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One-dimensional effective problem

[
− ~2

2m∗
d2

dy2 + V eff(y)− ε
]
φ(y) = 0,

V eff(y) =


0, for y < −d
V0 + V F (y), for −d ≤ y ≤ d
−eUDS, for y > d.
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I =
2e

h

∫ ∞
0

dε

[
f

(
ε− µ
kT

)
− f

(
ε− µ+ eUDS

kT

)]
T eff(ε).

• φ are scattering states φS/D

φS(ε, y) =


rS exp [−ikeffS (y + d) + exp [ikeffS (y + d)] for y < −d

tS exp [ikeffD (y − d)] for y > d.

• keffS =
√

2m/ε/~ and keffD =
√

2m(ε+ eUDS)/~

• current transmission T eff = keffS (keffD )−1 | tS |2



Scale-invariant representation of the Schrödinger equation

(
−1

β

d2

dŷ2 + v̂eff − ε̂
)
φ(ŷ) = 0

• ŷ = y + d/(2d) ε̂ = ε/V0 v̂ds = −eUDS/V0 β = 2m∗

~2 V0d
2.
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Transmission for fixed β = 1000 and v̂ds = 0.5



Transmission for fixed β = 1000 and v̂ds = 0.5

T = TV0,d,UDS
(E)→ T̂ = T̂β,v̂ds

(ε̂).



The scale-invariant current

I =
2e2

h
V0

∫ ∞
0

dε̂

[
f

(
ε̂− µ̂
t̂

)
− f

(
ε̂− µ̂+ v̂ds

t̂

)]
T̂ (ε̂) (1)

µ̂ =
µ

V0
, t̂ =

kT

V0
,
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The scale-invariant current

I =
2e2

h
V0

∫ ∞
0

dε̂

[
f

(
ε̂− µ̂
t̂

)
− f

(
ε̂− µ̂+ v̂ds

t̂

)]
T̂ (ε̂),

= I0(1− vg)
∫ ∞

0
dε̂

[
f

(
ε̂− 1− v̂g

t̂

)
− f

(
ε̂− 1− v̂g + v̂ds

t̂

)]
T̂ (ε̂)

• Introduce Gate bias VG for I-V chart I(VG, VDS):

VG = µ− V0 ⇒ v̂g = µ̂− 1

• Energy-normalization µ (independent of VG and VDS)

vg =
VG
µ
⇒ v̂g =

vg
1− vg

• Current normalization I0 = 2e2
h µ

⇒ maximum current for given VG, VDS at T = 0, if T (ε) = 1.



Dimensionless formulation

I/I0 = (1− vg)
∫ ∞

0
dε̂

[
f

(
ε̂− 1− v̂g

t̂

)
− f

(
ε̂− 1− v̂g + v̂ds

t̂

)]
T̂βv̂ds

(ε̂)

= F (βth, t, vds, vg)

t =
kT

µ
⇒ t̂ =

t

1− vg
,

vg =
VG
µ
⇒ v̂g =

vg
1− vg

vds =
VDS
µ
⇒ v̂ds =

vds
1− vg

.

barrier parameter βth = 2m∗µd2/~2

β =
2m∗

~2 (µ− VG)d2 = βth(1− vg).



Typical values for dimensionless parameters

n++-Si contacts: Ideal non-interacting 3D-Fermi gas, T = 0, valley-
degeneracy NV = 6, effective mass m∗ = 0.32m0, maximum doping
n = ND = 1021cm−3

µ→ EF =
~2

2m∗

(
n

NV

)2/3 (
3π2)2/3 = 0.34eV

[
ND

1021cm−3

]2/3

.

βth =
2m∗

~2 EFd
2

d = 10nm ND = 1021cm−3 ⇒ βth = 135
d = 30nm ND = 1021cm−3 ⇒ βth = 1200

Furthermore

I0 =
2e2

h
µ = 78µA× µ[eV ]



Drain characteristics, strong Barriere, T → 0











Comparison between stronger- and weaker barrier



The threshold resistance



Subtheshold charakteristic







Discussion







Conclusion

I Effectively one-dimensional problem

• SMAT = single mode, abrupt transition

II Scale-invariant description of transport

• Dimensionless barrier strength parameter

βth = 2m∗µd2/~2

III I-V curves in dependence of βth

• In agreement with INTEL-transistor: linear threshold charak-

teristik Rth

• ’Quantum short-channel effects’ reduced with increasing

βth


