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Semiconductor devices

• Resonant tunneling diode

GaAs GaAs GaAs

tunnel barriers substrate

metal

AlGaAs

10...100 nm

1
01

8
G

a
A

s
c
m

 −
3

  

1
01

8
G

a
A

s
c
m

 −
3

  

A
l x

G
a

1
−

xA
s

A
l x

G
a

1
−

xA
s

E
n

e
rg

y
 [

e
V

]

Position [nm]

G
a

A
s

5 10
15

cm
−3

G
a

A
s

G
a

A
s

0 50 55 60 65 70 75 125

0
.2

0
9

• Applications

– logic devices

– laser diodes

– oscillator circuits

Quantum entropy minimization

For the Wigner distribution functionf : R
d
x ×R

d
p → R define

• Quantum relative entropy

H( f ) =

Z Z

f (Log f −1+
1
2
|p|2 +V(x))dxd p

where Logf is the operator logarithm
• Moments

(n,nu,ne) = m[ f ](x,t) =
R

f (x, p,t)χ(p)d p
with weightχ(p) = (1, p,

1
2|p|

2)

• Quantum Maxwellian
M f is the solution to the constrained minimization

H(M f ) = min

{

H( f ) :
Z

f (p)χ(p)d p = m[ f ]

}

From kinetic to fluid models

• Wigner-BGK equation

∂t fα + p ·∇x fα + Θε[V ] fα =
1
α

(M fα − fα,)

Θε[V ] pseudo-diff. operator,Θε[V ] f → ∇xV ·∇p f asε → 0
• Hydrodynamic limit

limit α → 0 yields fα → f = M f , the Quantum Maxwellian
• Moment equations

multiply by momentsχ and integrate overp ∈ R
d

∂tm[M f ]+ ∇x ·
Z

pχ(p)M f d p +
Z

χ(p)Θε[V ]M f d p = 0

• General Quantum hydrodynamic (QHD) equations

∂tn +div(nu) = 0

∂t(nu)+div
(nu⊗u

n

)

+divP−n∇V = 0

∂t(ne)+div
(

(P + neT)u
)

+divS−nu ·∇V = 0

n particle density,nu momentum,ne energy density
P =

R

(p−u)⊗ (p−u)M f d p stress tensor
S = 1

2

R

(p−u)|p−u|2M f d p correction flux

• Expansion in powers ofε2

Neglect termsO(ε4) and smaller, assume∇ logT = O(ε2)

ne =
d
2

nT +
1
2

n|u|2−
ε2

24
n
(

∆ logn−
tr(RTR)

T

)

P = nTI−
ε2

12
n
(

(∇⊗∇) logn−
RTR

T

)

S = −
ε2

8
(div(n∆u)+ f (R,divR,n,∇n))

with the vorticityR = ∇u− (∇u)T

Numerical results

• Genuine quantum hydrodynamical simulations
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δ = 0.7ε
δ = ε
δ = 1.5ε

0 20 40 60 80 100 120
−500

0

500

1000

1500

2000

2500

Position [nm]

E
ne

rg
y 

de
ns

ity
 [e

V
/m

3 ]

U = 0.21V
U = 0.30V

0 0.05 0.1 0.15 0.2 0.25 0.3
0

0.5

1

1.5

2
x 10

8

Voltage U [V]

C
ur

re
nt

 D
en

si
ty

 J
 [A

m
−

2 ]

 

 

N = 500
N = 625
N = 750

• CFD discretization, Newton iteration, heat conduction

• new dispersive velocity term hasregularizing effectin
CV-curve andstabilizesthe numerical scheme
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