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Polaritons in Semiconductor Materials

New materials: Hybrid Perovskites, Monolayered Transition Metal 
Dichalcogenides (TMDCs) & Single-walled Carbon Nanotubes 

from D. Sanvitto, S. Kena-Cohen, Nat. Mater. 2016, 15, 1061.

Outline

 Photophysics of Single-walled carbon        
nanotubes (SWNTs)

 Exciton-Polaritons in SWNTs

 Trion-Polaritons in SWNTs

 Relaxation Pathways 



Single-walled Carbon Nanotubes (SWNTs)

1 nm

1,0 2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0 11,0 12,0 13,0 14,0

2,1 3,1 4,1 5,1 6,1 7,1 8,1 9,1 10,1 11,1 12,1 13,1

3,2 4,2 5,2 6,2 7,2 8,2 9,2 10,2 11,2 12,2 13,2

4,3 5,3 6,3 7,3 8,3 9,3 10,3 11,3 12,3

5,4 6,4 7,4 8,4 9,4 10,4 11,4 12,4

6,5 7,5 8,5 9,5 10,5 11,5

6,6 7,6 8,6 9,6 10,6 11,6

7,7 8,7 9,7 10,7

8,8 9,8 10,8

5,5

4,4

3,3

2,2

1,1

9,9

Basics: Vector Notation  (n,m)
(n,0) zigzag

Chiral Angle (0 < α < 30°): 

π

22

246.0 mnmndt
++=Diameter

222
3arcsin

mnmn
m

++
=α

α



(6,5) (8,0) (7,7)(9,4)

Basics: (n,m) “Chiralities”

Different Single-Walled Carbon Nanotubes: chiral and achiral

Single-walled Carbon Nanotubes

• High Mobilities: >10,000 cm2/Vs, ambipolar                            

• Solution-processable and                                      
printable 

• Highly flexible & stretchable

• Raw material: 
mix of metallic and                                
semiconducting                                            
SWNTs !

Separation by                                                            
selective  polymer                                             
wrapping or DGU                                                     
or chromatography                                   

(7,4)
metallic

m-SWNT

(7,5)
semiconducting

s-SWNT

|(m-n)mod(3)| = 0 |(m-n)mod(3)| = 1 or 2
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Dispersion and Centrifugation 

SWNT powder

Ultrasonication

SWNTs

Dispersant
Solvent

Centrifugation
(10,000 – 70,000 g)

Supernatant

Purified, Polymer-wrapped (6,5) SWNTs

1 μm

PFO-BPy

CoMoCAT

Filtered

 (6,5) SWNTs as a pure bulk material 

Graf et al. Carbon 2016, 105, 593-599.
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Charge Transport in Network FETs Strong Light-Matter Coupling

Luminescent sp3-DefectsOptoelectronic Devices
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Brohmann et al. ACS Nano 2019, 13, 7323.
Schneider et al. ACS Nano 2018, 12, 5895.
Brohmann et al. J. Phys. Chem. C 2018, 122, 19886.
Schießl et al. Phys. Rev. Mater. 2017, 1, 046003.

Applications of Purified (6,5) SWNTs
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Near-Infrared Emission from SWNTs                          

Excitonic Emission:

• Very narrow linewidths 
(FWHM < 50 nm)

• Values for PL quantum yield                 
vary widely  Overall not very high  
(<10%)

Excitons:

• Size: ~10-15 nm

• Binding energy: 200-300 meV

• Diffusion coefficient: ~ 11 cm2/s

• Fast exciton diffusion                             
(50 – 100 nm) to defect sites

• 16 excitons, only one bright exciton

E11
absorption

E22
absorption

E11 emission

+ –



Bright & Dark Excitons

V. Perebeinos, J. Tersoff, P. Avouris, Nano Lett. 2005, 5, 2495.

Even-parity (dark)

Odd-parity, doubly degenerate withേ angular momentum K’

Odd-parity (bright)
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Near-infrared light emission of SWNTs                          
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Near-infrared light emission of SWNTs                          
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Outline

 Photophysics of Single-walled carbon        
nanotubes (SWNTs)

 Exciton-Polaritons in SWNTs

 Trion-Polaritons in SWNTs

 Relaxation Pathways 

SWNT for Strong Light-Matter Coupling

(6,5) SWNT

• High Oscillator strength 
• Large exciton binding energy 
• Narrow linewidth
• Small Stokes-shift



Creating a Cavity with (6,5) SWNTs

Dense SWNT networks

Spin-coated PL on glass

Angle-resolved spectroscopy (Fourier Imaging)
24
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Modes fitted with coupled oscillator model

Transfer 
Matrix 

SimulationExperiment

ܪ = ଡ଼ܧ + ݅ħ߁ଡ଼ ܸܸ େܧ + ݅ħ߁େܧଡ଼ - energy of first excitonic transition߁ଡ଼ - HWHM of excitonܧେ - energy of photon߁େ - HWHM of photonܸ - coupling strength

ܸ = 0.5 · ħΩଶ + ħ߁ଡ଼ − ħ߁େ ଶ

Graf, A. et al., Nature Comm. (2016), 7, 13078

Strong Coupling with (6,5) SWNTs



Rabi Splitting = 114 meV

ଡ଼ େ
 Strong coupling 

regime

Experiment

Graf, A. et al., Nature Comm. (2016), 7, 13078

Transfer 
Matrix 

Simulation

Strong Coupling with (6,5) SWNTs

Reflectivity vs. Photoluminescence

PLR

Graf, A. et al., Nature Comm. (2016), 7, 13078



Strong-Coupling with SWNTs

Graf, A. et al., Nature Comm. (2016), 7, 13078

Near-IR Electroluminescence in networks(6,5) SWNT Field-effect Transistor
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Near-IR Electroluminescence in networksSWNT Light-emitting Transistor (LEFET)
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Graf & Held et al., Nature Mater. 16,  911–917 (2017) 

Strong Coupling in SWNT- LEFETs

with cavity no cavity
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Graf & Held et al., Nature Mater. 16,  911–917 (2017) 



Polariton-Electroluminescence

Graf & Held et al., Nature Mater. 16,  911–917 (2017) 

ElectroluminescencePhotoluminescence

 Electrically pumped exciton-polaritons at high 
current densities (18 kA/cm2)

 Apparently better thermalization of polaritons 

Reflectivity

Cavity LEFETs and Mobility

Graf & Held et al., Nature Mater. 16,  911–917 (2017) 



A Side Note on Transport in Polymers

Regio-random P3HTPlease contact Jana Zaumseil directly for slides
zaumseil@uni-heidelberg.de

A Side Note on Transport in Polymers

 No apparent effect 
of strong-coupling on 

charge transport

Please contact Jana Zaumseil directly for slides
zaumseil@uni-heidelberg.de



Tuning Coupling with Gate Voltage

Energy (eV)

Angle (deg)

Vg

−2 V ⇨ Strong −17 V ⇨ Weak

E11 – Bleaching 
 fewer oscillators
 weaker coupling

 Direct tuning of 
coupling strength 
from weak to strong

Tuning Coupling with Gate Voltage

Vg

−2 V ⇨ Strong −17 V ⇨ Weak

Vd = −0.1 V

Graf & Held et al., Nature Mater. 16,  911–917 (2017) 

 Less efficient relaxation for doped SWNT film 



Outline

 Photophysics of Single-walled carbon        
nanotubes (SWNTs)

 Exciton-Polaritons in SWNTs

 Trion-Polaritons in SWNTs

 Relaxation Pathways 
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Excitons & Trions in Microcavities 

Ionic liquid (electrolyte)
(6,5) SWNT

m-SWNT
cavity

Möhl et al., ACS Photonics 2018, 5 (6), 2074-2080.

Reflectivity Photoluminescence

energy splitting = 0.5 eV  ultrastrong coupling

Max E11 Abs  = 2.9

Voltage sweep: Reflectivity and PL
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Möhl et al., ACS Photonics 2018, 5 (6), 2074-2080.



Voltage sweep: Reflectivity and PL
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Möhl et al., ACS Photonics 2018, 5 (6), 2074-2080.

Voltage sweep: Reflectivity and PL
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Exciton Polariton vs. Trion Polariton

ࡱࢤ

Exciton-Polariton Trion-Exciton-Polariton

Möhl et al., ACS Photonics 2018, 5 (6), 2074-2080.

ܪ ߠ = 	 ܺ 0 ܸ0 ܶ ்ܸܸ∗ ்ܸ∗ ܥ ߠ ܪ	 ߠ = 	 ܺ ܸܸ∗ ܥ ߠ 	

Exciton Polariton vs. Trion Polariton

Möhl et al., ACS Photonics 2018, 5 (6), 2074-2080.

Reflectivity Photoluminescence



Potential Application of Trion-Polaritons

Möhl et al., ACS Photonics 2018, 5 (6), 2074-2080.

Trion-Polariton
Charged Light-
Matter Hybrid

Charge/effective 
mass ratio
≈ 4000 e0/me

Manipulate 
light with electric field

(e.g. polariton 
propagation direction) 

Manipulate 
charge transport 
(e.g. photocurrent, 

carrier mobility) 

Outline

Photophysics of Single-walled carbon        
nanotubes (SWNTs)

Exciton- &  Trion-Polaritons in SWNTs

Relaxation Pathways 

Strong coupling in semiconducting polymers



Tuning Polariton-Electroluminescence

Graf & Held et al., Nature Mater. 16,  911–917 (2017) 

Apparent dependence of EQE on detuning, max at phonon sideband 

 Phonon-assisted relaxation ?

 Brightening of dark excitons ?  

Polariton photoluminescence

excite non-resonantly
(higher excited states)

C

k

coherent
states 
(non-
local)

E

exciton reservoir
(localized)E11

E22

Graf, A. et al., Nat. Comm. 7, 13078 (2016)

(6,5)

populationrelaxation



Origin of PL sidebands
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Please contact Jana Zaumseil directly for slides
zaumseil@uni-heidelberg.de



Brightening Dark Excitons?

“… for realistic parameters of the system the value of the Rabi splitting can be 
greater than the splitting between bright and dark energy states. As a result, the 
lower polariton mode can have an energy lower than that of the dark exciton. It is 
this reordering of the energy of the bright and dark states that leads to a dramatic 
improvement of the emissive properties of nanotube-based systems.”

ACS Photonics 2019, 6, 904.

Bright & Dark Excitons

V. Perebeinos, J. Tersoff, P. Avouris, Nano Lett. 2005, 5, 2495.
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Brightening Dark Excitons?

• Dark exciton ~ 55 meV 
below bright exciton in 
(6,5) SWCNTs

• Tuning LP below E11(dark) has no effect  (parity forbidden)

• X1 emission stems from momentum-dark excitons (above E11)

• Check for higher PLQY compared to E11 (Activation of dark excitons?)
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Please contact Jana Zaumseil directly for slides
zaumseil@uni-heidelberg.de

Summary

 Strong light-matter coupling with (6,5) 
SWNT in microcavities

 Electrically pumped and                             
tuned exciton-polaritons in                            
cavity-integrated LEFETs

 Trion-Polaritons possible                          
for intermediate doping 

 Strong dependence of polariton 
emission on detuning 

 Indication for radiative pumping of 
exciton-polaritons by SWNT PL 
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