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We present electron transmission studies on a pseudopeptide fragment (P) linking two (10,0) semi-infinite carbon nanotubes
(CNTs). Calculations are performed using the non-equilibrium Green function formalism (NEGF) implemented within the
tight-binding molecular dynamics density functional theory code FIREBALL. Results are compared with the transmission for
an ideal (10,0) infinite CNT and a hydrogen passivated CNT-pseudopeptide-CNT (CNT-P-CNT) structure. The
transmission spectrum indicates that the pseudopeptide fragment acts as a good bridge for hole transfer and strongly

suppresses electron transfer.
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1. Introduction

There is currently intense interest in chemical and bio-
assembled nanosystems bringing together disparate
materials such as metals, semiconductor nanocrystals,
DNA, peptide nucleic acid (PNA), proteins, peptides and
CNTs [1-3]. These systems tend to be large compared to
the benzene dithiol (BDT) family of molecules studied
heavily for molecular electronics [4—9]. There has been
progress in moving beyond BDT for conduction studies
and device modeling. However, to the best of our
knowledge rotaxanes [10] and the metal-semiconducting
carbon nanotube interface [11,12] are the largest systems
to have been investigated for their conduction properties
using ab initio models. We are interested in the electron
transport through CNTs connected via short DNA and
PNA oligomers and peptide linkers using density
functional theory in conjunction with the non-equilibrium
Green function (NEGF) formalism [4,7,13—20]. For the
reason of system size, we have chosen to implement the
NEGF algorithm within the tight binding ab initio DFT
code FIREBALL [21,22], which has the demonstrated
ability to model large bio-molecules [23]. We present an
application of the NEGF code in FIREBALL to calculate
the transmission spectrum through a CNT-pseudopeptide-
CNT (CNT-P-CNT) hybrid structure shown in figure 1,
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which consists of a pseudopeptide fragment sandwiched
between two (10,0) three unit cell zig-zag CNTs. This
structure closely resembles the pseudopeptide backbone
of PNA which is of interest for bio-assembly [24,25].

2. Method of calculation

The CNT-P-CNT structure shown in figure 1 is
optimized using the MMX forcefield method built-in the
PCMODEL software [26]. A section of the optimized
structure is shown in figure 2, with the bond-lengths, bond
angles and dihedral angles. The two benzene rings
represent the portion of the two CNTs to which the
pseudopeptide is attached. The optimized structure is then
ported to FIREBALL where the BLYP exchange-
correlation functional [27,28] is used to perform a
single-point self-consistent calculation using a generaliz-
ation of the Foulkes [29,30] energy functional referred to
as DOGS after the authors of the original paper [31,32].
After the FIREBALL DFT calculation finishes, the
device Hamiltonian, the overlap matrix and the device-to-
contact coupling matrices are extracted. The spatial extent
of the non-zero matrix elements (the sparsity of the
matrices) is determined by the pseudopotential cutoff
limits and the FIREBALL orbital radii. The matrices are
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Figure 1. Schematic of the CNT—P—CNT structure used in this study.

ported to the NEGF algorithm as a post-processor to the
FIREBALL code.

One improvement that we have made over other
implementations of NEGF with ab initio codes [4,7,13—
20], is that we pre-calculate the surface self-energies for a
given material, store them and access them as a look-up
table during the NEGF calculation. This speeds up the
NEGEF calculation by over an order of magnitude.

In the initial DFT calculations of the CNT-P—-CNT
structure using FIREBALL, the CNTs on either end
consist of 3 unit cells. For the NEGF calculation, the
outside unit cell of each CNT is thrown away, and the self-
energy matrices ¢ and X" are added onto the new outside
unit cell of the truncated CNTs as indicated in figure 3.
These self-energies turn the finite CNTs into surfaces of
semi-infinite CNTs. This same approach was used in
calculating the transmission coefficients of the infinite
(10,0) CNT shown in figure 4 to verify that truncation of
one unit cell was sufficient to suppress spurious infinite
size effects on the matrix elements extracted from
FIREBALL. The FIREBALL orbitals of the atoms lying
between the two dotted lines in figure 3 constitute the
device and determine the size of the matrix [E—Hp—2¢—
3] which is the starting point of the NEGF calculations.
The device matrix size is 678 which represents the total
number of orbitals present.

We will describe the theory for calculating the surface
self-energies and transmission of an ideal (10,0) CNT
since these CNTs act as the contacts for the system that we
study below. The matrix elements extend four atomic
layers which constitute exactly one unit cell of the (10,0)
CNT. We label the unit cells such that cells { — o0,...,0} lie
in the left contact, cells {1,...,N} lie in the “device,” and
cells {[N + 1),...00} lie in the right contact. The matrix

e
147 4 ' H
N b Co1085 ¢
7.s. C/\ f\z:/ NN
YT 147 1084 1204
126 | 21
o

Figure 2. Geometrical parameters for a section of the CNT-P-CNT
structure. The benzene rings represent the portion of the two CNTs to
which the pseudopeptide is attached. The bond-lengths are
represented in angstroms (°A) and the angles in degrees. Taking
advantage of the symmetrical structure, the bond lengths are shown
on left hand side of the dotted vertical line while the angles
are shown on the right hand side to avoid crowding. Dihedral
angles:  Cent — CearBonyL — N — Cyernyiene = 145.0° and
CcaronyL — N = CyieriyLene — CuvernyLene = 62.0°%.

elements of the Hamiltonian group into intra-cell
subblocks D;;; and inter-cell subblocks #;.;+;. We define
effective off-diagonal matrix elements 7 as 7;; = t;; —
(E +im)S;; where S;; is the overlap matrix element
between non-orthogonal orbitals i and j, E is the energy,
and 7 is a convergence factor that is non-zero only in the
contacts. For calculations presented below, 1 = 10 meV.

The calculation of the self-energy representing the
semi-infinite CNT, begins with the calculation of
the surface Green function. The surface Green function
of the semi-infinite lead on the left g, is calculated from
the self-consistent expression:

-1
800 = [(E + imSoo — Dop — tO,flg(r),()tfl,O] (D

The convergence of this self-consistent calculation
depends on the energy E. When the energy lies within a
band-gap of the lead material, equation (1) converges
quickly within five iterations. When the energy E lies in a
band, convergence can be quite slow, taking up to 500
iterations with 7 = 10 meV and a convergence criteria of a
0.0001% diference change of the sum of the magnitude of
all of the elements of g; ,. We update by taking the average
of the old and new value of 800- The non-zero blocks
of the self-energy matrices are calculated using

Figure 3. Relaxed CNT—-P—CNT structure.
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Figure 4. Transmission of a (10,0) CNT calculated with the matrix
elements extracted from FIREBALL.

R _ = = R - -
31 =Togholo and 2y y =Ty n+188 1y ypiIv+in.  The
energy-dependent matrices E’f‘l and E,If,AN are then stored

for an array of energies for look-up during the
transmission calculation. We will later refer to these

self-energies as ¢ and X/, respectively, indicating the left
and right surface self-energies.

At each energy, the retarded Green function is
calculated from

GRE)=[E—Hp -3/ — 37" )

where the matrix Hp, is constructed from orbitals lying on
atoms that lie in the “device,” i.e. unit cells {1,..., N} for
the ideal CNT in the numbering scheme described above
or the atoms lying between the dotted lines in figure 3. The
transmission coeffcient is calculated from one of two
equivalent expressions [33]

7(B) = {7, G\ Th G | 3)

or
7B =u{T} (A, - Gi 6]} @
where 'Y =i(3/ = 3%, Ty, =i3" =37, Ay =

i(GR, — G} ) and G* = [G"]". Expression (3) is the more
commonly known expression for transmission and

10~
-7 65 -6 -55 -5 -45 -4 -35 -3

Energy (eV)

Figure 5. Transmission of CNT—-P-CNT structure compared with
(10,0) CNT.

corresponds to what has become known as the Fisher-Lee
[34] form of the transmission coefficient although the
expression was written down 10 years earlier by Caroli et al.
[35]. Equation (4) is more numerically efficient since it only
requires the calculation of the upper corner block of G *.

One of the best verifications of the self-energy matrices
is to calculate the transmission through an ideal periodic
structure of the same material, in this case the (10,0) CNT.
The transmission should turn on in integer steps at the
valence band maximums and conduction band minimums.
The integer turn-ons of the transmission shown in figure 4
match the band maxima and minima of the E-k band
diagram calculated by FIREBALL as they should. The
transmission is calculated using the look-up table of self-
energies. For energies that do not lie on the stored array,
the self-energies are linearly interpolated from the nearest
two stored self-energies. Thus, figure 4 also verifies the
correctness of our new self-energy look-up approach.

To understand the spatial extent of states at a given
energy, we calculate and plot the covariant spectral
function [36]

A(E) = —21Im [tr{(SG®(E)S)] S

where the trace is over the basis states associated with
atom 1.

Figure 6. Relaxed CNT—P—CNT structure passivated with hydrogen atoms at the CNT-pseudopeptide interface.
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Figure 7. Transmission of passivated CNT—P—CNT compared with
(10,0) CNT.

3. Results and discussion

Figure 5 shows a plot of the CNT—P—CNT transmission
(solid line) overlaid on a plot of the bare CNT
transmission (dashed line). The band-gap of the bare
CNT begins at —6.5eV and ends close to —5.5eV. The
peak transmission, seen at the edge of the valence band at
approximately —6.56eV (point A), indicates good hole
transfer through CNT—P—-CNT interface. Electron trans-
mission from the conduction bands of the CNTs is
strongly suppressed. The transmission resonances present
within the CNT band-gap are attributed to the open
orbitals present along the last layer of carbon atoms at the
peptide CNT interface and to the states of the peptide.
Approximately 1-2 min of wall clock time were required
to calculate transmission at each energy on a stand-alone
3 GHz P4.

To reduce the transmission found within the bare CNT
band-gap, the CNT—P—CNT structure is passivated with
hydrogen atoms on each CNT as shown in figure 6. The
device matrix size increases to 696 orbitals. The
transmission plot shown in figure 7 still exhibits good
hole transmission at the valence band edge and the
strongest transmission peak at point B of figure 5 in the
band-gap is gone. Electron transfer in the conduction band
is still strongly suppressed.

A surface contour plot of the spectral function at point
A of figure 7 is shown in figure 8. Even though this energy
occurs within the valence band of the CNT, the
wavefunction is strongly peaked on the O and N atoms
of the pseudopeptide. The electron cloud of the CNT
valence band can also be seen around the CNT leads.

A surface contour plot of the spectral function at point B
of figure 6 is shown in figure 9. The state is confined to
the pseudopeptide and exposed surface of the CNTs.
There is no electron cloud further back in the CNT leads
since this energy lies within the bandgap of the CNTs.

The transmission within the energies of the CNT band-
gap is the result of resonant tunneling from the CNT end
through the interface/peptide states out to the other CNT
end. The imaginary potential, 7 = 10meV, used when
calculating the surface self-energies gives rise to a finite
density of states in the bandgap of the CNT contacts and
thus a finite I" in equation (3) for energies within the CNT
bandgap. This gives rise to the non-zero transmission in
the bandgap. To diminish the remaining transmission
resonances, the length of the CNTs should be greater. The
transmission in the bandgap is exponentially dependent
on the OCNT length within the “device,” i.e.
T(E) ~ e 2<Lent | where k represents the evanescent
wavevector in the band-gap of the CNTs. As the CNT
lengths are increased within the “device” region, the
resonant tunneling current observed in the bandgap will
be exponentially suppressed.

4. Summary

A NEGF/DFT approach which uses look-up of precalcu-
lated surface self-energies is demonstrated. The look-up
approach speeds up the NEGF calculation by over an order
of magnitude. The approach is verified by calculating
the transmission of an ideal, infinite (10,0) CNT.
The approach is applied to the calculation of the
transmission through a CNT-pseudopeptide-CNT struc-
ture. The results indicate that the peptide linker acts as a
good bridge for hole transmission in the CNT valence

Figure 8. Point A: Contour surface plot of the spectral function at —6.53 eV near the valence band edge.
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Figure 9. Point B: Contour surface plot of the spectral function at —5.87 eV inside the CNT bandgap.

band and strongly suppresses electron transmission in the
CNT conduction band.
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