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 Transition-metal dichalcogenides in their 2D version 
are attracting a lot of attention due to their wide and 
direct bandgap.

 Study of electron and hole transport properties is 
critical to design devices and to develop future device 
models.

 Upper valleys and the impact of degeneracy along 
with screening can bring about interesting transport 
features worth investigating.

 Monte Carlo model able to capture non-equilibrium 
transport is an adequate tool to carry out such study.
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How increasing carrier density 

inducing degeneracy influences 

transport?

Fermi level reaches a higher energy:

Increased scattering

Easier to reach secondary valleys with 

a larger effective mass (slower carriers).

Many electron/hole transitions due to 

phonon emission interactions are 

forbidden due to Pauli exclusion 

principle.

Free carriers screen interactions 

from polar phonons and impurities.
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Infinite 2D TMD sheets

MoS2, MoSe2, WS2, 

WSe2

 Multi band (e– & h+)

Multi valley

~ 1 000 000 particles

Scattering mechanisms

Intrinsic

Substrate

n or p (εF) and E

externally fixed
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Multi-valley effective mass 

approximation:

 𝜀(𝐤) =
ℏ 𝐤−𝐤𝟎

2

2𝑚∗

Conduction band: 2 primary (K, 

K’) valleys + 6 secondary (Q1-6) 

valleys

Valence band: 2 primary (K, K’ 

valleys) + 1 secondary (Γ) valley
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Introduction:
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ΓK K’

Q4 Q3,5 Q2,6 Q1

CB

VB

Conduction band Valence band

𝐦𝐊
∗ (𝐦𝟎) 𝐦𝐐

∗ 𝐭/𝐦𝐐
∗ 𝐥 (𝐦𝟎) 𝚫𝛆𝐐−𝐊

(meV)

𝐦𝐊
∗ (𝐦𝟎) 𝐦𝐐

∗ (𝐦𝟎) 𝚫𝛆𝚪−𝐊

(meV)

MoS2 0.50 0.62 / 1.00 70 0.58 4.05 148

WS2 0.31 0.60 / 0.60 67 0.42 4.07 173

MoSe2 0.64 0.80 / 0.80 28 0.71 7.76 374

WSe2 0.39 0.64 / 0.64 16 0.51 7.77 427

m0 - electron mass in vacuum 
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Carrier scattering with intrinsic phonons: 

deformation potential approximation

Intravalley-acoustic modes

𝜆𝐷1,a 𝜀 =
𝑚∗𝐷1,𝑎

2𝑘𝐵𝑇

ℏ3𝜌𝑚𝑣𝑎
2 

න
𝜃

𝑑𝜃

𝜖 𝑞 2

Intravalley-optical & intervalley (acoustic + optical)

𝜆𝐷0,𝑎 𝜀 = 𝑔𝑑

𝑚∗𝐷0,𝑎
2

2ℏ2𝜌𝑚𝜔𝑎
න

𝜃

𝑑𝜃

𝜖 𝑞 2
𝑛𝑎 +

1

2
±

1

2
Θ 𝜀 ∓ ℏ𝜔𝑎 𝐪 − 𝜀0

Remote substrate polar phonons (SPPs) 

through the screened Fröhlich coupling.
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Low T (77 K & 170 K):  

Non-linear trend:

𝜇 increases in the range 

𝑛: 5 × 1010 −  ~5 × 1012 cm−2

Larger carrier densities lead 

to a drop below the non-

degenerate mobility at 

   𝑛 > 2 × 1013 cm−2.

Room T (300 K):

𝜇 declines at largest 𝑛;

    no mobility enhancement.

IWCN 2023 - Barcelona

Results & discussion:
Electron mobility vs. carrier density in MoS2
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Simulations excluding 

the secondary valleys 

are performed.

No effect of the Q valley 

at 77 K until density 

larger than 1013 cm-2.

Mobility is reduced due 

to the upper valley 

occupation for T > 77 K.
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Results & discussion:
Electron mobility vs. carrier density in MoS2
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Looking at the inverse of 

momentum relaxation time…

(T = 77 K)

The rise in mobility is explained 

through the decrease of the  

scattering rate of dominant 

mechanisms.

The mobility drop at high 

concentrations is due to the 

onset of scattering involving 

upper valleys, and upper valley 

occupation itself.

IWCN 2023 - Barcelona

Results & discussion:
Electon mobility vs. carrier density in MoS2
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inverse of electron tk-1, MoS
2
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Looking at the inverse of 

momentum relaxation 

time…

(T = 300 K)

SPPs at the K (lower) 

valleys are dominant as 

compared to intrinsic phonon 

interactions.

Occupation of upper valleys 

with increasing Fermi level 

compensates for the drop in 

scattering interactions in the 

dominant mechanism.
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Similar trend, 

explainable in alike 

terms:

Hole mobility increase 

only at a very low T.

Hole mobility drop above 

𝑝 ≈ 1013 cm-2 is due to 

holes in the G valley + the 

intervalley scattering.
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Results & discussion:
What about holes?

hole mobility, MoS
2
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Results & discussion:
TMDs comparison: WS2
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Filled symbols: full model

Hollow symbols: secondary (Q) valleys excluded
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Results & discussion:
TMDs comparison: MoSe2
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Filled symbols: full model

Hollow symbols: secondary (Q) valleys excluded

77 K

300 K

170 K

electron mobility, MoSe
2

n (cm
-2
)

1010 1011 1012 1013

e
le

c
tr

o
n
 m

o
b
ili

ty
 (

c
m

2
/V

s
)

101

102

103

hole mobility, MoSe
2

p (cm
-2
)

1010 1011 1012 1013

h
o
le

 m
o
b
ili

ty
 (

c
m

2
/V

s
)

102

103
77 K

170 K

300 K



15

Results & discussion:
TMDs comparison: WSe2
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Filled symbols: full model

Hollow symbols: secondary (Q) valleys excluded
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 The complex interactions regarding degeneracy and screening at low 

field transport in 2D-TMDs have been studied by means of an ensemble 

MC simulator.

 Predictions of mobility of electrons and holes are larger at low T and 

intermediate carrier concentrations, when the screening of free carriers 

and the upper valleys population are considered.

 The reduction of the carrier mobility at high electron/hole densities is 

mainly due to the occupancy of upper valleys.

 At room temperatures, the upper valley population is large enough to 

mask the effect of the screening-induced reduction of the scattering in all 

TMDs studied.

 Most of the observed features can be explained on the basis on relative 

importance of screened (mostly intra-valley) and unscreened (inter-

valley) scattering mechanism, along with a higher valley occupancy.
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