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Abstract

Concepts and experimental results related to molecular rectifiers and transistors are reviewed. ‘Devices’ based on donor-¢ bridge-acceptor
molecules, conjugated zwitterionic molecules, macrocyclic molecules, metal clusters, fullerenes and carbon nanotubes are discussed. Current—
voltage characteristics showing rectifier properties are presented, as well as experiments in which the current—voltage characteristics are

modulated by a gate voltage (transistor effect).
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1. Introduction

In the last two decades "molecular electronics’ has been
the topic of many conferences, workshops and publications,
and the quest for molecular rectifiers and molecular transis-
tors has inspired many investigations in physics, chemistry
and materials science. Often the mere possibility of ‘molec-
ular rectification” and ‘molecular switching’ has been ques-
tioned and, on the other hand. the demonstration of the sheer
existence of such effects has led to unrealistic expectations
for short-term applications. As a matter of fact, rectification
and switching are not at all unusual. The relevant questions
are whether devices based on molecular materials are better
than existing devices or whether we can expect that they will
become better one day.

Fig. 1 shows a diode and a transistor symbolically, where
we simply define a diode as a two-terminal device and a
transistor as a three-terminal device. The contacts are already
named ‘source’, ‘drain’ and “gate’, in analogy to semicon-
ductor technology. A typical experiment consists of filling
the black box with a molecular material and measuring cur-
rent—voltage characteristics between source and drain, as
shown in Fig. 2, where benzene has been chosen as a fairly
simple example of a w-conjugated molecule. If no precautions
are taken, the characteristics are neither linear nor symmetric,
and some sort of rectification is the rule rather than the excep-
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Fig. I. Symbolic representation of diodes and transistors. With precautions,
most two-terminal devices are rectifying to some extent and most three-
terminal devices behave like (low quality) transistors.
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Fig. 2. Schematic set-up of an experiment in molecular electronics.

tion. Similarly, in most cases the current-voltage character-
istics can be modulated by changing the potential at the gate
and the device acts as a transistor. The actual problem is to
assign the rectification and transistor effects in an unambig-
uous way to the molecular properties of the material in the
box. Can the experimental results be reproduced? Can they
be understood? Can they be controlled?
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2. Rectifiers — concepts

It has been known for a long time that many organic solids
are semiconductors, Just think of phthalocyanines, the pho-
toconductive properties of which are the basis for our copy
machines and laser printers. A large impact on the field of
molecular electronics emerged from organic charge transfer
salts like TTF-TCNQ [1]. The compound TTF (tetrathi-
afulvalene) is an organic donor and TCNQ (tetracyanoqui-
nodimethane) an acceptor. Crystals of TTF-TCNQ are
composed of alternating stacks of TTF and TCNQ, and elec-
trons are transferred from the donor to the acceptor moiety.
Because of this charge transfer there are partially filled bands
for both of the stacks and the material behaves as an organic
metal. Fig. 3 presents a didactic route from TTF-TCNQ crys-
tals to rectifying molecules: the mixed crystal with sequence
DADADADA is metallic. If we could arrange all donors on
one side and all acceptors on the other side, with sequence
DDDAAA, we would have the analog to a semiconductor pn
junction. Of course, for a rectifying device we do not need
the bulk crystal, a bilayer DA will do, and if we link donor
and acceptor by a covalent bridge we have a ‘rectifying mol-
ecule’. Along these lines a molecular rectifier was proposed
by Aviram and Ratner in 1974 [2].

The basic idea of the Aviram-Ratner rectifier is that charge
transport through the molecule will be by tunneling and that
the molecular levels of the w-conjugated donor and acceptor
moieties will participate in the tunneling process. Some of
these molecular levels are energetically close to the Fermi
level of the electrode metals between which the molecule is
placed and by applying a bias voltage to the electrodes the
Fermi level is brought into resonance with the molecular
levels. Due to the asymmetry of the molecule, resonance is
more easily obtained for one bias polarity than for the other.
The level scheme of the Aviram—Ratner rectifier is illustrated
in Fig. 4. —

In Aviram and Ratner’s original proposal both the orbitals
of the donor and the acceptor moiety are used for resonant
tunneling. It turns out that rectification can be obtained with
one  orbital alone, if the molecule is placed in an off-center
position between the two electrodes. This situation is indi-
cated in Fig. 5. )

As for today, in the literature, experimental results on three
types of rectifying molecules have been reported:

(1) D-o-A molecules: these are molecules with a ‘sigma’
bridge between donor and acceptor, as in the Aviram—Ratner
proposal. A ¢ bridge is a bridge with saturated bonds. Such
molecules have two separated 7 systems: one at the donor,
the other at the acceptor moiety (Fig. 6).

(ii) D-7-A molecules: here the bridge is also a 1 conju-
gated system (unsaturated bonds, regular aiternation of single
and double bonds) and the donor and acceptor 1 systems are
strongly coupled. There is electron transfer from donor to
acceptor, both moieties are ionized, the molecule is called
‘zwitterionic’ (Fig. 7). )

D = TTF A = TCNQ
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Fig. 3. Didactic route from bulk TTF-TCNQ crystal to rectifying molecule.

rectifying molecule

Metal Metal
Fig. 4. Level scheme of Aviram-Ratner rectifier. Due to the asymmetry of
the molecule the voliage for resonant tunneling depends on bias polarity.
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Fig. 5. Molecular rectifier with one single w-conjugated system only, but in
an asymmetric position.
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Fig. 6. Rectifying molecule of D-o-A type, as proposed by Aviram and
Ratner [2].
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Fig. 7. Rectifying molecule of D-mr-A type. Rectification of this ‘zwitteri-
onic’ molecule has been demonstrated by Martin et ai. [3].

(iii) Molecules with only one 7 system, which must be
asymmetrically placed between the two external electrodes
(Fig. 8).

The energy level scheme and the expected current—voltage
characteristics for a diode consisting of one single w-conju-
gated molecule between external electrodes is shown in Fig.
9. Atthis point it is perhaps important to note that the ‘molec-
ular device’ is never the molecule alone. It is always the
system of molecule plus electrodes. In Fig. 9 the asymmetric
current-voltage characteristic comes about from the fact that
the bias voltage does not only shift the Fermi level of the
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Fig. 8. Examples of molecules with only one wr-conjugated system, which
can be used in molecular rectifiers (phthalocyanine and perylene deriva-
tives) [4].
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Fig. 9. ‘Molecular rectifier’ consisting of one m-conjugated molecule
between metal electrodes, Level scheme and expected current—voltage char-
acteristics. A4 is the energy difference from the m-orbital of the molecule to
the Fermi level of the electrode. (a) Symmetric case with equal distance d

to the electrodes. (b) Asymmetric case with distance d to one electrode, 24
to the other.

electrodes but also the potential at the position of the mole-
cule. This shift is larger if the molecule is closer to the elec-
trode [5]. Consequently, resonance occurs at a lower voltage
if the electrons tunnel from the far-away electrode through
the molecule.

Often the question is asked as to how much current can
pass through a molecule without destroying it by Joule heat-
ing. Especially with respect to this question the system aspect
is important: molecule plus electrodes. As long as tunneling
is elastic (no internal modes in the molecule are taken into
account) energy is dissipated at the electrodes, not in the
molecule.

3. Rectifiers — experiments

In the schematic set-up of Fig. 2 a molecule is placed
between two metal electrodes. In practice, very often one of
the electrodes is a conducting substrate, the molecule (or
many molecules) is incorporated in an ordered film (e.g. a
Langmuijr—Blodgett film), and the other electrode is either a
vacuum-deposited thin metal layer or the tip of a STM (scan-
ning tunneling microscope).

Fig. 10 shows an early rectifying experiment by Aviram
and Joachim [6]. D-o-A molecules are placed between a
STM tip and a conducting substrate. The dashed line repre-
sents the oscilloscope trace of the bias voltage ( —0.5to +0.5
V) and the solid line the current response (several nanoam-
peres). As is clearly seen, the response is larger for negative
bias. Admittedly there were problems with the reproducibility
of the data, but the value of this early experiment is to dem-
onstrate that molecular rectification is within the sensitivity
of our instruments.

Figs. 11-14 show further current—voitage characteristics
of molecular rectifiers published in the literature: Fig. 11 from
Martin et al. [7], a film of zwitterionic molecules between
flat contacts; Fig. 12 from Bykov [8], C-60 fullerene between
STM tip and graphite; Fig. 13 from Stabel etal. [9], coronene
between STM and graphite; and Fig. 14 from Metzger et al.
[10], zwitterionic molecule between STM and graphite. It
should be noted that: coronene in Fig. 13 is a molecule with
only one m-conjugated system; the authors used an alkylated
derivative of the molecule; and the symmetric trace (a) cor-
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Fig. 10. Molecular rectification experiment by Aviram et al. [6].
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Fig. 11. Rectification by layers of zwitterionic molecules between flat elec-
trodes ( after Martin et al. [7]).
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Fig. 12. Rectifying tunnel characteristics of C-60 fullerene between STM
tip and graphite {after Bykov [8]).
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Fig. 13. Rectifying coronene between STM tip and graphite. Trace (a):
‘blind experiment’ with tip over inert alkyl chains. Trace (b): asymmetric

characteristics if tip is over the m-conjugated part of the moiecule (after
Stabel et al. [9]). .
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responds to a blind experiment where the STM tip is over an
alkyl chain, whereas for recording the rectifying trace (b)
the tip was over the w-conjugated part.

Tunneling experiments through carbon nanotubes on
graphite are similar. Fig. 15 compares tunnel characteristics
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Fig. 14. Rectification with zwitterionic molecules between STM tip and
graphite (after Metzger et al. [ 10]).
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Fig. 15. Current-voltage characteristics in STM experiment on carbon
nanotube on graphite substrate (after Carroll etal. [11]).

of pure and boron-doped nanotubes [11]. In this case not
only the current—voltage characteristics were recorded but
also attempts were made to extract the density of states from
the derivatives of the curves. The density of states reveals a
gap for the pure tube and a peak somewhat below the Fermi
level for the boronated tube. (Perhaps it should be noted here
that there is a conceptual difference between the analysis of
the rectifying properties along the lines of Fig. 9 and density
of states evaluation from tunnel spectroscopy: Fig. 9 assumes
that the potential of the molecule *floats’, so that it shifts if
the potential is changed at either of the electrodes. The density
of states experiment assumes perfect electric coupling to the
substrate and negligible influence of the STM tip.)

So far all experiments reported here have been carried out
at room temperature. Fig. 16 shows a tunneling experiment
at liquid helium temperature: Langmuir—Blodgett films of
phthalocyanine and of perylene derivatives between gold
electrodes [12]. At low temperatures much more structure is
seen in the current—voltage curves. As discussed in Fig. 9,
the pronounced thresholds at —0.5 and + 1.0 V are inter-
preted as tunneling into the w-orbitals of phthalocyanine.
These molecules are closer to one of the electrodes, the per-
ylene layers act mainly as a spacer to keep the distance to the
other electrode. The characteristics are very asymmetric and
the device evidently isarectifier. In addition to the thresholds,
there are steps in the curve, and from the derivative in the
inset of the figure we see that these steps are fairly well
described as equidistant. Thus, they resemble Coulomb stair-
cases known from single electron charging effects in inor-
ganic quantum dots [13]. Coulomb staircases from single
molecules are not possible, since degenerate states are needed
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Fig. 16. Rectifying device consisting of phthalocyanine and perylene Lang-

muir-Blodgett films between flat gold electrodes (after Fischeretal. [12]).
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Fig. 17. Coulomb staircase in current-voltage characteristics of gold cluster
incorporated in inert Langmuir-Blodgett film (after Philipp et al. [14]).

to accommodate more than one electron. We could think of
charging a stack of molecules. Alternatively gold clusters
might have migrated from the gold electrodes into the film
and thus opened an additional tunneling channel.

A Coulomb staircase from gold clusters in Langmuir—
Blodgett films is shown in Fig. 17 [14]. In this case the
organic layer did not contain any w-orbitals. But thiol groups
were introduced with the hope that the sulfur would cova-
lently attach to the gold electrodes and stabilize the organic/
inorganic interface. Apparently, the sulfur did attach to the
gold but it did not stabilize the interface. Instead, gold clusters
were drawn out and incorporated in the film. A special sample
preparation technique allows us to visualize these clusters in
ahigh resolution electron microscope — and the clusters lead
to beautiful Coulomb staircases in the current—voltage
characteristics!

4. Transistors

We have already mentioned that the current—voltage char-
acteristics can be modulated by bringing a gate electrode close

1 MQ

S

Fig. 18. *Molecular transistor’ based on the cluster molecule carborane. The
STM tip acts as source, the graphite substrate (1) as drain, and the gold
layer (3) as gate. Layer (2) is an insulating SiO, film (after Soldatov et al.
[15]).

14 T ; T ; T T T T
12 -
10 -
08 -

as

Current (nA)

04

02

T=300K

1 2 3 4 5
Gate Voltage (V)

Fig. 19. Modulation of tunnel current through carborane molecule by change
of gate voltage. Trace (1): strong modulation if tip is over a carborane
molecule. Trace (2): background noise if tip is far from carborane molecule
(after Soldatov et al. [15]).
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to the “active’ molecule and changing the potential there. Fig.
18 shows such a set-up by Soldatov et al. [ 15]: carborane is
incorporated as ‘cluster molecules’ into a Langmuir-Blodgett
film. Electrons tunnel from the STM tip through the molecular
orbitals of carborane into the graphite substrate. A gold layer
near the tip acts as gate electrode. The oscillations in trace
(1) of Fig. 19 demonstrate how the tunneling current is mod-
ulated by changing the gate potential. Trace (2) corresponds
to a blind experiment when the STM tip is over an inert part
of the film and when only noise is observed.

Another ‘molecular transistor’ has been investigated by
Tans et al. [16]. Carbon nanotubes were deposited over a
Si/Si0, substrate with a lithographic array of Pt electrodes
on a sub-micrometer scale. One of the nanotubes came to lie
over two platinum electrodes so that tunneling experiments
Pt-nanotube—Pt could be carried out. Coulomb steps similar
to those of Fig. 17 were observed, a very exciting observation
by itself! But luckily there was even a third electrode nearby,
which could be used as a gate. Fig. 20 shows the Coulomb
steps in the current versus bias voltage characteristics. The
traces (A), (B) and (C) correspond to different gate
voltages.

5. Conclusions

Perhaps it is justified to compare the present state-of-the-
art of molecular electronics with that of semiconductor tech-
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Fig. 20. Carbon nanotube as field-effect transistor. The current-voltage char-
acteristics of a nanotube lying over two platinum electrodes (source and
drain) show steps typical for a Coulomb staircase. Changing the potential
at a third electrode nearby (gate) leads to large modifications of the char-
acteristics. Traces (A), (B}, and (C) correspond to different gate voltages
(after Tans et al. [16]).

nology of the late 1930s: we understand the basic principles,
but there is a long way to go until we can control the material
properties with the same perfection as we can do for silicon.
In addition, we have to consider the big lead in man-years
which silicon has compared to any other material, so that a
new technology will have a hard time to catch up. It would
be helpful if there were technical applications at an interme-
diate level of material perfection. Fortunately, this is the case
with organic light-emitting diodes [17], and we can hope
that this field and molecular electronics will stimulate each
other.

Acknowledgements

We are grateful to acknowledge support by Deutsche For-
schungsgemeinschaft through Sonderforschungsbereich
‘Molekulare Elektronik’ and by the European Union through
TMR Network ‘NAMITECH-Nanotubes for Microtechnol-

ogy’. S.C. thanks the Monsanto Company in St. Louis, USA,
for a personal scholarship.

References

[i] (a) R. Friend, D. Jérome, J. Phys. C: Solid State Phys. 12 (1979)
1441; (b) L.B. Coleman, M.J. Cohen, D.J. Sandman, F.G. Yamagishi,
AF. Garito, A.J. Heeger, Solid State Commun. 12 (1973) 1125; (¢)
D.E. Schater, F. Wudl, G.A. Thomas, J.P. Ferraris, D.O. Cowan, Solid
State Commun. [4 (1974) 347,

] A. Aviram, M.A. Ratner, Chem. Phys, Lett. 29 (1974) 277.

| S. Martin, J.R. Sambles, G.J. Ashwell, Phys. Rev. Lett. 70 (1993)
218.

[4] C.M. Fischer, M. Burghard, S. Roth, K.v. Klitzing, Europhys. Lett.
28 (1994) 129,

[5] S. Roth, S. Blumentritt, M. Burghard, C.M. Fischer, C. Miiller-
Schwanneke, J. Muster, G. Philipp, in C. Joachim, S. Roth (eds.),
Atomic and Molecular Wires, Kluwer, Dordrecht, 1997.

[6] A.Aviram, C.Joachim, M. Pomerantz, Chem. Phys. Lett. 146 ( 1988)
490,

[71 S. Martin, J.R. Sambles, G.J. Ashwell, Phys. Rev. Lett. 70 (1993}
218.

{8] V.A. Bykov, in C. Nicolini, S. Vakula (eds.), Molecular Manufac-
turing, Plenum, New York, 1996, p. 67.

[9] A. Stabel, P. Herwig, K. Miillen, J. Rabe, Angew. Chem. 107 (1995)
1768.

[10] R.M. Metzger, H. Tachibana, X. Wu, U. Hoepfner, B. Chen, M.V.
Lakshmikantham, M.P. Cava, Synth. Met. in press.

{11] D.L. Carroll, P. Kinlen, S. Raman, Ph. Redlich, M. Riihie, X. Blase,
J.-C. Charlier, S. Curran, S. Roth, P.M, Ajayan, in H. Kuzmany, J.
Fink, M. Mehring, S. Roth (eds.), Molecular Nanostructures, World
Scientific, Singapore, 1997.

[12] C.M. Fischer, M. Burghard, S. Roth, K.v. Klitzing, Europhys. Lett.
28 (1994) 129.

{13] (a) B. Su, V.J. Goldman, J.E. Cunningham, Phys. Rev. B 46 (1992)
7644 (b) H. Grabert, M.H. Devoret, Single Charge Tunneling, NATO
ASI Series B, Vol. 294, Plenum, New York, 1992,

{141 G. Philipp, M. Burghard, C. Miiller-Schwanneke, J. Weiss, S. Roth,
to be published.

[15] E.S.Soldatov, V.V.Khanin, A.S. Trifonov, S.P. Gubin, V.V.Kolesov,
D.E. Presnov, S.A. lakovenko, G.B. Khomutov, AN. Korotov,
Preprint.

[16] SJ. Tans, M.H. Devoret, H. Dai, A. Thess, R.E. Smalley, LJ.
Geerlings, C. Dekker, Nature 386 (1997) 474.

[17] S.Miyata, H.S. Nalwa (eds.), Organic Electroluminescent Materials
and Devices, Gordon and Breach, Amsterdam, 1997.



