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• 2D Ballistic FET (83-114)

• General Expression for currents

• 2D effects

• Bias self-consistency
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2D Ballistic FET
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Carriers are confined to the xy-plane

Electron velocities – distributed as vx and vy

vx gives conduction current

Subbands E1(x), E2(x)

The device width W is assumed to be large –
neglect quantization in y direction
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Numerical 2D Ballistic Modeling
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Numerical 2D Ballistic Modeling
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Current Saturation
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2D Ballistic MOSFET Currents / Charges
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𝑞𝑉𝐷

Contact in equlibrium
f=f0

𝑛𝑠
+ 0 =

1

𝐴


𝒌𝒙,𝒌𝒚>𝟎

𝑓0 𝐸𝐹



𝒌
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𝐽+ =
1

𝐴


𝑘𝑥,𝑘𝑦>0

𝑞𝑣𝑥𝑓0 𝐸𝐹

𝑛𝑠
− 0 =

1

𝐴


𝒌𝒙,𝒌𝒚<𝟎

𝑓0 𝐸𝐹 − 𝑞𝑉𝐷

𝐽− =
1

𝐴


𝑘𝑥,𝑘𝑦<0

𝑞𝑣𝑥𝑓0 𝐸𝐹 − 𝑞𝑉𝐷

top of the barrier



2D Ballistic MOSFET Currents / Charges
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E

kx

EF

EF-qVD

e1(0)

EF

e1
𝑞𝑉𝐷

Contact in equlibrium
f=f0

𝑛𝑠
+ 0 =

𝑁2𝐷
2

𝐹0 𝜂𝐹

𝐽+ =
𝑞𝑁2𝐷
2

𝑣𝑇 𝐹1/2 𝜂𝐹1

𝑛𝑠
− 0 =

𝑁2𝐷
2

𝐹0 𝜂𝐹 − 𝑞𝑉𝐷

𝐽+ = 𝑞𝑛𝑠
+𝑣+

𝑣+ = 𝑣𝑇
𝐹1/2 𝜂𝐹

𝐹0 𝜂𝐹
; 𝑣𝑇 =

2𝑘𝑇

𝜋𝑚∗

𝐽− =
𝑞𝑁2𝐷
2

𝑣𝑇 𝐹1/2 𝜂𝐹1 − 𝑈𝐷

𝑣− = 𝑣𝑇
𝐹1/2 𝜂𝐹 − 𝑈𝐷

𝐹0 𝜂𝐹 − 𝑈𝐷

𝜂𝐹 = (𝐸𝐹−𝜀1)/𝑘𝑇

𝑈𝐷 =
𝑞𝑉𝐷
𝑘𝑇



I+: T=300K
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Quantum Capacitance / Bias self consistency
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VG

yS : EF-e1

Cox

Cs(ys)

Surface potential

Semiconductor

Gate oxide

𝑉𝐺
′ = 𝜓𝑠 + 𝑄/𝐶𝑜𝑥

𝑉𝐺
′ = −

𝜀1 0

𝑞
+
𝑞𝑛𝑠 𝜀1
𝐶𝑜𝑥

𝑛𝑠 =
𝑁2𝐷
2

𝐹0 𝜂𝐹 + 𝐹0 𝜂𝐹 − 𝑈𝐷

𝛿𝜀1 = −
𝑞𝛿𝑉𝐺

1 +
𝐶𝑆
𝐶𝑜𝑥

MOS-limit: Cox << CS: ns constant
Bipolar limit: Cox∞ de1=-qdVG

𝐽+ =
𝑞𝑁2𝐷
2

𝑣𝑇 𝐹1/2 𝜂𝐹

𝐽− =
𝑞𝑁2𝐷
2

𝑣𝑇 𝐹1/2 𝜂𝐹 − 𝑈𝐷

Solve for hF

Calculate I+-I-

𝐶𝑜𝑥 → 𝐶𝑜𝑥||𝐶𝐶

If we also include the 
charge centriod
capacitance:



Modeled 2D I-V
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Degenerate expressions with Quantum Capacitance
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𝐼+ ≈
𝑞𝑊2 2𝑚∗

3𝜋2ℏ2
𝑞𝐶𝑜𝑥

𝐶𝑜𝑥 + 𝐶𝑠

3
2

𝑉𝐺𝑆 − 𝑉𝑇
3
2

𝑉𝑑𝑠,𝑠𝑎𝑡 ≈
𝑉𝐺𝑆 − 𝑉𝑇

1 +
𝐶𝑞
2𝐶𝑜𝑥

𝐺𝐶𝐻 =
𝑞2𝑊 2𝑚∗

𝜋2ℏ2
𝑞

𝐶𝑜𝑥
𝐶𝑜𝑥 + 𝐶𝑞

(𝑉𝐺−𝑉𝑇)

𝐶𝑠 =
𝐶𝑞
2
=

𝑚∗

2𝜋ℏ2

Minimum on-resistance: Ron =
1

𝐺𝐶𝐻



Ron - resistance
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Exact

Degenerate

A ballistic FET/conductor has a 
minimum on-resistance!

This is important when trying to
extract Rc from measured data.
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Density of states bottle neck
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tox=3 nm

tox=2 nm

𝑚𝑜𝑝𝑡
∗ =

4𝐶𝑜𝑥𝜋ℏ
2

𝑞2

𝐶𝑞
4
= 𝐶𝑜𝑥

Optimal mass when:

Scattering is proportional to DOS
Low m*  less scattering

er=20
𝐼+ ∝ 𝑚∗

1

1 +
𝑚∗

2𝜋ℏ2𝐶𝑜𝑥

3
2



MOS statistics – MOS Limit
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EF

e1
𝑞𝑉𝐷

Contact in equlibrium
f=f0

𝑛𝑠 = 𝑛𝑠
+ 𝐸𝐹 + 𝑛𝑠

− 𝐸𝐹 , 𝑉𝐷 = 𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝑉𝑇)/𝑞

𝐶𝑜𝑥 ≪ 𝐶𝑆, 𝐶𝑞

Charge at the top of the barrier is constant, 
independent of VD

This is correct if Cox << Cs and above VT

EF-e1 needs to increase as VD increases

1) No 2D effects
2) Large DOS, thick Cox

Allows us easily to solve for hF

And to relate ns to VGS



2D Electrostatics – ballistic FETs
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𝑉𝐺
′ = −

𝜀1 0

𝑞
+
𝑞𝑛𝑠 𝜀1(0)

𝐶𝑜𝑥

Vg

CG

CDCS

VS VD

𝜓𝑆
𝜀1(0) = 𝑈𝐿 + 𝑈𝑃

𝑈𝐿 = 𝛼𝐺𝑉𝐺 + 𝛼𝐷𝑉𝐷 + 𝛼𝑆𝑉𝑆 Laplace Eq.

𝑈𝑃 =
𝑞2

𝐶Σ
𝑛𝑠 𝜀1(0) = 𝑈𝐶𝑛𝑠 Mobile Charge/Possion Eq.

aG : subthreshold slope, gm

aD: DIBL/gd

EF: correct off-current

1D



Quantum / Semiclassical
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𝐼+ =
2𝑞

ℎ
න

0

∞

𝑀 𝐸 𝑇 𝐸 𝑓0(𝐸, 𝐸𝐹)𝑑𝐸
Semi-classical: We assume T(E) step function

Quantum: T(E)<1 above E(0) due to reflections
T(E)>0 below E(0) due to tunneling

Quantum effects are small for Lg=10 nm (Si) devices!

Quantum

Semi classical


