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current equation 

 
Jnx = nqµnE x + 2µn

d nuxx( )
dx

This is an “exact” steady-state current equation, but…. 

 

uxx f r , p,t( )⎡⎣ ⎤⎦ =
1
2
pzυz 

µn f r , p,t( )⎡⎣ ⎤⎦
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current equation:  bulk semiconductor 

 E x ,uxx ≈ constantbulk semiconductor: 

Dn

µn

= 2uxx
q

 
Jnx = nqµnE x + qDn

dn
dx

near equilibrium: uxx ≈
kBTL
q

 
Jnx = nqµnE x + 2µn

d nuxx( )
dx
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field-dependent mobility 

Goal: Find mobility and diffusion coefficient without solving BTE 
 
Jnx = nqµnE x + qDn

dn
dx

In a bulk semiconductor, f is determined by E, so there is a 
one-to-one mapping between E and f.  

 µn E( )  Dn E( ) Electric field dependent mobility and diffusion 
coefficient. 

 
Dn f r , p,t( )⎡⎣ ⎤⎦ 

µn f r , p,t( )⎡⎣ ⎤⎦In general, however: 

 
Jnx = nqµn E( )E x + qDn E( ) dn

dx
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field-dependent mobility 

 
µn f r , p,t( )⎡⎣ ⎤⎦

 E

x

 υ = µn E 1( )

 υ = µn E 2( )

The concept of a field-dependent mobility applies only 
when the the electric field changes slowly with position. 
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covalent vs. polar semiconductors 
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average energy vs. electric field 
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average velocity vs. electric field 

 E x
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mobility and diffusion coefficient 

 E x

µn

104

υx

 E x
0.2 ×104
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µn

 E x

Dn

104 E x

Dn

104

Dn

µn

= 2uxx
q
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can we calculate υSAT? 

 
nqµnE x

2 =
n u − u0( )

τ E

 
u = u0 + τ E qµnE x

2 = u0 +
τ E τm
m* q2E x

2 ≈
τ E τm
m* q2E x

2

τm ≈ τ (ave. time between collisions)  

 

τ E ≈ u
ω0

τ = u
ω0

τm

µn =
q τm
m*

(momentum balance) 

 
JnxE x =

n u − u0( )
τ E

(energy balance) 
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can we calculate υSAT? 

µn =
q τm
m*

 
u ≈

τ E τm
m* q2E x

2

 

τ E ≈ u
ω0

τ = u
ω0

τm

  
u ≈

τm
2
u

ω0m
* q

2E x
2

  
τm ≈

ω0m
*

qE x

→ µn =
ω0

m*
1

E x

  
υx = µnE x →υSAT = ω0

m*
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saturation velocoty 

 

υSAT ≈ ω0

m*

 

Si: ω0 = 0.063 eV υSAT ≈ 1.0 ×107  cm/s
Ge:      ω0 = 0.037 eV υSAT ≈ 0.6 ×107  cm/s
SiC:     ω0 = 0.12 eV υSAT ≈ 1.5 ×107  cm/s
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electron temperature approach 

1)  Goal:  to compute  υx = υdx E( )

2)  Assume: 
 
f p( ) = e−

p−m*
υd

2
2m*kBTe

px

f px( )

Te
pdx
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electron temperature approach 

 
f p( ) = e−

p−m*
υd

2
2m*kBTe

υdx ,Te …need 2 equations 2 unknowns: 

1)  Momentum balance: 

 Jnx = nqµnE x →υdx = −µnE x

2)  Energy balance: 

 
JnxE x = nqµnE x

2 =
n u − u0( )

τ E
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electron temperature approach 

 
JnxE x = nqµnE x

2 =
n u − u0( )

τ E

 
u = u0 + q τ E µnE x

2 = u0 +
q2 τ E τm

m* E x
2

u0 ≈
3
2
kBTL

 

Te
TL

= 1+
2q2 τ E τm
3kBTLm

* E x
2

u ≈
3
2
kBTe (neglects drift energy) 

 
f p( ) = e−

p−m*
υd

2
2m*kBTe

 υdx = −µn Te( )E x

 

Te
TL

= 1+
2q2 τ E τm
3kBTLm

* E x
2
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aside:  neglect of the drift energy 

 υd
2 = µn

2E x
2 = q2 τm

2E x
2 m*2

u =
1
2
m*υd

2 +
3
2
kBTe ≈

3
2
kBTe

 

Te
TL

= 1+
2q2 τ E τm
3kBTLm

* E x
2 → 3

2
kBTe ≈

q2 τ E τm
m* E x

2

m*υd
2 2

3kBTe 2
<< 1?

m*υd
2 2

3kBTe 2
=

τm
τ E

<<1 typically well-satisfied 
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electron temperature model 

 
f p( ) = e−

p−m*
υd

2
2m*kBTe

 υdx = −µn Te( )E x

 

Te
TL

= 1+
2µn τ E
3kBTL

E x
2

need to specify: 

µn Te( )  or τm Te( )  and τ E Te( )

“it can be shown” 

µn Te( )  = µ0 TL Te (ADP) 

µn Te( )  = µ0 Te TL( )3/2
(II) 

1 τE  = 2
3

C
kBTL

TL Te

for ODP IV scattering in Si: 

C ≈ 10−8  W
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the procedure 
1) Identify the scattering  mechanism that controls 

momentum relaxation 

µn Te( )  = µ0 TL Tee.g. ADP scattering in Si 

2) Identify the scattering  mechanism that controls energy 
relaxation 

e.g. IV scattering in Si 1 τE  = 2
3

C
kBTL

TL Te

 

Te
TL

= 1+
2µn τ E
3kBTL

E x
2

3) Solve the energy balance equation for Te 
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result (for silicon) 

 

Te
TL

= 1+ qµn0

C
E x

2 = 1+ E E C( )2  E C ≈ 7 ×103  V/cm

 

µn Te( )  = µ0 TL Te =
µn0

1+ E E C( )2

Te
TL

 E
7 ×103  V/cm
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velocity vs. field characteristic 

 

µn Te( )  = µn0

1+ E E C( )2

υd

 E7 ×103  V/cm

υSAT

 

υd = µn Te( )E  = µn0E

1+ E E C( )2

 υSAT = µn0E C  =1×107 cm/s
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high- field diffusion 

 
Dn =

kBTe
q

µn Te( )  =  Dn0 1+ E E C( )2

but….in practice,   Dn E( ) ≈  Dn0

a failure of the electron temperature model! 

Dn

µn

= 2uxx
q

⎛
⎝⎜

⎞
⎠⎟
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<111> Silicon:  low-field 

 E z = −100 V/cm

υz = 8.1 ×104 cm/s

u = 0.04 eV 1.5kBT / q = 0.39 eV( )
uzz = 0.0135 eV uzz / u = 0.34( )

n(x, y, z) n = 0.33 / 0.335 / 0.335

(simulations performed with DEMONs on www.nanoHUB.org) 

 µn E z( ) = 810 cm2 /V-s

udrift ~ 10
−7 eV udrift / u ~ 10

−5( )
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<111> Silicon:  high-field 

 E z = −105 V/cm

υz = 1.04 ×107 cm/s

u = 0.364 eV 1.5kBT / q = 0.039 eV( )
uzz = 0.145 eV uzz / u = 0.40( )

n(x, y, z) n = 0.336 / 0.331 / 0.333

(simulations performed with DEMONs on www.nanoHUB.org) 

 µn E z( ) = 104 cm2 /V-s

udrift = 0.008 eV udrift / u = 0.02( )
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<111> Silicon:  high-field 
E

kz

(simulations performed with DEMONs on www.nanoHUB.org) 

 E z
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<100> Silicon:  high-field 

 E z = −105 V/cm

υz = 0.98 ×107 cm/s

u = 0.346 eV 1.5kBT / q = 0.039 eV( )
uzz = 0.138 eV uzz / u = 0.40( )

(simulations performed with DEMONs on www.nanoHUB.org) 

 µn E z( ) = 98 cm2 /V-s

n(x, y, z) n = 0.306 / 0.309 / 0.385

udrift = 0.007 eV udrift / u = 0.02( )
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<100> Silicon:  high-field 

(simulations performed with DEMONs on www.nanoHUB.org) 

z
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y

 
m
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Si conduction 
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summary 
1)  High-field transport leads to field-dependent mobilities 

and diffusion coefficients (when the field varies slowly in 
space and time). 

2)  The electron temperature approach provides a 
qualitative (and sometimes quantitative) way to view 
high-field (hot carrier) transport. 

3)  Rapidly varying electric fields lead to “off-equilibrium”, 
“non-local” or “non-stationary” transport effects that 
cannot be described with (local) field-dependent field 
dependent transport parameters. 
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