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I
n 1974, Aviram and Ratner1 proposed
using organic molecules as alternatives
to conventional methods of building

electronic devices. Since then, a significant
amount of research has been carried out to
explore the feasibility and intrinsic proper-
ties of such devices.2,3 Examples of possible
applications include single-electron transis-
tors consisting of a single organic molecule
bridging two gold electrodes4 and memory
devices based on self-assembled monolay-
ers (SAMs) of organic molecules on surfaces.
The real-world reliability of such molecular
memory devices has already been demon-
strated,5 and more recently, a strong depen-
dence of the redox voltages and rates on
doping of the semiconductor leads and am-
bient light exposure6 has been described.
Additionally, the negative differential effect
(NDR), present in conventional resonant
tunneling diodes, and which can be ex-
plored to build fast switches and high-
frequency oscillators,7 has also been ob-
served in measurements of
current�voltage characteristics of organic
molecules on gold8 and silicon9,10 surfaces.
In the former case, a current peak-to-valley
ratio (PVR) of 1000:1 was reached, due to
voltage-induced reduction of a nitroamine
center. Theoretical investigations with ei-
ther ab initio or empirical methods have
been carried out for molecules on both
metallic11–16 and semicondutor
surfaces.17–19

In this paper, we demonstrate, from a
theoretical standpoint, that NDR character-
istics of a molecule sandwiched between
semiconductor leads can be dramatically al-
tered and tuned by doping of the leads
and/or atomic substitution in the bridging
molecule. A technologically important
Si�porphyrin�Si system is used as a para-

digmatic example, with different atoms in
the center of the porphyrin ring. In each
case, sharp NDR peaks are obtained, whose
positions and strengths change with the
central atoms. Furthermore, the kind, num-
ber, and PVR of the NDR peaks are tunable
by doping the Si leads with extra carriers.
Similar results are expected for a wide class
of small and medium-size molecules bridg-
ing doped semiconducting leads.

RESULTS AND DISCUSSION
We consider three different porphyrin

(Por) molecules, H2�Por, Zn�Por, and
Ni�Por. Figure 1 shows the atomic struc-
tures of two systems consisting of either a
H2�Por or a Zn�Por molecule bridging two
Si surfaces. The center of the H2�Por is
composed of four N atoms, two of which
are bonded to H atoms, while the center of
Zn�Por is composed of four N atoms
bonded to a single Zn atom. We also con-
sider Ni�Por, where the Zn in Zn�Por is re-
placed by a Ni atom. The porphyrins in this
work are tethered on both sides by two
benzyl alcohol groups and connect to
Si(100) surfaces through O�Si chemical
bondsOsimilarly to the ones studied in refs
5 and 20. The Si(100) surfaces can be
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ABSTRACT Quantum transport properties of porphyrin-bridged p�n junctions with Si leads are investigated

by ab initio calculations. It is shown that this system exhibits strong negative differential resistance (NDR) peaks,

whose magnitude and position can be controlled by the doping levels of the leads and by changing the central

transition metal atom of the porphyrin. These results are explained by bias-induced on�off switching of resonant

tunneling channels associated with specific molecular orbitals. The predicted behavior is general and should be

observable for other organic molecules bridging doped semiconducting leads.
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described as a monohydride 2 � 1 dimer row recon-

struction.21

The effects of doping were represented by apply-

ing shifts to the chemical potentials of the leads. A posi-

tive chemical potential shift increases the number of

electrons in the conduction band, while a negative shift

adds holes to the valence band. The chemical poten-

tials for different doping levels are obtained by solving

numerically for � using the equation

Ne )∫-∞

∞
ne(E)f((E - µ) ⁄ kBT)dE

where Ne is the total number of electrons, ne(E) is the

electron density of states, f(x) is the Fermi�Dirac distri-

bution, and T is the room temperature. Three doping

levels are considered: undoped intrinsic leads; doped

leads with 1016 carriers per cm3 (shift of 0.10 eV); and

doped leads with 1019 carriers per cm3 (shift of 0.27 eV),

with the left lead n-doped and the right lead p-doped.22

Figure 2 shows the forward-bias current as a func-

tion of forward-bias voltage for the three systems stud-

ied. In the undoped case, the reverse-bias current is

the same as the forward-bias current due to inversion

symmetry. As will be shown below, the doping-

dependent current peaks obtained under forward-bias

emerge when the electron-rich conduction band mini-

mum (CBM) of the n-doped lead is aligned with an un-

occupied molecular orbital or when the hole-rich va-

lence band maximum (VBM) of the p-doped lead is

aligned with an occupied molecular orbital. Under

reverse-bias conditions, when the electron-poor CBM

of the p-doped lead (or the hole-poor VBM of the

n-doped lead) is aligned with a LUMO (or a HOMO),

there is no current increase because no extra carriers

are available for resonant tunneling. At a very large bias,

the CBM of the p-doped lead (or the VBM of the

n-doped lead) is aligned with a HOMO (or LUMO), then
the current will increase monotonically, which is similar
to the undoped case except for the bias shift as dis-
cussed below. Therefore, the reverse-bias currents are
essentially independent of doping levels and similar to
the undoped forward-bias current; hence, they are not
shown.

For all the doped and undoped systems, we refer
to the effective zero bias voltage as the voltage at which
the left and right band gaps of the Si leads are aligned.
In actual devices, the chemical potentials of the leads
are aligned at zero bias, which results in a doping-
dependent displacement of the band gaps equal to
the difference between the left and right chemical po-
tentials. This shifts the peaks in the current versus volt-
age graphs by the amount of doping-induced displace-
ment. In order to simplify the discussion of the physical
origins of the results, the doping-dependent currents
are plotted relative to the effective zero bias, but they
can easily be corrected by adding the shifts given
above. These shifts are analogous to the observed n ver-

Figure 1. Two model structures of porphyrins (Por) tethered
by benzyl alcohols: (a) H2�Por and (b) Zn�Por molecules,
chemically bonded to two H-passivated Si(100) surfaces. The
structure of the Ni�Por bridged device is similar to (b). Atom
colors are H: white, C: green, O: red, N: blue, Si: magenta,
Zn: brown. Note that all systems have inversion symmetry.

Figure 2. Current versus voltage plots in log (bottom plots,
left axis) and linear (top plots, right axis) scales for (a)
H2�Por, (b) Zn�Por, and (c) Ni�Por, for various Si doping
levels. Doping levels are 0 (solid), 1016/cm3 (dotted line), and
1019/cm3 (dashed line). See text.
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sus p doping asymmetry in doping-dependent redox

rates reported in ref 6.

The alignment of the energy levels of H2�Por and

the Si leads for different biases is apparent in the spa-

tially resolved density of states plots in Figure 3. In the

undoped configuration of H2�Por (solid line in Figure

2a), the current turns on at the bias of 0.8 V, which cor-

responds to the value of the density functional theory

energy gap in the Si leads.23,24 At this voltage, electrons

with energies close to the VBM of the left lead start to

tunnel to the unoccupied states at the CBM of the right

lead. For higher voltages, more electrons are able to

tunnel and the current increases accordingly. At 2.1 V,

the current increases by 2 to 3 orders of magnitude (see

Figure 2a) because, at this voltage, the energy of the

HOMO of H2�Por is aligned with the right CBM, which

results in the opening of a resonant tunneling channel

between the two leads.

Figure 2a also shows how the current behaves for

doped systems (dashed and dotted lines) when the

left lead is n-doped and the right lead is p-doped. At bi-

ases below 2 V, the current shows very strong peaks

relative to the current of the undoped system, while

above 2 V, the current is independent of doping. All the

current peaks found in our calculations are associated

with resonant transmission through molecular orbitals

(e.g., HOMO, LUMO, LUMO�1, etc.) from pockets of ex-

tra carriersOeither electrons or holes. When the bias

voltage is raised so that the energy of the resonant or-

bital falls into the gap of one of the leads, the channel

closes, the current drops, and NDR occurs. However, the

only orbitals that behave as resonant channels are

those for which the electron density extends through-

out the entire molecule and that hybridize significantly

with the Si states.

The first current peak for the doped systems in Fig-

ure 2a at 0.7 V (and a PVR of 200:1 for the strong dop-

ing case) is due to the alignment of the energy of the

HOMO of H2�Por with the energy of the holes of the VB

of the p-doped right lead (see Figure 3b). Above this

voltage, the energy of the HOMO falls into the gap of

the right lead and the current drops. On the other hand,
the second peak in Figure 2a at 1.4 V and PVR of 80:1 re-
sults from the energy alignment of the extra electrons
in the CB of the n-doped left lead with the porphyrin
LUMO (see Figure 3c). Once the applied voltage drives
the porphyrin LUMO energy into the gap of the left
lead, this channel is closed and the current drops with
bias. The heights of the peaks are clearly proportional to
the number of extra holes (electrons) present on each
lead. As the doping level is increased from 1016/cm3

(dotted lines) to 1019/cm3 (dashed lines), the peak
heights increase by 3 orders of magnitude.

At voltages above 2.0 V, the dominant current is
due to resonant tunneling of left lead VB electrons
through the porphyrin HOMOOas seen above for the
undoped systemOand the effects of doping are
negligible.

Figure 2b,c shows the current as a function of bias
for the Zn�Por and Ni�Por systems, and Figure 4
shows the spatially resolved densities of states at repre-
sentative bias voltages. The molecular orbitals that
work as resonant channels in Zn�Por are the HOMO
and the LUMO. In Ni�Por, on the other hand, the
HOMO, the degenerate HOMO-1 and HOMO-2, and
the LUMO are localized around the Ni atom and are

Figure 3. Spatially resolved energy density of states for H2-Por at biases of (a) 0.0 V, (b) 0.7 V, (c) 1.4 V, and (d) 2.1 V. The energy 0 is set
to the average of the left and right chemical potentials. Light (dark) colors correspond to high (low) electron densities.

Figure 4. Spatially resolved density of states for (a) Zn�Por at 1.0 V and (b)
Ni�Por at 1.3 V. The energy 0 is set to the average of the left and right chemi-
cal potentials. Light (dark) colors correspond to high (low) electron densities.
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not strongly coupled with the Si states. Figure 4b shows
the limited spacial extent of these orbitals. The orbital
associated with resonant tunneling is the LUMO�1
(and to a lesser extent the HOMO-3), which spatially
bridge the separation between the two leads.

As was the case for H2�Por, in the undoped Zn�Por
and Ni�Por systems, the current turns on around 0.8 V
and increases with voltage, due to direct tunneling of
electrons from the left VB to the right CB. At bias volt-
ages of 2.3 V for Zn�Por and 2.2 V for Ni�Por, the
HOMO and LUMO of Zn�Por and the LUMO�1 of
Ni�Por establish resonant channels between the left
and right leads, increasing the current by 2 to 3 orders
of magnitude (see Figure 2b,c).

Turning to the doping-dependent current peaks,
Figure 2b shows a peak at 1.0 V, with a PVR of 140:1,
for the heavily doped Zn�Por system. Coincidentally,
at this voltage, both the HOMO and the LUMO are
aligned with the right VB and the left CB, respectively
(see Figure 4a).25 Therefore, both orbitals work as reso-
nant channels between the leads until the bias in-
creases and their energies fall into the Si gaps.

Figure 2c shows the behavior of the current as a
function of bias voltage for the Ni�Por system. For the
doped systems, the current peaks around 1.3 V with a
PVR of 230:1 for the strongly doped configuration. Fig-
ure 4b shows how the Ni�Por LUMO�1, which is asso-
ciated with this peak, aligns with the left CB minimum
and establishes a resonant channel with the right VB.
Among the systems considered here, the Ni�Por has
the largest PVR. Further enhancement of the PVR may
be obtained by additional doping, which could be
tuned to specific applications.

The above results also explain the experimentally
observed variation in redox voltages and kinetics for
Zn(II) trimesitylporphyrin (Por-BZOH)6 adsorbed on
doped Si. Por-BZOH can exist in neutral and single and
double oxidation states. Its redox voltage was shown to
be strongly dependent on doping levels for n-Si but
not for p-Si. The cationic-accessible state is the HOMO,
which is located below the valence band maximum, just
as in our calculations for H2�Por. In experiments, the
p-doped Si lead readily accepts electrons from the mol-
ecule because of the presence of holes in the valence
band. However, in the n-Si case, holes are not available
in the valence band to recombine with electrons from
the molecule and must be generated either thermally
or optically to allow the oxidation to proceed. These ex-

perimental results are completely consistent with ours.
The first current peak in the H2�Por system at 0.7 V
(Figure 2b) corresponds to electrons being transferred
from the molecule, as in oxidation, to the right p-doped
lead, while they are being replenished by the left n-Si
lead (reduction). The level diagram for this process,
which includes the density of states of the leads, is
shown in Figure 3b. However, if the leads were re-
versed, the molecule would not be able to oxidize since
there would be no holes in the right n-Si lead, analo-
gously to the limited oxidation of PorBzOH on n-Si sub-
strates in ref 6.

SUMMARY AND CONCLUSIONS
In summary, this paper investigated a novel,

porphyrin-bridged p�n junction through ab initio elec-
tronic transport calculations. It predicts that this and
similar systems exhibit strong NDR characteristics,
which can be tuned by varying the doping levels of
the leads and/or by modifying the atomic structure of
the molecule. For undoped systems, the current turns
on for bias voltages above the energy gap of the leads
and increases monotonically with voltage, as electrons
directly tunnel from the VB of the left lead to the CB of
the right lead. At high voltages, direct tunneling be-
tween the VB maximum of the left lead and the CB mini-
mum of the right lead increases the current by 2 to 3 or-
ders of magnitude. For doped systems, carrier-density-
dependent current peaks are observed at intermediate
bias voltages. These peaks arise as a result of resonant
tunneling through molecular orbitals that bridge pock-
ets of extra holes or electrons on one electrode and the
VB or CB on the other electrode. NDR results when the
energy of the MO forming the resonant channel is
driven into the gap of one of the Si leads. The shape
and position of these current peaks can be tuned by
changing the atoms in the center of the porphyrin
(H2�, Zn�, or Ni�). The strongest PVR found was for
Ni�Por.

One should note that the behavior exhibited by
these three systems should be very general. Any mol-
ecule with extended orbitals with energies close to the
CBM and/or VBM of a semiconducting lead should ex-
hibit current peaks and NDR for the appropriate volt-
ages and doping levels. Additional control of the posi-
tions of current peaks and NDR could also be achieved
by using a third lead or a substrate to supply gating
voltage.

METHODOLOGY AND CALCULATIONS
In the transport calculations, a real-space implementa-

tion of the nonequilibrium Green’s functions (NEGF)
method26,27 is used to compute the charge density and po-
tential self-consistently. Our code is suitable to study very
large systems, up to several thousand atoms.15,18 The sys-

tem is partitioned into three parts, the two Si leads and the
scattering region, which includes the molecule and a few Si
buffer layers on both sides. Both the leads and the scattering
region are treated using density functional theory (DFT)28,29

within the generalized gradient approximation (GGA)30 to
the exchange and correlation functional. The interactions of
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the core electrons and nuclei with the valence electrons are
described by ultrasoft pseudopotentials.31

The first step is to determine the optimized localized basis
set by using the real-space multigrid code. The localized orbit-
als centered at atoms are variationally optimized.32,33 Five orbit-
als per hydrogen, carbon, nitrogen, oxygen, and silicon atoms,
and nine orbitals per nickel and zinc atoms are found to be ac-
curate enough to converge the total energy within 10 meV.
None of the calculations are spin-polarized since it has been
shown34 that the Ni�Por and Zn�Por molecules are closed shell.

The atomic positions of the Si�Por�Si systems are relaxed
in several stages due to the large number of degrees of free-
dom involved. First, the isolated porphyrin molecules are fully re-
laxed. Second, the bond between a Si surface atom and an OCH3

group is optimized since the porphyrin molecules are attached
to the Si surface through an alcohol group. Next, the full mol-
ecule is attached, and further relaxation steps are performed. Fi-
nally, the molecule is matched to the other Si lead through an
identical Si�O bond, and a last relaxation step is performed. The
resulting tilt angle between the porphyrin axis and the Si sur-
faces is 77°, with the phenyl ring planes forming a 60° angle with
the porphyrin plane. The final forces were converged to better
than 0.004 Ha/Bohr. The final binding energy, calculated as the
total energy difference between the isolated H-passivated Si sur-
faces plus an isolated porphyrin molecule and the Si�Por�Si
junction plus two isolated H2 molecules, is 0.8 eV.

The Si lead calculations use unit cells with 8 layers of Si at-
oms with 12 atoms per layer, corresponding to a 4 � 3 surface
unit cell. In terms of k-point sampling, a �-point calculation with
a 4 � 3 supercell corresponds to a 12 k-point calculation in a 1
� 1 unit cell. In our case of semiconductor leads, the I�V charac-
teristics are mainly band-gap-related, and the DFT band gap is
well reproduced with this sampling. The unit cell for the scatter-
ing region consists of 12 layers of Si for each of the leads plus
the porphyrin molecule.

Once the localized basis set is determined, the second step
is to calculate the charge density matrix within the NEGF
method. In the optimized basis set �(r), the charge density ma-
trix can be written as

Dµν )
1
π∫-∞

∞
[[GC

+(E)ΓL(E)GC
-(E)]µνf(E - µL) +

[GC
+(E)ΓR(E)GC

-(E)]µνf(E - µR)]dE

where f(E) is the Fermi�Dirac occupation and �L and �R are the
chemical potentials of the left and right leads, respectively. GC

�

are the retarded and advanced Green’s functions of the
scattering region. A complex energy contour integration27 is
used to obtain the charge density matrix efficiently.

The charge density in the scattering region is

F(r) )∑
µ,ν

�µ(r)Dµν�ν(r)

where the ��,�(r) are the optimized localized orbitals. The Hartree
potentials at the different bias voltages are obtained by solving
the Poisson’s equation with boundary conditions adjusted to
match the left and right chemical potential shifts. For each bias
voltage, a self-consistency cycle is performed to get the
converged potential and charge density in the scattering region.
It has been established that self-consistency is fundamental to
the correct identification of current peaks and NDR.18

The final step is to calculate the current under bias after the
potential and charge density are self-consistently determined.
The current I as a function of bias voltage V is obtained by inte-
grating the transmission coefficient T(E, V):

I(V) )∫-∞

∞
T(E, V)[f(E - µL) - f(E - µR)]dE

The transmission coefficient T(E, V) is calculated using

T(E, V) ) 2e2

h
Tr[ΓL(E)GC

+(E)ΓR(E)GC
-(E)]

The bias voltage V does not appear explicitly on the right-hand
side of the above equation. However, the Green’s functions are
calculated using the self-consistently determined potentials
which depend on the bias voltage V. The coupling between the
semi-infinite leads and the scattering region is described by �L,R

	 i[
L,R
� � 
L,R

� ], where 
L,R
� are the self-energies.

Additionally, the Green’s function of the whole system gives
the spectral function A 	 i[G� � G�], from which the localized
density of states can be calculated:

F(r, E) ) 1
2π∑

i,j

�i
/(r)Aij(E)�j(r)

where �i are the localized orbitals.
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Note added after ASAP publication: Due to a production error,
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