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We present a transport model for molecular conduction involving an extended Hiickel theoretical
treatment of the molecular chemistry combined with a nonequilibrium Green’s function treatment of
quantum transport. The self-consistent potential is approximated by CNDO (complete neglect of
differential overlap) method and the electrostatic effects of metallic leads (bias and image charges)
are included through a three-dimensional finite element method. This allows us to capture spatial
details of the electrostatic potential profile, including effects of charging, screening, and complicated
electrode configurations employing only a single adjustable parameter to locate the Fermi energy. As
this model is based on semiempirical methods it is computationally inexpensive and flexible
compared to ab initio models, yet at the same time it is able to capture salient qualitative features
as well as several relevant quantitative details of transport. We apply our model to investigate recent
experimental data on alkane dithiol molecules obtained in a nanopore setup. We also present a
comparison study of single molecule transistors and identify electronic properties that control their

performance. © 2005 American Institute of Physics. [DOI: 10.1063/1.1961289]

I. INTRODUCTION

The emerging field of molecular electronics has gener-
ated both fundamental and applied interests in recent years.
A wide range of molecular current—voltage (I-V) character-
istics from ohmic conduction in quantum point contacts,’
semiconducting /-V in conjugated aromatic thiols® (including
quantized conductance in single molecules’), to insulating
behavior in alkane thiol chains® have been reported. Some
interesting device characteristics such as rectiﬁcation,5
switching6 negative differential resistance on a silicon
substrate,7 and even transistor action on three terminal
systems.g_10 have also been demonstrated. In addition, excit-
ing physics has been observed with molecules showing the
Kondo effect,] L12 spin valve behavior,13 vibronic effects,]‘l_16
and sensing applications.17 Many different experimental ap-
proaches have been developed over the years such as break
junctions,z’lgfzo scanning probes,ﬂ*23 nanopores,6 and a host
of other methods. It is important to develop practical simu-
lations tools in parallel to address molecular conduction both
qualitatively for insights and quantitatively for predictability.

A number of theoretical models have been developed for
calculating the I-V characteristics of molecular wires using
semiempiricalzz’m_27 as well as first-principles theory.zs_34
There are advantages and disadvantages of using either
ab initio or semiempirical models. Ab initio models are
based on first-principles electronic structure calculations and
can provide quantitatively accurate descriptions of molecular
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conduction without any fitting parameter, in the mean-field
regime. There are disadvantages, however, namely, (i) most
of these models are computationally expensive, and thus cal-
culations are time consuming; (ii) it is difficult to describe
both the molecular device and the contact electrodes at the
same footing using first-principle theory, although there have
been efforts in this direction:**""** and (iii) the ab initio
models are typically not flexible to readily handle uncertain-
ties and imperfections in the measurement geometry or elec-
tronic structure, or to incorporate complicated three terminal
device geometries. On the other hand, the major advantages
of semiempirical models are that these are simple, flexible,
and computationally inexpensive. These models can provide
a reasonable description of molecular conduction employing
only a few fitting parameters. It is imperative, however, that
these parameters be kept to a minimum, that they are trans-
ferable between different chemical environments and be-
tween bulk and surfaces, and that the models incorporate the
full three-dimensional (3-D) self-consistent electrostatics.
Subject to these attributes, semiempirical models can also
become useful tools in understanding molecular conduction
quantitatively. We believe that there is merit to pursuing both
ab initio and semiempirical approaches at this stage.

We have previously explored both ab initio™* and
semiempiricalzz’%’38 treatments of molecular conduction.
Our first approach in the semiempirical line was to develop a
non-self-consistent model (termed as Huckel I-V 1.0)22 based
on extended Hiickel theory (EHT) where the potential inside
the molecule is assumed to be flat and the voltage division is
described with a constant number 7. Although self-

© 2005 American Institute of Physics
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consistency was not explicitly considered, it was in effect
subsumed into the parameter 7. Later we modified this
model by including an explicit self-consistent charging term
in the potential profile, with 7 now denoting just the Laplace
contribution (Huckel 7-V 2.0).*® However, the potential pro-
file was still assumed to be flat across the molecule. Both of
these models are available for public use through Purdue
Nanohub at www.nanohub.org. We have now further im-
proved on the model by modifying the self-consistent poten-
tial description to include the full 3-D electrostatics leading
to nontrivial spatial variations in the potential profile. This
model is termed as Huckel /-V 3.0 which is a logical pro-
gression of our earlier models. Huckel /-V 3.0 now includes
a proper treatment of the full 3-D electrostatic potential pro-
file inside the molecule, and can include the influence of
third (gate) terminals. In addition, it provides the advantages
of simplicity, computational inexpensiveness, and ease of use
as one expects from semiempirical codes. Almost all codes
of Huckel /-V 3.0 are simple MATLAB codes.” No special
system requirements are needed to run these codes. A com-
plete transport calculations for an average-sized molecule on
any computer system with standard memory and speed
should not take more than several hours.

In this paper we present our Huckel /-V 3.0 model and
showcase its strengths and features. The formalism and the
calculational procedures of the model are explained in Sec.
II. In Sec. III we apply our model to quantitatively explain
the -V characteristics of alkane dithiol molecules measured
in a nanopore se,tup.14’40 It is worth mentioning that in one of
our previous works®’ we applied Huckel /-V 3.0 model for
the quantitative study of another set of experimental data
(asymmetric I-V observed in a break junction experiment).19
In Sec. IV we present calculations on single molecule tran-
sistors comparing the performance of two molecules of simi-
lar length but of very different electronic structures. Though
no direct connection is made with any experimental results
on transistors, we believe it serves two useful purposes: (i) it
demonstrates our ability to do three terminal calculations
with proper electrostatics; and (ii) it explains the basic phys-
ics of a molecular transistor in a quantitative approach.
Finally, we summarize our results in Sec. V.

Il. FORMALISM AND MODEL

In this section we present a comprehensive description
of Huckel 7-V 3.0 model, its basic formalism and procedures.
This model is based on a combination of EHT method*' and
NEGF formalism along with a self-consistent description of
the electrostatics. The nonequilibrium Green’s function
(NEGF) formalism accounts for quantum transport in mo-
lecular conductors out of equilibrium whereas EHT accounts
for the electronic structures of the molecule and the contacts.
We start by describing the basic structure of a molecular
conductor (see Fig. 1). The molecule is assumed to be con-
nected to contact electrodes (source and drain) through
chemical bonding whereas the gate electrodes around it are
electrically insulated from the molecule by oxide materials.
The whole system can be thought of as a hollow 3-D box
with electrode plates as its sides inside which the molecule is

J. Chem. Phys. 123, 064707 (2005)

P — HZ,X,p,p
(NEGF)

FIG. 1. The basic scheme of our self-consistent calculations along with a
basic structure of a molecular conductor. The molecule is connected be-
tween two gold contacts with gate electrodes around it. The schematic
shows the partitioning of the system into two parts: device and contacts. The
device part is represented by the molecular Hamiltonian H,, and the self-
consistent potential U(p) whereas the self-energy terms 3, describe the
effects of contacts on the device. The self-consistent calculations are per-
formed with a combination of NEGF and EHT in a two-step process.

placed. The sides of this box then define the boundary of the
system. The dimension of the box is set by the molecular
length, width, and the oxide thickness. Typically, for a two
terminal system (i.e., when the gate electrodes are far away),
the dimension of the box is set to be 100 A X100 A X L
where L is the molecular length.

Our formalism allows us to partition the system into two
separate and independent parts: a suitably defined “device”
part (the molecule) and the “contacts” (the electrodes).”’ The
device is described by a Hamiltonian matrix H and a overlap
matrix S obtained from any suitable quantum chemistry
method, either ab initio or semiempirical. The self-energy
functions X, , are used to describe the effect of contacts on
the device with corresponding broadening functions defined
as F1’2=i(21,2—212). In Huckel I-V 3.0, both device and
contacts are described by the EHT method. The self-energy
terms are calculated for semi-infinite Au (111) contacts using
a recursive technique.36 The device Hamiltonian can be fur-
ther divided into two parts: the core Hamiltonian H(, and the
self-consistent potential Ugc=U(p) which is a functional of
the density matrix p. The full self-consistent procedure is
comprised of two steps (see Fig. 1). Step 1 is to calculate the
self-consistent potential given a density matrix using a suit-
able scheme (presented below) whereas in step 2, the density
matrix is obtained using the NEGF formalism** from the
Green’s function G with contact electrochemical potentials
M1, and Fermi functions f,. A contour integration
technique43 is employed to perform the energy integration
for the calculation of the density matrix.** From the con-
verged Green’s function all the important transport properties
such as density of states, transmission, and current are cal-
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culated using the standard NEGF equations for coherent
transport as given below:

G(E)=(ES-H-3,-3,)"
p=(1/2m) f dE(f,GT,G" + f,GI',G") (1)

f12(E) =[1+exp((E = py 2)/kg D]

The number of electrons N and the steady-state current / are
then given by

N = 2(for spin) X trace(pS)

122 aEre s - pe) @)

where the transmission 7 is given by

T(E,V) = trace(I',GI',G"). (3)

A. Self-consistent potential

When an external bias is applied to a molecular conduc-
tor two kinds of effects take into place, (1) charging effect:
the total number of electrons in the system starts to vary due
to the flow of electrons from or to the contacts and this in
turn shifts the molecular energy levels by an amount depend-
ing on the charging energy of the system; and (2) screening
effects: the molecule gets polarized under the influence of
the applied bias even if the total number of electrons remains
unchanged. The magnitude and the direction of the polariza-
tion depend on the magnitude and polarity of the applied
field. The self-consistent potential of the molecule should
take both of these effects into account since the transport
properties can depend sensitively on the potential inside the
molecule.

The self-consistent potential in Huckel /-V 3.0 is divided
into three parts as follows:

U(Ap) = ULaplace + UPoisson(Ap) + UImage(Ap)’ (4)

where Ap represents the change in density matrix under bias,
P—Peq- As the self-consistent potential is a functional of Ap,
it describes only the change in the potential under bias and at
equilibrium it remains zero. The first term in Eq. (4) repre-
sents a standard Laplace potential and it satisfies the follow-
ing equation:

V2ULaplace =0
S)

with Uy gpiace =—¢qVs  at the source

=—¢qVp at the drain

=-4qVg

The last two terms in Eq. (4) are parts of a standard Poisson
potential. Here, we have divided it up in two separate parts to
facilitate our calculation procedures. The Poisson term, for
the moment [see the description of the CNDO (complete
neglect of differential overlap) method below], is assumed to
be well described by point charges in free space as follows:

at the gate.

J. Chem. Phys. 123, 064707 (2005)

2 -
q Ap(r")
UPoisson(F) = 2 — N (6)
o dme(r—r1')
The last term in Eq. (4) represents the image correction due
to the presence of metal electrodes around the molecular
structure and it is calculated by solving the following equa-

tion:
VzUImage =0 (7)

With Uppaee=—Upyisson(7) at the electrodes. This way of par-
titioning guarantees that the net potential in Eq. (4) obtained
by adding Egs. (5)—(7) has the correct boundary conditions.

Before getting into the detailed description of each term
in Eq. (4) we would like to point out that the main difference
between Huckel I-V 3.0 and our earlier models (Huckel I-V
1.0 and 2.0) lies in the description of the self-consistent po-
tential. In Huckel I-V 1.0 (Ref. 22) the self-consistent poten-
tial Ugc is given by

USC = nVappl s (8)

where 7 is a constant with any value from O to 1 and the
potential inside the molecule is assumed to be flat. Charging
and screening effects are not directly included in the descrip-
tion except in an averaged sense through the parameter 7.
Equivalently, the parameter 7 can be incorporated into the
contact electrochemical potentials u, , instead, which is what
was actually done in Huckel /-V 1.0. In Huckel I-V 2.0 (Ref.
36) the expression for Uge is modified to explicitly include
the charging effects as follows:

USC = UO(N_ Neq) + nvappl’ (9)

where Uy is the single electron charging energy of the sys-
tem. The potential profile inside the molecule is still assumed
to be flat. Gate electrodes were not considered in either of the
two models.

Comparisons of the potential profile and the energy lev-
els for a test system [gold-phenyl dithiol (PDT)-gold] in all
of our three semiempirical models are presented in Figs. 2
and 3. These two figures clearly demonstrate that the descrip-
tion of electrostatics in Huckel /-V 3.0 is more accurate and
complete compared to our earlier Huckel /-V models. From
Fig. 2 we observe that the spatial features of the potential are
present in Huckel /-V 3.0 whereas in the other two models,
the potential profile remains flat inside the molecule. In Fig.
3, the change in energy levels under applied bias [specifi-
cally, the change in the energy level right below the highest
occupied molecular orbital (HOMO) for this particular case]
shows the presence of screening effects in Huckel 7-V 3.0.

The Laplace and image potentials are obtained by solv-
ing Egs. (5) and (7), respectively, with appropriate boundary
conditions. These equations are solved using the Poisson
module of the 3-D finite element simulator NESSIE.*” The
3-D real-space mesh has been adapted to account for the
oxide layers, treated in a continuum approximation. Also, the
atomic sites of the molecule are treated as point charges in
free space. After finite element discretization, the resulting
linear systems are solved using the preconditioned conjugate
gradient method with incomplete Cholesky preconditioner.
The advantage of using the finite element method (FEM) for
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—+— Huckel I-V 1.0
—+— Huckel I-V 2.0 | : :

Self-consistent potential (eV)
o

=6 -4 -2 o] 2 4 6
Distance along the molecular length (A)

FIG. 2. A comparison of the potential profiles for the gold-PDT-gold system
(shown at the top) in our EHT-based models under the applied bias of +3 V.
The dotted line shows the applied (Laplace) potential. The “S” notation
indicates the position of the two sulphur end groups. The bias polarity is
defined as positive when the applied voltage on the left contact is positive.
Same convention of bias polarity is maintained throughout this paper. The
spatial features of the potential profile are captured in Huckel I-V 3.0
whereas in our earlier models, the potential profile is assumed to be flat
inside the molecule. Note that the device region only contains the PDT
molecule.*

the Laplace and image potentials is that it is computationally
inexpensive and thus allows a large number of grid points
without slowing down the calculation process. Furthermore,
it can be applied to any complicated structure such as three
terminal geometries with relative ease. It should be pointed
out here that the inclusion of image potential in our model
does not make any significant differences. We estimate that
the charging energy gets lowered by around 0.1 eV due to
the image effects.

In order to solve Egs. (5) and (7) in real space we need
to transform the density matrix and the self-consistent poten-
tial from orbital space to real space and vice versa. This
transformation procedure is approximated as follows:

2 (), = p(ry)

-7 LUMO ]
s
L g
@
[}
§ -9 ”2
)
3 b,
5 -10 HOMO

505 1 75 2 25 3
Applied Bias V (V)

FIG. 3. A comparison of energy levels as a function of applied bias for the
gold-PDT-gold system in our EHT-based models. Solid line, Huckel 7-V 3.0;
dotted line, Huckel /-V 2.0. In Huckel /-V 1.0 the energy levels remain
constant under applied bias (not shown). The electrochemical potentials for
the left and right contacts are shown by w; and w,. Due to the inclusion of
spatial features in Huckel /-V 3.0 the energy levels move in a complicated
but more accurate manner under applied bias whereas in Huckel /-V 2.0, all
the energy levels move in the same direction by a constant value.

J. Chem. Phys. 123, 064707 (2005)

UZ[M = U(”M)
U= f ¢, (DUF) ¢, (F)dF = Sﬂy(—Uﬁ%M (10)

&> ¢, = atomic orbitals

7y = position of the atomic site M.

Because of the inherent problems with infinite potential
at point charges, Eq. (6) is substituted by the CNDO (com-
plete neglect of differential overlap) method,™®* of which
only the Hartree potential (i.e., the Coulomb interaction) is
being utilized in our treatment. Both the charging and the
screening effects are incorporated into this term. In CNDO
approximation, this Poisson term becomes:

UIlg{)isson(Ap) =(Ap)yyu+ E (Ap)aYma
A
with (Ap)y = 2 (Ap)y,
7

Yo = (g i)
(11)
YmA = (M12W|Mi)

M ,A = atomic sites

= Slater-type atomic orbital.

The notations used in Eq. (11) are consistent with Ref. 49.
The two electron integrals ’s are the CNDO parameters
which are obtained from the experimental data and empirical
fitting. Given the distance between two atomic sites M and A
and their CNDO parameters v,, and 7,, the two-center two
electron integrals can be calculated by using Mataga-
Nishimoto approximation:49

2

q
’yMA = 26> (12)
47760RMA + T

which describes the smearing of the charge over the atomic
orbitals at short distances and approaches the Coulomb limit
for point charges [Eq. (6)] at large distances. The CNDO
approximation allows us to capture the main physical char-
acteristics of the Coulomb interaction without requiring com-
putationally expensive two electron integrals. It also avoids
the need to solve 3-D Poisson’s equation in real space which
can also be computationally very expensive because of the
sharp features of the Slater-type atomic orbitals. The CNDO
treatment describes both the 7 and o valence electrons and
thus can be added to the EHT molecular Hamiltonian seam-
lessly.

The position of the Fermi energy relative to the molecu-
lar levels needs to be obtained self-consistently even at equi-
librium. Whenever a molecule is connected to the contacts
some amount of charge transfer takes place which in turn
initiates an energy band lineup. As a result of this band
lineup the system attains equilibrium with a single Fermi
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level E, throughout. The precise location of the equilibrium
Fermi level depends very sensitively on many factors such as
surface conditions of the contacts, nature of bonding between
the molecule and the contacts, geometrical fluctuations of the
structure, and environmental conditions. In the absence of
detailed information of all these factors in most experiments
on molecular conduction, it is not only justifiable but in fact
necessary to treat the position of E; as an adjustable param-
eter. Hence, in Huckel /I-V 3.0, we use a fitting parameter V,
that allows us to move the molecular energy levels up or
down rigidly relative to the contact Fermi level. This is the
only fitting parameter used in our model which is added to
the molecular Hamiltonian (only on the molecular part and
not on any part of the contacts) as a constant potential at
equilibrium.

lil. I-V CHARACTERISTICS OF ALKANE DITHIOL
MOLECULES

A thorough and detailed experimental study of the I-V
characteristics of alkane-based molecules (both monothiol
and dithiol) in a nonopore setup has been reported
recently.14’40 An inelastic electron-tunneling spectroscopic
(IETS) study'* has also been performed on alkane dithiol
molecules which shows the presence of molecules inside the
pore sandwiched between two metallic electrodes. We study
some of these experimental results, focusing mainly on the
dithiol data, using our Huckel /-V 3.0 model. The reasons for
focusing only on the dithiol molecules (specifically, octane
dithiol) are twofold. The presence of the thiol group on both
ends of the molecule helps to form chemisorbed bonding
with gold contacts on both sides. This gives us a well-defined
bonded structure that is easy to simulate theoretically, as op-
posed to unstable physisorbed contacts that do not corre-
spond to a definite geometry-optimized structure. Secondly,
the above-mentioned IETS studies are reported only on the
dithiol molecules at this time and this makes the experimen-
tal results for the dithiol molecule much more reliable.

Although IETS can confirm the presence of dithiol mol-
ecules inside the nanopore in between two metallic contacts,
there still remain many other issues to be experimentally
sorted out, such as the exact number of molecules inside the
pore (assumed to be in the order of several thousands), the
nature of their bonding with the electrodes on both sides, and
the surface conditions of the electrodes. In order to simulate
the nanopore results we assume, for want of sufficient
knowledge, that all the octane dithiol molecules inside the
pore form strong and ideal chemisorbed bonds with gold
contacts on both sides. We further assume that the molecules
are far enough apart that each of them conducts current in-
dependently. Accordingly, we introduce a new fitting param-
eter, the effective number of perfectly bonded molecules in-
side the pore. Each end sulphur atom is assumed to sit over
the middle of a gold triangle lying in an ideal, single-crystal
(111) surface with the gold-sulphur bond length set to the
optimized value of 2.53 A It is worth noting that the bind-
ing energies of sulphur to other sites, such as on top of a gold
atom or on the bridge between two gold atoms, are not sig-
nificantly higher and could well be thermodynamically ac-

J. Chem. Phys. 123, 064707 (2005)
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Ef_EHOMO= 1.3eV

# of molecules ~ 425
0.5p

Current | (pA)
o

T 05 0 05 1
Applied Bias V (V)

FIG. 4. I-V characteristics for the gold-ODT-gold system (shown at the top).
Solid line: theoretical calculations using our Huckel /-V 3.0 model; dots:
experimentally obtained data in a nanopore setup. Two fitting parameters
have been used for this match. One is V.. which shifts the molecular energy
levels and sets E;—Eyopo to 1.3 eV. The other one is the effective number
of molecules (~425) by which the current is multiplied to obtain the total
current inside the nanopore. It is assumed that each molecule in the pore is
strongly connected to the gold contacts on both sides and they are conduct-
ing independently of each other. In reality, one could have a lot more mol-
ecules poorly connected and conducting much less current individually.

cessible at room temperature. There is little experimental
work on characterizing the gold surfaces in molecular con-
duction experiments. We adopt a convenient geometry sug-
gested by energy minimization, with the caveat that the re-
sults are quite sensitive to details of the bonding geometry.

Experimental data of the ionization potential (IP) and
electron affinity (EA) are not available for the octane dithiol
(ODT) molecule. Hence, we compare our results of initial
energy band lineup (before molecule-gold bonding and
charge transfer) with the results from a density functional
theory (DFT). We use GAUSSIAN (Ref. 51) for the DFT cal-
culations employing a Becke-Perdew-Wang (BPW) func-
tional with a 6-31G” basis. The HOMO-LUMO (lowest un-
occupied molecular orbital) gap of the ODT molecule in
EHT is 10.77 eV whereas in DFT, it is 7.23 eV. In EHT, the
E;—Eyomo value comes out to be 3.05 eV with the gold
Fermi energy calculated to be —9.5 eV.* On the other hand,
in DFT, the E;—Eyomo value is given by 1.12 eV with the
gold Fermi energy set to its experimental value of —5.1 eV.
For a general discussion of the energy-level comparison be-
tween EHT and ab initio methods, please see Ref. 36.

Our -V calculations for the octane dithiol (ODT) mol-
ecule show excellent agreement with the experimental re-
sults, as is evident from Fig. 4. In order to get the best fitting
of the I-V the molecular levels are shifted by V.=1.55 eV,
which in turn sets £~ Eyomo=1.3 €V. In addition, the cur-
rent conducted by a single molecule is multiplied by a factor
of ~425, a fitting parameter corresponding to the effective
number of well-contacted molecules, to get the total current
inside the pore. The adjustable parameter V.. is reasonable,
given that even for well-studied systems such as silicon tran-
sistors, it is common to adopt a threshold voltage adjustment
in the industry to account for the Fermi level position uncer-
tainties. It is, however, difficult to justify the value for the
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FIG. 5. A close look of the fitting: (a) the deviation o as a function of E;
—Eyomo showing a clear minimum at E,—Eyopo=1.3 eV: (b) the deviation
o as a function of the effective number of molecules for the particular value
of Ey~Eyomo=1.3 €V showing a best fit for around 425 well-contacted
molecules. Deviation is defined as the sum of the square of the differences
between the theoretical and experimental current values at every bias.

effective number of molecules due to lack of adequate infor-
mation of the details of the pore. From the experimental
value of the diameter of the pores the number of molecules
inside the pore can be estimated to be of the order of several
thousands. However, it is unlikely that all of these molecules
are well connected at both ends to the contacts. Besides, we
observe in another recent experimental study52 that the mag-
nitude of the current through a single octane dithiol molecule
is around 40 nA at 1 V, which tends to justify our value for
the effective number of molecules. A detailed analysis of our
fitting is presented in Fig. 5. The deviation o is defined as the
sum of the square of the differences between the theoretical
and experimental current values at every bias. The smallest
value of the deviation, as a function of E;—Eygme and the
effective number of well-contacted molecules, represents the
best fit in the I-V. We observe a clear minimum for o in Fig.
5 for the corresponding value of E;—Eygpmo=1.3 €V and ef-
fective number of molecules ~425.

An analysis of conduction through the ODT molecule is
presented in Fig. 6. It clearly shows that the conduction is
taking place only in the tunneling regime for the entire range
of the applied bias and transmission remains very low inside
the wu,—u, window. Fig. 7(a) shows the length dependence
of the transmission coefficients for three different lengths of
alkane dithiol molecules. As the experimental /-V data for
dodecane dithiol (C12) and hexadecane dithiol (C16) are not
available at this time in the same nanopore setup, we are not
able to pinpoint the position of the Fermi level for these two
molecules independently. Instead, we have used the same V,
value (1.55 eV from the ODT calculations) to generate all
the three curves in Fig. 7(a). We observe that the transmis-
sion decreases exponentially with the increase in the molecu-
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FIG. 6. (Color) (a) Energy level as a function of applied bias and (b) the
corresponding transmission coefficients as a function of energy and applied
bias in a color plot at E;—Eyomo=1.3 V. It is evident that the conduction
remains in the tunneling regime with low transmission coefficients in the
entire bias range.
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FIG. 7. (a) Equilibrium transmission coefficient as a function of energy for
three alkane dithiol molecules of different length with the same V. value
(1.55 eV) for all three curves and (b) the curve fitting for the calculation of
the decay coefficient 8. Our calculated value of 8 for alkane dithiol mol-
ecules, 0.72 A~!, is comparable to experimentally observed values.
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064707-7 Self-consistent transport model for molecular conduction

lar length as expected for coherent electron conduction.
From the transmission we estimate the decay coefficient 8
using the following equation:

T(Ef) = To(Ef)eXP(— Bd).

Figure 7(b) shows the fitted curve from which the 8 value is
extracted. The decay coefficient for alkanethiol molecules
obtained from many different experimental setups and tech-
niques have been previously reported; for example, Wang et
al. reported a B value between 0.83 and 0.72 A~' using a
nanopore setup,40 Holmlin et al. reported a S value of
0.87 A~! by mercury-drop experiments5 ? and Cui et al. re-
ported a B value of 0.79 A~! for many alkanethiol molecules
by using a conducting atomic force microscope technique.54
We see that our value of 8=0.72 A~! is comparable to the
experimental results.

A theoretical treatment of the same experimental /-V
characteristics studied here has been reported previously by
Wang et al.*® In that treatment, the fitting for a given value of
area A of the nanopore and the molecular length d (length of
the barrier) is performed using a modified Simmons
model’>*® with two fitting parameters: the height of the 1-D
potential barrier ¢, and a nonideality factor « corresponding
to a nonrectangular-shaped barrier or the effective mass of
the electron. They observed an excellent match with the ex-
perimental [-V for the particular values of ¢y=1.2 eV and
a=0.59. The 1-D barrier height ¢,=1.2 obtained by the au-
thors using their simple model corresponds well with our
value of Ey—Eyopmo=1.3 €V calculated with a fully atomistic
model for the molecule and the contacts with rigorous 3-D
self-consistent electrostatics. It is difficult to connect the pa-
rameter « with any of our parameters in a straightforward
manner. This parameter « depends in a complicated way on
the self-consistent potential, the couplings among molecular
orbitals, and the molecule-gold coupling, none of which is a
fitting parameter in our calculations. If the transport was
dominated by a single orbital, it may be possible to extract
an effective mass from the hopping terms, but this is not the
case for the nonconjugated molecules considered here. We
believe that the extended Hiickel coupling matrices within
the molecule describe, in effect, the effective mass alluded to
in the calculations by the Reed group. Our other fitting pa-
rameter, the effective number of well-contacted molecules,
can be loosely connected to the area A of the nanopore.

(13)

IV. SINGLE MOLECULE TRANSISTOR: GATE
EFFECTS ON [V

In this section we discuss gate effects on the molecular
I-V and present a few results for three terminal systems ob-
tained using Huckel 7-V 3.0. We show that in addition to the
electrostatic effects due to the gate electrodes, electronic
properties of individual molecules play an important role in
molecular transistors. Unfortunately, there exists almost no
experimental data in the literature that shows any significant
gate-induced effects on molecular I-V. Hence, the results we
present in this section are made without connecting to any
experimental results. Our objective is to showcase one of the
major strengths of our model, i.e., the description of the po-
tential profile inside the molecule even in the presence of an
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FIG. 8. Estimate of gate control B for two molecules (shown on the left) as
a function of oxide thickness with four gate plates around the molecule and
with oxide dielectric constant €,,=3.9. The value of S is averaged over the
molecular length. As both molecules are roughly of the same length
(~20 A) gate control for both of them is almost the same. To obtain good
gate control (8~ 1) the gate electrodes need to be placed prohibitively close
to the molecules (~2 A).

additional terminal as a gate electrode. In addition, we elu-
cidate the role of electronic properties like metal-induced-
gap states (MIGS) or HOMO-LUMO gap on transistor ac-
tion. We illustrate these points by comparing the transistor
performance of two molecules of similar lengths but of very
different electronic structures.

Figure 8 shows the two different molecular structures
that will be studied in this section. Molecule A is a nonplanar
alkanethiol chain (hexadecane dithiol) which is insulating in
nature with a large HOMO-LUMO gap (~8-10 eV). Mol-
ecule B is a benzene-based conjugated molecule [oligo(phe-
nylene ethynylene) OPE] with thiol groups at both ends. The
HOMO-LUMO gap of OPE molecule is much smaller
(~2-4 eV). Both molecules are connected by sulphur end
atoms to the gold source and drain electrodes. In Huckel
I-V 3.0 we can add as many as four rectangular gate elec-
trodes around the molecule, two in plane and two out of
plane. An oxide layer is placed in between the molecule and
the gate plates as an insulating medium (see Fig. 1). Since
the main effect of the oxide is electrostatic insulation, with
no consideration for gate leakage effects in this treatment, we
adopt a continuum model for the oxide, specified simply in
terms of its thickness 7,, and its dielectric constant €,.

The electrostatic gate control of the molecular device
depends on the oxide thickness, the oxide dielectric constant,
and the length of the molecule. We have chosen molecules A
and B as such that they are of similar length (~20 A) so that
the differences in their transistor characteristics arise exclu-
sively from their electronic, as opposed to their electrostatic
properties. A parameter 3 can be defined as a measure of the
gate control as follows:™®

(14)

where U, is the Laplace potential inside the molecule and V;
is the applied gate bias. The parameter 8 can take any value
between 0 and 1 and the maximum gate control is obtained
when B=1. We see from Fig. 8 that B values for both mol-
ecules A and B are roughly same. We also notice that the gate
control is considerably low (B~ 0.5) when the gate elec-
trodes are placed at a reasonable distance (f,,~ 10 A) from
the molecule. This point is further emphasized in Fig. 9.
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FIG. 9. Transistor characteristics (I,-V and I5-V), curves) for molecule A
at oxide thickness 7,,~10 A with a number of gate electrodes=4 and
oxide dielectric constant €,,=3.9. The values of subthreshold swing §
(~450 mV/decade) and I,,/I ratio (~10%) are poor. The I-V, curves
show no saturation of current. Overall, molecule A shows very poor transis-
tor performance operating at 7,,~ 10 A.

From Fig. 9(a) we observe that the subthreshold swing
(~450 mV/decade) of molecule A is too high when operat-
ing at r,,~10 A and there is almost no gate modulation.
Besides, the I;,—V/, curves [Fig. 9(b)] do not show any cur-
rent saturation. It is evident from Figs. 8 and 9 that for a
molecule of a length of around 20 A, good gate control (thus
good transistor performance) can be achieved only when the
oxide thickness is much smaller than 10 A.

For the comparison of transistor characteristics between
molecule A and molecule B we choose an oxide thickness of
fox~2 A. We understand that an oxide layer of only 2 A
thickness may be too thin to be reliable as an insulator. Be-
sides, it becomes difficult to justify treating the oxide layer
as a continuum at this thickness. However, we observe the
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FIG. 11. A comparison of the equilibrium transmission coefficients as a
function of energy between molecular systems A and B. Transmission coef-
ficients for molecule A are much lower around E; due to fewer MIGS. This
is the main reason for the better performance of molecule A as a switching
device compared to that of molecule B. Besides, the HOMO-LUMO gap of
molecule A is much larger than that of molecule B which also affects the
transistor action.

best transistor performance for both molecules at around
t.x=2 A, which helps to identify more clearly the differences
in the transistor performance between the two molecular
transistors, A and B.

The transistor characteristics presented in Fig. 10 clearly
show that molecule A acts as a better switching device com-
pared to molecule B. Transistor A can be turned on
or off much more easily as its subthreshold swing
(~150 mV/decade), defined as S=(d(loglp)/dVs)™"," is
much lower than that of transistor B (~350 mV/decade). In
addition, the on and the off states are more clearly defined
for transistor A as its I,,/I¢ ratio (~10% is much higher
than that (~10?) of transistor B. The reasons for these obvi-
ous differences in the transistor performance of these two
molecules can be understood from the plot of equilibrium
transmission coefficient (Fig. 11). The figure shows that the
transmission is much lower in the vicinity of £ for molecule
A compared to molecule B due to the lack of metal-induced-
gap states (MIGS). However, the transmissions around the
HOMO level for both molecules are roughly the same. As
transmission is proportional to the current it can be assumed

For molecule Batt,, ~2 K

©)

2
lon/Voty = 10

to A)

S ~ 350 mV/decade

Vo

FIG. 10. Transistor characteristics for molecule A [(a)
and (b)] and molecule B [(c) and (d)] at oxide thickness
fox~2 A with a number of gate electrodes=4 and oxide
dielectric constant €,,=3.9. The value of E;—Eygpo is
set to be 0.7 and 0.9 eV for molecules A and B, respec-
tively. The main difference in transistor performance
between these two molecules is in the values of sub-
threshold swing S and /,,/1 ratio. For molecule A we

=-10V

0.5
VeV

obtain S~ 150 mV/decade and 1,,/1,;~ 10* which are
much better for switching action compared to those of

Iy (WA)

molecule B (S~ 350 mV/decade and I,,,/I,;~ 10%). For
both molecules the subthreshold swing is obtained from
the Ip-Vg curve at Vp=-0.1 V in the linear region be-
tween V5=-0.5V and V;=-0.7 V. Both molecules
show relatively low current saturation [(b) and (d)]
whereas, irregular behavior (current is going down with
higher V;;) is observed at low V,, for molecule B. Mol-
ecule B also shows bipolar transistor behavior (c) as
current increases in both polarities of V.

@
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FIG. 12. (Color) Energy level as a
function of drain bias and the corre-
sponding color plot of the transmis-
sion as a function of energy and drain
bias for molecule A at 7,,~2 A in off
[(a) and (b)] and on [(c) and (d)]
states. The source and drain electro-
chemical potentials are shown by u,;
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that 1,/1 is equivalent to T,/ T, Where Ty is the trans-
mission around E; and T, is the transmission around the
HOMO level. Thus it becomes evident why the I ,/1 g ratio
for molecule A is much higher than that of molecule B. Simi-
larly, the subthreshold slope is related to the rate of change of
transmission inside the E; to Eyomo energy range. The
change in transmission is much steeper for molecule A (Fig.
11) and subsequently, its subthreshold slope is much higher
than that of molecule B.

When a bias is applied to the gate electrodes it raises or
lowers the molecular energy levels according to the bias po-
larity. With source electrode grounded, the Laplace potential
U, inside the molecule can be written as:

(1-p
2

U,=pB(-qVe) + (=qVp), (15)
where B is the gate control parameter defined earlier. If the
gate control is ideal, i.e., B=1, then the Laplace potential
becomes U;=-qV; which essentially holds the gate elec-
trodes at a fixed potential with respect to the source.>® This
means the molecular energy levels will follow the source
chemical potential under the applied drain bias as long as the
Laplace potential remains the dominant factor. We observe
from Fig. 12 that the molecular energy levels are, indeed,
following the source chemical potential ;.

It is evident from Figs. 12(a) and 12(b) that at low gate
bias the conduction takes place inside the HOMO-LUMO
gap (tunneling regime) which keeps the system in the off
state. Under large gate bias the molecular levels move up
sufficiently enough that the system enters the resonant tun-
neling regime where conduction takes place through the
HOMO level [Figs. 12(c) and 12(d)] which in turn makes the
current level high and switches the system to the on state.
This is the basic switching mechanism for the molecular

and u,, respectively. At small gate
bias [(a) and (b)] the current remains
very low as tunneling conduction
takes place through the HOMO-
LUMO gap. The current level in-
creases with high gate bias [(c) and
(d)] as the HOMO level comes inside
the u,—u, window. However, the cur-
rent then starts to saturate with in-
creasing drain bias as no new energy
levels come inside the wu;—u, window.

1 15

transistor. The current saturation at high drain bias in the on
state can be explained as follows: for a fixed gate bias in the
on state [Figs. 12(c) and 12(d)] when the drain bias is in-
creased, the molecular energy levels remain fixed with re-
spect to u; under strong gate control conditions (8~ 1) and
at some point the current becomes almost saturated as no
new level crosses w, and the transmission inside the u;
-, window remains very low. As the density of states in-
side the HOMO-LUMO gap remains small but nonzero for
both of the molecules, the current keeps on increasing
steadily without attaining complete saturation [Figs. 10(b)
and 10(d)]. It is worth pointing out that realizing a transistor
like molecule A showing impressive subthreshold swing may
require additional considerations of threshold voltage adjust-
ment, power supply, etc. which have not been discussed here.

V. CONCLUSION

In this paper we presented our model Huckel I-V 3.0
which provides a practical simulator for quantum transport in
molecules including a semiempirical description of the full
3-D electrostatics and employs just the location of the Fermi
energy as a single adjustable parameter. We applied our
model for quantitative analysis of experimentally observed
I-V characteristics of alkane dithiol molecules. Our calcula-
tions showed good agreement with the experiments. We also
presented a comparative assessment on molecular transistor
action. Currently, we are working on improving our model
by adding a proper atomistic description of tunneling
through vacuum in scanning tunneling microscope (STM)
measurements. We are also looking into the prospect of in-
corporating silicon contacts in our model to complement our
first-principles treatments of these hybrid systems.35
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