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Abstract

A deeper understanding of quantum effects in nano-electronic devices helps to improve the functionality and to develop new
device types. The performance of carbon nanotube (CNT) field-effect transistor is studied using the non-equilibrium Green’s function
(NEGF) formalism. The effects of elastic and inelastic scattering and the impact of parameters, such as electron—phonon coupling
strength and phonon energy, on the device performance are analyzed.
© 2007 IMACS. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Tremendous advances have been achieved in microelectronics technology during the past decades. With continuing
efforts to improve speed and functionality of integrated circuits and to achieve higher integration densities, device
dimensions are decreased and eventually reach the scale of the electron wavelength. With the aid of numerical analysis
one can gain a deeper insight into device operation and investigate methods to improve the device performance.

A carbon nanotube (CNT) can be viewed as a rolled-up sheet of graphene with a diameter of a few nano-meters.
The way the graphene sheet is wrapped is represented by a pair of indices (n, m) called the chiral vector. The integers
n and m denote the number of basis vectors along two directions in the honeycomb crystal lattice of graphene.
The CNT is called zigzag, if m = 0, armchair, if n = m, and chiral otherwise. CNTs with n — m = 3 are metals,
otherwise they are semiconductors [22]. Semiconducting CNTs can be used as channels for transistors [18] which
have been studied in recent years as potential alternatives to CMOS devices because of their capability of ballistic
transport.

Depending on the work function difference between the metal contact and the CNT, carriers at the metal-CNT
interface encounter different barrier heights (see Fig. 1). Fabrication of devices with positive (Schottky type) [1] and
zero (Ohmic) [11] barrier heights for holes have been reported. In this work we consider devices with zero barrier
heights for electrons.
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Fig. 1. Sketch of the CNTFET investigated. The insulating layer is HfO, with €, = 15 and a thickness of 2nm. Lgs = Lgp = 4nm and LcnT =
50 nm.

The non-equilibrium Green’s function (NEGF) method has been successfully utilized to investigate the char-
acteristics of nano-scale silicon transistors [24], carbon nanotube based transistors [23], and molecular devices
[25,27]. In this work we employ the NEGF formalism to study quantum transport in CNT based transistors in more
detail.

2. Governing equations

The NEGF technique initiated by Schwinger and Kadanoff and Baym allows one to study the time evolution of a
many-particle quantum system. Knowing the single-particle Green’s functions of a given system, one may evaluate
single-particle quantities like carrier density or current. The many-particle information about the system is cast into
self-energies, which are part of the equations of motion for the Green’s functions. Perturbation expansion of the
Green’s functions is the key to approximate the self-energies. Green’s functions provide a powerful technique to
evaluate the properties of a many-body system both in thermodynamic equilibrium and non-equilibrium situations. A
non-equilibrium condition can occur due to for example an applied electric field, a light excitation pulse, or coupling
to contacts at different (electro) chemical potentials.

2.1. The non-equilibrium green’s function

Four types of Green’s functions are defined: the retarded and advanced Green’s functions, G"?, deal with the
dynamics of carriers and lesser and greater Green’s functions, G=, with the statistics. The transport equations are
solved on the surface of the CNT. Due to quantum confinement along the tube circumference, wavefunction of carriers
are bound around the CNT and can propagate along the tube axis. We considered an azimuthal symmetric structure,
in which the gate fully surrounds the CNT. Under the assumption that the potential profile does not vary sharply along
the CNT, sub-bands are decoupled [26]. As a result, transport equations need to be solved only along the CNT axis
which is assumed to be the z direction in cylindrical coordinates. In this work we assume bias conditions for which
the first sub-band contributes mostly to the total current. In the mode-space approach the transport equation for each
sub-band can be written as [23,3]

G"z.7 E) = [EI — H(z. 7 E) — "z, 7, E)] (1)
G>(z,7,E) = G'(z, 7 E)X5(z, 7, E)G(z, 71 E), (2)

where the self-energy X describes the renormalization of the Green’s function due to the interaction with the surrounding
many-particle system, H is the single-particle Hamiltonian. The general form of the single-particle Hamiltonian is given
by
h2
H(z)=——V,+U(2), 3)
2m

where H contains the kinetic energy and the potential energy U which includes the effects of the band structure and
the Hartree potential which is in fact the solution of the Poisson equation.
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2.2. Boundary conditions and contact self-energies

In order to solve the system of equations discussed above in a finite system, boundary conditions have to be specified.
The boundary conditions of (1) have to model the contacts, which act as a source or drain for electrons. Due to the
transitions between the device and the lead, this type of boundary condition can be demonstrated by adding contact
self-energies to the total self-energy [24,16,3]. The self-energies due to contacts are only non-zero at the boundaries

(3]

SUE) = g, @
IS(E) = =2i3m[XZL]  f(E) &)
YZ(E) = +2id9m[Zy] (1 — fo(E)), (6)

where 7 is the coupling matrix between the device and the contact, f.(E) is the Fermi-Dirac distribution function at
the contact ¢, and g, is the surface Green’s function. The calculation of the surface Green’s function is described in
Refs. [3,8,23].

2.3. Scattering self-energies

Using a perturbation expansion one can define the self-energy X as an irreducible part of the Green’s function. An
exact evaluation of the self-energy is possible only for some rather pathological models. For real systems one has to rely
on approximation schemes. In this work, the lowest-order self-energy for electron—phonon interaction within the self-
consistent Born approximation has been applied [3]. The self-energy due to electron—phonon interaction comprises
the contributions of elastic and inelastic scattering mechanisms, Xe ph = Xe| + Xijnel. The interaction of electrons
with optical phonons is inelastic. Assuming that the interaction occurs locally [15], X(z, z'; E) = 0 for z # 7/, the
self-energies can be written as

Trel(E) =Y Dinel.j [(13(h0)) + DG~ (E + ho)) + np(he)G=(E — hw))| , (7)
J

> (E) = ZDineu [(np(hw)) + DG™ (E — hw)) + npho))G” (E + hw))] (8)
J
where hiw; denotes the phonon energy of branch j, n(hw;) the average phonon occupation number, and D; the

electron—phonon coupling strength. Assuming that the bath of phonons is maintained in thermodynamic equilibrium,
n(hwj) is given by

1
hw;i) = . 9
M) = oa ke T) — 1 ©)
The electron—phonon interaction strength for a (n, 0) zigzag CNT is given by
h|M;I?
Dinel,j = ) > (10)
nmew;

where m is the mass of a carbon atom, and M ; are the matrix elements of the electron—phonon interaction Hamiltonian
[20] which depend on the chirality and the diameter of the CNT [17]. Interaction with acoustic phonons can be regarded
as elastic scattering, E +hw; ~ E. Based on this approximation, the self-energies for acoustic phonon interaction
simplify to

S5(E) = DyG=(E), (1)

(12)
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where v; is the velocity of the acoustic phonon. The retarded self-energy is given by

LE Fel—ph(E/)

—_— 13
2r E—FE' (13)

i
Zapn(E) = _EFel—ph(E) + P

where ¢ ph = i(Z’;_ph — 2§_ph) defines the broadening and P [ represents the principal part of the integration.

The imaginary part of the retarded self-energy broadens the density of states, whereas the real part shifts it in
energy.

2.4. Poisson equation

The electron—electron interaction self-energy of lowest order corresponds to the Hartree potential, which is the
solution of the Poisson equation

¥V 19V PV

st ot 5 :_g' (14)
op p 0p 0z €

For accurate analysis it is essential to solve the coupled system of transport and Poisson equations self-consistently
[12,27]. Since an azimuthal symmetric structure is considered, the Poisson Eq. (14) is restricted to two-dimensions.
V(p, z) is the electrostatic potential, and Q is the space charge density. The boundary conditions for V are given by
[12]

v _
Vip = pg) = GSq‘PC’, (15)
V(z=12zs5)= —ﬁ, (16)
q
V(z = 2p) = VDSq_d’D, (17)

where ¢g, ¢s, and ¢p represent the work functions of the gate, source, and drain contacts, respectively. Vgs and
Vep are the gate-source and drain-source voltages, respectively. The space charge density in (14) is given by
[12]

_q(p(z) — n(2))5(p — pcNT)
N 2mp ’

Q(p, 2) (18)

where n and p are total electron and hole concentrations per unit length. In (18) §/p is the Dirac delta function
in cylindrical coordinates, implying that carrier density is approximated by a sheet charge distributed uniformly
over the circumference of the CNT [12]. The electron concentration is calculated from the lesser Green’s function
as

n(®) = —2i/G<(z, z;E)(;—f. (19)

The hole concentration is calculated in analogy with (19).

3. Numerical solution

In this section the discretization of the equations of both the spatial and energy domain is described. Then the
iterative method for solving the system of coupled non-linear equations is presented.
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3.1. Discretization of the spatial domain

An equidistant spatial grid is employed. In (1) an effective mass Hamiltonian is assumed. Discretization of the
effective mass Hamiltonian with finite differences gives the following matrix:

U +2t —t 0 O 0 0
—t Up+2t —t O 0 0
0 0 0 0
H= (20)
0 0 0o .- . 0
0 0 0 -t Up—1+2t —t
0 0 0 0 —t U, + 2t

Here U is the potential energy at some point j, t= 1% /2m*a® determines the coupling between neighboring sites, and a
is the grid spacing. The wavefunction of carriers with high kinetic energy have a rapidly oscillating behavior. The finite
difference approximation to the second derivative operator is accurate only if the wavefunction varies slowly enough
on a scale of a. By discretizing the effective mass Hamiltonian the analytical dispersion relation E(k)= h%k?/(2m*),
where k is the electron wavevector, follows a cosine function E(k) = 2¢(1 — cos(ak)). The two are equivalent only
if (ak) <« 1 so that cos(ka) ~ 1 — (ka)2 /2. Considering an effective mass of m* ~ 0.05 m, a grid spacing of about
a ~ 1 A satisfies the required condition. Discretized Egs. (1) and (2) are solved by using a recursive Green’s function
method [24].

3.2. Selection of the energy grid

The discretization of energy requires more care. The integral (19) has to be evaluated numerically. Therefore, the
energy grid should be selected so that the numerical error in evaluating (19) is below a desired limit. There is a wide
range of methods available for numerical integration [4]. Adaptive strategies divide the integration interval into sub-
intervals and, typically, employ a progressive formula in each sub-interval with some fixed upper limit on the number
of points. If the required accuracy is not achieved by the progressive formula, the sub-interval is bisected and a similar
procedure carried out on each half. This sub-division process is carried out recursively until the desired accuracy is
achieved. In adaptive quadrature algorithms the error estimate governs the decision on whether to accept the current
approximation and terminate or to continue. Therefore, both the efficiency and the reliability depend on the error
estimation algorithm. The decision to further subdivide a region may be based either on local or on global information.
Local information refers only to the region currently being processed, while global information refers to data of the
whole region. Integration programs based on global subdivision strategies proved to be more efficient and reliable. In
this work a global error estimator based on the null rules method has been employed [5]. Applying the adaptive method,
the self-consistent simulation converges relatively fast and the simulation time is considerably reduced. Details have
been presented in Ref. [21].

3.3. Iterative solution of the non-linear equation system

The Green’s functions depend on the electron—phonon self-energies and electrostatic potential. These quantities
again depend on the Green’s functions. The system of coupled equations can be solved by iteration. First the Green’s
functions and the electron—phonon self-energies are iterated. After convergence of the electron—phonon self energies,
which results in a self-consistent Born approximation [3], the Poisson equations is solved once. Based on the updated
electrostatic potential, the Green’s functions and the electron—phonon self-energies are iterated again, see Fig. 2. These
two iterations continue till a convergence criterion is satisfied. Then, total current through the device is calculated.

4. The effect of electron—phonon interaction parameters

In this section the effects of the parameter values for the electron—phonon coupling strength and the phonon energy
on the static response of CNTFETs are investigated. All simulations were performed for the structure shown in Fig. 1.
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Fig. 2. Block diagram of the iterative procedure employed to solve the coupled system of transport and Poisson equations. For the first step an initial
guess for the electron—phonon self-energy is required.

|

To compare the effect of different scattering mechanisms, we define the ballisticity as the ratio of the current in
the presence of electron—phonon interaction to the current in the ballistic case (Is¢/Ip)). Fig. 3 a shows the ballisticity
versus Dej inel. Elastic scattering conserves the energy of carriers as in the ballistic case, but the current decreases due
to elastic back-scattering of carriers. With inelastic scattering the energy of carriers is not conserved. Carriers which
acquire enough kinetic energy can emit phonons and scatter into lower energy states. Fig. 3 a shows that the variation of
ballisticity versus Djpe strongly depends on the phonon energy. For a better comparison Fig. 3 b shows the ballisticity
versus phonon energy. With the increase of phonon energy the ballisticity increases, since scattered carriers lose more
kinetic energy and the probability for back-scattering decreases [9]. As the phonon energy increases the occupation
number (9) decreases exponentially. Therefore, the self-energy decreases and the current is weakly affected even for
strong electron—phonon coupling.

All the above discussed results were calculated for a device with a CNT length of 50 nm. In case of ballistic transport
the current is independent of the device length, but in the presence of scattering it reduces as the device length increases.
Fig. 4 shows the ballisticity as a function of the CNT length in the presence of elastic and inelastic electron—phonon
interaction. An artificially large value for the electron—phonon coupling strength and a small value for the phonon
energy is chosen to simulate the diffusive limit. In this case, the current is expected to be inversely proportional to the
device length according to Ohm’s law.

electron—phonon interaction reduces the on-current, both, directly and indirectly [9,6]. The direct effect is due to
back-scattering of carriers, but scattering also redistributes the carrier concentration profile along the device. This
redistribution affects the band-edge profile so that it reduces the total current. To reduce the indirect effect one should
increase the gate—CNT coupling. The electrostatic potential on the surface of the CNT in the middle of the device
(neglecting the effect of the source and drain potentials) can be estimated by:

Vgs — ¢G> Cins
q

V(p = pcNr) = ( (21)

CIns + CQ '

10°Y
0N n ' a4 )
I NN w] T = D=1x10"eV’ 1
@ »—=« inel. hw =200 meV NN h = R 4 .
Sy L 5 Sl S s *--% D=5x10° eV
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. S )P »--» D=1x10" eV’
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Fig. 3. (a) Ballisticity versus the electron—phonon coupling strength (Deyine1). (b) Ballisticity versus phonon energy (%w,) for inelastic scattering.
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Fig. 4. Ballisticity versus CNT length. D = 10~! eV? for both elastic and inelastic scattering and iw = 25 meV for inelastic scattering. These
scattering parameters simulate the diffusive regime. In this case the ballisticity is inversely proportional to the device length.

where Cyys is the insulator capacitance and Cg is the quantum capacitance. The latter is given by Cq = 8¢%/ hvg ~
400 aF/pum, including the twofold band and spin degeneracy [2,13]. If thin high-« insulators are used, Crns > Cq,
the potential on the surface of the CNT becomes equal to the gate potential (perfect coupling). This regime is called
quantum capacitance limit in which the device is potential-controlled rather than charge-controlled [7]. Fig. 5 compares
the ballisticity for different insulators. The proportions of the direct and indirect effect of scattering on the on-current
are shown. For the given material and geometrical parameters a value of « > 20 suppresses the indirect effect of
scattering.

5. Electron—phonon interaction parameters in CNTs

In general the electron—phonon interaction parameters depend on the diameter and the chirality of the CNT. The
theoretical calculation of these parameters has been reported in Refs. [17,20]. The band gap of a semiconducting

1 T

T T T T
T, =2 nm

| Ins -
V, =05V Direct effect of scattering
| Vp =05V ]

0.96

Indirect effect of scattering

IScm i Ball

0.92

0.88 L 1 L 1 L 1 L
20 40 60 80

Fig. 5. The ratio of the drain current in the presence of scattering to that in the ballistic limit for different «. The fractions due to the direct and the
indirect effects of scattering on the on-current are shown. For a high- « insulator the indirect part decreases.
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Fig. 6. Comparison of the simulation results and experimental data [10] for the output characteristics of a p-channel CNTFET. The results for the
bias point Vg = —1.3V are compared with the ballistic limit.

CNT is inversely proportional to the diameter. A rough estimate is Eg = 0.8 eV /dcent nm. CNTs with a diameter
dent > 2 nm have aband gap Eg < 0.4 eV, which render them unsuitable as transistor channels. Since the fabrication
of devices with a diameter dent < 1 nm is very difficult, we limit our study to zigzag CNTs with diameters in the
range dent =1-2 nm.

For intra-valley processes, most of the phonons have g & 0 and are referred to as I"-point phonons. ['-point phonons
belong to the twisting acoustic (TW), the longitudinal the acoustic (LA), the radial breathing mode (RBM), the out-of-
phase out-of-plane optical branch (ZO), the transverse optical (TO), or the longitudinal optical (LO) phonon branch.
Phonons inducing inter-valley processes have a wavevector of |g| & gk, where gk corresponds to the wavevector of the
K-point of the Brillouin zone of graphene. K-point phonons, also referred to as zone boundary phonons, are a mixture
of fundamental polarizations [14].

Acoustic phonons scattering is treated as an elastic process. Inelastic scattering is induced by LO, RBM, and K-
point phonon modes. Considering the class of CNTs discussed above, the energies of the these phonon modes are
hwro ~ 200 meV, iwrgm ~ 30meV, and hwk, ~ 160 meV, andiwk, ~ 180 meV [19,14]. The corresponding cou-
pling coefficients are Dy o ~ 40 x 1073 eV?, Drpm ~ 1073 eV?2, and Dk, &~ 10~*eV?, and Dk, ~ 50 x 1073 eV?
[17,14].

As discussed in Section 4, high energy phonons, such as LO and K-point phonons, reduce the on-current only
weakly. Low energy phonons, such as the RBM phonon, can reduce the on-current more effectively. However,
due to weak coupling the RBM phonon has a negligible effect at room temperature. The electron—phonon cou-
pling is also weak for acoustic phonons (Dap < 1072 eV?), which implies that elastic back-scattering of carriers
is weak. Therefore, the on-current of short CNT based transistors can be close to the ballistic limit [10]. Fig. 6
shows excellent agreement between simulation results and experimental data [10]. The result for the bias point
Vg = —1.3 V is compared with the ballistic limit, which confirms the validity of nearly ballistic transport in short
CNTFETs.

6. Conclusions

Based on the NEGF formalism we investigated the effect of electron—phonon interaction on the performance of
CNTEFETs. For elastic scattering the electron—phonon coupling strength plays an important role. For inelastic scattering
not only the coupling strength, but also the phonon energy is an important factor. In CNTs relevant for FETs, either
the electron—phonon coupling is weak or the phonon energies are high. Therefore, the performance of short devices is
only weakly affected.
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