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quest for 2D materials as quantum light generation
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Graphene: zero-gap

Key Optical Properties of 2D
Materials

® Extraordinary strong light-mater
interaction

e Strong electron-hole interactions,
exciton binding up to 500 meV

e Strong optical nonlinearity

e Optical tuning external electric field
e Dielectric environment engineering

A schematic of a 2D hetero-structure
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single photon emitters in WSe,
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He, et. al. Nature Nano 10, 497 (2015)

R s wiews | Koperski, et. al. Nature Nano 10, 503 (2015)

METAL DICHALCOGENIDES

Two dimensions and one photon Chakraborty, et. al. Nature Nano 10, 507 (2015)
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2) Phonon-Assisted Indirect Exciton lonization in 2D
materials
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excitons in 3D, 2D, and 1D
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excitons in transition metal dichalcogenides
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Excitons and trions with large binding energies

Experiments:
K. F. Mak, et al., Nat. Mater. 12, 207 (2013)

« Z Ye etal, Nature 513, 214 (2014)

Theory:

e T C. Berkelbach, et al., Phys. Rev. B 88, 045318 (2013)
 D.Y. Qiu, etal., Phys. Rev. Lett. 111, 216805 (2013)
and many others...




trions in transition metal dichalcogenides

PL intensity plot b
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theoretical approach for excitons
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trions calculations
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doping dependence of linear absorption spectra in MoS,
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Doping dependence of trions and excitons
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Three-particle wavefunctions

Structure of trion states: single-particle density of states
circle positions - contributing state, circle radius - weight

Energy [eV]

(b)

iX°e

\/

// /Ef‘\ . / =

S 1

[ I

I I

-1.2 1 1 1 |
1 1

| |

-K K

momentum [a.u.]

Zhumagulov, et. al. Phys. Rev. B 101, 245433 (2020)




Temperature dependence of PL spectrum

_1&012-
10 =
T 9

3 >, 0.010 A
T 20 = Fe
= = (V)]
o 3. [
2 a Q

© 30 @ < 0.008

0] 8 | ==
Q. L - —
; 59
2 40 = 2
c @
= a
50 4
=
60 =
1.98 2.0 202 2.04 2.06 2.08 =)
Energy [eV] .8
o
<
o

4.86
5.58

IS (6]

['n*e] @ousdsaulwn|oloyd

6.47
7.59

T
w

9.03
10.93

T
N

Fermi level [meV]
[}
w
N
©

17.08
22.3

30.36

1.98 2.0 2.02 2.04 2.06 2.08
Energy [eV]

(cK,TK)

T=0K

T=10K
T=20K
T=30K
T=40K
T=50K

-15

(\

-10 -5 0 5 10
Ep — Eg. [meV]

Q(T.K) — [c.K)) = E(THK) — 2y

Il- LE)~ > HT.Klple,K) ? x 6(E - Q(IT.K) = [¢.K))) w(q)

1 Et(q) Et(q)
W(q):?e_ ITq Z:/BZ e qu




Temperature dependence of PL spectrum
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Red shift [meV]

comparison with the experiment
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Phonon-Assisted Exciton lonization
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Phonon-Assisted Exciton lonization
in 2D materials
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observable exciton binding energy of ~300 meV



Phonon-Assisted Exciton lonization
in 2D materials
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motivation

High quality monolayer graphene have higher room
temperature mobility than AB-stacked bilayer graphene
and exhibit stronger temperature dependence.

06F © A=33mev Z 20,000 cm?/Vs
— p / (o .
o A=163mey ; Phonon scattering

A =29.8 meV Y
A = 42.4 meV -

n 100,000 cm?2/Vs

Coulomb impurity scattering
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which phonon is responsible for in-plane
transport?

Boltzmann transport

Fm= zskklfk(l fr) =Sk (X — fi) equation

Electron-phonon scattering
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Phonons: Perebeinos and Tersoff, PRB 79, 241409(R) (2009)



Intrinsic only phonon limited transport
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Surface Polar Phonon scattering in h-BN
Robust solution: Maxwell’'s equation
for electric field
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phonon-limited mobility in bilayer graphene
relative contributions of different modes
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remote phonon sensing

make one phonon out of equilibrium:
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drag voltage in monolayer graphene on semi-infinite BN
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quest for other 2D materials: black phosphorous
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Black Phosphorous: phonons
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Black Phosphorous: band structure
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electron - phonon interaction
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phonon limited low field mobility
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Polarons in BP
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Polarons in 1D SbPS4
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Summary

2D materials offer tunable and versatile solid-state
material platform for quantum photonics and quantum
phononics

2D materials optical response is dominated by excitons
and trions described by two and three-particle Bethe-
Salpeter and Tamm-Dancoff equations with predictive
oower

Phonon-Assisted Indirect Exciton lonization is predicted to
nave a sub ns lifetime at realistic doping levels

L.ow dimensionality leads to enhanced polaronic effects in
materials like SbPS4




