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We report first-principles calculations of current versus gate voltage characteristics of a molecular
transistor with a phenyldithiolate molecule as active element. We show that~i! when the molecule
is placed in proximity to the gate electrode, current modulation and resonant tunneling can occur at
very small gate voltages. This is due to the first-order perturbation of the electronic states induced
by the electrostatic potential of the gate in the molecular region. Such perturbation is present even
if the molecule does not have an intrinsic dipole moment.~ii ! The molecular transistor can be
converted fromn-type top-type by the simple co-adsorption of a single oxygen atom placed near the
molecule. While the latter finding suggests that the character of molecular transistors can be easily
changed by doping the electrode surfaces, it also puts severe constraints on the experimental control
of such structures for molecular electronics applications. ©2003 American Institute of Physics.
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In recent years, we have witnessed an increased inte
in devices made of single molecules.1 Different functional-
ities and phenomena that can be useful in electronic app
tions such as resonant tunneling, Coulomb blockade, Ko
effect, or switching, have been demonstrated.1 The transistor
is by far the most important element in electronics, but c
tainly the most difficult to realize at these nanometer-len
scales.2–5 Recently Di Ventraet al. have suggested that
single phenyldithiolate molecule with a third capacitive te
minal ~gate! should exhibit current modulation and resona
tunneling via the lowest unoccupied molecular orbi
~LUMO! ~i.e., n-type behavior!.2 By symmetrically placing
the molecule in a capacitor field, these authors have sh
that the external gate bias can change the resistance o
molecule by more than an order of magnitude at a fix
source–drain voltage.2 At resonant tunneling, conductance
of the order of the quantum of conductance (2e2/h
577.5mS) were predicted.2 With such a geometry, curren
amplification is induced by the second-order Stark effe
and gate voltages of about 8 V are required to obtain re
nant tunneling and modulation.2 For actual applications
however, amplification at smaller gate voltages is desira
as well the ability to modify the character of the transist
say, fromn-type top-type.

In this letter, we show by means of first-principles ca
culations that when the molecule is placed in proximity
the gate electrode, current modulation, and resonant tun
ing can occur at very small gate voltages. This result is
to the first-order perturbation of the electronic states indu
by the electrostatic potential of the gate in the molecu
region. Such perturbation is present even if the molecule
inversion symmetry with respect to the gate field directio

a!Electronic mail: diventra@vt.edu
1930003-6951/2003/82(12)/1938/3/$20.00
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Furthermore, we show that the simple co-adsorption of
oxygen atom in proximity to the molecule changes the ch
acter of the transistor fromn-type top-type.

The system and geometry we consider are depicted
Fig. 1. The phenyldithiolate molecule is placed betwe
source and drain gold electrodes that we model with id
metals~jellium model!.6,7 The interior electron density of the
electrodes is taken to be equal to the value for metallic g
(r s'3). The electron wave functions are computed by so
ing the Lippman–Schwinger equation iteratively to se
consistency in steady state. Exchange and correlation ar
cluded in the density-functional formalism within the loca
density approximation.7 Current-induced forces have bee
found to have a negligible effect on the structural propert

FIG. 1. Schematic of the three-terminal geometry used in the present w
The gate electrode is placed parallel to the molecular plane.
8 © 2003 American Institute of Physics
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of the molecule at small source–drain voltages.8 All atomic
positions are therefore kept at their equilibrium value at z
bias.8 The gate is introduced as a capacitor field generated
two circular charged disks at a certain distance from e
other. The axis of the capacitor is perpendicular to the tra
port direction. The molecule is placed parallel to one of
disks at a distance of 2 a.u.~see Fig. 1!.9 This is a typical
bonding distance of benzene molecules on insula
surfaces.10 The second disk is placed 20 a.u. away from
molecule, simulating the fact that the gate potential is zer
infinity. Note that even though the molecule does not have
intrinsic dipole moment, the present geometry introduce
term in the Hamiltonian whose expectation value on the m
lecular orbitals is not zero.11 The states of the whole syste
~molecule plus electrodes! thus experience a linear perturb
tion in the presence of the gate bias proportional to
strength of the gate potentialin the molecular region.

The calculated conductance as a function of the g
voltage for a source–drain bias of 0.01 V is shown in Fig
for both negative and positive gates. In the positive g
case, the conductance changes only slightly with gate vol
up to about 0.5 V, then increases sharply to reach a maxim
value close to the quantum of conductance at 0.75 V.12 The
conductance then decreases at larger voltages. This beh
can be rationalized by looking at the density of states~DOS!
of the present system~Fig. 3!. In Fig. 3 ~upper curve!, it is
evident that for zero gate field there is a small but relativ
smooth DOS through which current can flow. The LUM
lies about 1 eV above the Fermi levels while the bondingp
orbital @corresponding to the highest occupied molecular
bital ~HOMO! of the isolated molecule# is about 3 eV below
the Fermi levels~Fig. 3, upper curve!. The gate shifts all
states to lower energy values with increasing bias. Howe
it is only when the Fermi levels align with the LUMO reso
nance that a sudden increase of the conductance is obta
and the conductance reaches a value close to the quantu
conductance at 0.75 V~see Fig. 2!. For gate potentials large
than this, the resonant-tunneling condition is lost and a
crease in conductance is observed~see Fig. 2!.

In the negative gate case, the gate voltage shifts all st

FIG. 2. Conductance as a function of the gate bias of the phenyldithio
molecule with and without the co-adsorbed O atom. The source–drain
age is 0.01 V. The inset shows the schematic of the system with co-adso
oxygen.
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to higherenergy values. Thep orbital is, however, located a
about 3 eV below the Fermi levels and the DOS is very sm
between the HOMO–LUMO gap. The current is thus e
pected to be almost constant for relatively large values
negative gate potential. This is evident in Fig. 2, where
current varies only slightly as a function of the gate fie
around its value at zero gate field. The small variations of
current as a function of bias can be attributed to small va
tions of the DOS between the HOMO–LUMO gap.

The character of the transistor considered here isn-type.
We show that conversion top-type character can be obtaine
by the simple co-adsorption of a single oxygen atom near
molecule/electrode junction~see inset of Fig. 2!. The O atom
is placed at 5.7 a.u. from one of the S atoms, at 0.2 a.u. f
one of the electrode edges, and at 7.4 a.u. from the
electrode. The current versus gate voltage characteris
change dramatically with the insertion of the oxygen ato
First, the current at zero gate voltage is a factor of 4 lar

FIG. 4. Difference between the DOS of the source–drain electrodes
and without the phenyldithiolate molecule and the O atom, at zero g
voltage~upper curve! and at a gate voltage of20.73 V ~bottom curve!. The
vertical dotted line indicates the position of the left Fermi level. The rig
Fermi level is at 0.01 eV.

te
lt-
ed

FIG. 3. Difference between the DOS of the source–drain electrodes
and without phenyldithiolate molecule in between, at zero gate voltage~up-
per curve! and at a gate voltage of 0.75 V~bottom curve!. The vertical
dotted line indicates the position of the left Fermi level. The right Fer
level is at 0.01 eV.
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than the current without the oxygen~Fig. 2!.13 Second, the
amplification and resonant tunneling condition is obtained
negative gate voltage while, for positive voltages, the curr
is almost constant, giving the transistor ap-type character.
The reason for such a dramatic change lies in the fact tha
presence of the O atom pushes the orbitals of the molec
electrodes higher in energy: for this particular geometry,
HOMO is about 0.1 eV below the Fermi level~see Fig. 4!.
The positive gate voltages then scan the low DOS reg
giving rise to an almost constant current, while the nega
gate voltages can easily push the HOMO into resonance
the lowest Fermi level.14 The shift of the molecule/electrode
energy levels to higher values due to O is partly due to
increase of the electrostatic potential in the molecular reg
and partly to the formation of covalent bonds between o
gen and the metal electrode.15 While the latter finding sug-
gests that the character of molecular transistors can be e
changed by doping the electrode surfaces, it also puts se
constraints on the experimental control of such structures
molecular electronics applications.

This work is supported in part by the National Scien
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the Carilion Biomedical Institute, and Oak Ridge Associa
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