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Charge carrier complexes in 
transition-metal dichalcogenides
ÅLarge excitonbinding energies in 

TMDCs

ÅExperimentalists observe lines in 
absorption spectra ascribed to 
trionsand biexcitons[1]

3

EXCITON TRION BIEXCITON

Positive ὢ Negative ὢ
Ὡ

Ὡ

ὢ ὢὢ

ὈὩ ὃὩ Ὀὢ ὃὢὈὃὩ ὈὃὩ
Ễ

Difference in spin polarisation

ÅThere are bright and dark complexes, whether recombination is 
allowed by spin and momentum conservation

ÅNeglect indistinguishable carriers: they are weakly bound anyway

[1] Ross et al., Nat. Commun. 4, 1474 (2013); Mak et al., Nat. Mater. 12, 207 (2013); Lin et al., Nano Letters 14, 5569 (2014); Mai et al., Nano Letters 
14, 202 (2014); Shang et al., ACS Nano 9, 647 (2015).
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Effective interaction
ÅCoulomb interaction between charge carriers is greatly modified[2]

by the in-plane susceptibility of the material

ÅConsider charge density ”ὼȟώ‏ᾀ in a 2D semiconductor. By 
using the GaussṺs law and assuming the polarisation field is only 
in-plane, the potential becomes:

ὺὶ
ρ

ὶz

“

ς
Ὄ ὶȾὶz ὣ ὶȾὶz

ϳᶻ

ȟ ὶz ς“…
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ὶȾὶz

ὠ
ϳ ὶ
ὶz

Short range:
Logarithmic 
interaction 
ὠὼ
ÌÏÇὼȾς ‎

Long range:
Coulomb 

interaction 
ὠὼ ρȾὼ

[2] Keldysh, JETP Lett. 29, 658 (1979)
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Units
ÁParameter ὶzrelated to susceptibility, can range from 0 to Њand has 

units of length. Let us measure it in the units of the excitonicBohr 
radius O ὶzȾὥᶻis invariant under charge conjugation.
ÁMass ratio άȾά is already dimensionless, but can range from 0 to 
Њ.
ÅMapping into [0,1] patch:

ϳὶz ὥᶻ

ρ ϳὶz ὥᶻ
ὶz

ὶz ὥᶻ
ȟ

ϳά ά

ρ ϳά ά

ÅExcitonbinding energy should be measured in units that remove the 
mass dependence:

ϳὩ τ“‐ὥᶻ ςὙώᶻ

ÅTrion and biexcitonbinding energy
Ὡ τ“‐ ὶz ὥᶻ

Goes to ϳὩ τ“‐ὶzfor logarithmic limit and to ςὙώᶻfor Coulomb. 5
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Limits for a negative trion
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0

1

0 1ϳά ά

ρ ϳά ά

ϳ
ὶz
ὶz
ὥ
ᶻ

Logarithmic limit
(large susceptibility)

Coulomb limit
(no susceptibility)

Heavy electron 
limit

Born-
Oppenheimer 

approximation for 
a negative trion:

separation of fixed 
particles must be 

determined

Square root 
behaviour in 
άȾά

Light electron 
limit

Negative trion
resembles an Ὄ

ion

Linear in mass 
ratio

Space of our parameters
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Details of Quantum Monte Carlo
ÅCASINO[3] used for all our QMC calculations

ÅWe start with a trial wave function of the Jastrowform:
‪ ÅØÐὐὙ

where the Jastrowexponent contains pairwise sum of terms ό and 
two- and three-body polynomial terms[4]

ό ὶ
ὧὶÌÏÇὶ ὧὶ ὧὶ

ρ ὧὶ

ÅDistinguishableparticles O ground-state wave function is nodeless

ÅUse variational MC to optimise the free parameters in the w.f. by 
unreweightedvariance and energy minimisation

ÅDiffusion MC calculations performed 
using time steps in the ratio 1:4 with 
corresponding configuration 
population 4:1 O extrapolate linearly 
to zero time step and infinite
population 7D

M
C

 e
ne

rg
y 

[h
a]

Time step[3] Needset al., J. Phys.: Cond. Matt. 22, 023201 (2010)
[4] Drummond et al., PRB 70, 235119 (2004); LópezRios et al., PRE 86, 036703 (2012)



M
. S

zy
ni

sz
ew

sk
i Ṵ
C

om
pl

ex
es

 in
 2

D
 s

em
ic

on
du

ct
or

s

Excitonbinding energy
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[5] Ganchevet al., PRL 114, 107401 (2015)
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Trion binding energy
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Ὁ
Ὡ
Ⱦτ
“‐
ὶz
ὥ
ᶻ

άȾά

ρ ά Ⱦά

ὶzȾὥᶻ

ρ ὶzȾὥᶻ

Steep decrease

Previous results:
Logarithmic limit [5]
Coulomb limit [6]
ά ά [7]

[5] Ganchevet al., PRL 114, 107401 (2015)
[6] Spinket al., arXiv:1505.07411 (2015)
[7] Velizhaninand A. Saxena, arXiv:1505.03910 (2015)
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Comparison with experiments
Material

ά

ά
ὶz[Å]

Trion binding energy [ meV]
This work Log DFT+RPA[8] Experiments[9]

ὢ MoS2 0.7 41.5 35 49 26 34, 35, 40
MoSe2 0.7 51.7 30 39 21 30
MoTe2 0.8 60.0 26 34 25
WS2 0.6 37.9 36 53 26 20-40, 34, 36
WSe2 0.6 45.1 31 45 22 30
WTe2 0.4 53.9 27 38
Phosphorene 1.1 3.66 133 275 100, 90-190

ὢ MoS2 36 47
MoSe2 30 38 30
MoTe2 26 33
WS2 36 51
WSe2 32 43 24, 30
WTe2 28 37
Phosphorene 131 276

10
[8] Berkelbachet al., PRB88, 045318(2013).
[9] Zhanget al., PRB89, 205436(2014); Zhanget al., CLEO: 2013p. CTh3J.6; Lin et al., NanoLett. 14, 5569(2014); Lui et al., PRL113, 166801(2014); Rosset al.,
Nat. Commun. 4, 1474(2013); Singhet al., PRL112, 216804(2014); GutierrezLezamaet al., NanoLett. 15, 2336(2015); Mitioglu et al., PRB88, 245403(2013);
Zhu et al., Sci. Rep. 5 (2015); Chernikovet al., PRL113, 076802(2014); Joneset al., Nat Nano8, 634(2013); Srivastavaet al., Nat Phys11, 141(2015); Wanget al.,
PRB90, 075413(2014); Yanget al., arXiv:1504.06386; Zhanget al., arXiv:1411.6124.
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Donor+excitonbinding energy
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[5] Ganchevet al., PRL 114, 107401 (2015)
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Biexciton
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Contact interaction

ÅEnergy penalty when charge carriers overlap

ÅFirst-order perturbation theory: correction to the energy is
ὃ ” π ὃ ” π

ÅIn our calculations we collected results for pair densities

ÅDetermining ὃ by ab initio calculations would be 
challenging, so weṺll leave that to experimentalists.

13
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Contactpairdensity
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Summary & Outlook

ÅExcitons, trionsand biexcitonsare crucial in optoelectronics of 
2D semiconductors
ÅNonlocal screening effects modify the Coulomb interaction

ÅUsing the Diffusion Monte Carlo approach we have calculated 
the binding energies of charge carrier complexes

ÅContact pair densities extracted, to enable the analysis of the 
contact interactions in these systems

15

Future work:
ÅFor biexcitonsthereṺs only one type of the complex with 

distinguishable particles
ÅModifying the trial wave function:
ÅSlater determinant
ÅW.f. is no longer nodeless


