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Conductance of a conjugated molecule with carbon nanotube contacts
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The conductance of an experimentally measured metallic carbon nanotube (CNT)-molecule-CNT structure is
calculated. The features in the predicted transmission correspond directly to the features of the isolated mo-
lecular orbitals and surface states of the cut ends of the CNTs. The highest occupied molecular orbital (HOMO)
provides a weakly coupled conductive channel with transmission features that are qualitatively insensitive to
the chemical end groups of the cut CNTs, the cut angle, the CNT chirality, and the number of molecular
bridges. Quantitatively, however, these factors can modify the resonance width by an order of magnitude
giving rise to corresponding changes in the resistance. Furthermore, the cut ends of a zigzag CNT can have
surface states which hybridize with the molecular HOMO state giving a large transmission peak at the Fermi
level. To understand the molecular energy-level alignment with the CNT Fermi level, a quantum chemical
calculation of the ionization potential and electron affinity and a density-functional theory calculation of the
CNT image potential are performed. A twist on molecular conformation-change switching is also suggested.

DOI: 10.1103/PhysRevB.80.155455

I. INTRODUCTION

Individual molecules have been proposed as the ulti-
mately scaled electronic device in future electronics.'-® From
an electronic device point of view, carbon nanotube (CNT)
contacts to molecules have been shown to be superior to
metal contacts both theoretically’® and experimentally.’ Re-
centlyy, CNTs have been wused to contact single
molecules. 013

Prior studies examining model CNT-molecule-CNT struc-
tures find that molecular transport is influenced by the chiral-
ity of the CNT contacts.'#"'® Others report changes when
examining the passivation chemistry at the cut ends of the
CNTs (Ref. 17) and the spatial gap between CNT contacts.'®
In this paper, we describe our theoretical study of an experi-
mentally built CNT-molecule-CNT system described in
(Ref. 12).

Obtaining agreement between experimentally measured
currents and density-functional theory (DFT) transport calcu-
lations of metal-molecule-metal systems is difficult. DFT
calculations do not give quantitatively accurate highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) levels,'*2¢ and they do not include
the potential on the molecule resulting from the surface po-
larization of the metal (i.e., the image potential).'®?>?7 This
results in an incorrect alignment of the molecular levels with
the Fermi levels of the contacts.!*?-30 Several studies have
addressed these limitations by correcting the DFT energy of
the molecular states.”>? Neaton et al. performed a quasipar-
ticle GW correction to the DFT energies to take into account
the polarization effect of the gold substrate upon physisorb-
ing the molecule.?”> The study showed that the resulting en-
ergy shifts could be well approximated by considering sepa-
rate calculations of the molecular ionization potential (IP),
the electron affinity (EA), and the image potential and then
treating these values as corrections or ‘self-energies’ to shift
the DFT levels. This correction scheme was applied to the
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calculation of the conductance of benzene connected to gold
through an amine linker, and it was shown to lower the tra-
ditionally too-large conductance value obtained from DFT to
a value that agreed well with the experimental data.'® For the
CNT-molecule-CNT system, we proceed in the same fashion
to understand the energy-level alignment between the mo-
lecular orbitals and the Fermi levels of the CNT leads.

Agreement between theory and experiment is further
complicated by the fact that the exact structure tested is not
known. Unknowns are the chirality of the CNT, the angle of
the cut ends that connect to the molecule, the passivation
chemistry of the cut ends, the number of molecules connect-
ing the CNTs, and the angle/site at which they connect.
Therefore, to compare theoretical calculations with experi-
mental measurements, one must simulate a number of prob-
able structures to understand how different variations of the
structure affect the conductance.

II. METHOD

Four different types of calculations are performed. (1) The
entire CNT-molecule-CNT structure is relaxed using the
DFT, tight-binding, molecular-dynamics code FIREBALL.3!~33
(2) Once the structure is relaxed, the Hamiltonian and over-
lap matrix elements are taken from FIREBALL and used in a
nonequilibrium Green’s-function (NEGF) algorithm to calcu-
late transmission.3® (3) The image potential is calculated by
placing a positive charge between the two CNTs and per-
forming a self-consistent FIREBALL/NEGF calculation of the
charge on the CNTs using a recursive Green’s-function algo-
rithm (RGF). (4) The molecular IP and EA are evaluated by
computing the gas-phase energies of the neutral, cation, and
anion molecule. Both vertical and adiabatic ionization poten-
tials are determined. Below, these different calculations are
described in detail.
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A. Structure relaxation
1. FIREBALL

Structure relaxation is performed with the DFT code FIRE-
BALL. Separable, nonlocal Troullier-Martins pseudopoten-
tials and the BLYP exchange-correlation functional are
used.?’* The foundation of the FIREBALL method is a self-
consistent generalization of the Harris-Foulkes energy
functional*** known as DOGS, labeled after the initials of
original authors.>3333 In the self-consistent evaluation of the
total energy, the charge density is based on the sum of con-
fined atomiclike densities p(r)=3,n,]¢;,(r—R,)|> where n; is
the occupation of localized orbital ¢; centered at R;.3> These
orbitals are slightly excited due to hard wall boundary con-
ditions imposed at certain radial cutoffs r. for each atomic
species. The cutoffs are determined by an excitation energy
of approximately 2.0 eV thereby preserving the chemical
bonding trends. In this study, we use the following s-orbital
and p, , -orbital cutoff values: rl5=4.10 A for hydrogen;
r$=44 A and r’=4.8 A for carbon; r*=4.0 A and r¥
=4.4 A for nitrogen; r>*=3.7 A and r’=4.1 A for oxygen.
All two and three center integrals are tabulated as functions
of interatomic distances in advance and placed on interpola-
tion grids. Molecular dynamics simulations are performed by
looking up the integrals from the interpolation grids. Struc-
tures are relaxed until all Cartesian forces on the atoms are
<0.05 eV A~'. A Fermi smearing temperature of 50 K and a
self-consistent convergence factor of 10~> are used. The one-
dimensional Brillouin zone is sampled with 32 k points dur-
ing optimization.

2. Structure

The CNT leads of the CNT-molecule-CNT system are
metallic and approximately 1 nm in diameter. Both (7,7) and
(12,0) CNTs are used. The CNT leads are attached to the
m-cruciform molecule labeled as molecule 1 of Ref. 12. The
molecule is covalently bonded to the CNTs via amide link-
ers. At the dodecyloxybenzene cross-arm ring ends, we at-
tach a truncated C,Hs alkane chain instead of the C;,H,s
used in the experiment. Since the alkane chain has a wide
HOMO-LUMO gap, this substitution should not affect the
electronic states of the planar, conjugated molecule near the
Fermi level. An example is shown in Fig. 1(a) using arm-
chair (7,7) CNT contacts.

To construct this structure, we first construct the isolated
planar molecule with amide groups attached at both ends.
The amides are terminated by hydrogen. This isolated mol-
ecule is relaxed in gas-phase using FIREBALL.

To create the CNT leads, we begin with one DFT opti-
mized CNT block layer composed of 4 atomic layers. We
copy and repeat the CNT block layer in the axial direction. A
length of the middle section of the CNT that most closely
corresponds to the length of the molecule is removed. We
assume that after the etching step, the CNT contacts are fixed
in their position and the molecular window is governed by
the one-dimensional atomic-layer spacing of the CNTs.!0-12
We find that 18 atomic layers (22.4 A) of an armchair or
zigzag CNT is comparable in length to the relaxed molecule
plus amide groups. The cut ends of the CNTs are passivated
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FIG. 1. (Color online) (a) Relaxed CNT-molecule-CNT struc-
ture with armchair (7,7) CNT contacts. (b) Close-up of CNT-amide
bond relaxed configuration. (¢) Calculated transmission of the arm-
chair CNT-molecule-CNT structure.

with either hydrogen atoms or carboxyl groups.

Eight CNT block layers (32 atomic layers) for each con-
tact are long enough to damp out charge oscillations at the
outside end layers that result from the C-H charge dipoles at
the cut interfaces.>® The CNT contacts are at least ten block
layers (4 nm) in length from the molecule interface to each
supercell edge. The relaxed molecule plus linkers is attached
to the cut CNT ends. The entire supercell is relaxed using
periodic boundary conditions. The Hamiltonian matrix ele-
ments of this structure are used for calculating the equilib-
rium transmission and conductance as described further in
Sec. II B.

B. Transmission and conductance

The Hamiltonian matrix elements of the relaxed structure
are used in the NEGF algorithm to calculate the surface self-
energies, Green’s function of the device, and the resulting
transmission. The surface self-energies for the left and right
open boundaries, 3¢ and 37, are calculated using the matrix
elements of the end layers of the relaxed supercell. These
matrix elements are used in a decimation algorithm as de-
scribed in.3¢4>43 The retarded Green’s function is calculated
from GR(E)=[ES,-H,-%‘~3"T"" where E is the energy,
Sp is the overlap matrix of the device, and Hj, is the Hamil-
tonian matrix of the device. The “device” is defined as the
finite region between the two open boundaries. Bold font is
used to indicate that a quantity is a matrix.

The transmission spectrum, 7(E), is calculated from the
standard Green’s-function expression,

T(E) = el ,GF Ty n(GF )T, (1)

where indices 1 and N in Eq. (1) indicate the first and last
block layers of the left and right CNT leads, respectively,
Fl’lzi(Ef—E“)l‘l, and FN‘NZi(Er—ErT)N’N. Note that 2€
and X" are, by construction, nonzero only in blocks 1,1 and
N, N, respectively.

The current is obtained from
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where f(E) is the Fermi function, and w; and uy are the

electrochemical potentials of the left and right contacts, re-

spectively. The zero-bias conductance is calculated from the

derivative of the current with respect to the voltage,
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where Ef is the Fermi energy. The temperature is 300 K for
all of the current and conductance calculations presented in
this paper. Further details of our approach can be found in
Ref. 36.

C. Calculation of the image potential
1. Image potential

When an electron or hole transfers from the CNT leads to
the molecule, it will reside on the molecule for a period of
time corresponding to the resonant state lifetime, 7. During
this time, the electron or hole will induce an image charge in
the CNTs and a polarization charge in the SiO, substrate.
This induced charge results in an image potential which
modifies the energy of the resonant state.

For the calculation of the image potential resulting from
the induced charge on the CNTs, we extend the left and right
CNT contact leads of the relaxed supercell by copying and
repeating both left and right outside CNT block layers. We
lengthen both CNT contact ends to 10 nm giving a total
length of approximately 22 nm for the entire structure. This
ensures that the electric field from the point charge is well
screened at the left and right boundaries. We remove the
molecule and terminate the connection points on the CNTs
with H. Then we add a point charge at the position 7, corre-
sponding to the center of the molecular HOMO level. The
structure used for the calculation is shown in Fig. 2(a).

The potential resulting from the point charge is —¢V(7)
—g? . . . .
= Treir? and the Hamiltonian matrix elements resulting
from that potential are approximated as

- q* 1 1
U, 4 [ +

- 87ey | |7 - |F; = 7ol

:|Si,j’ 4)

where i and j index the atoms at positions 7; and 7}, g is the
charge of an electron, and ¢, is the permittivity of free space.

Once the charge occupation for the system converges with
the added point charge, the electrostatic potential is evalu-
ated across the junction in the plane of the molecule, along a
series of points 7,, using

Eemm—@

; 47T60|rp -7

(7)) = , (5)

where —gn; is the valence charge associated with atom i,
—qn? is the neutral atom charge, and 7; is the atomic position
for every atom i of the two CNTs including the H atoms.
Note that this sum does not include the point charge between
the CNTs. The same self-consistent calculation is performed
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FIG. 2. (a) Structure used for the calculation of the image po-
tential. The molecule is removed and the connecting C atoms of the
CNTs are terminated with H. A positive point charge is placed at a
point corresponding to the center of the molecule. The open bound-
aries at the left and right CNT ends are included via self-energies,
and the charge is calculated with the recursive Green’s function
algorithm. (b) Potential profiles @ (solid) and ®° (dashed) plotted
along an axial line that lies on top of the CNT contacts and passes
through the center of the point charge. The image potential at x
=0 is used to renormalize the HOMO energy level. The small po-
tential steps at =10 nm are the result of the boundary conditions
described in the text.

for the cut, H-passivated CNT in the absence of the extra
point charge, and the potential across the gap for this system
®° is also calculated using Eq. (5). The difference, ®(7))
—®°(#,), gives the image potential ® ;.

For comparison and verification, we also model the image
charge of a CNT-vacuum-CNT system by discretizing two
grounded cylinders of sheet charge, assuming cylindrical
symmetry, where each cylinder is 50 nm long and 1 nm in
diameter. The cylinders are separated by 2 nm matching the
molecular window used for the planar molecule between
armchair CNTs. A point charge is placed between the 2 cyl-
inders on the longitudinal axis. The induced charge on the
cylinders is solved by the method of moments.** The poten-
tial between the cylinders is calculated from the equivalent
of Eq. (5) where i indexes the discretized site, ny=0, and
—qgn; is the charge on discretized site i.

There is also an image potential resulting from the discon-
tinuity in the dielectric at the SiO, interface. The image po-
tential due to a charge ¢ in medium 1 a distance d above
medium 2 is qﬁ;ﬁ% where €, and e, are the dielec-
tric constants in mediums 1 and 2, respectively. Letting me-
dium 1 be air, medium 2 be SiO, with a relative dielectric
constant of 3.9, d=1 nm, and g be a positive hole charge,
$,=-043 V.

2. Electron density

Using the self-consistent field loop of the DFT code FIRE-
BALL to perform the calculation of ®—®° results in some
ambiguity since the addition of the positive charge shifts the
Fermi level of the dual CNT system. Therefore, for this cal-
culation, we replaced the FIREBALL charge calculation based
on a sum of eigenvectors with a NEGF charge calculation. A
NEGEF charge calculation allows us to fix the Fermi level to
that of the bulk CNT. Experimentally, the Fermi level is fixed
by the unperturbed semi-infinite CNT leads. The potential in
the vicinity of the charge shifts, but the Fermi level remains
fixed.
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To ensure that the electric field is well screened at the
outer boundaries, the left and right CNT leads are each ex-
tended to 10 nm. This results in a Hamiltonian matrix which
is too large to store and invert directly. Therefore, we obtain
the diagonal and first off-diagonal blocks of GR(E)=[ESp
—H,—3‘-3"T" using the recursive Green’s-function algo-
rithm. For this particular work, we have only used it to cal-
culate the charge induced on the CNTs in response to a point
charge placed between them. The full description of the al-
gorithm is given in the Appendix.

D. Ionization potential and electron affinity

Typically, density functional theory is used to model large
molecules because of its general accuracy and low computa-
tional cost. However, both the DFT HOMO and LUMO lev-
els frequently differ markedly from experimental results (see,
for example, Refs. 24-26). Therefore, we estimate the
HOMO/LUMO levels and the quasiparticle gap relevant to
electron and hole transport by calculating the gas-phase IP
and EA of the gas-phase molecule that links the CNTs.?? For
the large molecule of this study, all IP and EA energy calcu-
lations are performed using the DFT package Q-CHEM 3.1
(Ref. 45) using the Perdew-Burke-Ernzerhof (PBE) [general-
ized gradient approximation (GGA)] density functional and
the 6-311+G(3df,2p) basis set. The geometry optimizations
are performed in the 6-31+G(d, p) basis.*0~*3 The zero-point
energy is not included. In all optimizations, the ends of the
molecules are constrained to mimic attachment to fixed CNT
leads. A study of small-molecule ionization potentials and
electron affinities found absolute mean (max) PBE errors of
0.16 (0.5) and 0.11 eV (0.3 eV) relative to experiment.*
From these results, we estimate the error bars on our predic-
tions to be roughly 0.5 and 0.3 eV for the IP and EA, respec-
tively.

Two possible definitions of IP and EA exist, vertical and
adiabatic. The vertical IP and EA are evaluated by computing
the energies of the neutral, cation, and anion molecules at the
neutral-molecule geometry. The adiabatic quantities are com-
puted from the anion and cation energies at their respective
optimized gas-phase geometries. If the lifetime of the reso-
nant state is short relative to the time scale of molecular
relaxation (~10713-10""* s), no nuclear relaxation occurs
and the electron transport can be viewed as an electronic
process (i.e., vertical excitation). On the other hand, if the
resonant state lifetime is longer, the molecule can be ex-
pected to undergo both nuclear and electronic relaxation, in
which case an adiabatic model is more appropriate. The reso-
nant state lifetime 7 can be estimated from the full width half
maximum (FWHM) of the resonances in the transmission
according to FWHM=#/r.

III. RESULTS AND DISCUSSION

First we will present results from DFT/NEGF calculations
of the transmission for several physical implementations of
the CNT-molecule-CNT system. We will show the effect of
CNT chirality, passivation chemistry, cut angle, and multiple
molecules on the transmission spectrum. Then we will con-
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FIG. 3. (Color online) (a) Three-dimensional contour plots of
the covariant spectral function corresponding to the resonant peaks
marked in Fig. 1. (b) Corresponding molecular orbitals for the re-
laxed isolated molecule in the planar conformation. Amide groups
are included at the left and right ends of each molecule.

sider the energy-level alignment between the molecular
HOMO and LUMO levels and the Fermi level of the CNTs.

A. Transmission and conductance
1. Armchair CNTs, H-passivation, and single molecule

We first examine the transport characteristics of an arm-
chair CNT-molecule-CNT system shown in Fig. 1(a). The C
sites along the edge of the armchair CNTs, shown in Fig.
1(b), have bonding angles that allow us to initially orient the
plane of the molecule parallel to the tangential plane of the
CNT at the point of contact. The system remains stable dur-
ing the DFT relaxation, and the dihedral angle between the
plane of the amide groups and the tangential plane of the
CNTs at the point of contact changes by no more than 14.1°
from parallel after relaxation.

In Fig. 1(c), we show the calculated transmission spec-
trum of the armchair CNT-molecule-CNT system as a func-
tion of the difference E—E. The transmission of the mol-
ecule has a resonant peak 38 meV below the Fermi energy,
[ Er—Egnomo)] which results in a room-temperature (300 K)
resistance of 6.4 M. The resonant peak has a FWHM (I)
equal to 0.22 meV. For reference, the experimentally mea-
sured resistance is 5 M(Q.!?

To understand the transmission curve we compare the co-
variant spectral functions,®® shown in Fig. 3(a) to the mo-
lecular orbitals of the molecule in vacuum in Fig. 3(b). The
spectral-function labels (1-4) correspond to the labeled
transmission peaks in Fig. 1(c). The energies listed in eV
next to the molecular orbitals are the differences in energy of
the molecular orbitals in vacuum with respect to the molecu-
lar HOMO in vacuum.

Broad transmission peak (1) corresponds to the LUMO
with a spectral function that is spread across both the CNTs
and the molecule. The broad peak in transmission indicates
that the coupling of the CNT states to the molecular LUMO
is strong, which is consistent with the large spatial spread of
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FIG. 4. (Color online) (a) Relaxed CNT-molecule-CNT struc-
ture with zigzag (12,0) CNT contacts. (b) Close-up of CNT-amide
bond configuration. (c) Calculated transmission of the zigzag CNT-
molecule-CNT structure (solid) and the armchair CNT-molecule-
CNT structure (dashed).

the spectral function across both the molecule and the CNTs.

Peak (2) in the transmission curve results from the cou-
pling of the CNT states to the HOMO. The HOMO is local-
ized on the cross arm of the molecule away from the CNTs
and is weakly coupled to the contacts. The narrowness of the
HOMO transmission peak is the result of two things. (i) The
molecular orbital is spatially localized away from the CNTs,
and (ii) the spectral weights near and on the C atom part of
the amide linkers are low. We note that the effect of the
amide linkers is consistent with previous studies which also
found that amide linkers reduce the coupling of the CNT
states to the molecular HOMO orbital.'*!> The Fano reso-
nance at peak (2) results from the two parallel paths through
the molecule. An electron can tunnel through the tail of ex-
tended state (1) or it can tunnel through localized state (2).

Transmission peak (3) corresponds to the HOMO-1 state,
approximately —0.5 eV below the HOMO, peaked on oxy-
gen atoms of the upper and lower portions of the cross arm.
Transmission peak (3) is also a Fano resonance arising from
the two parallel paths corresponding to the HOMO-1 state
localized on the cross arms and the HOMO-2 state extended
across the molecule.

Although the LUMO and HOMO-2 levels extend across
the molecule, the resonance due to HOMO-2 is sharp com-
pared to that of the LUMO. The narrowing of the HOMO-2
resonance compared to the LUMO is again consistent with
other studies using amide linkers.'*!3

2. Zigzag CNTs, H-passivation, and single molecule

To investigate how the contact chirality affects transport,
we attach (12,0) CNT contacts approximately 1 nm in diam-
eter to the molecule shown in Fig. 4(a). The axial direction
of the C-H bonds at the cut ends of the CNTs prevents us
from attaching the molecule directly across the junction, par-
allel to the CNT axis. Instead, the molecule is attached across
the CNTs with attachment points 4% H atoms apart. The
fraction % comes about because the cut ends of the left and
right CNT differ by one atomic layer. A close up of one
attachment is shown in Fig. 4(b). This configuration forces
some twisting of the amide linkers with respect to the mol-
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FIG. 5. (Color online) (a) Calculated transmission close to the
Fermi energy where the solid line represents the zigzag system and
the dashed line represents the armchair system. (b) The spectral
functions corresponding to the resonant transmission peaks marked
in (a) for the zigzag CNT-molecule-CNT structure. Inset shows
peaks clustered above and below Ep=0 eV

ecule and the CNTs. The relaxed dihedral angle between the
amide linker and tangential plane of the CNT at the point of
contact is 43° on the left and 32° on the right. The relaxed
dihedral angle between the amide linker and plane of the
molecule is 19° on the left and 26° on the right.

Figure 4(c) shows the transmission spectrum of the CNT-
molecule-CNT structure with (12,0) zigzag CNT contacts
(solid line) overlaid on the transmission spectrum from Fig.
1(c) (dashed line). The important difference between the two
curves is the splitting of the HOMO transmission peak into
multiple split transmission peaks near the Fermi energy. The
splitting results from the HOMO state interacting with H
passivated surface states at the CNT interface. This results in
a room-temperature (300 K) resistance of 1.1 M.

Figure 5(a) provides a closer look at the transmission near
the Fermi energy where the solid and dashed lines are replot-
ted from Fig. 4(c) over a small range of energy near Ej. The
inset figure shows the cluster of peaks marked by a dashed
circle near Ey. Here we see two peaks below and above the
Fermi energy. The covariant spectral functions corresponding
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FIG. 6. (Color online) (a) Relaxed armchair CNT-molecule-
CNT structure with two planar molecules attached. (b) Calculated
transmission of CNT-molecule-CNT system shown in (a).

to each of the transmission peaks, labeled (5) through (10)
are shown in Fig. 5(b). The single peak observed using arm-
chair contacts splits into 6 peaks when zigzag contacts are
used. The peaks result from the interaction of the molecular
HOMO state, the surface states of the left CNT, and the
surface states of the right CNT. This is clearly seen in the
spectral-function plots. Multiple, nearly degenerate, surface
states immediately above and below Ej on finite length,
H-passivated, zigzag CNTs have been observed by others.>

The states shown in Fig. 5(b) labeled (5)—(8) corresponds
to a mixture of two surface states and the molecular HOMO.
The middle state labeled (9) is a mixture of two surface
states. The lowest state labeled (10) is primarily the molecu-
lar HOMO, and its transmission resonance has a FWHM of
I'=0.27 meV very similar to the HOMO resonance with
armchair leads. Thus, surface states of the zigzag CNTs oc-
cur at and near the Fermi level, and their interaction is me-
diated and enhanced by the proximity of the molecular
HOMO energy level. This gives rise to large transmission at
the Fermi level. This enhancement of transmission through
different conjugated molecules at the Fermi level with both
H-passivated and unpassivated zigzag CNT leads has also
been observed by others.!*1°

The results shown in Figs. 1-4 show that for both the
metallic armchair and zigzag CNT-molecule-CNT structures,
the transmission is directly mapped to the features of the
isolated molecular orbitals and the surface states of the cut
ends of the CNTs.

3. Two molecules

Experimentally, it has been suggested that up to two mo-
lecular bridges might be established across the gap during
the dehydration reaction.'?> To model such a system, we at-
tach one additional molecule to our initial optimized arm-
chair CNT-molecule-CNT structure and perform a DFT re-
laxation. Figure 6(a) shows the relaxed armchair CNT-
molecule-CNT system where an additional planar molecule
is attached parallel to the original molecule shown in Fig.
1(b). The maximally separated configuration of the two mol-
ecules shown here is known to be energetically favorable.!”
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The two molecule transmission is shown in Fig. 6(b)
where we observe a doubling of peaks near the Fermi level
giving a calculated resistance of 4.7 M. As expected, the
peaks are again associated with the same orbitals previously
discussed and shown in Fig. 3. The addition of one molecular
bridge reduces the resistance, but not by a factor of two. The
resistance is sensitive to the position of the HOMO resonant
transmission peaks with respect to the Fermi level. The two
peaks from the two molecules split and shift compared to the
single peak from a single molecule.

4. Passivation chemistry and cut angle

While the molecular end groups on the cut ends of the
CNTs are not known, it is reasonable to assume that the CNT
ends remain functionalized with carboxyl groups (COOH),
rather than H atoms after the dehydration reaction.'”> How-
ever, we note that passivating an armchair CNT cut edge
completely with carboxyl groups is not possible due to steric
hindrance. Other end groups are possible,’' however, in this
work, we consider only COOH and H. We also note that
attaching molecule 1 to a vertically cut armchair or zigzag
CNT passivated with carboxyl groups results in a structure
which is difficult to relax at the DFT level.

To mimic a complex CNT e-beam etch window, we cut a
(7,7) armchair CNT nonvertically, along a zigzag edge leav-
ing one armchair edge at the base of the cut. The structure is
shown in Fig. 7(a). The thicker C and H atoms and bonds
outlined in the top view mark the cut edge of the CNT side
walls. The zigzag edges are passivated with carboxyl groups
except for the two C atoms at the top of the cut. These two C
atoms are passivated with hydrogen. Two carboxyl groups
cannot be placed there due to steric hindrance. The molecule
is attached at the bottom edge across the shortest portion of
the gap. The relaxed planes of the amide linkers are no more
than 24.2° from parallel to the tangential plane of the CNTs
at the point of contact.

The transmission is shown in Fig. 7(c) by a solid line. The
calculated resistance is 40 M(). The features remain quali-
tatively comparable to the features of the transmission in Fig.
1(c) where the spectral function at each peak again matches
the features of the isolated molecular orbitals shown in Fig.
3. The LUMO and HOMO-2 peaks shift deeper into the con-
duction and valence bands, respectively. The position of the
HOMO resonant peak is 14 meV below the Fermi level. For
comparison, the peak of the HOMO resonance in Fig. 1(c) is
38 meV below the Fermi level. Quantitatively, we find a
narrowing of the resonant peaks where the full width at half
maximum (I',) of the HOMO resonance is 0.023 meV. The
narrowing of the valence-band resonances indicate less cou-
pling of the molecular states to the continuum of states in the
CNT contacts. Thus, the cause for the increased resistance of
the structure compared to that of the structure in Fig. 1 is the
result of the narrowing of the HOMO resonance by a factor
of 9.

To determine if the passivation chemistry is affecting the
resonant widths, we substitute H for each carboxyl group in
the structure. We find that the hydrogen passivation narrows
each resonance peak further which increases the resistance to
455 MAQ. This narrowing of the resonances due to H passi-
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EF-EHOMO=14 meV _

I';=0.023 meV

Transmission

E-Ep(eV)

FIG. 7. (Color online) (a) Top and side views of a relaxed CNT-
molecule-CNT structure with the CNT side walls passivated with
carboxyl group molecules. Bolder atoms and bonds in top view
represent the cut edge of the CNTs. (b) Top and side views of a
relaxed CNT-molecule-CNT structure with the CNT side walls pas-
sivated with carboxyl/hydrogen molecules. Bolder atoms and bonds
in top view represent the cut edge of the CNTs. (c¢) Calculated
transmission of CNT-molecule-CNT systems shown in (a) (solid)
and (b) (dashed).

vation is consistent with work done by Ren et al.!” where

passivated carboxyl groups were compared to H passivation
on semiconducting (13,0) CNTs connected by a single diami-
nobenzene molecule.

Next, the cut shown in Fig. 7(a), is slightly modified to
leave two armchair edges intact on either side of the mol-
ecule at the bottom of the cut. The modified interface and
structure are shown in Fig. 7(b) where the top view thick
atoms/bonds mark the CNT edge. We passivate the zigzag
edges using carboxyl groups and use a mix of carboxyl
groups and H for the remaining armchair edges. The mol-
ecule is positioned and oriented exactly as it is in the con-
figuration shown in (a). We also note that the molecule to
CNT interface connection is similar to the cut and chemistry
configuration used in Fig. 1(b).

The transmission is shown in Fig. 7(c) by a dashed line.
The energy of the transmission peak remains the same, how-
ever, the width of the HOMO resonance increases from
0.023 to 0.15 meV. The increase in coupling results in a
decrease of resistance to 4.7 M(). A small change in the cut
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Transmission
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FIG. 8. (Color online) (a) Top and side views of a relaxed CNT-
molecule-CNT structure with the CNT side walls passivated with
carboxyl group molecules and the molecule attached on top. Bolder
atoms and bonds in top view represent the cut edge of CNTs. (b)
Calculated transmission of CNT-molecule-CNT systems shown in

(a).

edge geometry results in nearly an order-of-magnitude
change in the resistance. In this case, the change consisted of
modifying the cut edge from zigzag to armchair in proximity
to the molecule.

We consider a final cut and attachment geometry which
results in asymmetric coupling of the HOMO level to the
leads. We use the nonvertical cut geometry shown in Fig.
7(a) with the CNTs closer together so that the cut window is
not wide enough to accommodate a molecule at the bottom
of the cut, and the molecule attaches across the top of the
gap. The structure is shown in Fig. 8(a). The relaxed mol-
ecule is attached via zigzag edges. All zigzag edges are pas-
sivated with carboxyl groups. Due to steric hindrance, we
use H for the top zigzag edge and edges near the NH groups
of the amide linkers.

The calculated transmission is shown in Fig. 8(b). The
resistance is 32 M(). The features remain qualitatively com-
parable to the features of the transmissions in Fig. 7(c), how-
ever the position of the HOMO resonant peak has shifted to
1.59 meV below the Fermi level. For the first time, the maxi-
mum transmission of the HOMO resonance does not reach
unity (7,,,,=0.045). The FWMH of the HOMO transmission
resonance is 0.61 meV. This decreased peak height is due to
asymmetrical coupling of the left and right CNT contacts.
The left contact dihedral angle between the molecule and
tangential plane of the CNT is 12° and the right dihedral
angle is 52°. Assuming a Lorentzian form for the resonance,
the peak height and width give two equations for two un-
knowns, the energy broadening due to the left, I';, and right,
I, contacts. The FWHM TI'=I";+1";. Solving, we obtain
I';=0.598 meV and I'p;=0.006 81 meV.
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FIG. 9. (Color online) (a) Relaxed CNT-molecule-CNT struc-
ture with a perpendicular ethoxybenzene cross-arm conformation
molecule attached. (b) Calculated transmission comparison where
the solid line is for the system shown in (a) and the dashed line is
for the planar ethoxybenzene cross-arm conformation shown in Fig.
1(a). (c) Molecular HOMO-1 and HOMO orbitals for the relaxed
isolated molecule in the perpendicular conformation with amide
groups attached.

For all three nonvertically cut CNT-molecule-CNT struc-
tures with carboxyl passivation, the transmission spectrum is
qualitatively comparable to the transmission spectrum de-
scribed in Secs. I A1 and III A 2. There is a weakly
coupled HOMO resonance appearing near the Fermi energy.
However, changes in the passivation chemistry, the geometry
of the cut, and the geometry at the point of connection of the
molecule to the CNT do have a quantitative effect on the
transmission and the resistance. The energetic position of the
HOMO resonance varies by is less than 2kpT at room tem-
perature. The primary reason for the nearly order-of-
magnitude change in the room-temperature resistance is the
nearly order-of-magnitude change in the HOMO resonance
width. These dependencies confirm that structural and
chemical unknowns can cause significant variation of the
resistance of the CNT-molecule-CNT system.

5. Molecular conformation

Lastly, we investigate how the molecular resonances are
modified by changing the molecular conformation. We ex-
plore this by rotating the cross-arm ethoxybenzene rings in
opposite directions. We find that only a planar and perpen-
dicular gas-phase conformation is stable during relaxation
with the planar conformation energetically favorable by 1.4
eV. Using the H-passivated, armchair CNT contacts, we relax
the entire supercell using the perpendicular molecular con-
formation, resulting in the structure shown in Fig. 9(a).

The planar and perpendicular transmissions are shown in
Fig. 9(b). The LUMO and HOMO-2 resonance peaks in both
systems remain qualitatively the same. The HOMO-1 and
HOMO transmission resonances, however, near the Fermi
energy in the perpendicular configuration are removed. The
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absence of the HOMO transmission resonances gives a resis-
tance of 1.6 G(). From the molecular-orbital plots shown in
Fig. 9(c), we see that the HOMO and HOMO-1 are still
localized on the cross-arm ethoxybenzene groups, however
they are split in the middle and decoupled from the molecu-
lar bridge. The perpendicular conformation gas-phase
HOMO and HOMO-1 levels appear nearly degenerate (0.02
eV difference) at 0.96 eV below the Fermi energy. For com-
parison the planar conformation gas-phase HOMO and
HOMO-1 levels are 0.72 and 1.27 eV below the Fermi en-
ergy.

By rotating the ethoxybenzene rings we break the
m-conjugation with the rings on the horizontal axis of the
molecule thereby suppressing the HOMO and HOMO-1
level from the transmission spectrum. The HOMO and
HOMO-1 levels associated with the cross arm are decoupled
from the molecular bridge leaving no states near the Fermi
energy to carry current. This results in an increase in resis-
tance by over 2 orders of magnitude.

The use of conformation change for molecular switching
is well known. Several examples are rotaxane, >3
1,4-bis-phenylethynyl-benzene,* and 2'-amino-
4-ethylphenyl-4’-ethylphenyl-5’-nitro- 1-benzenethiolate,>>>
which we refer to as the nitro molecule. In all cases the
conformation change of the molecules alters the molecular
orbitals along the path of the electron transport. In the nitro
molecule, the conjugation is broken directly in the transport
path between each contact. In rotaxane, the orbital changes
from extended to localized along the transmission path of the
molecule. For the cruciform molecule configurations, shown
in Figs. 1(a) and 9(a), the effect of conformation is different.
The rotation of the vertical rings does not affect the conju-
gation along the horizontal axis of the molecule, and it does
not localize a previously extended state along the axis of the
molecule. Instead, it decouples the HOMO from the trans-
port path which results in an exponentially decreased trans-
mission near the Fermi energy. This is a twist on the
conformation-change paradigm of molecular switching from
a three-terminal-device point of view.!!

Results from all of the configurations discussed in Secs.
I A 1-IIT A 5 are summarized in Table I.

B. Energy-level alignment

In all the different CNT-molecule-CNT configurations
presented, the HOMO resonance provides a weakly coupled
transport path through the planar molecule that is qualita-
tively insensitive to the interface orientation, CNT chirality,
the number of molecular bridges, the molecule-CNT site
connection or the termination chemistry. Overall the resis-
tances of the planar molecule listed in Table I range from 1.1
to 40 M(). Because of the narrow resonance resulting from
the weak coupling of the HOMO level to the CNTs, a shift of
the HOMO level results in a change in conductance. There-
fore, the relative position of the HOMO level with respect to
the contact Fermi level is important for quantitative conduc-
tance calculations. To determine the HOMO energy level, we
proceed by calculating the IP and EA of molecule 1 and the
image potential resulting from a hole on the molecule.
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TABLE 1. Calculated resistance (R) (7=300 K), full width at
half max (I"), and HOMO resonant position relative to the CNT
Fermi level (AE=Ep—Egono) of the seven CNT-molecule-CNT
systems studied where “Planar” indicates the planar conformation
of the molecule.

R r AE
System MQ) (meV) (meV)
Planar armchair, Fig. 1(a) 6.4 0.22 38
Planar zigzag, Fig. 4(a) 1.1
Planar 2 molecules, Fig. 6(a) 4.7 0.12 23
Planar carboxyl, Fig. 7(a) 40 0.023 14
Planar carboxyl, Fig. 7(b) 4.7 0.15 14
Planar carboxyl, Fig. 8(a) 32 0.61 1.59
Perpendicular, Fig. 9(a) 1590
Experimental® 5

dReference 12.

The transmission resonance widths of molecule 1 shown
in Fig. 1(c), exhibit both short and long-time scales. The
width of the HOMO resonance in Fig. 1(c) is 0.2 meV cor-
responding to a time 7=3.2 ps. The width of the LUMO
resonance, on the other hand, is 0.25 eV corresponding to a
time of 2.6 fs. Both the vertical and adiabatic IP and EA are
calculated as described in Sec. II D and the results are shown
in Table II. For the HOMO level, the adiabatic IP of 6.03 eV
is the relevant one. For the LUMO resonance, the vertical
EA of 1.60 eV is appropriate. The second vertical ionization
potential for both same-spin and opposite-spin calculations is
large at 15.02 and 15.17 eV, respectively.

We next calculate an image potential using the 22 nm
armchair CNT-vacuum-CNT system, as described in Sec.
II C 1. Figure 2(b) shows the converged potential profiles,
®(7) and ®°(7), plotted along an axial line that lies on top of
the CNT contacts and passes through the center of the point
charge. The value for the image potential is taken at the
position of the point charge 7, which is at the center of the
HOMO orbital. The DFT-RGF calculation gives an image
potential of ®yr=—0.7 V. This is also the number obtained
from the discretized charge cylinder calculation. As dis-
cussed in Sec. II C 1, there is also an image potential result-
ing from the discontinuity in the dielectric at the SiO, inter-
face of ®,=-0.43 V. The two image potentials ®y; and
@, should be calculated self-consistently, since the induced
charge in the CNTs will affect the polarization of the dielec-
tric and vice versa. As a zero-order approximation we add

TABLE II. Calculated ionization potentials and electron affini-
ties of the planar molecule of Fig. 3 using PBE (GGA) and the
6-3114+G(3df,2p) basis set (Ref. 45). Vacuum level resides at E
=0 eV.

1P EA
Type (eV) (eV)
Vertical 6.14 1.60
Adiabatic 6.03 1.40
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the two values together and round down to estimate a total
image potential of approximately —1 V. Converting to en-
ergy, this gives a +1 eV correction to the HOMO level ob-
tained from the calculated IP. Adding this correction to the
HOMO energy of —6.03 eV obtained from the adiabatic IP,
we obtain a renormalized value for the HOMO energy of
Enomo=-5.0 eV. To give a sense of the uncertainty in this
estimate, recall that the absolute mean (maximum) PBE er-
rors in the calculation of the IP found in the study of small
molecules were 0.16 eV (0.5 eV).*

Similarly, the CNT work function is not exactly known
since experimentally measured values deviate by several
hundred meV. The CNT work function is highly dependent
on the type of CNTs, experimental conditions and the
method of measurement used. Initial studies done using ul-
traviolet photoemission spectroscopy of single-walled CNT
bundles yielded a work function of 4.8 eV.’’ Field emission
microscopy techniques of single-wall CNT ropes give a work
function at 5.1 eV.® Photoelectron spectroscopy measure-
ments report work-function values between 4.95 and 5.05 eV
for CNT ropes.>® Transmission electron microscope measure-
ments of multiwalled CNTs report a work function between
4.6 and 4.8 eV.% Photoemission electron microscopy mea-
surements of individual single-wall CNTs report 4.73 eV.%!
Recently, thermionic measurements of single-wall, double-
wall, and multiwall individual CNTs result in work functions
of 4.7-4.9 eV.%%2 All the experimental reports indicate that the
CNT Fermi level most likely resides above the molecular
HOMO energy, however exact work-function measurements
of individual single-wall CNTs deviate by as much as 200
meV.

To determine which level, HOMO or LUMO, is mediat-
ing the transport, we consider the best and worst case align-
ments of the molecular levels with the CNT Fermi level,
allowing the possible values of the CNT Fermi level to range
from -5.0 to —4.7 eV. The calculated HOMO level is
-5%0.5 eV. Thus, the HOMO can lie in a range of energies
from 0.8 eV below the CNT Fermi energy to 0.5 eV above
the CNT Fermi energy. Starting with the EA of 1.6 eV and a
—1 eV image potential, the renormalized LUMO is at
—2.6*=0.3 eV using the maximum error in Ref. 49. There-
fore, the LUMO lies in a range of energies from 1.8 to 2.7
eV above the CNT Fermi energy. The best case alignment of
the LUMO with the CNT Fermi energy is 1 eV further away
than the worst case alignment of the HOMO with the CNT
Fermi energy. Thus, it is overwhelmingly probable that the
transport is mediated by the HOMO.

The calculations presented above indicate that the HOMO
resonance is narrow both because it is spatially localized
away from the leads and also because the amide linkers re-
duce coupling between the CNT 7 orbital and the HOMO of
conjugated molecules. The HOMO resonance is also near the
CNT Fermi level, but the exact position cannot be predicted
accurately enough for quantitative transport calculations.
Therefore, we now consider trends and show how the reso-
nance position and width affect the resistance.

To do this, we imitate the experimental measurement con-
ditions as closely as possible, and we consider an ideal

. P I%/4
Lorentzian transmission spectrum, T(E):m. We
TEHOMO.

vary the energetic position, Eygp0, and the width, I', and
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FIG. 10. 5 MQ equal-resistance contour in the I'—(Ep
—Egomo) plane resulting from a Lorentzian transmission spectrum.
(Inset) Position of the various energy levels used in the calculation.

plot out an equal-resistance contour in the I'—=Ey )0 plane
corresponding to 5 M{). Experimentally, a 50 mV source-
drain potential is applied while measuring the room-
temperature conductance.'”> The measured resistance of the
pristine CNT is 1 M), and the measured resistance of the
CNT-molecule-CNT is 5 M{). Considering a simple voltage
divider, and the weak, symmetric coupling of the molecule to
the CNT leads, we assume that 40 mV is symmetrically
dropped across the two molecule-CNT interfaces so that the
energy of the HOMO level is dropped by 20 meV. Therefore,
we reduce the equilibrium value of the HOMO level by 20
meV for the calculation of the current and resistance. The
various energies are shown in the inset of Fig. 10. The Ey
—Eyomo axis in Fig. 10 is the value before the bias is ap-
plied. The current is calculated using Eq. (2), and the resis-
tance is then R=40 mV//+1 M. Note that the resistances
calculated in this manner will differ somewhat from those
listed in Table I which were calculated by inverting the value
obtained from Eq. (3). All resistances are calculated at T
=300 K.

Figure 10 shows the 5 M) equal-resistance contour in
the I'=(Ep—Egoyo) plane. For a narrow resonance of 0.2
meV such as the ones that we obtain for many configura-
tions, the resonance must be within 5 meV of the CNT Fermi
energy. The width of a Lorentzian resonance lying 100 meV
below the CNT Fermi level must be 2.2 meV to result in a
5 MQ resistance. Such a width is at least a factor of 10
wider than that obtained for all of our structures with sym-
metric coupling.

Finally, we comment on the other type of resonance that
we observed which was not Lorentzian. It was the quadruply
split peak at the Fermi level resulting from the interaction of
the zigzag surface states with the HOMO of the molecule
shown in Fig. 5. For this system, the surface states are likely
to be pinned at the Fermi level.”® In other similar systems
that we have studied with diarylethenes, the presence of the
zigzag surface states result in a resistance that is relatively
insensitive to the position of the molecular HOMO.

IV. CONCLUSION

In summary, we have theoretically modeled transport of
an experimentally measured CNT-molecule-CNT system us-
ing DFT based approaches combined with NEGF to calculate
the transmission spectrum, the ionization potential and the
electron affinity of the molecule, and the image potential due
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to the proximity of the metallic CNT. CNT chirality, cut
geometry, and end passivation were investigated. The fea-
tures in the transmission correspond directly to the features
of the isolated molecular orbitals and the surface states of the
cut ends of zigzag CNTs. The HOMO resonance lying on the
cross arms of the planar molecule provides conductance at
low bias that is qualitatively insensitive to the end groups of
the cut CNTs, the CNT chirality, the cut angle, connection
type or the number of molecular bridges. Quantitatively,
however, these factors can modify the resonance width by an
order of magnitude giving rise to corresponding changes in
the resistance. Furthermore, the cut ends of a zigzag CNT
can result in surface states which hybridize with the molecu-
lar HOMO state giving a large transmission peak at the
Fermi level which results in a significant reduction in resis-
tance (by a factor of 10 for the structures considered here).
Calculations of the ionization potential and electron affinity
strongly suggest that the conductance is mediated by the
HOMO. However, there is a 0.5 eV uncertainty in the quan-
titative value of the calculated ionization potential. The un-
certainty in the work function of the CNT is also larger than
TkpT at room temperature. This uncertainty alone is large
enough to prevent quantitative calculations of the current.
Therefore, we treat the relative energy of the HOMO with
respect to the CNT Fermi energy as a parameter. For all
structures which exhibit no evidence of CNT surface states,
there is a single resonant peak due to the molecular HOMO
which mediates the hole transport. The calculated resonant
width for all such structures with symmetric coupling be-
tween the leads is less than or equal to 0.22 meV. Approxi-
mating this resonance as a Lorentzian, the resonant peak
must lie 5 meV below the CNT Fermi level to give a room-
temperature resistance of 5 M(). For the zigzag structure
with CNT surface states pinned at the Fermi level, there will
be a transmission peak at the Fermi level resulting from the
surface states. Such a structure can have low resistance
(<5 MQ) even though the molecular HOMO level lies con-
siderably further below the CNT Fermi energy.
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APPENDIX: CHARGE CALCULATION

To implement the recursive Green’s function calculation
of the charge, the left, right, and device regions of the struc-
ture are partitioned into a series of nonuniform block layers
each containing several atomic layers. Block layers
{=00,...,0} lie in the left contact, {1, ...,N} lie in the device,
and {(N+1),...,0} lie in the right contact. The localized
orbital cutoffs determine the minimum block-layer lengths
across the system and are chosen such that the nonzero ma-
trix elements only exist between nearest-neighbor block lay-
ers. We will refer to “block layers” as simply “layers,” and
specifically use “atomic layer” to refer to a single atomic
layer within a block layer.
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We group the matrices into intralayer subblocks D;; and
interlayer subblocks t;;.; where the bold font represents a
matrix. The size of these matrices is equal to the number of
orbitals per atom times the number of atoms in a particular
layer. The layer that contains the molecule is typically larger
than the layers in the CNT leads, since we have not at-
tempted to partition the molecule into block layers. The off-
diagonal interlayer coupling matrices t;;.; are, in general,
rectangular rather than square, since they can couple diago-
nal blocks of different sizes. Once the matrices are gener-
ated, they are saved and recalled as needed within the algo-
rithm.

The number of electrons, n, associated with the orbitals of
atom a is

dE
ne=22 2 f S (GBS ek (AD)
b oij ™

The indices a and b indicate the atom and i and j represent
an orbital. For a charge neutral atom, 7, is the integer num-
ber of valence electrons (excluding the core electrons). For
example, for a neutral C atom, n=4. The quantity n, in Eq.
(A1) is, in fact, the Mulliken charge.%* An alternative is the
Lowdin charge,®
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dE 172 < 172

na=220 20 [ SoIm{S;0; 4G (S b
bb" i’

(A2)

The Lowdin charge requires calculating the full matrix
Gfb;j,’b,. Banded approximations can be made for S!2, but
even if S is approximated as triblock-diagonal, the second
off-diagonal blocks of G= must be calculated. We will see
below, that for the Mulliken charge of Eq. (Al), only the
triblock-diagonal elements of G= are required which makes
the calculation amenable to the RGF algorithm.

To understand what Eq. (A1) means in terms of the RGF
algorithm, we rewrite it using layer indices L,

dE
Nar =22, S m (G,  (E)Sprrar}.  (A3)
b,L'

Again the bold font indicates that G= and S are matrices
whose size is determined by the number of orbitals associ-
ated with atom « in layer L and with atom b in layer L’. The
trace is over all the orbitals of atom « in layer L. Since S is
block tridiagonal, we are required to calculate the diagonal
blocks and first off-diagonal blocks of G=. In other words,
the calculation of n,; requires the calculation of GZL and
Gi e

In the absence of incoherent scattering, the expression for
the electron number in layer L, Eq. (A3), can be written as

dE .
nL = 2f ;TRC 2 ng,lrl,lGIZT,]).fL + (GL,NFN,NGIE’,N)J‘ESL',L

L'

~—
<
_lGL,L’(E)

(A4)

To not overload the subscripts in Eq. (A4), we have kept only the layer indices since those are our main focus. Also, an
abbreviated notation is used for the Fermi functions, f*®=f(E— u ). Equation (A4) shows that we need the first and last
block columns of the retarded Green’s function for the electron-density calculation.

We can write Eq. (A4) in another form which only requires the left or right connected spectral function and the diagonal

plus first off-diagonal blocks of the Green’s function. Defining the left and right connected spectral functions as A

_ R Rt R
_GL,IFI,IGL"] and AL,L'

spectral functions, Eq. (A4) can be written as

nL:ZJd—E E

2T L

L
Ay (E)

where A=A%+A”. To obtain the electron number for a spe-
cific shell on a specific atom, we simply trace n; over the
orbitals of that shell on that atom.

We can express the left and right terms in Eq. (A5) as a
sum of a nonequilibrium and an equilibrium charge contri-
bution (n;=n}*/+nj?). We separate Eq. (A5) by expressing
the full spectral function as A; ;,=-2 Im[G, ;] giving us

L.L'

:Gf’NFN,NGIZ,T‘N and using the fact that the full spectral function is the sum of the left and right

Gf,lrl,lej,l (=1~ + AL,L'fR Spe
L_Y_J

(AS)

nji=-2 Im|:f ;—5_{2 [GL,L’fR]SL’,L}:| (A6)
L

and
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d
n}*=2 f 5{2 (AL (E)(f© —fR)]SLr,L}. (A7)
L!

Since, in this work, we only need the equilibrium charge to
calculate the image potential, we only use Eq. (A6).

The integral of Eq. (A6) is performed using a well-known
complex contour integral approach.®-7 The integral begins
below the energy of the bottom valence band, follows a
semicircular trajectory in the upper half of the complex plane
with a maximum imaginary component of the energy of 1
eV, and finishes 10kzT above the Fermi energy. At the Fermi
energy, the contour passes below the lowest Fermi pole with
an imaginary component of 10 meV such that there are no
poles contained within the contour. The temperature is 300 K
for this calculation. Denoting the energy points on the com-
plex contour as E=z=x+1iy, points are chosen such that the
points on the left part of the contour with increasing y are
aligned with the points on the right part of the contour with
decreasing y. This ensures that the sum of the discrete dif-
ferentials, ;Az;, along the line integral is real. The integral
is performed using Simpson’s rule. For the image-potential
calculations presented here, we used a fixed set of 25 points
for the semicircle and 15 fixed points *10kgT from the
Fermi energy. The energy points are adaptively distributed
for optimum load balancing over multiple processors (MPI-
based).

The equilibrium charge density requires the exact diago-
nal, first column, and first off-diagonal blocks of GR. These
elements are calculated with the RGF algorithm.%® First we
calculate the left and right connected Green’s functions using

g, =[ES; —-H, - fL,L—lgz—l,L—lfL—l,L]_l (A8)

and

g, =[ESp 1 -Hy — T g aba ™. (A9)

The superscript < (=) indicates that the Green’s function
takes into account everything to the left (right) with coupling
to the right (left) set to zero, i.e., gZ,L is the surface Green’s
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function at layer L for the semi-infinite region consisting of
layers {—oo,--+,L}. All Green’s functions in Egs. (A8) and
(A9) are retarded Green’s functions. Equations (A8) and
(A9) begin with the surface Green’s functions of the left and
right contacts, respectively. The off-block-diagonal coupling
matrices are €, =t; ; —ES; ;.

Next, the exact diagonal blocks of G® are calculated from

G =[ES; -H, ,-U;, - fL,L—ng—l,L—lfL—l,L

- t~L,L+lgz+1,L+1fL+l,L]_l- (A10)

After each block Gy ; is calculated, it is stored, and gz—1,L—1
is discarded. The off-diagonal blocks of GF are calculated
next from

rnd =3
Grra= GL,LtL,L+1gL+l,L+1 >

Gri1=8 816G (A11)

Finally, the first block column of G is calculated using

G = gz,LfL,L—lGL—l,l ) (A12)

which is initiated with Gy ;.

The first block column G, ; and the diagonal blocks G ;
are then used in Eq. (A5) to obtain the electron number. This
electron number from Eq. (A5) replaces Eq. (21) of Ref. 32.
The calculation of the resulting Hartree and exchange-
correlation potentials is left unchanged in the code and is
described in Ref. 32.

After some experimentation, we found that the following
boundary conditions resulted in good convergence of the
charge and Hamiltonian matrix elements. For the calculation
of the Hartree and exchange-correlation Hamiltonian matrix
elements, the charge is held fixed at its equilibrium value on
the last four atomic layers of each CNT at the left and right
ends for all iterations. For the calculation of the charge from
Eq. (A5), the Hamiltonian matrix elements on the last eight
atomic layers of each CNT are held fixed at their equilibrium
value for all iterations.
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