactions between different van der Waals 

hetero bilayers. As the MoSe2/WSe2 hetero bilayer can host interlayer exciton singlet and triplet, 

the angle of the alignment of the two layers, as well as strong electric and magnetic field, are other 
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knobs to change the properties of the singlet and triplet states of interlayer excitons. It is intriguing 

to explore if it is possible to exploit these two states for quantum computation, similar to the singlet 

and triplet states of a quantum dots or NV center in diamond.  

We have investigated the correlated insulator states in the WS2/WSe2 hetero bilayers with 

MIM by controlling electric static doping and varying the temperature, indicating moiré 

superlattices based on van der Waals heterostructure of 2D materials is as a new playground to 

engineer correlated states. However, the magnetic properties of the Mott states in moiré 

superlattices and correlated insulator states with fractional filling need to be studied. Take the Mott 

states as an example, we need more evidence to show whether it is an antiferromagnetic state or a 

super-paramagnetic state in p-doped Mott state to understand the nature of the strong correlation 

and Coulomb interactions of electrons in the moiré superlattice. Spin-polarized scanning tunneling 

microscopy may be a good method to study the spin configuration of electrons in different 

correlated states. Moreover, the moiré potential at the interface is very sensitive to the coupling 

between the two hetero layers. The uniform and polymer residual free samples are critical for the 

further state of the correlated states at more complex commensurate fillings of the underlying 

moiré lattice. Thus, future study of developing new methods for a more accurate angle alignment 

and a clean interface between two layers is required. Applying pressure is another powerful way 

to manipulate the layer-layer interactions in the hetero bilayers as the van der Waals is weak and 

sensitive to the surrounding environment. Besides, the interaction between correlated states and 

interlayer exciton has not been thoroughly studied. Further theoretical and high magnetic field 

experimental study of the interlayer exciton should be a powerful tool to understand the nature of 

the correlated states. As unconventional superconductivity has been observed in the twisted bilayer 

graphene, the heterostructure of TMDCs is another promising candidate to achieve high-
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temperature superconductivity. Other physical phenomena such as Bose–Einstein condensate and 

excitonic superfluidity are also interesting topics in the TMDC heterostructures. 
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