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Unimolecular amplifier: principles of a three-terminal
device with power gain†‡

Cormac Toher,§a Daijiro Nozaki,a Gianaurelio Cunibertiab and Robert M. Metzger*ab

A singlemolecule composed of three linkedmoieties can function as an amplifier of electrical current, when

certain conditions aremet by themolecularorbitals of the three component parts. This device should exhibit

power gain at appropriate voltages. In this work, wewill explain a plausiblemechanism bywhich this device

shouldwork, andpresent its operating characteristics. In particular, wefind that a fundamental requirement

for current amplification is to have the LUMO of the central moiety more strongly coupled to a control

electrode than it is to the other orbitals in the molecule, while the HOMO of this moiety should be more

strongly coupled to the orbitals in the other moieties than it is to the control electrode.
Introduction

Molecular Electronics1 started with a seminal paper by Aviram
and Ratner (AR),2 which proposed a one-molecule rectier of
electrical current. Much progress has been made in realizing
unimolecular rectication3,4 and in measuring the electrical
conductivity of single molecules and monolayers.5–7 Multi-
terminal logic gates have also been proposed.8 For molecular
electronics at the 2 nm scale to become technologically useful,
it must have not only passive devices (resistors, capacitors and
rectiers), but also active devices that can controllably deliver
power gain. Almost forty years aer AR, we now propose an
electroactive molecule with power gain, the unimolecular
equivalent of a vacuum-tube triode (VTT) or a bipolar junction
transistor (BJT): we will call it a unimolecular amplier (UA).
The UA idea has been mentioned briey elsewhere;9 we now
buttress the idea with realistic theoretical calculations. We
differentiate the behavior of UA from the well-established use
of bulk organic semiconductors and even organic monolayers
or carbon nanotubes as the active elements in eld-effect
transistors (FETs).10 Theoretical attention has also been
devoted to three-terminal molecular transistors, which are
based on quantum interference effects.11 However, as
explained below, the UA is denitely NOT simply an FET and
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operates via a different mechanism. As we see it, the UA will
consist of a molecule with three “electroactive” components or
moieties, covalently linked into a single molecule, and each
connected by a covalent bond to a separate metal electrode, as
shown in Fig. 1.

The idea is simple: an organic electron acceptor moiety A
(which, as an isolated molecule, has a relatively large electron
affinity) is covalently coupled to an electron donor moiety D1
(which, as an isolated molecule, has a relatively small ionization
potential) and is also covalently coupled to a second electron
donor moiety D2 (with a moderate ionization potential). The
current path through the molecule depends on the alignment
and occupation of the molecular levels of the different moieties.
This in turn can be adjusted by applying a voltage to the elec-
trode attached to the central moiety, allowing for control over
the total current through the device.
Fig. 1 Conceptual structure of a unimolecular amplifier: covalently attached to
the (left) Au electrode by a thiolate linkage is the donor D1 (pyrene); covalently
attached to the (right) Au electrode through a thiolate linkage is the donor D2
(terthiopene); attached to the (center) Al electrode by a carboxylate linkage is the
acceptor A (napthoquinone). The atomic arrangement in the electrodes is
deliberately left imprecise.

Nanoscale

http://dx.doi.org/10.1039/c3nr00956d
http://pubs.rsc.org/en/journals/journal/NR


Fig. 2 Four model molecules (UA1 to UA4) for a unimolecular amplifier: in UA1
and UA3 the linkages throughout the central part of the molecule are fully
aromatic, while in UA2 and UA4 the linkages are interrupted by four aliphatic
saturated carbon atoms. All four molecules were designed from the “strong”
electron donor tetrathiafulvalene (T) (smaller ionization potential ID) and the
“moderate” electron donor pyrene (P) (larger ionization potential ID). UA1 and
UA2 use the strong electron acceptor dicyanoquino-diimine, whose electron
affinity AA matches that of TCNQ (7,7,8,8-tetracyanoquinodimethan: larger
electron affinity AA), while UA3 and UA4 use the weaker electron acceptor ben-
zoquinone (smaller electron affinity AA).
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This phenomenon would be analogous to what happens in a
VTT (where the grid-to-plate back-bias (i.e. its electric eld) can
control the anode-to-plate current) or in a npn' BJT (where the
base-to-collector back bias and the resultant base-to-collector
current can control the emitter-to-collector current).

At very short distances (e.g. 1 to 6 Å) between any two metal
electrodes there is a signicant quantum-mechanical tunneling
current, even in vacuum, that is equal (i.e. symmetrical) in both
directions. This through-space12 tunneling current decays
exponentially with distance; at larger distances it becomes very
small.

Unimolecular rectiers (molecules about 20 Å long between
metal electrodes) show a clear asymmetry in the measured
currents, both in single molecules13 and in monolayers.3

One issue is whether such asymmetric currents are really
“through-bond”,12 in which case they either transfer some of
their energy into exciting molecular vibrations (inelastic
tunneling)14,15 or else involve resonance with an available
molecular orbital (elastic “orbital-meditated tunneling”).15,16

As expected, a calculation has shown that resonance with
accessible molecular orbitals does enhance the current, relative
to the non-resonant case: the density of states, and therefore the
transmission factor, become relatively large.17 However, the
amplitude of the molecular wavefunction must also be signi-
cant in close proximity to the electrode, and a molecular orbital
that is not close in energy to the LUMO can also contribute
signicantly to the local density of states.17

Recent progress in synthetic chemistry (in particular the
Sonogashira coupling reaction, which creates acetylene bridges,
or the Suzuki coupling, which makes ethane bridges) makes the
design of a UA molecule realistic.

The experimental challenge, on which we are working
concurrently, is to fabricate three metal electrode tips, with a
separation of 2 nm from each other, which can probe
adequately the electrical properties of UA; to our knowledge,
this has not yet been realized anywhere. There already are at
least three known ways of establishing a nanogap between two
electrodes (mechanical break junction, electromigration break
junction, and scanned probe junction);18–21 in contrast, making
three (or four) electrodes within 2 nm of each other is a difficult
goal we hope to achieve experimentally.

This work is composed of twomain parts. In the rst part, we
use DFT-based calculations to investigate the electronic struc-
ture properties of three-terminal molecular devices. This
includes comparing the energies of the frontier orbitals of
different molecules, which may function as unimolecular
ampliers, and investigating the strength of the coupling
between these orbitals and the electrodes.

In the second part, we will use model electron transport
calculations to show how, and when, a molecule can deliver
power gain. We also determine under which conditions and to
what extent the control electrode works through an electric eld
effect (in which case the UA would be a simple FET), and under
which conditions and to what extent it works as the result of
electrostatic charging.

While DFT calculations are used to obtain reasonable start-
ing values for some of the parameters in this model, this work is
Nanoscale
not intended to be a quantitative description of an actual
device. Instead, our intention is to demonstrate how a such a
molecular amplier may work, and to determine the value
range of electronic properties that will deliver power gain.
Three-terminal molecules

We initially considered four molecules (UA1 to UA4) (Fig. 2). In
UA1 and UA3 the linkages throughout the central part of the
molecule are aromatic, whereas in UA2 and UA4 the linkages are
interrupted by four aliphatic (saturated) carbon atoms (Y and
Z). These four molecules were designed from the “strong”
electron donor tetrathiafulvalene (T), which has an ionization
potential of 6.83 eV (ref. 22) and the “moderate” electron donor
pyrene (P), which has a larger ionization potential of 7.41 eV.23

UA1 and UA2 use the strong electron acceptor dicyanoquinodi-
imine, which has an electron affinity of 3.3 eV,24 while UA3 and
UA4 use the weaker electron acceptor benzoquinone, which has
an electron affinity of 1.9 eV.25

The electronic properties of each of these molecules were
calculated using the DFTB+ code.26 For the determination of the
stable congurations of the molecules, we rst performed a
geometry optimization by means of the conjugated-gradient
technique with the DFTB+ code. The geometry optimization was
carried out until the absolute value of the interatomic force was
reduced to less than 10–4 atomic units. For the basis sets we
used the Slater–Koster (SK) parameters developed by Elstner
et al. for the C, H, N, O atoms27 and those of Niehaus et al. for
This journal is ª The Royal Society of Chemistry 2013
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the S atoms.28 Molecules UA1 through UA4 were designed from
known organic one-electron donor and acceptor molecules.
Polarization will reduce considerably the HOMO–LUMO gap
from the estimates available for the differences (ID � AA): this
reduction may be as large as 2 eV. Also, it is well known that
DFT-based calculations systematically underestimate the size of
the HOMO–LUMO gap. The disappointing results are relegated,
with a discussion, to Table A of the ESI:† the ethynyl linkages
intermingled electron densities across the conceptually distinct
moieties, and the computed orbital energies obtained did not
work well with the algorithms introduced below.

Since the initially proposed molecules did not have the
required properties, we calculated two more molecules (UA5
and UA6) shown in Fig. 3, one of which is asymmetric and the
other symmetric. For the asymmetric molecule UA5, the strong
electron donor moiety is a thiophene trimer, the weak electron
donor moiety is pyrene, and the electron acceptor moiety is
naphthoquinone. For the symmetric molecule, both donor
moieties are based on thiophene trimers. The moieties are
linked by saturated aliphatic chains, and the molecular orbitals
are conned to the individual moieties. Molecules UA5 and UA6
do have the required properties, with the HOMO on the thio-
phene and the LUMO on the central acceptor, as shown in
Fig. 3 Two molecules (UA5 and UA6) which produce the required properties for
the unimolecular amplifier, according to DFTB+ calculations: (a) asymmetric
molecule, UA5, with a strong electron donor is based on a thiophene trimer, a
weak electron donor based on pyrene, and an electron acceptor based on
naphthoquinone. (b) Symmetric molecule UA6, with two strong electron donors
based on thiophene trimers, and an electron acceptor based on naphthoquinone.

Table 1 Molecular orbital energies (in eV) for the different parts of the mole-
cules shown in Fig. 3. The wave function for each orbital was plotted in real space
in order to determine which moiety it was on

Level

Asymmetric (UA5) Symmetric (UA6)

HOMO LUMO HOMO LUMO

3L �5.531 �3.033 �5.005 �2.84
3C �5.929 �3.945 �5.931 �3.95
3R �5.008 �2.833 �5.005 �2.84

This journal is ª The Royal Society of Chemistry 2013
Table 1. The results of these calculations were checked against
DFT calculations using the SIESTA program.29

Three-terminal transport model

In order to investigate the behavior of a unimolecular amplier
under different conditions, we used a simple model based on
that introduced by Paulsson et al.30 for electronic transport in
molecular junctions. The aim of this model is to demonstrate in
a qualitative way how such a device would work, as well as to
understand the physical regimes in which such a device would
operate. However, it should be understood that some aspects of
this model may be oversimplied, and that some results may be
artifacts due to the limitations of the model. Such limitations
will be noted where applicable.

We could have resorted to a more elegant but laborious
approach using non-equilibrium Green's functions (NEGF) to
compute the elastic current within the Landauer–Büttiker–Kel-
dysh formalism.6,31–34 This would combine pictures of molecular
orbital amplitudes, electrode geometries, and the tunneling
current under the conditions of resonance transfer to and from
precisely modeled metal electrodes.35–39 This was not done,
partly because much does depend on the choices of the Au or Al
cluster geometries (and experiments40 and theory tend to
disagree), and partly because the molecules computed in the
previous section are very large.

The reasons for choosing a simple model include the diffi-
culty of realistically describing the real-space potential gener-
ated by three electrodes at different bias, which are aligned at
different angles, as well as the ease of altering the parameters,
so as to investigate different regimes. Additionally, many of the
shortcomings of this model will also be present in ab initio DFT-
based transport calculations41,42 using approximate exchange-
correlation potentials such as LDA or GGA.43–46

The unimolecular amplier consists of three parts or moie-
ties (connected by s-bonds), which are labelled L (le), C (center
or control), and R (right). Each of these parts is modeled by two
energy levels 3a (where a runs over L HOMO, L LUMO, etc.),
which are connected both to the other parts of the molecule and
to an electrode, as shown in Fig. 4.

Strictly speaking, the labels HOMO or LUMO are valid for
one-electron levels of amolecule, and used here for components
Fig. 4 Simple model for unimolecular amplifier. Each molecular component
(moiety) is modelled by two electronic levels, a HOMO level and a LUMO level,
with energies 3a. The rate at which electrons can move between these molecular
orbitals and the electrodes and betweenmoieties is described by a set of coupling
constants G.
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or moieties of a molecule separated from the other moieties by
sufficiently long s-bonds. Also, the HOMO or LUMO for an
isolated molecule are not the same things as the energy levels in
a transport model of a molecule connected to electrodes as
innite sinks: in transport, one should use the terms “ioniza-
tion level” instead of HOMO and “affinity level” instead of
LUMO.47

The electrodes are modeled as electron reservoirs with a
constant density of states (wide-band approximation), and are
also labelled L, C and R, according to which component of the
molecule they are connected to.

The states in the electrodes are populated according to the
Fermi distribution f (E, m), where m is the chemical potential
which can be altered to simulate the effect of an applied bias.
The rate at which the electrons canmove between the electrodes
and the molecular levels, or between the different molecular
levels in the molecule, are described by a set of coupling
constants Gi, where Gi/ħ is the rate at which electrons cross the
tunnel barrier at junction i. Each electrode j (where j is one of L,
C or R) will attempt to impose an occupation Nja onto each
molecular level a, where Nja ¼ 2 f (3a, mj). The current Ija between
the electrode j and the level a will be determined by the differ-
ence between the occupation which the electrode is trying to
impose, Nja, and the actual occupation of themolecular level Na,
so that:

Ija ¼ eGja

h-
�
Nja �Na

�
(1)

Note that the sign convention is chosen so that the current is
positive for Nja > Na and negative for Nja < Na. Thus, in the
results, a positive value for a current through a particular elec-
trode-molecule interface means that electrons are entering the
molecule through this interface, and a negative value means
electrons are exiting through this interface.

In order to account for the broadening of the molecular
orbitals due to the interactions with the electrodes, each
molecular energy level 3a is described by a Lorentzian density of
states, Da(E):

DaðEÞ ¼ 1

2p

Da

ðE � 3aÞ2 � ðDa=2Þ2
(2)

where Da is the broadening of the molecular level 3a due to the
interaction with the electrodes, and in general Da ¼

P
jGja.

The occupation which the attached electrode attempts to
impose on this molecular orbital, Nja, is thus now given by an
integral over the energy weighted by the relevant Fermi
distribution:

Nja ¼
Ð
Da(E)f(E,mj)dE (3)

Within the molecule, levels will also attempt to impose
different occupations on each other, depending on both their
occupation and their relative energies. If level a is above level b,
so that 3a > 3b then if level a is not completely empty (i.e. ifNa > 0)
and level b is not completely lled (i.e. Nb < 2), then charge
from level a will be transferred to level b, so that either level b is
now fully occupied or level a is fully empty. Therefore, the
Nanoscale
occupation that level a tries to impose on level b, Nab, for 3a > 3b

is given by:

Nab ¼ (Na + Nb) if (Na + Nb) # 2; Nab ¼ 2 if (Na + Nb) > 2. (4)

Similarly, the occupation that level b tries to impose on level
a, Nba, for 3a > 3b is given by:

Nba ¼ 0 if (Na + Nb)# 2; Nba ¼ Na � (2 � Nb) if (Na + Nb) > 2.(5)

The current Iab between the level a and the level b will be
determined by the difference between the occupation which
level a is trying to impose on level b, Nab, and the actual occu-
pation of the level, Nb:

Iab ¼ eGab

h-
ðNab �NbÞ (6)

If the device is in the steady-state condition, then the occu-
pation of each level is constant, so that the sum of all of the
currents in and out of this level must be equal to zero. For level
a, this gives: X

j

Ija þ
X
b

Iba ¼ 0 (7)

Inserting the expressions from eqn (1) and (6) into eqn (7)
gives:

X
j

eGja

h-
�
Nja �Na

�þX
b

eGba

h-
ðNba �NaÞ ¼ 0 (8)

Rearranging and simplifying gives an expression for the
steady-state occupation of the level:

Na ¼

X
j

Gja Nja þ
X
b

Gba Nba

X
j

Gja þ
X
b

Gba

(9)

The molecular energy levels 3a are not xed. Instead, their
value depends on both their occupation Na and on the local
applied electric eld. Since this model does not directly
consider the actual geometry of the system, the effect of the
electric eld is included by considering the net bias applied to
the different electrodes. The equation for the molecular level
energy thus becomes:

3a ¼ 3a0 + Ua (Na � Na0) + U ee
ja (mj � mj0) (10)

where Ua is the energy by which the molecular level a changes
when an electron is added to or removed from it, and U ee

ja is the
energy by which the molecular level a changes in response to
the electric eld created by the voltage applied to electrode j.
Values for these parameters were obtained from DFT calcula-
tions as described below. Note that, strictly speaking, such
behavior is only valid in the limit of strong coupling to the
electrodes. This approximation does not take into account the
type of strong correlation effects associated with the strong
electron localization, which occurs in the weak-coupling
regime. In particular, it will share many of the same problems
present in approximate exchange-correlation functionals, such
This journal is ª The Royal Society of Chemistry 2013
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as LDA or GGA.43–46 The parameter mj0 is the chemical potential
of the electrode j at zero bias, and for all of the calculations
described here is set to �5.0 eV.

In the calculation described in the next section, we will
consider two different cases: the rst where only elastic electron
transport occurs, and the second where both elastic and
inelastic transport occur. To model elastic transport, an addi-
tional restriction was imposed, so that electrons could only
move between orbitals which are close in energy. This was done
by multiplying the coupling constant between two orbitals by a
factor, which depended on the overlap of the DOS of these
orbitals, as follows:

G0
ab ¼ Gab

ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DaðEÞDbðEÞ

p
dE (11)

where Da(E) and Db(E) are normalized. If 3a ¼ 3b, then, because
all of the orbitals have the same broadening, Da(E) ¼ Db(E), and
the result becomes an integral over Da(E), which is equal to one,
and thus G 0

ab(E) ¼ Gab. For the case where inelastic transport is
allowed, i.e. where electrons can lose energy by scattering and
thus transfer into lower energy orbitals, this restriction was
removed.

Once the steady-state occupation of each level has been
calculated self-consistently, the total current across any inter-
face between the molecule and the electrodes or between parts
of the molecule can be easily calculated by summing over the
appropriate values obtained from eqn (1) or (6), respectively.

Eqn (1)–(11) were converted into a 500-line ad hoc FORTRAN
computer source program with a graphic input/output interface
for a PC microcomputer.
Transport model parameters

The molecular orbital energy values were taken from Table 1.
We estimated the charging energy Ua of the molecule by
comparing the energies of the HOMO and LUMO levels of the
neutral molecule with those of the molecule having a single
extra electron. The shi of the energy levels of each part of the
molecule due to an applied external electric eld was also
calculated to obtain values for the parameter U ee

ja . Using the
results of these calculations, values for Ua ¼ 4.0 eV and U ee

ja ¼
0.3 eV were decided on.

The values for the coupling between the different parts of the
molecule, Gba, and between the molecule and the electrodes,
Gja, were varied, so as to tune the size of the currents between
the different orbitals, and thus optimize the functioning of the
device. The value of this coupling was taken to be 50 meV in
most cases, as this was the value of the broadening of orbitals,
due to the interaction with the electrodes, obtained from
DFTB+26 calculations.

This coupling value of 50 meV between the molecular
orbitals and the electrodes was also used as the value for the
broadeningDa in eqn (2). Note that this parameter describes the
rate, at which electrons are transferred between different
molecular orbitals, i.e. between different moieties or between
themolecule and the electrodes, and thus is somewhat different
than the coupling terms between neighboring atoms in tight-
This journal is ª The Royal Society of Chemistry 2013
binding models. Due to the saturated (sp3-hybridized) bridges,
the moieties are relatively isolated from each other and from the
electrodes, which explains why this value is signicantly smaller
than the values typically used to describe the coupling between
orbitals on neighboring atoms in tight-binding models.

However, using this model it was determined that, in order
for the unimolecular amplier to work, the HOMO of the central
moiety had to be coupled very weakly to the control electrode,
otherwise the current through this junction would be similar to
that through the other junctions, and thus the device would not
produce much amplication. On the other hand, in order for
the control electrode to affect the device via charging, the LUMO
of the central moiety needed to be strongly coupled to this
electrode. Therefore, for this device to work as a unimolecular
amplier, it was found that in the central moiety the HOMO
must be relatively strongly coupled to the orbitals in the other
moieties yet weakly coupled to the control electrode, while the
LUMO must be relatively strongly coupled to the control elec-
trode and weakly coupled to the other molecular orbitals. The
different coupling strengths could possibly be obtained by
choosing the acceptor moiety, so that the HOMO and LUMO
had different symmetries, and so would interact differently with
the electrode and the other moieties. For the purposes of the
results calculated in the next section, the “strong” coupling
value was set to 50 meV as described above, while the “weak”
coupling value was set to 1 meV.
Three-terminal transport model results

As described below, the mechanism by which amplication
occurred was found to be independent of the symmetry of the
molecular device. Therefore, only the results obtained for the
symmetric molecule UA6 of Fig. 3(b) will be shown, as these are
somewhat easier to follow; results for the unsymmetrical UA5
were similar, with appropriate energy shis, and somewhat
noisier data.

We start by considering the case where only elastic transport
is allowed. The currents through each molecule–electrode
junction, IL, IC, and IR, are plotted in Fig. 5(a) for the case where
the bias on the central electrode is zero, VC ¼ 0.0 V. The cor-
responding energy of each of the molecular levels on each
moiety is shown in Fig. 5(b). We will use the convention that
positive current implies electrons entering molecule from the
electrode through the relevant junction, and negative current
implies electrons leaving the molecule. Note that the current
between the le and the right electrodes only starts to increase
sharply when 3C,LUMO approaches mC. Also, note that the current
here is due to electrons being transmitted through the tails of
the broadened molecular orbitals, as the levels remain quite far
apart in energy over the entire bias range.

The current through the junction between the le electrode
and the le part of themolecule, IL, for different center voltages,
VC, is shown in Fig. 6(a), and the corresponding differential
conductance dIL/dVLR is shown in Fig. 6(b). Increasing the bias
on the center electrode VC results in the peak in the current IL
occurring at a lower bias between the le and right electrodes.
Nanoscale
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Fig. 5 (a) Currents for UA6 through each molecule–electrode junction, IL, IC, and
IR, as a function of the bias VLR (0 to 4 volts) between the left and right electrodes,
when the central electrode is at zero control bias (VC¼ 0). (b) Energies ofmolecular
levels 3L,HOMO, 3C,HOMO, 3R,HOMO, 3L,LUMO, 3C,LUMO, and 3R,LUMO for the sameVLR range.
The chemical potential of all electrodes starts at �5.0 eV at VLR ¼ 0.

Fig. 6 (a) Current IL and (b) differential conductance dIL/dVLR through the left
part of molecule UA6, for different values of VC, for elastic-only transport. The
voltage on the x-axis VLR is the bias between the left and right electrodes.
Increasing the bias on the center electrode VC results in the peak in the current IL
occurring at a lower value of VLR.
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To illustrate how the central voltage VC affects the current
between the le and right electrodes, the currents through each
molecule–electrode junction, IL, IC, and IR, as well as the cor-
responding energy and occupation of each of the molecular
levels on each part of the molecule, are plotted in Fig. 7 for VC ¼
1.0 V. As the bias is increased, the energy and occupation of
3R,HOMO decrease. This results in charge being transferred from
3C,HOMO, so that its occupation and energy also decrease. Due to
the decrease in the total charge on the central moiety, 3C,LUMO

also drops in energy, until it reaches mC, at which point it starts
to charge. This results in both 3C,HOMO and 3C,LUMO remaining
xed in energy, as VLR is increased further, but the continuing
decrease in 3R,HOMO causes the occupation of 3C,HOMO to
decrease further, effectively resulting in a rearrangement of the
charge distribution within the central moiety. This decreased
charge on 3C,HOMO allows charge from 3L,HOMO to transfer into it.
Therefore, at this point, charge can ow through the molecule
from the le to the right electrode, and there is an increase in
the current. As the bias VLR is increased even further, the energy
of the orbitals in the le and right moieties continue to increase
and decrease, respectively, due to the electric eld and charging
effects. Therefore, the levels in the different parts of the
Nanoscale
molecule move further apart, and the current decreases again,
as the size of the overlap between the orbitals is decreased.
Increasing the voltage applied to the central electrode, VC,
decreases the bias voltage VLR at which this rearrangement of
the charge on the central moiety occurs.

Wenowconsider the situationwhere inelastic transport is also
permitted. For simplicity, we consider the extreme case, where
electrons can move into an orbital with lower energy at the same
rate, at which they canmove into an orbital with the same energy.
This is done by removing the overlap term in eqn (11), so the rate
at which the electrons can transfer between molecular orbitals is
now independent of thedifference in energybetween theorbitals.
However, it shouldbenoted that eqn (4) and (5), whichdetermine
the charge, which each orbital tries to impose on the other
orbitals, only allow for electron transfer from higher-energy
orbitals to lower-energy ones. The results for the symmetric
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 (a) Current IL and (b) differential conductance dIL/dVLR through left part
of molecule UA6, for different values of VC for the case where there is both elastic
and inelastic transport through the molecule. The voltage on the x-axis VLR is the
bias between the left and right electrodes. Increasing the bias on the center
electrode VC results in the peak in the current IL occurring at a lower value of VLR.

Fig. 7 (a)Currents througheachmolecule–electrode junction, IL, IC, and IR, forVC¼
1.0 V for UA6. (b) Energies of molecular levels 3L,HOMO, 3C,HOMO, 3R,HOMO, 3L,LUMO,
3C,LUMO, and 3R,LUMO for the samebias range. (c)Occupationof themolecularorbitals
for the same bias range. At zero VLR, the chemical potential of the electrodes is at
�5.0 eV. The voltage on the x-axis VLR is the bias between the left and right elec-
trodes. The central voltage VC changes the voltage at which the charge on the
central moiety rearranges, shifting the peak in the current to lower bias.
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molecule, where inelastic transport is allowed, are shown in
Fig. 8. Thecurrent through the junctionbetween the le electrode
and the le part of the molecule, IL, for different center voltages,
VC, is shown in Fig. 8(a); the corresponding differential conduc-
tance dIL/dVLR is shown in Fig. 8(b). As in the case of elastic-only
transport, increasing the bias on the center electrodeVC results in
the switching onof the current IL occurring at a lower valueof bias
between the le and right electrodes VLR.

The gradual displacement of the IL currents with increasing
control electrode voltage VC seen in Fig. 8(a) is exactly what is
needed to discussmolecule UA6 as a unimolecular amplier (for
vacuum-tube triodes the diode currents, quantied by Child's
law,48 are moved apart by retarding grid voltages49). For UA6 the
separated IL curvesmerge at higher currents, as the device enters
into resonance independently of the control voltage VC.

The open two-sided vertical arrow in Fig. 8(a) shows two
points (“amplier operating points”) which could be used to
Nanoscale
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discuss power gain, one on the VC¼ 0 curve (VLR¼ 2.4 volts, IL¼
2.02 � 10�7 A) and the other at the VC ¼ 0.5 volt curve (VLR ¼ 2.4
volts, IL ¼ 3.61 � 10�7 A). If a load resistor of 1.0 � 107 U is
placed in series between the L and R electrodes, then the voltage
drop across them changes from 2.02 � 10�7 � 107 ¼ 2.02 volts
to 3.61 � 10�7 � 107 ¼ 3.61: this is a change of 1.59 volts for a
control potential change of only 0.5 volts: the amplication
factor is 1.59/0.5 ¼ 3.08.

Details of how the central voltage VC affects the currents are
plotted in Fig. A of the ESI.†

The effect of the size of the HOMO–LUMO gap of the central
moiety on the I–V characteristics was also investigated. Larger
HOMO–LUMO gaps required a larger control bias VC to be
applied in order to bring the HOMO into resonance, so that the
threshold voltage for the device to start to conduct was shied
to higher values. For very small HOMO–LUMO gaps, the LUMO
becomes very close to the chemical potential of the central
electrode, even for small values of VC. This results in a large
current through the central part of the molecule IC, which
dominates the total current at low bias.

Increasing all of the coupling strengths by a factor of 10
increases all the currents by the same factor, so that IV charac-
teristics look qualitatively similar to the results presented above.
However, increasing the strength of the coupling between the
HOMOof the centralmoiety and the central electrode,GCC,HOMO,
by a factor of 10, relative to the other coupling strengths, causes
the current from the central electrode to dominate for values of
VC of the order of 1.0 V, so that the device no longer functions as
an amplier. Therefore this couplingmust be kept small, relative
to the other values, so that GCC,HOMO ¼ 0.001 eV, i.e. about a
factor of 50 smaller than the coupling between the other
molecular levels and the electrodes. This small value keeps IC
much smaller than current through the other two molecule–
electrode junctions, and thus is a necessary condition for this
molecular device to operate as an amplier.

The orbitals in the central moiety are shied by the electric
eld (due to the bias applied to the electrodes) and also by the
net charge on the molecule itself. Eliminating the electric eld,
by setting Uee

ja ¼ 0.0 eV, is shown in Fig. B of the ESI:† UA
produces current amplication even in the absence of electric
eld effects on the molecular orbitals, demonstrating that it is
not simply a eld-effect transistor.

To construct a UA presents an interesting challenge for
synthetic chemistry, as two orbitals on the same moiety have to
interact differently with the electrode and/or with the orbitals in
different moieties. One possible solution would be to design the
molecule so that 3C,HOMO and 3C,LUMO have different symmetry,
for example p-symmetry for 3C,HOMO and s-symmetry for
3C,LUMO. In that case, 3C,HOMO would interact more strongly with
the p-symmetry orbitals on the other moieties, whereas 3C,LUMO

would interact more strongly with the s-orbital of a metallic
adatom on the electrode surface.
Conclusion

We have demonstrated how a unimolecular amplier could be
created, and explored the necessary electronic properties that it
Nanoscale
needs to function. In particular, a vital requirement is that the
strength of the couplingbetween theHOMOof the centralmoiety
and the central electrode should be much smaller than the
coupling strengths between the other orbitals and the electrodes,
otherwise the current through this junction will dominate the
behavior of the device, so it will not behave as an amplier.

In the case where only elastic transport occurs, the charge on
the HOMO of the central moiety blocks the current from owing
through the device at low bias. As the bias is increased, 3C,LUMO

drops in energy until it reaches mC, which then xes the energy
levels of the orbitals in the central moiety, and results in a
rearrangement of the charge. This results in a decrease in the
occupation of the HOMO, allowing a current to ow through the
device. Increasing VC decreases the bias VLR at which this
rearrangement occurs.

When inelastic transport is also allowed, the behavior is
driven by a somewhat different mechanism. For values of VC
such that mC < 3C,LUMO, the charge on 3C,HOMO and the HOMO–
LUMO gap of the central moiety prevent any current from
owing through the device. As VC is increased, the energy levels
of the central moiety are shied upwards in energy, so that
3C,HOMO becomes available for transport at lower values of VLR.

Thus, the transport behavior of this device can be controlled
by changing the value of mC. Therefore, keeping the control
electrode at a constant nite bias relative to the other electrodes
(e.g. by using a material with a different work function), would
render the device very sensitive to small voltage uctuations on
the control electrode, thus allowing it to amplify small signals.

We have also given two simple calculations of the ampli-
cation factor derivable from our calculated currents as a func-
tion of control bias.

Nevertheless, the relative simplicity of this model should be
kept in consideration; many different effects, which are not
included, could be important for device behavior. These include
changes in the coupling parameters due to charging and applied
electric elds, many-body and strong correlation effects, etc.
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