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MotivationMotivation

Why electron-electron scattering (EES)?

Thermalization of channel hot electrons in the
drain region

Modeling of hot carrier degradation:

EES enhances the high-energy tail of the
distribution function1

1P. Childs, C. Leung, J. Appl. Phys., 79, 222 (1996)
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OutlineOutline

Motivation

Two-particle kinetic equation

Two-particle Monte Carlo method

Results and discussion

Conclusion



4

Single-particle FormulationSingle-particle Formulation

Boltzmann equation for electrons in a bulk semiconductor(
∂

∂t
+

e
~

E · ∇k1

)
f (k1, t) = (Qone + Qee)[ f ](k1, t)

Single-particle scattering operator (interactions with phonons, impurities, alloy disorder)

Qone[ f ](k1, t) =

∫
[S(k1| k′1) f (k′1, t)− S(k′

1|k1) f (k1, t)] dk′1

Two-particle scattering operator

Qee[ f ](k1, t) =

∫∫∫
See(k1, k2| k′1, k

′
2)
[

f (k′
1, t) f (k′2, t)− f (k1, t) f (k2, t)

]
dk2 dk′2 dk′1
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Two-particle FormulationTwo-particle Formulation

Two-particle kinetic equation(
∂

∂t
+

e
~

(E · ∇1 + E · ∇2)

)
g(k1, k2, t) = (Qone + 2Qee)[ g](k1, k2, t)

Two-particle scattering operator is linear in the two-particle distribution function

Qee[ g](k1, k2, t)=

∫∫
See(k1, k2| k′1, k

′
2)
[
g(k′1, k

′
2, t)− g(k1, k2, t)

]
dk′1 dk′2

Augmentation of the single-particle scattering rate

Sone(k1, k2| k′
1, k

′
2) = S(k1| k′

1) δ(k′2 − k2) + δ(k′
1 − k1) S(k2| k′2)
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Stationary Two-particle MC MethodStationary Two-particle MC Method

Total scattering rate

Γ(k1, k2) = Γone(k1) + Γone(k2) + 2 Γee(k2 − k1)

Electron-electron scattering rate is constant during a free flight

Γee(k2 − k1) =
ne4m

4π~3ε2
sβ

2
s

|K|
|K|2 + β2

s
, K = k2(t)− k1(t) = const

Self-scattering rate is added only to the single-particle rate

Γmax
one = Γone(k) + Γself(k)

Free flight time calculation using self-scattering

Γmax = 2 Γmax
one + 2 Γee(k2 − k1), tf = − 1

Γmax
log(1− r)
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Stationary Two-particle MC MethodStationary Two-particle MC Method

Probability distribution of the magnitude of the momentum transfer q = |q|

p(q) = C
q

(q2 + β2
s )2 , 0 ≤ q ≤ K

Generation of a random momentum transfer vector

q2 =
r1K2β2

s

K2(1− r1) + β2
s
, cosϑ =

qr

K
, ϕ = 2πr2

Wave vectors after electron-electron scattering

k′1 = k1 + q, k′2 = k2 − q

Exact conservation of momentum and energy!
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Results for Bulk SiliconResults for Bulk Silicon
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Results for Bulk SiliconResults for Bulk Silicon

Distribution functions for uniform electric field
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Effect of Exchange CorrelationEffect of Exchange Correlation
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Position-dependent Two-particle MC MethodPosition-dependent Two-particle MC Method

Piece-wise constant approximation of g(k1, k2, r)
in real space

Use bulk MC algorithm in each mesh cell

Store initial state of a partner electron in each cell

The following properties are used

Time invariance of the stationary equation

Markov property: duration of the remaining free
flight is independent of the past

initial
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Distribution Function in a FET ChannelDistribution Function in a FET Channel
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Distribution Function in a FET ChannelDistribution Function in a FET Channel
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ConclusionConclusion

The stationary MC algorithm for the BTE is extended to the 6D momentum space

The curse of high dimensionality does not apply to Monte Carlo

Bulk semiconductors

Negligible effect of EES on stationary averages and distribution function

Devices

EES enhances the high-energy tail in FET channels as predicted by P. Childs

Enhancement scales with the electron density


