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Cooperative Effects in Molecular Conduction II: The Semiconductor-Metal Molecular
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Department of Materials and Interfaces, Weizmann Institute of Science, RehoVoth 76100, Israel
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Our recent calculation of the effect of intermolecular interactions on molecular conduction (J. Comput. Theor.
Nanosci. 2008, 5, 535) is generalized to molecules adsorbed on a model semiconductor surface and in a
metal-molecule-semiconductor junction. The metal and semiconductor electrodes are represented by cubic
lattices within generic tight binding models, where the semiconductor two-band structure is described by
using a simple site-alteration property. A physically motivated choice of parameters for the molecule(s) and
the electrodes completes the model definition. The model encompasses direct intermolecular interactions as
well as through-metal interactions and can be solved exactly to yield spectral properties (surface density of
states) and transport characteristics (transmission coefficients and current-voltage behavior) for single-molecule
junctions and molecular layers. The model is applied to analyzing the effect of intermolecular interactions on
the predicted negative differential resistance in metal-molecule-semiconductor junctions (recently observed
in scanning tunneling microscopy studies of adsorbates on Si(100)).

1. Introduction

Molecular electronic devices, potentially the next step in
device miniaturization, are based on applying the electronic
transport properties of molecular junctions to achieve functional
goals. A molecular junction is made of at least two (metal
(MET) or semiconductor (SC)) electrodes connected by a
molecular spacer-a single molecule or a molecular layer. While
most junctions investigated to date are based on metallic leads,
the use of semiconductor electrodes offers potentially stronger
bonding and a richer variety of behaviors associated with
different band structures and doping levels. For these reasons,
junctions comprising SC electrodes have come increasingly
under study.1-20 As subjects of computational work, such
junctions are more challenging than their metallic counterparts
mainly because essential properties of the pure semiconductor,
such as its relevant band gap, are notoriously difficult to
compute.21 Furthermore, doped semiconductors are not easily
amenable to direct ab initio calculations because their electronic
behavior can be characterized only over the length and size
scales typically not accessible to such calculations.

In this paper, we use a generalized tight binding model that
comprises a molecule or a molecular layer adsorbed on and
connecting between metal and SC surfaces in order to study
the effect of intermolecular interactions on generic properties
of molecular conduction in such junctions. This extends our
previous study22 of cooperative effects in molecular conduction
in metal-molecule-metal junctions. The tight binding model
for the MET electrode is described in ref 22. The SC is
described, following Mujica and Ratner,23 by a site-alteration
nearest-neighbor tight binding model where a two-band solid

is obtained by assigning different energies to neighboring sites.
In one dimension, this yields a generalized Newns model24 for
the SC, for which the surface Green function (GF), self-energy
(SE), and density of states (DOS) needed for transport calcula-
tions can be obtained analytically. Exact results for these
functions for the three-dimensional analogue can be obtained
numerically. They correspond to a two-band, one-gap SC model
whose properties (band and gap widths) can be fit to actual
systems by adjusting the site energies and the nearest-neighbor
couplings. The molecule (m) or the molecular layer (ML) are
modeled, as in ref 22, by a tight binding species (with parameters
chosen as described in ref 22) adsorbed between these MET
and SC model surfaces. The energetic and conduction properties
of these models can be computed exactly, making it possible
to compare these properties for a single molecule and for the
molecular layer. In particular, the recent observation and analysis
of negative differential resistance (NDR) in such junctions7,8 is
shown below to be very sensitive to intermolecular interactions
in the transmitting molecular layer.

This article is organized as follows. In section 2, we analyze
the one-dimensional tight-binding alternate-sites semiconductor
model, with an adsorbed molecular species, and evaluate the
needed surface GF, SE, and DOS. This sets the stage for the
analogous computation of the corresponding three-dimensional
model, for which a numerical approach is discussed in Sections
3 and 4. Section 5 discusses the chosen model parameters used
in section 6 to compute the DOS, GFs, and SEs as well as
transport properties of these junctions for both single-molecule
and molecular layer junctions. Section 7 concludes.

2. Chemisorption on a One-Dimensional Model
Semiconductor

Figure 1 shows a minimal model of a molecular site adsorbed
on a one-dimensional semiconductor (SC) model described by
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a chain of repeated pairs of sites of energies (εs′, - εs) with a
constant nearest-neighbor coupling V(s). The surface SC site is
chosen arbitrarily to be of energy εs, and the molecular site is
characterized by site energy εm and coupling to the SC surface
site V(sm). The Hamiltonian is thus

where the SC sites are j ) 0, 1, 2,..., N - 1 (N is assumed
even; below, we take N f ∞), with even and odd position
indices denoting sites of energies εs and -εs, respectively.

The spectral properties of this model can be evaluated
analytically as an extension of the Newns procedure for the
Newns-Anderson model.24 This can be used to verify the
numerical procedure described below for the analogous three-
dimensional model.

Analytical Treatment. It is convenient to replace the local
basis by one in which Bloch functions are used. Because there
are two atoms per unit cell, the new basis involves a set of two
independent Bloch functions that may be chosen in the forms

where θ ≡ ka and k ) nπ/aN (n ) 1, 2,..., (N/2) - 1); |θ〉e

and |θ〉o contain contributions from the even and odd atomic
sites, respectively. Equations 2a and 2b correspond to a chain
of N atoms such that sin[((N - 2)/2 + 1)2θ] ) 0 for atom N.
θ assumes values in the interval 0 e θ < π/2, with the one-
dimensional density of θ states given by

On the basis of these functions and assuming that V(s) is real,
the Hamiltonian Ĥ satisfies

For any θ, the energy eigenvalues are obtained from the secular
equation

which yields two bands

with the corresponding normalized eigenfunctions

The spectral density that characterizes the interaction of the
molecular level m with this 1-d model solid comprises additive
contributions from these bands

The molecule (site m in Figure 1) interacts only with the
“surface” atom (site 0). Consequently, V(

(mθ) ) V(ms)〈0|θ(〉. Using
eqs 2a and 7 and then converting sum to integral using eq 3
yields

Changing the integration variable to Eθ using eq 6 (see Appendix
A) and defining

where eq 6 implies that |b(E)| e 1 for E in the bands, finally
leads to

Figure 1. A schematic representation of a molecule m adsorbed on a
one-dimensional semiconductor model characterized by a tight binding
atomic chain of alternating positive and negative energy sites. The
model is characterized by the site energies εs and εm and the nearest-
neighbor coupling terms V(s) and V(ms). The lattice constant is 2a.

Ĥ ) εm|m〉〈 m| + V(ms)(|m〉〈 0| + |0〉〈 m|) +

∑
j)0

(N-2)/2

(εs|2j〉〈 2j|-εs|2j + 1〉〈 2j + 1|)

+ ∑
j)0

N-2

(V(s)|j〉〈 j + 1| + h.c.) (1)

|θ〉e ) � 4
N ∑

j)0

(N-2)/2

sin[(j + 1
2)2θ]|2j〉 (2a)

|θ〉o ) � 4
N ∑

j)0

(N-2)/2

sin[(j + 1)2θ]|2j + 1〉 (2b)

Fθ ) N
π

(3)

〈θe|H|θe〉 ) εs (4a)

〈θo|H|θo〉 ) -εs (4b)

〈θo|H|θe〉 ) 〈θe|H|θo〉 ) 2V (s) cos(θ) (4c)

|εs - Eθ 2V (s) cos(θ)

2V (s) cos(θ) -εs - Eθ
| ) 0 (5)

Eθ( ) (√εs
2 + 4(V (s))2 cos2(θ) (6)

|θ(〉 )
|θ〉e + ( Eθ( - εs

2V (s) cos(θ))|θ〉o

�1 +
(Eθ( - εsc)

2

4(V (s))2 cos2(θ)

(7)

Γ(m)(E) ) Γ+
(m)(E) + Γ-

(m)(E)

Γ(
(m)(E) ) 2π ∑

m

|V(
(mθ)|2δ(E - Eθ() (8)

Γ(
(m)(E) ) (8π|V (ms)|2

N )
∑

θ

4(V (s))2 cos2(θ) sin2(θ)

(Eθ( - εs)
2 + 4(V (s))2 cos2(θ)

δ(E - Eθ()

) 8|V (ms)|2∫
0

π/2
dθ 4(V (s))2 cos2(θ) sin2(θ)

(Eθ( - εs)
2 + 4(V (s))2 cos2(θ)

δ(E - Eθ()
(9)

b(E) )
E2 - εs

2

4(V (s))2
(10)
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Two comments are in order. First, turning off the site energy
alteration, that is, setting εs ) 0 in eq 11, recovers the Newns
semielliptic spectral density function24 for the corresponding 1-d
metal model. Second, the exact result eq 11 differs qualitatively
from that obtained for this model in ref 23 and, in contrast to
the latter, shows an asymmetric dependence on E(Γ(m)(E) *
Γ(m)(-E)) that reflects the symmetry breaking associated with
the molecular adsorption on either the positive or the negative
energy SC site. Indeed, the symmetry property is Γ(m)(E,εs) )
Γ(m)(-E,-εs), which expresses the fact that the spectral density
of a molecule adsorbed on a positive energy site is the mirror
image of that of a molecule adsorbed on a negative energy site.

Numerical Evaluation. In what follows, we evaluate the
surface Green function and self-energy using the numerical
procedure described in ref 22, which is based on the renormal-
ization group method25-28 used earlier for evaluating tunneling
electron fluxes through molecules and molecular layers.29 We
start by writing the Hamiltonian (eq 1) in the form

where the molecular part is

The 1-d semiconductor is represented by a repeated structure
of two-dimensional matrices describing the unit cells and the
coupling between them

and the molecule-SC coupling is given by

For the bare one-dimensional SC, the surface Green function,
Ĝ(ss), and self-energy, Σ̂(ss), satisfy

which yields a closed equation for the SE matrix

where Î is a 2 × 2 unity matrix. This equation is solved by the
iterative renormalization-group technique.25-27 Once a converged
solution is reached, the molecular GF and SE are obtained from

and the molecular spectral density is given by

Note that the SC bulk GF is obtained in the same way in the
form

The density of states (DOS) functions associated with the
molecule, the SC surface, and the SC bulk are given, respec-
tively, by

Results obtained from this numerical procedure are in complete
agreement with the analytical results obtained above. A
generalization of this procedure is however our main tool in
the three-dimensional case.

3. Chemisorption on a Three-Dimensional Cubic Model
Semiconductor

Hamiltonian. Consider a molecular monolayer chemisorbed
on the surface of a 3-d site-alteration SC electrode, as
represented schematically in Figure 2. The adsorbed layer and
the SC are represented by single-site species placed on a simple
cubic lattice, which is semi-infinite in the z direction and with
periodic boundary in the x and y directions. A lattice site is
described by (nx,ny,nz), with nx ) -Nx, -Nx + 1,..., Nx - 1; ny

) -Ny, - Ny + 1,..., Ny - 1; and nz ) 0, 1,..., ∞. The SC
surface is indexed as nz ) 1, and the molecular layer occupies
positions on the nz ) 0 plane. This structure corresponds to the
simplest commensurate molecular layer; more complex struc-
tures can be accounted for as described in ref 22. A simple tight
binding model is considered, where each SC atom and each
adsorbate molecule are represented by a single orbital, denoted
|nx,ny,nz〉, coupled to its nearest-neighbor orbitals. The interaction
between nearest-neighbor SC atoms is denoted by V(s), and
between adsorbate and SC sites, it is denoted by V(ms-) and V(ms+)

Γ(m)(E) )

{ 4|V (ms)|2√b(E) - b2(E)
E - εs

for εs e E < √εs
2 + 4(V (s))2

4|V (ms)|2√b(E) - b2(E)
εs - E

for -√εs
2 + 4(V (s))2 e E < -εs

0 otherwise
(11)

Ĥ ) (Hm Ĥms 0 ...

Ĥsm Ĥ00 Ĥ01 ...

0 Ĥ10 Ĥ00 ...
... ... ... ...

) (12)

Hm ) εm (13)

Ĥ00 ) (εs V(s)

V (s)* -εs
) (14)

Ĥ01 ) (0 0

V (s) 0 ) Ĥ10 ) (0 V (s)*

0 0 ) (15)

Ĥms ) (V (ms) 0 ) Ĥsm ) (Ĥms)
† (16)

Ĝ(ss)(E) ) (EÎ - Ĥ00 - Σ̂(ss)(E))-1

Σ̂(ss)(E) ) Ĥ01Ĝ
(ss)(E)Ĥ10 (17)

Σ(ss)(E) ) H01(EÎ - Ĥ00 - Σ̂(ss)(E))-1Ĥ10 (18)

Σ(m)(E) ) HmsĜ
(ss)(E)Hsm (19a)

G(m)(E) ) (E - εm - Σ(m)(E))-1 (19b)

Γ(m)(E) ) -2 Im(Σ(m)(E)) (20)

G(b)(E) ) (E - H00 - Σ(ss)(E) - (Σ(ss)(E))†)-1 (21)

F(m)(E) ) - 1
π

Im[G(m)(E)] (22)

F(ss)(E) ) - 1
π

Im[G(ss)(E)] (23)

F(b)(E) ) - 1
π

Im[G(b)(E)] (24)
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for the negative and positive energy SC sites, respectively. The
Hamiltonian is then

with the SC Hamiltonian, ĤSC, the molecular layer Hamiltonian,
ĤML, and their mutual interaction, ĤML-SC, given by

and

with periodic boundary conditions in the x-y plane.
In eqs 26-28, |nxnynz〉 denotes the orbital associated with the

species on the corresponding site. It is convenient to use instead
an enumeration of these orbitals in terms of the unit cell and
its internal structure, |nxnynz〉 f |R;mxmymz〉 , where mj, j ) x, y,
z are unit cell indices and R denotes atoms in the unit cell (four
in the molecular layer and eight in the underlying SC; see Figure
2). The corresponding Bloch functions in the xy plane are
defined by

Again, periodic boundary conditions are implied, with periods
Mu ) Nu/2 (u ) x, y). Consequently, θu ≡ kua (u ) x, y), where
a is the interatomic distance (2a is the unit cell size; see Figure
2) and ku )(πl/aMu) (l ) 1, 2,..., Mu f 0 < θu e π). In the
basis of these Bloch functions, the Hamiltonian is block diagonal

where we have denoted θxy ) (θx,θy) and where each block on
the diagonal represents a one-dimensional problem in the z
direction and has the form

Each block in the Hamiltonian matrix (eq 31) corresponds to
the internal structure of unit cells and their mutual coupling as
reflected in Bloch space. In particular, H00

SC(θxy) and H01
SC ) H10

SC†

are, respectively, diagonal and nondiagonal contributions
(of dimensions 8 × 8) to the SC Hamiltonian, while HML(θxy)
and HMS are, respectively, blocks of the Hamiltonian matrix of
dimensions 4 × 4 and 4 × 8 corresponding to a unit cell of the
adsorbed monolayer and its interaction with the SC cell below.
Explicit forms of these Hamiltonians are given in Appendix B.

Figure 2. A three-dimensional schematic representation of a molecular
layer adsorbed on a site-alternating SC surface. The SC sites of energies
εs and -εs are shown as small dark and light circles, and the molecular
sites are shown as larger circles. Also shown are the unit cells (of
dimension 2a) that characterize the molecular and SC lattices. The tight
coupling parameters are the intermolecular coupling V(m), the SC
coupling V(s), and the molecular couplings V(ms+) and V(ms-) to the
positive and negative energy SC sites, repectively.

Ĥ ) ĤSC + ĤML + ĤML-SC (25)

HSC )

εs ∑
nx)(-Nx/2)

(Nx/2)-1

∑
ny)(-Ny/2)

(Ny/2)-1

∑
nz)0

∞

[|2nx2ny2nz〉〈 2nx2ny2nz| +

|(2nx + 1)(2ny + 1)2nz〉〈 (2nx + 1)(2ny + 1)2nz| +
|(2nx + 1)2ny(2nz + 1)〉〈 (2nx + 1)2ny(2nz + 1)| +
|2nx(2ny + 1)(2nz + 1)〉〈 2nx(2ny + 1)(2nz + 1)|] -

εs ∑
nx)(-Nx/2)

(Nx/2)-1

∑
ny)(-Ny/2)

(Ny/2)-1

∑
nz)0

∞

[|(2nx + 1)2ny2nz〉〈 (2nx +

1)2ny2nz| + |2nx(2ny + 1)2nz〉〈 2nx(2ny + 1)2nz| +
|2nx2ny(2nz + 1)〉〈 2nx2ny(2nz + 1)| + |(2nx + 1)(2ny +

1)(2nz + 1)〉〈 (2nx + 1)(2ny + 1)(2nz + 1)|] +

V(s) ∑
nx)-Nx

Nx-2

∑
ny)-Ny

Ny-2

∑
nz)0

∞

[|nxnynz〉〈 nxny(nz + 1)| + h.c. +

|nxnynz〉〈 nx(ny + 1)nz| + h.c. + |nxnynz〉〈 (nx + 1)nynz| +
h.c.] (26)

HML ) εm ∑
nx)-Nx

Nx-1

∑
ny)-Ny

Ny-1

|nxny(nz ) 0)〉〈 nxny(nz ) 0)| +

V (m) ∑
nx)-Nx

Nx-2

∑
ny)-Ny

Ny-2

[|nxny(nz ) 0)〉〈 nx(ny + 1)(nz ) 0)| +

h.c. + |nxny(nz ) 0)〉〈 (nx + 1)ny(nz ) 0)| + h.c.] (27)

HML-SC ) V (ms+) ∑
nx)(-Nx/2)

(Nx/2)-1

∑
ny)(-Ny/2)

(Ny/2)-1

[|2nx2ny(nz )

0)〉〈 2nx2ny(nz ) 1)| + |(2nx + 1)(2ny + 1)(nz )
0)〉〈 (2nx + 1)(2ny + 1)(nz ) 1)| + h.c.] +

V (ms-) ∑
nx)(-Nx/2)

(Nx/2)-1

∑
ny)(-Ny/2)

(Ny/2)-1

[|(2nx + 1)2ny(nz ) 0)z〉〈 (2nx +

1)2ny(nz ) 1)| + |2nx(2ny + 1)(nz ) 0)〉〈 2nx(2ny +
1)(nz ) 1)| + h.c.] (28)

|R;θxθymz〉 )

1

√MxMy

∑
mx)(-Mx/2)

(Mx/2)-1

∑
my)(-My/2)

(My/2)-1

ei(2θxmx+2θymy)|R;mxmymz〉 (29)

H ) (Hθxy 0 0 ...

0 Hθxy′ 0 ...

0 0 Hθxy
′′ ...

... ... ... ...
) (30)

Hθxy
) (HML(θxy) HMS 0 0 ...

HMS† H00
SC(θxy) H01

SC 0 ...

0 H10
SC H00

SC(θxy) H01
SC ...

0 0 H10
SC H00

SC(θxy) ...
... ... ... ... ...

)
(31)
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Self-Energy and Density of States for an Adsorbed
Molecular Layer. Next, we use the scheme of ref 22 to compute
the self-energy and spectral density associated with an adsorbate
site. The equations analogous to eqs 18-20 now are the k-space
functions

which determine the SC surface SE

which yields the molecular layer SE, and

is the molecular layer spectral density. Î is a 4 × 4 or 8 × 8
unity matrix for the ML or SC, respectively. The semiconductor
surface GF and the molecular layer GF (analogues of eqs 17
and 19b) are given by

For completeness, we note that the SC bulk Green function,
that is, the analogue of eq 21, is given by Gθxy

B (E) ) (EÎ -
H00

SC(θxy) - Σθxy
SS(E) - (Σθxy

SS(E))†)-1. The corresponding position
space functions are obtained by a two-dimensional Fourier
transform

where X ) Σ, Γ, G, nxy ≡ (nx,ny), and ∆nxy ) (nx - nx′,ny -
ny′) and where the dependence on nz has been omitted here and
below for simplicity of presentation. In particular, the local GFs
can be used to evaluate the density of states per site of the SC
bulk, the SC surface, and an adsorbed molecule

A Single Adsorbed Molecule. If instead of a molecular layer
we have a single molecular adsorbate, the corresponding GF,
self-energy, and spectral density are given by22

and, again, the density of states associated with the adsorbate

4. Conduction in a SC-Molecule-Metal Junction

Section 3 provides the surface GF and spectral properties
associated with a single molecule or a molecular layer adsorbed
on a model SC surface, based on a generalization of similar
expressions derived in ref 22 for a model metal surface. These
expressions can now be used to evaluate transmission and
current-voltagecharacteristicsofametal-molecule-semiconductor
junction based on these models. The needed expressions are
generalizations of those derived in ref 22 and are summarized
below.

Consider an adsorbate monolayer connecting between the
metal (see ref 22) and semiconductor systems. The monolayer
GF in Bloch space has a form similar to eq 36, except that the
SE term combines additively contributions from both electrodes

where SCΣθxy
ML(E), the SC contribution, is given by eq 33 and

mtlΣθxy
ML(E) is the corresponding contribution from the metallic

electrode (eq 14 in ref 22). The transmission per molecule is
given by (cf. eq 28 of ref 22)

where Tr denotes the trace operation and the spectral densities
SCΓθxy

ML(E) and mtlΓθxy
ML(E) are given, respectively, by eq 34 above

and eq 14 in ref 22.
Next, consider a single adsorbate species, taken to occupy

the single site (nx, ny, nz ) 0) on the adsorbate plane z ) 0. The
adsorbate Green function, eq 39a, now takes the form22

where the SC and metal contributions to the self-energy are
given by eq 39b and eq 23 in ref 22, respectively. The
corresponding single-molecule transmission function is given
by eq 27 in ref 22

u m(E))SCΓnxy,nxy

m (E)Gnxy,nxy

m (E)mtlΓnxy,nxy

m (E)(Gnxy,nxy

m (E))† (44)

In eq 44, the spectral densities SCΓnxy,nxy
m (E) and mtlΓnxy,nxy

m (E) are
given by eq 39c and eq 23 in ref 22, respectively.

Σθxy

SS(E) ) H01
SC(EÎ - H00

SC(θxy) - Σθxy

SS(E))-1H10
SC (32)

Σθxy

ML(E) ) HMS(EÎ - HML(θxy) - Σθxy

SS(E))-1H†MS (33)

Γθxy

ML(E) ) i(Σθxy

ML(E) - (Σθxy

ML(E))†) (34)

Gθxy

SS(E) ) (EÎ - H00
SC(θxy) - Σθxy

SS(E))-1 (35)

Gθxy

ML(E) ) (EÎ - HML(θxy) - Σθxy

ML(E))-1 (36)

Xnxy,nxy′ (E) ) 1

4π2 ∫0

π ∫0

π
dθxdθy Xθxy

(E)eiθxy∆nxy (37)

FB(E) ) - 1
π

Im[Gnxy,nxy

B (E)] (38a)

FSS(E) ) - 1
π

Im[Gnxy,nxy

SS (E)] (38b)

FML(E) ) - 1
π

Im[Gnxy,nxy

ML (E)] (38c)

Gnxy,nxy

m (E) ) (E - εm - Σ nxy,nxy

m (E))-1 (39a)

Σnxy,nxy

m (E) ) V (ms)†Gnxy,nxy

SS V (ms) (39b)

Γnxy,nxy

m (E) ) i(Σnxy,nxy

m (E) - (Σnxy,nxy

m (E))†) (39c)

F(m)(E) ) - 1
π

Im[Gnxy,nxy

m (E)] (40)

Gθxy

ML(E) ) (EÎ - HML(θxy)-
SCΣθxy

ML(E) - mtlΣθxy

ML(E))-1 (41)

u ML(E) )
1

4π2
Tr[∫0

π ∫0

π
dθxdθySCΓθxy

ML(E)Gθxy

ML(E)mtlΓθxy

ML(E)(Gθxy

ML(E))†]

(42)

Gnxy,nxy

m (E) ) (E - εm-
SCΣnxy,nxy

m (E)-mtlΣnxy,nxy

m (E))-1 (43)
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Once the transmission functions have been evaluated, the
current in a biased junction can be obtained from the Landauer
formula, using u ) um or uML

where f(E) are the Fermi functions of the leads and the
dependence on the electrostatic potential Φ is manifested by
the potentials on the two electrodes as well by the way the
potential bias falls across the junction. In the calculations
reported below, we set the potential on the SC to 0 and the
metal potential to Φ. The metal site energies in the absence of
bias as well as the SC mid-band gap are taken as 0 in the
unbiased junction. In the presence of bias Φ, the metal site
energies are shifted to -eΦ, and the molecular site energy is
then taken to be

The parameter S, 0 e S e 1, is the molecular shift parameter
that reflects the way by which the bias potential is distributed
along the molecular bridge. S , 1 corresponds to a molecule
bound strongly to the SC, whereas S ∼ 1 implies stronger
coupling to the metal electrode.

5. Model Parameters

The metal-molecule-SC model presented above depends
on a number of energetic parameters. In the calculations shown
and discussed in section 6, we use a set of such parameters that
were estimated from experimental and computational data. In
the following we present these estimates. Note that parameters
associated with the molecule and metal subsystems, described
in ref 22, were adopted again here.

(a) The SC site energy, (εs, is chosen to fit a desired band
gap (2εs). We use εs ) (0.215 eV, which gives a 0.43 eV band
gap, comparable to that of InAs.

(b) The SC tight binding interaction parameter V (s)

determines the bandwidth. In particular, in the site-alteration
model, the valence band encompasses the range -2V (s)d to
-εs, and the conduction band lies between εs and 2V (s)d,
where d is the dimensionality. Experimentally observed
valence bandwidths are typically WV ∼ 4 eV,30,31 and
conduction bandwidths are of similar order, WC ∼ 2-4 eV.31

Consequently, V (s) should be on the order of a few tenths of
eV. Below, we use V (s) ) 0.03 au ∼ 0.82 eV.

(c) The molecule-SC tight binding interaction parameter,
V(ms), can be estimated from experimental measured lifetimes
of excess electron transfer from the molecule to a SC surface,
τ ∼ 10-100 fs.32 This lifetime provides an estimate of Γ(m) )
2π|V(ms)|2F(s), where F(s) is the SC DOS. The latter was estimated,
using the SC DOS from Figure 5, to be 2πF(s) ∼ 1 [eV]-1. This
implies coupling on the order of Γ(m) ≈ p/τ ∼ 0.01-0.1 eV
and V(ms) ∼ [Γ(m)]1/2 ∼ 0.1-0.3 eV. Below, we use V(ms) ) 0.004
au ∼ 0.11 eV.

(d) For the intermolecular interaction V(m), we use the estimate
from ref 22 (based on ab initio calculations for 1,4-butanedithiol
on gold(111)), V(m) ) 0.0035 au ∼ 0.095 eV.

(e) Similarly, for the metal and the molecule-metal interac-
tion, we use the same parameters that were used in ref 22. The
tight binding metal interaction is taken as V(t) ) 0.03 au ∼ 0.82
eV, and the molecule-metal interaction parameter is chosen to
be V(mt) ) 0.004 au ∼ 0.11 eV.

(f) For the equilibrium junction, the metal site energy εt is
set to 0, as is the SC mid-band gap. The molecular site energy
is taken as εm ) -0.5 eV. The choice of εm ) εt - 0.5 eV
corresponds to the observed order of magnitude of this difference
in good molecular hole conductors.

In summary, the following set of “standard” interaction
and energetic parameters are used in the calculation displayed
and discussed below: V (s) ) 0.82 eV (the SC tight binding
interaction), V(t) ) 0.82 eV (the metal TB interaction), V (m)

) 0.095 eV (intermolecular nearest-neighbor interaction
within the molecular layer), molecule-metal and molecule-SC
interactions, V (mt) ) V (ms) ) 0.11 eV, SC and metal site
energies, εs ) (0.215 eV and εt ) 0, respectively, and
molecular site energy εm ) -0.5 eV. It should be emphasized
that this particular choice represents one reasonable scenario
and that different junctions encompass a range of possible
interaction parameters.

6. Results and Discussion

One-Dimensional Results. To gain insight into the site-
alteration SC model, we start with the one-dimensional case.
Figure 3 shows the imaginary (the spectral density (eq 11))
and real parts of the self-energy (eq 19a) associated with
the adsorbate species using the “standard parameters” defined
above and taking the “surface” SC site (on which the
adsorbate is situated) to be of positive energy. These results
are obtained using either the numerical or the analytical
procedures described in section 2. As mentioned above,
assigning the positive energy site to the SC surface removes
symmetry about the energy origin, in contrast to ref 23 (a
negative energy site at the SC surface will yield a mirror
image of this picture). The corresponding result for the SC
surface DOS, eq 23, is compared to the bulk DOS, eq 24,
for the same model in Figure 4a. Here and below, the SC
bands extend from - 2V (s)d to -εs and from εs to 2V (s)d,
where d is the dimensionality. These results may be
contrasted with their metallic counterparts (Figure 4b),
obtained using the same model parameters except that εs )
0.

Three-Dimensional Results. The surface and bulk DOS, eq
38, of our “standard” 3-d SC model, averaged over positive
and negative SC sites, are displayed in Figure 5. The two bands

I(Φ) ) ∫ dE(fmtl(E) - fSC(E))u (E, Φ) (45)

εm(Φ) ) εm(0) - SeΦ (46)

Figure 3. Real and imaginary parts of the self-energy of a
molecular site adsorbed on a one-dimensional SC lattice, using the
“standard” parameter set with the positive energy site at the SC
surface. Full line (red): Γ(m)(E) ) -2Im(Σ(m)(E)); dashed line (black):
Re(Σ(m)(E)).
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range from - 2V(s)d to -εs and from εs to 2V(s)d ()4.92 eV).
Figures 6-8 show spectral properties pertaining to molecules
and molecular layers adsorbed on the surface of this model
SC. The spectral function Γθxy

ML(E), eqs 34 and 37, calculated
for one molecule from the molecular adsorbate layer chosen
to sit on a positive energy surface site of our model

“standard” SC, is shown in Figure 6 (a mirror image of this
picture is obtained for a molecule attached to a negative
energy surface site).

In analyzing the density of states associated with adsorbate
molecules, we distinguish between the local DOS associated
with a molecule attached to a positive or negative energy site
and the overall DOS characterizing the adsorbate layer, which,
when displayed per adsorbate molecule, amounts to an average
of DOS functions associated with surface sites of different (here,
positive and negative) energies. The full line in Figure 7 shows
the latter DOS function (per adsorbed molecule), eq 38c, for
our “standard” system. In particular, in this case, the
adsorbate intermolecular coupling is V (m) ) 0.095 eV. The
dashed line represents a similar result for a larger coupling,
V (m) ) 0.15 eV. These are compared to the corresponding
result obtained for a single molecule (still averaged over
positions above positive and negative energy SC surface
sites), eq 40, using the “standard” parameters. The resulting
DOS distributions are centered about the molecular site
energy, εm ) -0.5 eV, and their width is considerably larger
for the layer and increases for a larger intermolecular
interaction in this layer. Figure 8 shows DOS functions
associated with a single molecule attached to the positive

Figure 4. (a) Surface (full line, black) and bulk (dashed line, red) density of states, eqs 23 and 24, of the 1-d SC model with “standard” parameters
and with the positive energy site at the SC surface. (b) The corresponding DOS functions for the metal obtained by setting εs ) 0.

Figure 5. DOS of a three-dimensional SC surface (dashed line, black)
and the bulk (full line, red). “Standard” parameters are used.

Figure 6. Local spectral density associated with an adsorbate species
on top of a positive energy surface site of the SC surface. “Standard”
parameters are used. A mirror image of this picture is obtained for an
adsorbate situated on the negative energy site.

Figure 7. The density of states of a single molecule (m, dashed-dotted
line, black) and a molecular layer (ML, full line, red, per molecule)
adsorbed on the 3-d model SC, using the “standard” parameter set.
Also shown (dashed line, blue) is the DOS for a molecular layer with
“standard” parameters, except that the intermolecular interaction is taken
to be 0.15 eV.
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and negative energy SC surface sites, as well as their average.
Note that because the molecular site energy was taken to be
-0.5 eV, the molecular DOS peak is considerably broader
(and therefore lower at its maximum) for a molecule attached
to a negative energy site, that is, interacting with a higher
density of SC surface states.

Next, consider electron transmission and conductance. In ref 22,
we have shown that broadening of the molecular spectrum due to
intermolecular coupling in the adsorbate layer can strongly affect the
current-voltage behavior of junctions involving such interfaces. In
what follows, we focus on one particular characteristic of junctions
involving semiconductors leads, reported and discussed in refs 7 and
8. When in the unbiased junction the bridge molecular level in a
metal-molecule-SC junction lies just below the SC valence band
edge (as well as below the metal Fermi energy), conductance may be
nonzero at a finite temperature because of thermal depletion of
electronic population from (i.e., hole generation in) the SC valence
band. As the bias increases, the molecular level may shift past the
valence band edge and enter into the SC band gap, leading to current
reduction, which amounts to negative differential resistance (NDR).
When the voltage increases further, the molecular level further enters
the SC conduction band, and current increase resumes.

The possibility of observing this kind of behavior, or more
generally the manifestation of the spectral density associated with
the molecule-SC interaction in the junction transport behavior,
depends sensitively on the way in which the adsorbate level(s) shifts
with bias relative to the SC electronic structure. Indeed, Quek et
al.33 argue against the mechanism proposed in refs 7 and 8 applied
to the cyclopentene on p-type Si(001) system, based on ab initio
calculations of the voltage-induced energy shifts involved. In the
following, we consider a metal-molecule (molecular layer)-semi-
conductor junction with the “standard” parameter set and use eq
46 with S chosen as detailed in the figure captions. Figures 9 and
10 show the effect of intermolecular interactions in the adsorbate
layer on this NDR behavior. Figure 9 compares the behavior of a
single-molecule junction and of a junction comprising a molecular
layer with different intermolecular interactions, as in Figure 7. A
strong NDR effect at T ) 1200 K, seen in the single-molecule
junction, becomes much milder in the molecular layer case and
all but disappears when the intermolecular interaction V(m) becomes
larger and the spectral width characterizing the molecular layer
exceeds the SC band gap. (T ) 1200 K may appear to be a high

temperature, but our model is only expected to yield qualitative
understanding. Also, the temperature used merely reflects the
number of holes in the SC valence band, arising from the Fermi
functions in eq 45. The same hole concentration may be obtained
at a much lower temperature using doping.) The same behavior is
seen from another point of view in Figure 10, which compares the
behavior of a single-molecule junction and that of a junction based
on a molecular layer at two different temperatures. The NDR
behavior is considerably less pronounced at the lower temperature
and disappears altogether for the molecular layer case.

7. Conclusions

In this paper, we applied a generic minimal tight binding
model to compare electronic spectral and transport properties
of molecules and molecular layers adsorbed on semiconductor
surfaces and used as bridges in semiconductor-based molecular
junctions. The semiconductor model is based on a site-alteration
model where a two-band electronic structure results from a

Figure 8. Full line (red): DOS of a single molecule adsorbed on a 3-d
SC (“standard” parameters). The dashed-dotted (blue) and dashed
(black) lines correspond to a molecule attached to a negative or positive
energy SC surface site, respectively. The full line is the average of
these two results.

Figure 9. I/V curves for a metal-molecule-SC junction, using
standard parameters at T ) 1200 K and S ) 0.8. Full line (blue): single
molecule. Dashed line (red): a molecular layer (V(m) ) 0.095 eV).
Dashed-dotted line (black): a molecular layer with the “standard”
intermolecular interaction replaced by V(m) ) 0.15 eV. Also shown
(full line with circles, green) is the T ) 0 result (where NDR is absent)
for the single-molecule junction.

Figure 10. I/V curves for a metal-molecule-SC junctions, using
standard parameters and S ) 0.5, calculated at T ) 1000 K (molecular
layer and single molecule results displayed using full circles (black)
and a full line (red), respectively) and at T ) 1200 K (a dashed (blue)
line for the single-molecule junction; empty circles (black) for the
molecular layer).
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periodic array of unit cells with two sites characterized by
different energies. Our analytical results in one dimension
provide a generalization of the Newns semielliptic spectral
function24 that characterizes a simple tight binding model metal
and yield this result in the appropriate limit. Numerical
evaluation based on a renormalization group algorithm is verified
by comparing to these 1-d results and is then used in the
corresponding three-dimensional model. The resulting spectral
functions and density of states are dominated by a prominent
band gap that strongly affects the transport properties of
junctions based on such SC lead(s).

As in our previous study, where we compared single-molecule
junctions to junctions based on molecular layers or molecular islands
between two metal electrodes, we find that within our simple model,
the main effect of increasing the number of interacting molecules stems
from broadening of the effective molecular DOS and consequently
the conduction spectrum. In particular, we focused on the finite-
temperature NDR phenomenon associated with the voltage-induced
shift of the conducting molecule across the SC valence band edge
into the gap. We found that intermolecular interactions can strongly
reduce and even eliminate the NDR feature.

It should be kept in mind that intermolecular interactions treated
at the tight binding level are only one source of adsorbate
cooperative behavior in molecular conduction. On semiconductor
substrates, important electrostatic effects associated with permanent
molecular dipoles34 as well as with charge transfer between
molecules and the substrate35 may dominate the junction behavior.
A complete picture of molecular coverage effects in molecular
transport junctions should account for such effects as well.
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Appendix A

Equation 6 can be recast as

where x ≡ Eθ(. This yields

Using eq A2 in eq 9 gives

Inserting eq A1 into eq A3 yields, after some straightforward
algebraic manipulation

Because 0 e θ < π/2, eq A1 implies that x must assume real
positive values for εs e x < [εs

2 + 4(V(s))2]1/2 and real negative
values for -[εs

2 + 4(V(s))2]1/2 e x < -εs. Using these limits in
the integral of eq A4 yields

Appendix B

Here, we provide explicit expressions for the block Hamiltonian terms in eq 31. In terms of the energetic parameters that define our
tight binding model for a molecular monolayer adsorbed on the surface of a cubic SC, they are given by

x ) (√εs
2 + 4(V (s))2 cos2(θ) (A1)

dθ ) -dx
x

4(V (s))2 cos(θ) sin(θ)
(A2)

Γ(m)(x) ) -

8|V (ms)|2 ∫ dx
x cos(θ) sin(θ)

(x - εs)
2 + 4(V (s))2 cos2(θ)

δ(E - x)(A3)

Γ(m)(x) ) -8|V (ms)|2∫ dx

x�x2 - εs
2

4(V (s))2�1 -
x2 - εs

2

4(V (s))2

(x - εs)
2 + 4(V (s))2 x2 - εs

2

4(V (s))2

δ(E - x)

)
-4|V (s)|2∫ dx

�x2 - εs
2

4(V (s))2
- (x2 - εs

2

4(V (s))2)2

x - εs
δ(E - x)

(A4)

Γ(m)(x) ) -4|V (ms)|2

[ ∫√εs
2+4(V (s))2

εs dx
�x2 - εs

2

4(V (s))2
- (x2 - εs

2

4(V (s))2)2

x - εs
δ(E - x) +

∫-√εs
2+4(V (s))2

-εs dx
�x2 - εs

2

4(V (s))2
- (x2 - εs

2

4(V (s))2)2

x - εs
δ(E - x)](A5)

H00
SC(θxy) ) ( εs V (s)(1 + e-i2θx) V (s)(1 + ei2θy) 0 V (s) 0 0 0

V (s)(1 + ei2θx) -εs 0 V (s)(1 + ei2θy) 0 V (s) 0 0

V (s)(1 + e-i2θy) 0 -εs V (s)(1 + e-i2θx) 0 0 V (s) 0

0 V (s)(1 + e-i2θy) V (s)(1 + ei2θx) εs 0 0 0 V (s)

V (s) 0 0 0 -εs V (s)(1 + e-i2θx) V (s)(1 + ei2θy) 0

0 V (s) 0 0 V (s)(1 + ei2θx) εs 0 V (s)(1 + ei2θy)

0 0 V (s) 0 V (s)(1 + e-i2θy) 0 εs V (s)(1 + e-i2θx)

0 0 0 V (s) 0 V (s)(1 + e-i2θy) V (s)(1 + ei2θx) -εs

) (B1)
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H01
SC ) ( 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

V (s) 0 0 0 0 0 0 0

0 V (s) 0 0 0 0 0 0

0 0 V (s) 0 0 0 0 0

0 0 0 V (s) 0 0 0 0

) (B2)

HML(θxy) ) ( εm V (m)(1 + e-i2θx) V (m)(1 + ei2θy) 0

V (m)(1 + ei2θx) εm 0 V (m)(1 + ei2θy)

V (m)(1 + e-i2θy) 0 εm V (m)(1 + e-i2θx)
0 V (m)(1 + e-i2θy) V (m)(1 + ei2θx) εm

) (B3)

HMS ) (V (ms+) 0 0 0 0 0 0 0

0 V (ms-) 0 0 0 0 0 0

0 0 V (ms-) 0 0 0 0 0

0 0 0 V (ms+) 0 0 0 0
) (B4)
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