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Motivation

Application of CNTFETs for high-performance (GHz) analog or radio
frequency (RF) devices . . .

→ Manufacturing tolerances are relaxed;
→ Required performance metrics are more suited to CNT;
→ Transistors do not need to be fully turned off;
→ CNTFETs have a very high transconductance at a reasonably low

quantum capacitance compared to all emerging technologies.

For circuit design, nonlinear devices need to be accurately described
by means of compact models over a wide range of bias, frequency,
and temperature.

Existing compact models for CNTFETs predict an unphysical
CNTFET behavior at high bias.
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Compact Models

Simple, accurate and computational efficient!

Physics-based models

→ use parameters having a physical significance (flat-band voltage, doping
concentration, electron mean free path etc. ).

Empirical models

→ based on parameters being just the coefficients, exponents, etc., used
in the curve-fitting expressions (e.g. cubic spline function), and having
no physical significance.

Table models

→ include the values of the drain current for a large number of
combinations of bias voltages. The values are obtained by experiment
or simulations. The interpolation functions are used for calculation of
values at intermediate points.
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Physics-based Compact Model

Based on Landauer-Büttiker formalism:

I = IS − ID =
4q

h

∑
m

∞∫
Em(0)

T (E) [fFS (E)− fFD (E)] dE

Transmission probability of electron to propagate through a channel
of length L:

T (E) =
`(E)

`(E) + L

Electron back scattering by both acoustic and optical phonons.
Mathiessen law: effective m.f.p. `−1

eff (E) = `−1
ac (E) + `−1

op (E).

Ohmic-contact CNTFETs.

Quantum Capacitance Limit (QCL) ΨCNT = Ψcc ∼ Vg .

I. Bejenari 4 / 15



Physics-based Compact Models A and B

Model A [S. Fregonese et al., IEEE Trans. Electr. Dev. 56, 1184 (2009).]

IS(D) =
4qkB T

h

∑
m

{
Tac ln

[
1 + exp

(
q(ψcc − VS(D))− Em(0)

kB T

)]

+ (Thigh − Tac ) ln

[
1 + exp

(
q(ψcc − VS(D))− Em(0)− ~ωop

kB T

)]}
.

Effective m.f.p. is constant: `ac = λac/
√

1 + qEg/(αkB T ) and `op = λop .

Transmission probability Tac (Thigh) of electrons scattered by only
acoustic (acoustic and optical) phonons is constant.

Model B [J. Deng et al., IEEE Trans. Electr. Dev. 54, 3186 (2007).]

I sum
S(D) =

4q

h

√
3aπVπ

Lg

∑
m,l

T (Em(kl )− Em(0))

√
E 2

m(kl )− E 2
m(0)

Em(kl )
fFD (Em(kl ) + qVS(D) − qψcc ),

lac (E ,Vxs ) =
D0

D(E)

λac

[1− f0 (E − qψcc + qVxs )]
,

lop(E ,Vxs ) =
D0

D(E − ~ωop)

λop

[1− fFD (E − ~ωop − qψcc + qVxs )]
.
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Transfer characteristics of Ohmic-contact CNTFETs
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Electron scattering by optical phonons leads to a decrease in the slope
of current I .

Both models A and B give wrong results if electrons are scattered by
optical phonons, i.e., qVDS > ~ωop (~ωop ≈ 0.16 eV).

Wrong estimation of the electron drain current at high gate voltage
qVg ≥ qVDS + E1(0) (here E1(0) = 0.289 eV).
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The origin of error in model A

The onset of the current
saturation at the bias
qψcc,1 = qVDS + E1(0) .

The current saturation at
the bias greater than
qψcc,2 = qVDS + E1(0) + ~ωop + 3kB T 0
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ψcc,1ψcc,1 ψcc,2

1 2

Isat,1 ≈ (4q2/h)ThighVDS + (4q/h)[Tac − Thigh]~ωop ,

Isat,2 ≈ (4q2/h)ThighVDS

⇒ Isat,1 > Isat,2!

CM incorrectly takes into account the electron scattering by optical
phonons!
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Electron distribution. Monte Carlo simulations.
Distribution of electrons contributing  to the net current
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If Ec < EFD , the low energy electron states do not contribute to the
net current due to back scattered electrons by optical phonons.
If Ec ≈ EFD , the electrons cannot be injected from the drain into the
channel because the low energy states are occupied! It is not taken
into account in the existing CMs!
If Ec > EFD , both the electrons injected from the drain and back
scattered electrons compensate the electrons with low energy and
positive momentum (+~k) injected from the source into the channel.
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Electron distribution. Monte Carlo simulations.
Distribution of electrons with negative momentum
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Electron distribution. Monte Carlo simulations.
Distribution of electrons with negative momentum
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Electron distribution. Monte Carlo simulations.
Distribution of electrons with negative momentum
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New physical model of the electron back scattering

If E1(0) < qVg < E1(0) + ~ωop ,
electrons are elastically
scattered by only acoustic
phonons.

If qVg > E1(0) + ~ωop , electrons
can emit optical phonons
loosing their energy.

If E1(0) + EFD < qVg < E1(0) + VDS + q∆ , the low energy (-k) electron
states are occupied by the back scattered electrons. This prevents the
injection of electrons from the drain into the channel.

The onset of the current saturation is at the bias qVg = E1(0) + VDS + q∆
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Modified Model A

If electrons are scattered by only acoustic phonons at qVDS < ~ωop :

IS(D) =
4qkB T

h

∑
m

{
Tac ln

[
1 + exp

(
q(ψcc − VS(D))− Em(0)

kB T

)]}
.

If electrons are scattered by both acoustic and optical phonons:

IS =
4qkB T

h

∑
m

{
(Thigh − Tac ) ln

[
1 + exp

(
qψcc − Em(0)− ~ωop

kB T

)]
+ Tac ln

[
1 + exp

(
qψcc − Em(0)

kB T

)]}
,

ID =
4qkB T

h

∑
m

{
Thigh ln

[
1 + exp

(
q(ψcc − VDS −∆)− Em(0)

kB T

)]}
.

[I. Bejenari et al., IEEE Trans. Electr. Dev. 63, 1340 (2016).]
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Modified Model B

If electrons are scattered by only acoustic phonons: `→ `ac

I = 2
∑
m,l

[
T (Em(kl )− Em(0),VDS )Jm,l (0, ψcc ) −T (Em(kl )− Em(0), 0)Jm,l (VDS , ψcc )

]
,

If electrons are scattered by both acoustic and optical phonons at
qVDS > ~ωop :

I = 2
∑
m,l

[
T (Em(kl )− Em(0),VDS −∆)Jm,l (0, ψcc )

−T (Em(kl )− Em(0), 0)Jm,l (VDS + ∆, ψcc )
]
,

[I. Bejenari et al., IEEE Trans. Electr. Dev. 63, 1340 (2016).]
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Input parameters

λac (nm) λop(nm) ∆(V)
Model A 963 28 0.1VDS

Model B 450 30 0.75kB T/q
BTE solver 963 15 –

In the modified model A, parameter ∆ is proportional to the electron
potential energy.

In the modified model B, parameter ∆ is proportional to the thermal
energy of electrons.

In the BTE simulations, both the backward and forward electron
scattering is considered, i.e., m.f.p. λCM

op ∼ 2λBTE
op .
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Transfer characteristics
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Both modified models A and B give correct results!

The modified model A provides better agreement with the BTE
simulations than the modified model B.
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Comparison with Experimental Data

CNTFETs with heavily potassium-doped spacer and titanium contacts
[J. Appenzeller et.al., Phys. Rev. Lett. 92, 226802 (2004).]
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Effect of multiple electron subbands results in step-like transfer
characteristics due to a saturation of the current corresponding to
different electron subbands.
The modified model A provides better agreement with the
experimental data than the modified model B.
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Conclusion

The new physical model allows to overcome the limitations of
compact models suggested in the literature.

The accumulation of the back-scattered electrons at the bottom of
the conduction subband affects . . .

→ the injection of electrons into the CNT channel from the drain contact;
→ the electron transmission probability.

The modified compact models can be evaluated at high bias voltages
needed, especially for analog high-frequency circuit design.

The modified model A includes only analytical expressions free of
summation and integration, which is beneficial for circuit-level
modeling.

Next steps: Combination of Schottky barrier tunneling,
electron-phonon scattering and charge calculations.
Implementation of the new model in TCAM.
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