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Wannier-Mott excitons
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Excitons

Wannier-Mott excitons Frenkel excitons

Large exciton radius ~ 100A « Localized at molecular site
Small binding energy (10-60meV) « Large binding energy (0.5 - 1 eV)
Long range ballistic transport « Hopping transport

Small saturation density « Large saturation density




2D Materials

raphene hBN _
grap . graphene ) BCN fluorographene | graphene oxide
family ‘white graphene’
semiconducting metallic dichalcogenides:
dichalcogenides: NbSe,, NbS,, Tas,, TiS;, NiSe,, etc.
D MoS , WS, MoSe, Wse Y s s e e e
chalcogenides / MoTe;, WTe,, layered semiconductors:
ZrS,, Ir5e,, etc. GaSe, GaTe, InSe, Bi,Ses, etc.
i i hydroxides:
S;EEE MoO;, WO; perovskite-type: Y
Ni(OH),, Eu(OH),, etc.
2D oxides LaNb,05, (Ca,5r);Nbs01p, (OH);, Eu(OH);,
layered Ti0;, MnO3, V,0s, - .
. BigT13045, Ca;Ta; 110y, etc. OTHERS
Cu oxides Ta0s, RuO,, etc. SRl e e

Geim & Grigorieva, Nature 499, 419 (2013)




Excitons in 2D TMDs: Binding Energy

Binding Energy (0.1-0.5 eV)
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Chernikov et al. PRL 113, 076802 (2014)



Excitons in 2D TMDs: Bohr Radius

Bohr Radius ~ 1 nm (MoS,)

D.Y.Qiu et al. PRL111, 216805 (2013)



Excitons in TMDs: Oscillator strength
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1 ML absorbs 5-10% light !

Bernardi, Palummo and Grossman, Nano Lett., 13, 3664 (2013)



INn-plane Dipoles

2D dipole orientation.

Simulation K-space image
dipole-X polarized MoS2-X polarized
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J. Gu...VMM (unpublished)
Also: J. Schuller et al., Nat. Nanotech 8 271 (2013)



Valley Polarization
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van der Waals heterostructures

WTe,

MoSe, MoTe, WS, WSe,
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MoS
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Geim & Grigorieva, Nature 499, 419 (2013)



Why do microcavity polaritons with 2D TMDs<
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Binding energy: 0.1 - 0.3 eV
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Chernikov et al. PRL 113, 076802 (2014)

Large oscillator strength
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D.Y. Qiu et al. PRL 111, 216805 (2013)

Bernardi, et al. Nano Lett., 13, 3664 (2013)
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Valley properties

Xu, X. et al. (2014). Nat. Phys., 10, 343—-350.
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Ross, J. S. et al.. Nature Commun. 4, 1474 (2013).

Mak, K. F. et al.. Nature Mater. 12, 207211 (2013)
Singh A. et al. Phys rev. B 93 041401 (2016)



MoS, Microcavity

— Active
— Passive

7.5-period DB

Transferred MoS,
monolayer
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Reflectivity Dispersions
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X. Liu,...VMM, Nature Photonics 9, 30 (2015)

Other reports:
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Dufferwiel, S. et al. Nat. Commun. 6, 8579 (2015).

Sidler, M. et al. Nat. Phys. (2016). doi:10.1038/nphys3949

Liu, W. et al. Nano Lett. 16, 1262-1269 (2016).

Wang, S. et al.

Nano Lett. 16, 4368-4374 (2016).

Lundt, N. et al. Nat. Commun. 7, 13328 (2016).
Zhang, L. et al. Nat. Commun. 9, 713 (2018)
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Valley Polarization
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Valley Polaritons
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Valley polarized polaritons
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Grad Student — CUNY

Similar results from Sheffield, Wurzburg, Northwestern groups (Currently @ Pittsburg)



Polariton LED @ Room Temperature

Graphene to ﬁm/
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B. Chakraborty, J. Gu, M. Khatoniar, VMM
Under review, ArXiv 1905.12227



Polariton LED: Fabrication

Stacking order Image on PPC film WS;image

1. First WS,

2. Second WS,
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s
3. Third WS;
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Wavelength (nm)

Polariton LED @ Room Temperature
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B. Chakraborty, J. Gu, M. Khatoniar, VMM, Under review
ArXiv 1905.12227



Polariton LED @ Room Temperature
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Polariton LED @ Room Temperature
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Polariton blockade
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G. Munoz-Matutano et al. Nature Materials 18 213-218 (2019)
A. Delteil et al. Nature Materials 18, 219-222 (2019)



Nonlinear polariton-polariton interaction
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Excited States of Excitons in 2D TMDs

Rydberg States

WS, layer:
strong screening

surrounding medium:
weak screening

Interactions: € X flﬂoa%-

Chernikov et al. PRL 113, 076802 (2014)



Excited States of Excitons in 2D TMDs

Rydberg States
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Excited States of Excitons in 2D TMDs

Rydberg States
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Enhanced interactions via Rydberg States
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Excitons in 2D TMDs: Excited States

WSe, 4K
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hBN, WSe,
Stacking

12 period SiO,/Si;N, DBR

Grad Student — CUNY

Excited State Exciton Polaritons
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Excited State Exciton Polaritons (n = 25)
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Energy (eV)

Pump dependence of “2S" Exciton Polaritons
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Intferaction of excited state polaritons

}

ot

g X hﬂoaé.

o LPB
o UPB

%

Q(n)/Q(0)

" 1 " 1
0 1000 2000

1
3000

Polariton density (um?)

1.2 4

1.0 4

ot O o o Nt
o N ~ [op} oo
1 el PR I |

—
()

%++ ,

1 v 1 v 1 v 1
1000 2000 3000 4000
Polariton density (um™)

8norm = (Zhﬂo — 2nQy, )//Tl = (QO —Q,)/Qo/n



Intferaction of excited state polaritons
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Summary

Valley exciton polaritons

Polariton
emission

Weak to strong coupling

Electrical control and polariton LED
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