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We report first-principles calculations of the current-voltage and current-gate-field characteristics of model
molecular transistors to explore the factors that control current amplification and other properties. We show that
both the position and amplitude of resonant peaks are modified by the use of substituents that affect the
symmetry and dipole moments of the molecules, and allow a linear versus nonlinear Stark effect. In addition,
strong nonlinearities arise at large source-drain currents.
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In recent years, the transport properties of single mol{OH) (see Fig. 1 All molecules make contact with bulk
ecules have been extensively studied due to their potentiglectrode surfaces via sulfur atoms, and a third capacitative
use as active components of unconventional electronigate is applied perpendicular to the molecule pléfig. 1).
devices! Some molecules can operate as diod€nulomb  The molecule with two OH groups has a twofold-symmetry
blockade structuredor switching devices with high negative axis perpendicular to the benzene ring while the molecule
differential resistance at room temperatfifeTransistorlike ~ With one OH group does not. The transport properties of
behavior in molecular three-terminal devicémolecular these two devices were found to be very different. The am-
transistors has been demonstrated in a singlg @illerene  Pplification of the current at the resonant tunneling regime is a
connected to gold electrod®sin organic self-assembled few times larger in the asymmetric molecule, which is sub-
mono|ayer57, and in Sing]e_ and multiwalled carbon ject to the linear Stark effect in the gate electric field. At the
nanotube§® The source-drain current in these systemssame time, resonant tunneling occurs at much lower voltage
(three-terminal devic@ds controlled by a gate voltage. than in the symmetric molecule. The shape of itHe char-

Theoretical investigations have so far elucidated the rolé@cteristics depends on the value of the source-drain voltage
of contact chemistry and geometry on the current-voltagdn @ nonlinear way, thus manifesting a strong dependence
characteristics of single molecul¥s the role of the injec- between the source-drain current and the gate electric field.
tion energy at the contact$ stress-induced modification of Overall, the results illustrate that substituents and symmetry
transport propertieg% and the role of |igand5 for Contro”ing considerations can provide considerable control of the be-
temperature effects in molecular devi¢dsSome transport
properties of molecular devicdg.g., their temperature de-
pendencgwas also found to be intrinsically different from a)
the properties of semiconductor nanostructdrés.

A molecular three-terminal device that could be an alter-
native to a metal-oxide-semiconductor transistor should ex-
hibit characteristics such as amplification, signal-to-noise ra-
tio, etc. Theoretical calculations for a benzene-1,4-dithiolate
molecule with a third capacitive terminéjate have shown
that some of these characteristics can, in principle, be
realized® It was shown that the external gate field can sig-
nificantly change the resistance of the molecdlé&/hen the b)
gate field is swept through the resonance, the source-drain
current changes by more than an order of magnitd@ich
a device could be used to amplify the current at a fixed
source-drain bias. The factors that control current amplifica-
tion in molecular transistors remain an open question, how-
ever. Understanding these factors is necessary in the design
of molecular devices with desired transport properties.

In this paper we explore the effect of symmetry on the

current-voltage I(-V) and the current-gate-field {€) char- FIG. 1. The three-terminal geometry used in the present study.
acteristics of model molecular transistors. In particular, werhe molecules are derived from the benzene-1,4-dithiolate by re-
investigate the role of intrinsic dipole moments on the cur-placing onea) or two (b) hydrogen atoms by OH groups. The gate
rent modulation in these structures. The core molecules angld lies in the plane of the benzene ring and perpendicular to the
constructed from the benzene-1,4-dithiolate molecule byirection of electronic transport. Oxygen atoms are shown in black,
substituting one or two hydrogen atoms by hydroxile groupshydrogen in white, carbon in gray.
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havior of molecular transistors. 400
We computed thd-V characteristics of the molecular
structures by using the method discussed in Ref. 16. The
electron wave functions are computed by solving the
Lippman-Schwinger equation iteratively to self-consistency
in a steady stat¥ Exchange and correlation are included in
the density-functional formalism within the local-density
approximationt’ The electrode surfaces are represented by
an uniform positive background modéellium modet®)
with the interior electron density of the electrodes equal to
the value for metallic goldr=3). The atomic geometry of
the molecules was assumed to be the same as the one in rame— . : a
vacuum without electrodes. The sulfur-surface distance was Energy (aV)
taken to be the one of sulfur adsorption on jellium surfd€es.
In the equ“ibrium Configuration, the C-O-H bond ang|e is FIG. 2. Difference between the density of states of the two
about 126°. Small variations in the bond distances do no§emi-infinite electrodes with and without the molecules of Fig. 1 in
affect the current considerabll? between, for asource-drain bias of 0.01 V. Th_e I_eft Fermi level
The gate is introduced as a capacitor field generated bhas been chosen as the zero of energy. Solid lines correspond to

. . . . ¥ero gate field, and dashed lines to the gate fietd0.5 V/A for
two circular charged disks kept at a fixed btddhe radius the asymmetric molecule, andEo=1 V/A for the symmetric one,

of the disks(4.5 A) and the distance between the# A) respectively. The vertical arrows indicate the position of the states
were chosen in such a way that the gate field covers thgssponsible for resonant tunneling.

entire region of the molecule but does not affect the source

and drain electrodes. The axis of the capacitor is perpendici¢goupled to the continuum states when the gate field is ap-
lar to the transport direction and lies in the plane of theplied and they experience a second-order Stark effect.
benzene ringFig. 1). An analysis of the DOS above the Fermi level for the two

The molecule shown in Fig.(4 has no inversion sym- molecules of Fig. 1 shows that the shape of befh curves
metry with respect to the gate field direction, while the mol-is also determined by resonant-tunneling processes. For zero
ecule with two OH groupsFig. 1(b)] has a twofold- gate field and a bias voltage of 0.01 V, the DOS of the first
symmetry axis perpendicular to the benzene ring. We plot ilasymmetri¢ molecule has a broad hump-atl eV (Fig. 2)

Fig. 2 the density of states for the two molecules investi-due to antibonding O-H orbitals hybridized with thestate
gated. At zero gate field, the lowest-energy pe@tsabout 5 of the benzene ring. The states at abeut eV have a net

eV below the Fermi levglof the density of state$DOS)  dipole moment. Therefore the peak and the valley inltiie
correspond to the orbitals of the benzene molecule with a curve occur at lower gate fields in the case of the asymmetric
small admixture from thes orbitals of oxygen. The peaks molecule(see Fig. 4 On the other hand, the DOS curve for
around—2.0 eV correspond to a-like orbital of the ben- the second(symmetri¢ molecule is rather flat above the
zene ring. Their energies are closer to the Fermi level thafrermi level with the antibondingr* state of the benzene
the energy of the bondingr orbital in a benzene-1,4- ring at about 2.7 eV. As a result, theE curve for the sym-
dithiolate molecul®*due to the interaction of the orbital  metric molecule is similar to that of the benzene-1,4-
with the OH-complexessp orbitals located at about dithiolate molecule. A field twice as large is needed to reach
—4 eV. The calculated-V curves for both molecules are the resonant-tunneling condition for the* antibonding
very similar despite the different symmetisee Fig. 3 The  states of the symmetric moleculEig. 4). We note also that
similarity can be attributed to the fact that in both cases it ishe values of the current at the peak and at the valsywell

the bondings orbital that induces the peak in the current at
about 2 V.

When the gate field is applied, both molecules behave as 400 |
resonant-tunneling transistors. Figure 4 shows the depen-
dence of the current on the gate voltage for a source-drain
voltage difference of 0.01 V for the two molecules of Fig. 1
and, as a reference, for the benzene-1,4-dithiolate molecule
(see Ref. 1b All three molecules exhibit the same behavior:
after a region of a constant high resistance the current in-
creases, reaches a peak value, drops to a valley, and finally
increases almost linearly with the gate field. In the case of
the benzene-1,4-dithiolate molecule, the linégE depen- 0
dence at large gate fields is related to a participation of quasi-
free-electron states in resonant-tunneling processes, while
the peak and the valley are due to resonant tunneling through FIG. 3. Theoreticall -V curves of the molecular structures of
* antibonding states of the benzene riidhese states are Fig. 1 for zero gate field.
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FIG. 5. Current in the two molecular devices of Fig. 1 as a

) FIG. 4. Source-drain cgrrent as a function of the (_ext_ernal gatq‘unction of the external gate field. The source-drain bias is 2.4 V.
field for the molecules of Fig. 1 and the benzene-1,4-dithiolate mol-

ecule(Ref. 15. The source-drain bias is 0.01 V.

dition for this peak is not satisfied anymore, with consequent
as the S|Ope in the linear regi):)fq)r the asymmetric molecule reduction in the current. Therefore, the external gate field can
are two to three times larger than for the symmetric one. Th&®oth increase or decrease the resistance of the device due to
reason for this difference can be attributed in this case to th#he nonlinear effects intrinsic in resonant tunneling. These
larger DOS value at resonant tunneling for the molecule wittresults provide unique opportunities for current control in
a single OH group. molecular devices.

So far we described the I-E curves for a low value of the In conclusion, we have shown that the symmetry of the
source-drain voltageMs p=0.01 V). However, the shape of core molecules in molecular transistors can significantly af-
the|-E curve depends on the value 8§ , as well. Figure 5  fect their transport properties. Also, the nonlinear interplay
shows thel-E characteristics for both the considered mol- between the source-drain and gate fields can dramatically
ecules at a bias voltage of 2.4 V. When the gate field ishange the characteristics of molecular transistors. Both

applied, the current in the two molecules changes in a differthese results provide opportunities for the control of current
ent way. For the molecule with one OH group the currenty, molecular structures.

grows at low values of the gate field while for the molecule

with two OH groups it drops. The reason for such a different This work was supported in part by the DARPA/ONR
behavior is clear from Fig. 3: for the molecule with two Grant No. N00014-99-1-0351, National Science Foundation
hydroxile groups the voltage 2.4 V corresponds to the volt-Grant No. DMR-98-03768, the Oak Ridge National Labora-
age for which ther states of the carbon ring are in resonancetory, managed by UT-Battelle, LLC, for the U. S. Depart-
with the left Fermi level. The gate field couples these statesnent of Energy under Contract No. DE-AC05-000R22725,
with the states of the continuum, and the DOS peak shifteand by the William A. and Nancy F. McMinn Endowment at
away from the left Fermi level. The resonant-tunneling con-Vanderbilt University.
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