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SUMMARY OF KEY RESEARCH ACCOMPLISHMENTS FOR CHUN HUNG LUI

(After joining UC Riverside)

Observation of the signatures of moiré trions: Moiré superlattices formed by van der Waals
materials can produce fascinating phenomena, such as Mott insulation, superconductivity, and
generalized Wigner crystallization. When confined by a moiré superlattice, a new class of
excitons emerges, holding promises for realizing artificial excitonic crystals and novel
quantum optical effects. When such moiré excitons are coupled to the charge carriers,
complex correlated states may arise. However, no experimental evidence exists for charge-
coupled moiré exciton states, nor have their properties been predicted by theory by the time of
our work. We have observed the experimental signatures of trions confined by the moiré
superlattice potential in WSe2/MoSe: heterobilayers. The moiré trions exhibit sharp emission
lines with complex charge-density dependence, in stark contrast to the behavior of
conventional trions. Remarkably, the moiré trions exhibit more than one emission band due to
trion recombination with the remaining carrier residing in different moiré minibands. By
filling the minibands with carriers, we can turn on and off these moiré trion emission bands.
Such moir¢é trions open new opportunities to explore correlated electronic and excitonic states
in moiré superlattices. [ NVature 594, 4650 (2021)]

Observation of excitonic and valley-polarization signature of fractional correlated
electronic phases in a moiré superlattice: In semiconducting moir¢ superlattices, the strong
electron-electron repulsion and the confinement effect of the moiré potential can drive the
electrons into crystalline phases, including the stripe phases and generalized Wigner crystals,
at fractional fillings of the moiré superlattices. Our group has investigated the influence of
such correlated electron phases on the excitonic states in a WSe2/WS; heterobilayer moiré
superlattice at gate-tunable charge filling. We observe absorption modulation of three
intralayer moiré excitons at filling factorsv = 1/3 and 2/3. We also observe luminescence
modulation of interlayer trions at a number of fractional filling factors, includingv =
=3/2, 1/4, 1/3, 2/5, 2/3, 6/7, 5/3. Remarkably, the valley polarization of interlayer trions is
suppressed at some fractional fillings. These results demonstrate that electron crystallization
can modulate the absorption, emission, and valley dynamics of the excitonic states in a moiré
superlattice. [Phys. Rev. Lett. 127, 037402 (2021)]

Investigation of exciton-polaron Rydberg states in monolayer MoSe: and WSes:
Semiconductor research has commonly used the trion picture to describe the coupling
between exciton and Fermi sea. In this simple picture, the exciton captures a carrier from the
Fermi sea to form a three-body bound state (trion). In our study of excitonic Rydberg states in
charged monolayer MoSe, and WSe, we show that the trion model fails to explain the robust
binding of the excited states as well as the carrier-density dependence of the binding energy.
Instead, our experimental results and theoretical simulation support the formation of exciton
polarons, which are complex quasiparticles formed by dressing an exciton with a cloud of
electron-hole polarization. The results gave us much insight into the nature of excitonic states
in charged monolayer semiconductors. [ Vature Communications 12, 6131 (2021)]

Switchable intervalley excitons with strong two-phonon scattering in bilayer WSez: We
report the observation of QI intervalley exciton in bilayer WSe; devices encapsulated by
boron nitride. The QI' exciton resides at ~18 meV below the QK exciton. The QI' and QK
excitons exhibit different Stark shifts under an out-of-plane electric field due to their different



interlayer dipole moments. By controlling the electric field, we can switch their energy order
and control which exciton dominates the luminescence of bilayer WSe>. Remarkably, both QI'
and QK excitons exhibit unusually strong two-phonon replicas, which are comparable to or
even stronger than the one-phonon replicas. By detailed theoretical simulation, we reveal the
existence of numerous (>14) two-phonon scattering paths involving (nearly) resonant exciton-
phonon scattering in bilayer WSe;. To our knowledge, such electric-field-switchable
intervalley excitons with strong two-phonon replicas have not been found in any other
atomically thin 2D semiconductors. They make bilayer WSe, a distinctive valleytronic
material with potential novel applications. [arXiv 2101.11161 (2020)]

Observation of multipath optical recombination of intervalley dark excitons and trions
in monolayer WSe;: This is the first demonstration that dark trions (or exciton polarons) in
monolayer valley semiconductors can decay through both intravalley and intervalley
transitions. These two transitions are coupled to zone-center and zone-corner chiral phonons,
respectively, to produce distinct phonon replicas. Also, we reveal both the defect-assisted and
phonon-assisted optical recombination of the intervalley dark excitons. The observed
multipath optical decays of dark excitons and trions provide insight into the internal quantum
structure of trions and the complex excitonic interactions with defects and chiral phonons in
monolayer valley semiconductors. [Phys. Rev. Lett. 124, 196802 (2020)]

Landau-quantized excitonic absorption and luminescence in a monolayer valley
semiconductor: We observe charge-density-dependent quantum oscillations in the excitonic
absorption and luminescence of monolayer WSe> under magnetic field. Valley-selective
quantum oscillations occur for both the exciton and trions (or exciton-polarons), and reveal
distinct influence from the intravalley and intervalley coupling between excitons and Landau
levels (LLs). We observe spin- and valley-polarized LLs with filling factors n = -6 to +1,
including the Berry-curvature-induced » = +£0 LLs of massive Dirac fermions. The LL filling
produces quantum-Hall-like plateaus in the exciton energy shift accompanied with sharp
oscillations in the exciton absorption width and magnitude. We also reveal much larger g-
factors of the conduction and valence bands than the values predicted by a single-particle
model, indicating strong many-body interactions in the system. Our demonstrated complex
interplay between Landau quantization, excitonic effects, and many-body interactions
provides a new platform to realize novel correlated quantum phenomena. [Phys. Rev. Lett.
124 097401 (2020)]

Demonstrating chiral-phonon replicas as valley indicators of 2D dark excitonic states:
Dark excitons and trions (or exciton-polarons) have long valley lifetime but lack the usual
valley selection rules of bright excitonic states. The lack of a valley signature severely hinders
the study of dark-state valley dynamics. We observe two sets of three chiral-phonon replica
luminescent peaks of the dark excitons and trions, which exhibit distinctive valley selection
rules. We show that the K-valley dark excitonic states decay into a left-handed chiral phonon
and a right-handed photon, whereas the K’-valley dark excitonic states decay into a right-
handed phonon and a left-handed photon. These chiral-phonon replicas serve as valley
indicators to identify the dark-state valleys for exploring the valley dynamics in monolayer
WSe: (and possibly also in other 2D semiconductors). [Phys. Rev. Research 1, 032007(R)
(2019)]

Gate-tunable dark trions in monolayer WSez: This is the first systematic investigation of
gate-tunable properties of dark trions in monolayer valley semiconductors. We have measured
the photoluminescence from dark exciton and trions (or exciton-polarons) in ultraclean
monolayer WSe; devices encapsulated by boron nitride. The dark trions can be tuned

10



continuously between negative and positive trions with electrostatic gating. We reveal their
spin-triplet configuration and distinct valley optical emission by their characteristic Zeeman
splitting under magnetic field. The dark trion lifetime (~1.3 ns) is two orders of magnitude
longer than the bright trion lifetime (~10 ps) and can be tuned between 0.4 and 1.3 ns by
gating. Such robust, optically detectable, and gate tunable dark trions hold promises for
realizing trion transport in two-dimensional materials. [Phys. Rev. Lett. 123, 027401 (2019)]

Magneto-photoluminescence of exciton Rydberg states in monolayer WSez: Monolayer
WSe: hosts a series of exciton Rydberg states denoted by the principal quantum number n =1,
2, 3, etc. While most research focuses on their absorption properties, their optical emission is
also important but much less studied. We have measured the photoluminescence from the 1s —
5s exciton Rydberg states in monolayer WSe, under magnetic fields from —31 to 31 T. The
exciton Rydberg states exhibit similar Zeeman shifts but distinct diamagnetic shifts from each
other. From their luminescence spectra, Zeeman shifts, and diamagnetic shifts, we deduce the
binding energies, g-factors, and radii of the 1s — 4s exciton states. [Phys. Rev. B 99, 205420
(2019); Editor's Suggestion]

Stacking-dependent interlayer phonons in 3R and 2H MoS;: This is the first investigation
of interlayer phonon modes in MoS: with pure 3R stacking order. By using ultralow-
frequency Raman spectroscopy, we measure and compare the interlayer shear and breathing
modes between 3R and 2H MoS; from 2 to 13 layers. The shear modes show striking
stacking-order dependence, which allows us to identify both the layer thickness and stacking
order. We have also established an elegant analytic theory to simulate the Raman spectra. Our
research sets a basis for further research of 3R-stacked transition metal dichalcogenide (TMD)
materials. [2D Materials 6, 025022 (2019)]

Interlayer phonon modes in few-layer ReS; and NbSe;: These are the first comprehensive
investigations of interlayer phonon modes in ReS; and NbSe:, two special types of 2D
materials. ReS> features strong in-plane lattice distortion, in contrast to other isotropic 2D
materials. By measuring its breathing mode and non-degenerate shear modes, we determine
its strength of anisotropy, interlayer coupling and stacking order. Our results resolve a long-
lasting controversy about the interlayer coupling of ReS>. On the other hand, NbSe: is a
metallic 2D material with charge density waves. We have measured its interlayer modes at
low temperature and investigated the possible influence of charge density waves on the
interlayer vibration modes. [Vano Lett. 16, 1404—1409 (2016); 2D Materials 3, 031008
(2016)]

Discovery of a large, valley-exclusive Bloch-Siegert shift in monolayer WS;: This is the
first observation of Bloch-Siegert shift in any extensive condensed matter systems. Coherent
interaction with off-resonance light can be used to shift the energy levels of atoms, molecules,
and solids. The dominant effect is the optical Stark shift, but there is an additional
contribution from the Bloch-Siegert shift that has eluded direct and exclusive observation in
solids. We observe an exceptionally large Bloch-Siegert shift in monolayer WS, under
infrared optical driving. By controlling the light helicity, we could confine the Bloch-Siegert
shift to occur only at one valley, and the optical Stark shift at the other valley, because the two
effects obey opposite selection rules at different valleys. Such a large and valley-exclusive
Bloch-Siegert shift allows for enhanced control over the valleytronic properties of 2D
materials. [Science 355, 1066-1069 (2017)]
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(Before joining UC Riverside)

Ultraflat graphene: Using atomic-force microscopy measurements, we demonstrate that
single-layer graphene deposited on atomically flat surfaces of cleaved mica exhibits ultraflat
morphology, with a height variation (<30 picometer) indistinguishable from that observed for
the surface of cleaved graphite. This study shows that supported graphene is not subject to any
intrinsic thermodynamics instability and implies that the much-discussed undulations seen for
the usual case of graphene on oxidized silicon simply reflect the substrate morphology, not
any intrinsic graphene rippling. Our experiment also inspires the search of other atomically
flat substrates, such as hexagonal boron nitride, for high-quality graphene electronics. [ Nature
462, 339-341 (2009)]

Investigation of the ultrafast dynamics of Dirac fermions in graphene by optical
emission spectroscopy: This is the first report of light emission from pristine graphene.
Emission can be observed under excitation by ultrashort (30 fs) laser pulses. Studies of the
emission properties induced by single and time-correlated pairs of excitation pulses allow us
to learn about ultrafast carrier dynamics in graphene. Systematic analysis and modeling of the
photoluminescence spectra reveals relaxation processes of excited charge carriers in time
scales from 10 fs to 1 ps. We find that the charge carriers thermalize and cool within a few
10’s of femtosecond by the emission of optical phonons, and the equilibrated subsystem of
electrons and optical phonons reaches transient temperatures exceeding 3000 K and stays out
of equilibrium with the other phonons in the picosecond time scale. [Phys. Rev. Lett. 105,
127404 (2010)]

Demonstration of tunable photoconductivity in graphene: By using time-resolved
terahertz spectroscopy, we observe a pronounced transient change of conductivity in graphene
under femtosecond laser excitation. The differential conductivity of graphene changes from
positive to negative as its charge density is tuned from low to high values by electrical gating.
Our experiment resolves the early conflicting results in graphene samples at different doping
conditions. It also demonstrates that graphene can controllably exhibit either semiconducting
(positive) or metallic (negative) photoconductivity behavior, a remarkable material property
for versatile optoelectronic applications. Furthermore, simulations based on a Drude model
reveal a non-monotonic temperature dependence of Drude response in graphene, a unique
fundamental property of massless Dirac fermions that has been predicted but hitherto
unobserved. [Phys. Rev. Lett. 111, 127401 (2014); Appl. Phys. Lett. 102, 113111 (2013)]

Development of optical techniques to characterize the layer thickness and stacking order
of few-layer graphene: We demonstrate that the thickness (1-20 layers) and stacking order
(Bernal or rhombohedral stacking) of few-layer graphene can be identified accurately by
measuring the infrared absorption spectrum or the Raman spectra of 2D mode and other
interlayer phonon modes. In particular, we can conveniently map out the spatial distribution of
different stacking orders by using the line shape of Raman 2D-mode. These various optical
characterization methods constitute a necessary component to support and accelerate the
research of few-layer graphene [Phys. Rev. Lett. 101, 196405 (2008); Nano Lett. 11, 164-169
(2010); Nature Physics 7, 944-947 (2011); Nano Lett. 12, 5539-5544 (2012); Phys. Rev. B 87,
121404(R) (2013); Nano Lett. 14, 4615-4621 (2014); Appl. Phys. Lett. 106, 041904 (2015)]

Comprehensive Raman studies of interlayer phonons in few-layer graphene: By using
ultralow-frequency Raman spectroscopy, we observe and identify the interlayer shear modes
and breathing modes in few-layer graphene, which involve the tangential and vertical
displacement of individual graphene layers, respectively. As these phonons are created by
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interlayer couplings, they exhibit great sensitivity to the layer thickness, stacking order and
surface conditions of few-layer graphene. For instance, their frequencies evolve systematically
with the layer thickness; the shear-mode Raman activity depends critically on the stacking
order; the breathing modes are damped by the surface adsorbates but can be activated at high
temperature. Although the interlayer modes are difficult to detect due to their ultralow
frequency (<10 meV), they can manifest themselves at higher frequencies through the
overtone modes and combination modes with other in-plane optical phonons. These higher-
order Raman modes are also sensitive to the crystal structure of few-layer graphene and thus
serve as effective probes to the material properties [Phys. Rev. B 84, 035419 (2011); Nano
Lett. 12, 5539-5544 (2012); Nano Lett. 13, 4620-4623 (2013); Phys. Rev. B 87, 121404(R)
(2013); Nano Lett. 14, 4615-4621 (2014); Appl. Phys. Lett. 106, 041904 (2015)]

Observation of an electrically tunable band gap in few-layer graphene: We observe the
induction of tunable band gap of over 100 meV in bilayer and ABC-stacked trilayer graphene
under electrical gating. We demonstrate that the electronic structure of few-layer graphene is
highly adjustable by external perturbations, a remarkable material property that allows great
flexibility in the design and optimization of graphene devices. In addition, the induced gap is
not found in ABA-stacked trilayers, showing that that the tunability of electronic structure
depends critically on the stacking sequence of graphene layers. [Phys. Rev. Lett. 102, 256405
(2009); Nature Physics 7, 944-947 (2011)]

Systematic studies of structure- and doping-dependent infrared phonon anomalies in
few-layer graphene: We observe intense infrared absorption from in-plane optical phonons
in few-layer graphene (3 - 6 layers) arising from their coupling to the interband electronic
transitions. The phonon spectra depend critically on the layer thickness, stacking order and
doping level of graphene. Few-layer samples with rhombohedral (ABC) stacking consistently
exhibit larger intensities, more asymmetric lineshapes and stronger doping dependence than
those with Bernal (AB) stacking, reflecting the stronger electron-phonon coupling in these
systems. Our experiments reveal the distinctive variation of many-body interactions in
graphene of differing thickness and stacking order, which can be controlled effectively by
external perturbations. [Phys. Rev. Lett. 108, 156801 (2012); Phys. Rev. Lett. 110, 185504
(2013)]

Observation of electrical conduction by trions in monolayer MoS;: This is the first report
of strong trionic effects on the conductive properties of 2D crystals. By using time-resolved
terahertz spectroscopy, we find that the conductivity of monolayer MoS: is reduced to only
30 % of its initial value under the excitation of strong laser pulses. This usual phenomenon
arises from the strong electrostatic interactions in monolayer MoS,, where photoexcited
electron-hole pairs are bound to the doping-induced free charges to form trions (bound states
of two electrons and one hole). The three-fold increase of effective mass of charge carriers
thus strongly reduces their conductivity. Our research reveals that charge transport in MoS»
can be conducted by trions. As trions allow the control of motion of excitons and their
psudospins by an electric field, our results pave the way to develop novel excitonic and
spintronic devices. [Phys. Rev. Lett. 113, 166801 (2014), Editor’s Suggestion]|

Observation of layer-breathing modes in van der Waals heterostructures: This is the
first report of interlayer phonon modes in van der Waals heterostructures. By using ultralow-
frequency Raman spectroscopy, we observe the out-of-plane breathing vibrations between two
atomic sheets in the MoS2/WSe: and MoSe>/MoS: heterogeneous bilayer structure. The layer-
breathing modes exhibit great sensitivity to the separation and relative orientation of the two
layers in the heterostructure. Our experiment demonstrates the interlayer phonon modes to be
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an effective probe to characterize the interfacial conditions and interlayer interactions in van
der Waals heterostructures, and also inspires the fabrication of atomically thin phononic
crystals [Phys. Rev. B 91, 165403 (2015)].

Optical studies of 2D quantum spin liquids: A quantum spin liquid is a state of matter in
which magnetic spins interact strongly, but quantum fluctuations inhibit long-range magnetic
order even at zero temperature. This strongly entangled system is predicted to host exotic
elementary excitations that carry only spin and no charge (so-called spinons). We measure the
low-frequency optical conductivity of large-area single-crystal herbertsmithite, a promising
spin-liquid candidate material, by means of terahertz time-domain spectroscopy. We observe a
contribution to the in-plane conductivity from the spinon excitations, with spectral
characteristics consistent with the theoretical predictions based on a gapless U(1) Dirac spin
liquid. Our results suggest non-negligible interactions between the spinons and charges
mediated by a gauge field in a spin liquid, and provide important insight into the nature of the
spin ground state in herbertsmithite [Phys. Rev. Lett. 111, 127401 (2013)].
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