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Viaterials...

Insulator
h-BN




~ Transition Metal Dichalcogenides (TMD) :

MoS,, MoSe,, WS,, WSe.,...

MoS, Molybdenum disulfide :

Natural occurance as mineral Molybdenite

current Applications

* lubricant up to 350 °C

* Nylon, Teflon, ski wax

» catalyst in petroleum refineries

X e el K L
\\V \‘/ \‘\/ DV g
Rk ok

hh

Similar to graphite:

multilayers connected by
van der Waals bonding
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mo-ﬂlmensional Materials are better than one...

Van der Waals Heterostructures

il o Multilqyers qf weakly coupled
two-dimensional crystals

WSe, o
Nature 499, 419 (2013)

Fluorographene . Manchester

—>Original properties of these heterostructures with optical and
electronic properties distinct from its components

- Band structure engineering



”w !o isolate a monolayer: exfoliation...

e

Same Procedure as Graphene e
Novoselov/Geim : Nobel Prize 2010 Magic Tapg
Proc. Natl.Acad. Sci. U.S.A 102, 1045 (2005). oo
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‘scotch tape method’ works for:

- Graphene
- MoS, monolayers
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Growth of TMD monolayers
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Wana Mllcro-Photquminescence Spectroscopy
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""MX; monolayers : strong interaction with light

~15% absorption of light for a monolayer

bulk indirect band gap ) monolayer : direct band gap at K points*
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chal properties governed by robust 2D excitons

MX, monolayers — common properties : strong interaction with light

~15% absorption of light for a monolayer!

__Material _| Binding energy E

1 MLWSe, ~200-500 meV*

ZnO 60 meV
GaAs QW ~10 meV
@ [Exciton = bound electron-hole pair] T .
R 20| W2 @
S 15|
)
210
v
a 2
* PRL 120, 057405 (2018) ;Nature Com. 10, 4172 (2019) ; < 0

Los Alamos - Toulouse 1.5 2 2:5 1
Photon energy (eV)



ml'nal'ng energy and Rydberg states

Ea

eoy | Strong Coulomb Interaction :
0 Exciton binding energy
Eg =500 meV
2D confinement

weak dielectric screening
large effective mass

hv

Reflectance contrast derivative

k 2.0 2.1 2.2 2.3 2.4 2.5 2.6
Energy (eV) . . . .
dielectric (anti-) screening
SO

S . 1s /\
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L. - bandgap v WSe, + -
§ n=3 l substrate

SR Optical bandgap fo . 2s
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Review of Modern Physics 90, 021001 (2018)
Toulouse-Regensburg-St Petersburg-Stanford



mc ||soraer and effect of hBN encapsulation

B y m Photoluminescence
RSV LN Prony
SO LIRS =5 MoSe, MoS, WS,

Ad gk % Nl 1.6 1.7 1.8 1.9 2.0 2.1

Nature Nar{gla:izc:di%Z (2019), Regensburg

1 <« monolayer

- Substrate roughness
- Charged traps
- Adsorbed molecules...

norm. PL Intensity



ric disorder and effect of hBN encapsulation

oy m Photoluminescence
> e LN o
e s Nl L S MoSe MoS WS
/uu\ \:/ \:/ . 16 17 18 18 207 21
Nature Naﬁglazlezc:din§§2 (2019), Regensburg | <4 monolayer
- Substrate roughness i _
>
- Charged traps %
- Adsorbed molecules... =
-l
&1 | hBN
€ s < monolayer
2 hBN
* =
) ] ﬁ 2 meV
PRX 7, 021026 (2017); Toulouse AL >
/ 17""} Movmpsme ! .
Nature Com. 8, 14927 (2017) s - 3 = 25 >
Toulouse-St-Petersburg Energy (eV)

Nature Nano 15, 283 (2020) ;
Strasbourg - Toulouse

Linewidth: 1- 4 meV
—> close to homogeneous broadening

See also: Berkeley, Columbia, Regensburg, Seatle, ETH, Dresden, Stanford, Grenoble, Barcelona...



WVa"ey degrees of freedom

Chiral Initializing and detecting
- Broken inversion symmetry Interband valley index
- Strong Spin-Orbit coupling J ' Ri?éicggg' l & spin

with polarized light

2D hexagonal Brillouin zone

>

K+

Time reversal symmetry
- Spin splitting at different K
valleys is opposite

Theory: Phys. Rev. Lett. (2012) Seattle

Experiments: Nature Nano. (2012) Columbia
Nature Com. (2012) Beijing
Phys. Rev. B (2012) Toulouse



 Bright and Dark excitons
1 Control of the Excitons radiative lifetime

d Control of the Bright-Dark splitting



I— B?g\'ht and dark excitons...

DFT calculation

\ ARPES measureme

PRB 88, 245436 (2013)

-> Bright and dark (spin-forbidden) excitons

AgoVP / AgCB \
MoS, | 147meV |[3meV
MoSe, | 186meV | 21meV
MoTe, | 214meV | 27meV
WS, 433meV \-27meV
WSe, |463meV ¥8mev /
N

WSe,




Wa selection rules : in-plane propagation of light

WSe, monolayer

Polarization basis

Z X
r®

0=0=0=0=0~-0=0~0~=0~0-0-0-0~0=0~-0=0~-0=0~0—0-0—0

0 C-=0= 0 =00 =0 C-=0= 0 =0 00 C =0 0= O-=0m 5 =0=0=0
0=0-=0=-0=0=0-=0= CO-=0=-0-=0m-0-=0m-CO-=0=-0-=0m-O-=0=-5-=0=-0=0

{] SR R BB K
Vlght s
propagation .. L e eeoooe
vector

? D 2

= X

c Detection
= Polarization
. — X

2 —z

L

>

=

c

) T

[}

c

- 0

=l | Loc. X

- \g_—l_=
1.66 168 1.70 1.72 1.74

Energy (eV)

. AE
4 12(#)

Z polarized

( X polarized

T

L)

(a) Bright exciton

/ K Out of plane\

t
i\ /, %

\ "
AW

K+
T,

3

PRL 119, 047401 (2017); Toulouse- St Petersburg
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(b) Dark exciton
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T« Dark » exciton transition in classical geometry

K Ky
T,
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pinhole
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T« Dark » exciton transition in classical geometry
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" Exciton fine structure in WSe, monolayer

D, point symmetry group

Ie L AL,T ~ Ks
—

I / ______________________ T_ Al ~15meV

T exch
40 meV ACSO > ()

l [, : grey (z-allowed)

{ Dark i . A~ 0.6 meV

I'; : totally Dark

- Bright-dark exciton splitting governed by CB spin-orbit splitting
and exchange interaction



Q Bright and Dark excitons
1 Control of the exciton radiative lifetime

d Control of the Bright-Dark splitting



-resolved photoluminescence

Laser: 1 ps pulse Detection: Synchro-scan streak camera
Time-resolution : ~1 ps




— ghort exciton radiative lifetime

T T T T T T T T T T T T T T T T T

T=7K |

——MLB |]
——MLC ||

Monolayer

APL 99, 102109 (2011), Regensburg
M, ] PRL 112, 047401 (2014), Toulouse — Beijing
2( PRB 93, 205423 (2016) ; Toulouse

Normalized
PL Intensity (arb. units)

—> Exciton radiative lifetime : 7., ~2 ps

Calculations :
PRB 93, 045407 (2016); Cornell
Nano Lett. 15, 2794 (2015); MIT-Berkeley-Roma

Trad =~ PS

= MoS?2 atomically thin mirror, PRL 120, 037401 (2018); ETH Zurich



- !xaton radiative lifetime, influence of hBN and cavity

hBN i
MoS;, ML Cavity PR. 69, 681 (1946) - Purcell
J. Lum. 1, 693 (1970) ; Drexhage
hBN PRL 58, 666 (1987) - Haroche
SiO Enhancement or inhibition of spontaneous emission
2

' (Purcell effect)



qxa!on raaiative lifetime, influence of hBN and cavity

hBN i
MoS; ML | Cavity PR. 69, 681 (1946) - Purcell
J. Lum. 1, 693 (1970) ; Drexhage
hBN PRL 58, 666 (1987) - Haroche
SiO LEnhanc:ement or inhibition of spontaneous emission
2 !

(Purcell effect)

Transfer matrix simulation
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“7"""Control of the 2D exciton radiative lifetime

Purcell effect

m =
a 10 c
o 'C_) MoS ML nEN
£ © ! i
-‘E; U= hBN
= 5 @©
- O
QO = SiO
> Q. 2 ]
= O P
© * N T —
.-E 0 [ I . I . I . I . I . m
&“ 100 150 200 250 300 350 400
. Fitting parameter :
Bottom hBN thickness d (nm) Vacuum radiative lifetime : 2.7 ps
Similar results :
PRL 123, 067401 (2019) ; PRL 124, 027401 (2020); Harvard
Toulouse/St-Petersburg Phys. Rev. Res. 2, 012029(R) (2020); Stanford

»[ Control of the exciton radiative lifetime : ~1 - 10 ps }

25




iton linewidth

Sample I: ML at antinode

hBN 180nm

SiO, 80nm
Si

Sample Il: ML at node

hBN 273nm

SiO, 80nm
Si

5
) 2meV -
2 = 2
% 1 FWH £
T 1
3 TmeV %
- ==
L O
12345678 910
Position
0010 0005 0000 0005  0.010 ,
Cw Photoluminescence spectra
Energy (eV)

Texp = Iy + Tnp = IY%(1 + 1cos(2qd")) + Ty
w

q=7

26



Q Bright and Dark excitons
1 Control of the Excitons radiative lifetime

d Control of the Bright-Dark splitting



S Exciton Lamb shift ?

Lamb shift: Lamb, Retherford, Phys. Rev. 72, 241 (1947); Columbia

Virtual emission and re-

absorption of a photon » Transition energy shift 6E (6E « oscillator strength)

lvchenko, Optical Spectroscopy of Semiconductor Nanostructures (2005)
Combescot, Dubin, Shiau, EPL 138, 36002 (2022)




" Exciton Lamb shift ?

Lamb shift: Lamb, Retherford, Phys. Rev. 72, 241 (1947); Columbia

Virtual emission and re-

absorption of a photon » Transition energy shift 6E (6E « oscillator strength)

Ivchenko, Optical Spectroscopy of Semiconductor Nanostructures (2005); St Petersburg
Combescot, Dubin, Shiau, EPL 138, 36002 (2022); Paris

Top hBN
WSez ML ’

Laser

1\*/

sio,

What about the Lamb shift
on dark and bright
excitons ?




""Dark exciton : z-polarized and small oscillator strength

Time Resolved Photoluminescence of WSe, ML

-> Dark exciton z-polarized

» | = Oscillator strength 1000x
M Ty smaller than the bright one

PL Intensity (arb. units)

~ pSs
0 500 1000 1500 2000
Time (ps)

Dark exciton:
negligible Lamb shift



7 Lamb shift in WSe, monolayer ?

Top hBNyse, ML SE
4| | BotomneN \VWWA\ F $ X
] XD AV X
D
' — d=132 nm
— d =214 nm

SE~1.7

Normalized PL intensity

0 20 40 60
PRL 131, 116901 (2023) ; Toulouse- St Petersburg Energy (meV) 31



""Control of the bright-dark splitting using Lamb shift

X, - Xp splitting shift PRL 131, 116901 (2023) ; Toulouse- St Petersburg
3 . 43
m Experimental data
== Transfer matrix model

2. with I7*:2 meV and I';,: 0.6 meV .42 s
— node antinode node @
3 £
GE, 41 A
— >
y Lu
40 32
LLI

-39

100 150 200 250 300
Bottom hBN thickness (nm)

‘ Variation of the exciton bright- dark splitting

- 2D excitons : sensitive probes of vacuum fluctuations of electromagnetic field



Ives

- Control of the bright-dark exciton splitting in TMDs with an external mirror (r=1)

a van der Waals
heterostructure

r=1

4- Iiwl Calculations

Mirror

0 200 400 600 800 1000
d'(nm)



—— Perspectives

- Control of the bright-dark exciton splitting in TMDs with an external mirror (r=1)

a van der Waals
r=1 j b A t
4 2, | Calculations eterostructure
]
—_ £ Mirror
22
E
%0
-2

0 200 400 600 800 1000
. d'(nm)
- In other semiconductors ?

Bright dark exciton splitting in GaAs quantum wells :

~100 peV (short range exchange interaction) ; PRB 50, 14246 (1994) Southampton
PRL 78, 1355 (1997) Toulouse
—> similar amplitude as the predicted Lamb shift



i
Perspectives

- Control of the bright-dark exciton splitting in TMDs with an external mirror (r=1)

a van der Waals
heterostructure

r=1

41 '_«_ .. | Calculations

“Mirror

0 200 400 600 800 1000
. d'(nm)
- In other semiconductors ?

Bright dark exciton splitting in GaAs quantum wells :

~100 peV (short range exchange interaction) ; PRB 50, 14246 (1994) Southampton
PRL 78, 1355 (1997) Toulouse
—> similar amplitude as the predicted Lamb shift

"T=100K,d; =992 A
= d0=0 A

— d0=9.6A
— dy=992A

- Control of the exciton spin dynamics by
the environment (long-range exchange)

PRB 103, 085302 (2021); St Petersburg-Toulouse

Valley polarization, S;()/S;(0)

0.0 02 0.4 0.6 0.8 1.0
Time (ps)



mom : twist angle bewteen the monolayers ?

—

Moiré pattern appears for small lattice mismatch é and/or small twist angle 66

b~ a/\/62 + 562
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" Moiré excitons

Nature 579, 353 (2020); Cornell
MOSEZ/ WSe, Nature 580, 472 (2020) : ETH Zurich

Science 379, eadg0014(2023) ; Berkeley, Beijing....
Nature Rev. Mat. 9, 460 (2024); Princeton

---------

- Formation of a Moiré superlattice, where excitons can be localized at
specific positions in the superlattice unit cell.
- Analogy with cold atoms trapped in optical lattices

-> Different quantum phases : condensate, Mott insulator, superfluidity...
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