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Optical excitations in the presence of itinerant
electrons or holes

- A generic system with a long history in both pure and applied physics:
- Fermi-edge singularity (an optically generated immobile valence hole)

- Semiconductor lasers or LEDs
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- A generic system with a long history in both pure and applied physics:
- Fermi-edge singularity (an optically generated immobile valence hole)

- Semiconductor lasers or LEDs

- The new angle provided by the new two-dimensional (2D) materials:

- Elementary optical excitations are strongly bound excitons which can be

treated as rigid, mobile impurities in a Fermi sea of electrons or holes

- Easy control of degeneracy of both electrons (through electrical gates) and

excitons (through resonant lasers) — Bose-Fermi mixtures

- Strictly nonequilibrium dynamics due to short exciton lifetime



Motivation for investigating degenerate
electron-exciton system

Control of electron-electron interactions:
Polariton mediated superconductivity in a 2D semiconductor

Optical control of electronic phase transitions in steady-state

Enhancement of exciton-exciton interactions:
Photon blockade and strongly interacting photonic systems

Manipulation of photonic excitations using electric or magnetic fields
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Introduction

Elementary optical excitations of transition metal

dichalcogenide (TMD) monolayers
Dipolar excitons in TMD monolayers

Optical gain by stimulated polaron-electron scattering



A new class of 2D semiconductors:
Transition metal dichalcogenides (TMD)
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TMD monolayers: semiconductors with
optically addressable valley degree of freedom
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Reduced dielectric screening leads to ultrastrong exciton binding energy

Pioneering work: Heinz, Xu



Photoluminescence (PL) from 2D materials

«  Due to strong Coulomb interactions, electrons and holes form
strongly bound states before they recombine: PL is dominated
by decay of an exciton or a trion if QW has low density

localized electrons (trion oscillator strength is much smaller).

Exciton linewidth of MoSe2 in hBN is
comparable to the radiative decay rate
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Implications of strong exciton binding
= small Bohr radius ap

TMD excitons couple very strongly to resonant photons:
- ultrafast /sub-ps radiative decay rate (~1/ag?) T'poq ~ 1 meV

- strong reversible coupling to cavities (~1/ag) g ~ 10-30 meV

State-of-the art TMD monolayers are insensitive to disorder and

have nearly radiative decay limited exciton linewidths

Optical response of charge-neutral TMDs is predominantly linear;

- monolayers are near-perfect mirrors (R > 80% observed)

- difficult to realize polariton lasers, polariton blockade




Charge tunable van der Waals heterostructures

- Exfoliation of and stacking of monolayers of semiconducting TMDs and

graphene, together with ~10 nm thick insulating boron nitride (BN) layers

- A gate voltage applied between the top (transparent) graphene gate and

the MoSe2 layer allows for tuning the electron/hole density

—1 ] Graphene




Carrier density dependent reflection

SD current Normalized reflection
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* Sharp increase in conductance indicates free carriers
* Reflection is strongly modified as electrons or holes injected
* A new red-shifted resonance if electrons/holes are present

(prior work in GaAs: Rapaport, Bloch,....)



Interacting exciton-electron system

— g excon
a%\&w‘?)c'\of\
Z ekckck + Zwkaska:k + Z V. ck+qckxk Y
h2 2 r 1 Z 1
2me kT o TV, TV T e 1 12R2](2p)

\Y

rr\ol.ec nle (+rion)

Wiy\j eneryy



Interacting exciton-electron system
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Fermi energy dependence of the spectrum
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A comparison of Fermi-polaron physics in
cold atom and 2D semiconductor systems

Cold atoms 2D Semiconductors
vary scattering length vary electron density
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A new tool for controlling electron-exciton interactions:
Dipolar excitons in Bilayer MoSe, + Monolayer BN

Homobilayer TMDs are indirect bandgap, Tunnel coupling in I" valley leading to an

leading to inferior optical properties indirect bandgap can be suppressed by a BN
layer inbetween MoSe?2 layers
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between excitons
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Interlayer hybridization > Interlayer hybridization
/’\ _________________________________ -
Indirect gap Direct gap

Enhanced dipole moment



Gate controlled bilayer MoSe2

* Hybridization of intra- and inter-layer excitons at V, > 0 through
electron tunneling and for V, <0 through hole tunneling
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Tear and stack technique

(also used for twisted bilayer graphene)



Spatial map of photoluminescence

Spatial map of total PL
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Spatial map of photoluminescence

Spatial map of total PL
: 14000
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Gate dependence of differential reflectahce
* Two layers have slightly different neutral exciton energies
* Optical reflection map of charging plateaus
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Back gate (V)

Top gate (V)

Dipolar excitons
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Dipolar excitons
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Cavity-polaritons with 2D materials

 Tunable vacuum field strength
and long cavity lifetime allowing
for high-precision spectroscopy

 Versatile platform for cavity-
QED with any material system




Emission energy (eV)

Cavity-polaritons with 2D materials
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TMD in a cavity: strong coupling regime

piezo volitage (V)

Scaled spectrum

photon energy (meV)
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Large normal mode splitting;:
Qr = 17 meV- elementary excitations:
exciton-polaritons

Maximum reported splitting > 40 meV

Lower polariton exhibits asymmetric
lineshape due to quantum interference:
ElT-analog

Earlier results:

Menon, Tartakovskii



Exciton-polaritons in the presence of a 2DES

piezo voltage (V)
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Attractive-polaron-polaritons
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Strong asymmetry between the lower and upper polaritons
Efficient relaxation (only) of upper polaritons by Fermi sea

Nonperturbative coupling between polarons and cavity-mode,
or, between polaritons and electrons: enhanced nonlinearity?



Going beyond linear response: Pump-probe
experiments with TMD polaritons

* Broadband probe transmission as a function of time delay between 3 ps
H-polarized pump and 0.5 ps V-polarized probe pulses

* Response of lower polaritons (LP) upon pumping in between the two branches
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Going beyond linear response: Pump-probe
experiments with TMD polaritons
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Going beyond linear response: Pump-probe

T (a.u.)
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Pump-probe experiments with TMD
polaritons (in the absence of electrons)

Pump= 0.01 mW
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Pump-probe with TMD polaron-polaritons

Response of exciton-polaron-polaritons upon pumping lower polariton (LP)
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Polarization dependent gain and
relaxation of valley coherence

Circularly Polarised Linearly Polarised
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Probe transmission at LP resonance upon pumping UP

Circularly polarized excitation (K-valley) ensures that there is vanishing
stimulated scattering for in cross-circularly polarized probe (K’-valley)

Linearly polarized excitation (K+K”) results in equal stimulated scattering into
K+K’ and K-K’ polaron-polaritons:

smmmm) | oss of valley coherence due to polaron-electron scattering!
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