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INTRODUCTION

In this chapter, an introduction to the field of molecular electronics is provided. We
start with a brief history of the research field, after which the state of the art is in-
troduced. Finally, we speculate on some of the ultimate goals, and discuss the main
challenges hindering the realization of reliable functional single-molecule devices.



2 1.1. MOLECULAR ELECTRONICS

1.1. MOLECULAR ELECTRONICS

Since the beginning of molecular electronics, the field has been driven by the dream
of incorporating molecular components as functional elements in electronic devices
(see Fig.1.1). When in the 70’s the first single-molecule diode was proposed|[1], the
main advantage of using molecular devices laid in their small size. The transistors,
at that time, where mostly made from galium arsenide (GaAs) or silicon carbide (SiC)
and had channel lengths of several microns[2]. The use of nanometer-sized mole-
cules therefore sounded very appealing for electronic purposes. Consequently, be-
sides the rectifier, applications such as a molecular processor[3], interconnects[4],
logic gates[5], memory devices[6] and shift registers[7] were proposed.

Figure 1.1: Incorporating molecules in electronic devices: the dream of molecular electronics.

However, due to the lack of suitable technologies for electrically contacting in-
dividual molecules, experimental investigations mainly focused on electron trans-
fer processes in molecules in gas-phase and liquid-phase systems|[8]. Driven by ad-
vances in technology, many different types of devices have been realized on large
ensembles of molecules using self-assembled monolayers (SAMs), such as molecu-
lar logic gates[9], switches[10], photon-based logic gates[11], rectifiers[12], memory
cells[13], organic light emitting diodes[14], solar cells[15, 16], etc...

Meanwhile, steps towards single-molecule devices were made, and in 1995 a cur-
rent was sent through a single molecule[17]. Using a scanning tunneling microscope,
researchers measured the resistance of a single Cgy molecule. In this experiment,
however, no current-voltage characteristics were recorded and information about the
density of states of the molecule was lacking. In 1997, the first true metal-molecule-
metal junction was realized containing a single molecule[18]. This was achieved
using a mechanically controllable break-junction, which had been used previously
to successfully study single-atom quantum point contacts[19, 20]. In this ground-
breaking experiment, the researchers measured the current though a single benzene-
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1,4-dithiol molecule at room temperature. Thiol end groups were used to form a sta-
ble metal-molecule-metal junction. In addition, steps in the current-voltage charac-
teristics were observed as a result of the discreteness of the molecular levels, thereby
revealing the quantum nature of the junction.

In 2000, researchers used the electromigration technique to sandwiched a Cg
molecule between two gold electrodes[21]. By applying a voltage on a third gate,
the current between the source and the drain could be regulated, thereby creat-
ing the very first single-molecule transistor. Although the device showed transis-
tor behaviour, its performances greatly lack behind that of semiconducting transis-
tors! .Besides being small, semiconducting transistors are also highly reliable and
fast to switch. Therefore, in the domain of computation and especially for high-
performance computing, single molecules are no match for semiconducting tran-
sistors, and will probably never be.

Molecules, on the other hand, can provide additional functionalities compared
to semiconductors. Using synthetic chemistry, an almost endless choice of molecu-
lar structures and compositions is available. With the proper knowledge, one can
design single molecules that can perform a variety of tasks which would be un-
thinkable in solid-state devices, or would require a very high degree of complex-
ity. As molecules can react to external stimuli, such as light[22], force[23], pH[24],
sound[25] and magnetic field[26], it is not surprising that many more applications
for single-molecule devices have been found. Researchers have build electrome-
chanical amplifiers[27], optical switches[28, 29], diodes[30], chemical switches[31],
mechanical switches[23], potentiometers[32], solar cells[22], light emitter[33], pH
sensors[24], acoustical sensors[25], magnetic field sensors[26], negative tunneling
devices[34], qubits [35, 36], etc... For all of these devices, the desired functionality was
obtained by tuning the properties of just a single molecule. This does not only render
these devices very small, but also potentially with a very high sensitivity (gas sensors
could for instance react on single O, molecules). Moreover, the knowledge gained at
the single-molecule scale can change the way practical problems are approached in,
for instance, sensing, solar-energy harvesting, thermo-electrics and catalysis.

Ultimately, full-scale electronic circuit may be build from single molecules, pos-
sibly by means of self-assembly. One could imagine solutions containing different
kinds of molecular components such as wires, diodes, transistors, or memory ele-
ments, being mixed and self-assembling on a surface into a fully operational elec-
tronic circuit. The creation of such circuits could occur at dramatically lower costs
compared to the ones of current semiconductors, without requiring complex ma-
chines and procedures. One could even think of going beyond the limitations of
semiconductors, by incorporating also switches, different kind of sensors, motors,
or light emitters, etc. The combination of functionalities would be close to endless,
such as for example light-driven molecular motors, or sensors which emit light upon

1During the last decades, and supported by billions of dollars invested each year, the semiconductor in-
dustry has exponentially decreased the size of the transistor, while increasing the number of transistors
per chip from a few thousand up to a few billion[2]. Being in the micron range in the 1970’s and 1980’s, by
2000 their size dropped below 100 nm, and will go down to 10 nm in 2015. The down-scaling is expected
to go as low as 5 nm in 2020.
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Figure 1.2: Artist impression of a self-assembling gas sensor. The red balls floating around represent gas
molecules, for instance oxygen. When bound to the Fe-porphyrins (red glow), the Au-porphyrin start to
emit yellow light. The porphyrins are connected to each other via a molecular wire.

detection of gas or humidity, of which an artist impression is presented in Fig. 1.2.

1.2. CHALLENGES IN THE FIELD

Despite tremendous progress, the field of molecular electronics is still in its infancy,
and many challenges remain to be solved. In the following section, we briefly high-
light some of them.

1.2.1. CONTACTING A MOLECULE

One of the major problems is the lack of reproducibility and the intrinsic and ex-
trinsic junction-to-junction variations in quantities such as the conductance. It
is well-known that molecular charge transport measurements are strongly influ-
enced by the electrode geometry and the surface chemistry. It is for this reason
that numerous ways of forming molecular junctions have been —and are still being—
developed such as the scanning tunneling microscope (STM)[37], the mechani-
cally controllable break junction (MCBJ)[18], electron-beam lithography[38], elec-
trochemical plating[39], electromigration[40], focused ion-beam lithography[41],
electrodeposition[42], shadow mask evaporation[43], atomic force microscopy
(AFM)[44], on-wire lithography[45], crossed wires[46], gold nanoparticles[47], hang-
ing mercury drop junctions[48], eutectic Galn droplets[49], nanopores[50] and con-
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ducting polymers such as PEDOT:PSS[51]. Each of these methods has advantages
and drawbacks, and no ‘ultimate’ method has been developed so far. However, in
general, techniques allowing to probe single-molecule junction geometries in a sta-
tistically manner are very popular. A few well-known examples are the MCBJ[34, 52—
57], the AFM[58-60], and the STM[61-70]. These methods allow to repeatedly fuse
and break the contacts and form a ‘new’ junction in every cycle. As such, one can
measure charge transport through hundreds or even thousands of junctions and
statistically address the variability in junction formation[52]. It has been found
that the variability can significantly be reduced by choosing the proper anchoring
group(71, 72]. Moreover, large bulky molecules that can bind in various ways tend to
increase the spread in conductance[73, 74]. Also, inter-molecular interactions such
as m-n-stacking[54, 64] may play an important role.

1.2.2. UNDERSTANDING THE PHYSICS

Countless studies have been performed at the single-molecule level, thereby greatly
increasing the understanding of the different aspects of charge transport such as the
role of the anchoring groups[71, 72], the molecular conjugation[55], the molecular
conformation[61, 63], or the inelastic contributions to transport[75-77]. Such studies
are of crucial importance in understanding the basic ingredients of charge transport.
However, to understand many of the physical processes occurring in a molecular
junction such as the bond mechanics, charge transfer at the interface, the push-back
effect, image-charge formation, level alignment, charging effects due to transport, or
magnetic anisotropy, one needs to go beyond conductance measurements[78]. For
that purpose, additional probes (see Fig. 1.3 for some examples) such as force[79],
thermopower[66], heat dissipation[80], gate[21, 43, 81], distance dependence[34, 56,
82, 83], raman scattering[84], light[85], magnetic fields[86, 87], fluorescence[25, 33]
and superconductivity[88-90] have been used. In addition, effects such as quantum
interference[91-93] could be exploited for device applications[31, 68, 94].

Another popular approach to gain more insight is by using the low-temperature
STM/AFM technique and study molecules on surfaces. Although these molecules
are not in a junction geometry, i.e., sandwiched between electrodes, such studies
can provide valuable information as they allow to directly image a single molecule.
The STM has been used extensively in characterizing electronic structures, for in-
stance during single-bond formation[95]. In addition, it has been used to study po-
tential profiles across molecules[96], visualize molecular orbitals[97], even when hy-
bridized with metallic atoms[98]. The AFM, on the other hand, measures forces on
the nano-scale, and can be used to chemically identify individual atoms[99], obtain
the chemical structure of molecules[100], and even deduce bond orders[101].

Each method provides a small piece of the puzzle, and one can hope that in
time our knowledge increases to a point where the physical processes occurring in
a single-molecule junction are understood and can be exploited for novel device ap-
plications.

1.2.3. EXPERIMENTS VS. THEORY

Another major challenge is to reduce the mismatch between theory and experiments.
Quantum chemistry calculations such as tight-binding, density functional theory
(DFT) or Hatree Fock (HF), often used in combination with the non-equilibrium
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Figure 1.3: Studying single molecules beyond charge transport. Image reproduced from Aradhya et
al.[78].

Green’s function (NEGF) formalism for transport, only poorly reproduce experi-
ments. In particular, predicting transport gaps and the position of the Fermi energy
has proven to be challenging.

In the HF method, the electron exchange is calculated exactly but within the
mean field approximation, thereby neglecting electron correlations. As a result,
HE generally speaking, predicts energies that are too high[102]. DFT, following the
Hohenburg-Kohn theorem, can, in principle, determine the ground state and ex-
cited state of a system, provided that the functional describing the electron exchange
and electron correlation is known exactly[103]. In practice, however, the function-
als are semi-empirical approximations, leading to an underestimation of the band
gaps([102]. This is due to the mean-field approach, in which the electrons are effec-
tively non-interacting[104]. In addition, DFT (neither does HF) does not take dynam-
ical effects such as screening of added electrons or holes into account, which play an
important role during charge transport[56, 105]. As a result, junction conductances
are usually overestimated[106] or even show incorrect trends[107].

In pursuit for quantitative agreement, new methods are being investigated, such
as post-HF methods, functionals correcting for long-range self-interactions[108],
dispersion corrected functionals[109], or hybrid functionals such as B3LYP in which
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part of the electron exchange is done exactly within the HF approximation[110]. The
most accurate method to date is the GW method[102], in which screening effects
are also taken into account. Moreover, GW accounts for the addition and removal
of charge, which occurs during charge transport. However, despite the good agree-
ment between experiments and theory, this method is computationally very expen-
sive, rendering it intractable for most of the molecules studied experimentally. In
addition, the results can strongly depend on the underlying starting point[111], and
the calculations can be challenging to converge[112].

One way to account for charge addition and removal is to extended DFT and in-
clude self-energies correction schemes, as is for instance done in DFT+X[113]. In
this approach, the calculations consist of two parts. First, DFT calculations are per-
formed in the gas-phase for the neutral molecule, and the molecule with +1 electron.
This is to account for the difference between the DFT molecular orbitals and the gas-
phase chemical potentials. Second, from the charge distribution of the molecule in
the three charge states, one can calculate the polarization energy associated with
the image-charges formed in the metallic electrodes upon addition and removal of
a charge. Both contributions yield a correction which is applied to the DFT orbitals
as calculated in a junction configuration, i.e., with the molecule sandwiched between
the two metallic electrodes. DFT+X calculations quantitatively reproduce reasonably
well conductance values[57, 114] and thermopower[107], as well as current-voltage
characteristics[113], while being computationally much less expensive than GW cal-
culations. DFT+Z, however, takes into account the charge distribution in the gas
phase, thereby neglecting charge transfer at the interface due to the hybridization
of the molecular orbitals with the states of the electrodes. This transfer is important
for two reasons. First, the molecule in a junction geometry could carry a net charge,
leading to a significant asymmetry in the renormalization of the occupied and un-
occupied levels. Second, the orbitals of a gas-phase molecule and a molecule in a
junction could have a different character due to the formation of interface states.
To account for these effects, one can for instance consider the molecule in a junc-
tion configuration and obtain the charge distribution of the different charge states
by using a gate to add and remove charge from the molecule. This approach has
been used for successfully explaining polarization-induced level renormalization in
single-molecule experiments[56].

Altogether, despite some agreement between experiments and theory, a general
theory which accurately predicts molecular properties at a computationally tractable
price in still lacking.

1.3. DISSERTATION OUTLINE

In this dissertation, charge transport through single organic molecules is investi-
gated. For this purpose, the two- and three-terminal mechanically controllable break
junction (MCB]J) technique is used. In addition, quantum chemistry calculations are
performed for a more in-depth understanding of the charge transport properties.
The outline of this dissertation is as follows:

Chapter 2 briefly discusses the theoretical background of charge transport through
single-molecule junctions.
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Chapter 3 describes the MCBJ technique as implemented in Delft, together with
some of the measurement schemes.

Chapter 4 presents conductance measurements performed on a series of porphyrine
derivatives at room temperature. The influence of the chemical structure on the
junction formation is investigated.

Chapter 5 focuses on a single porphyrin derivative, ZnTPPdT-Pyr, which is stud-
ied both at room and cryogenic temperatures using conductance histograms and
current-voltage characteristics.

Chapter 6 presents low-temperature spectroscopy measurements on ZnTPPdT, in
which large shifts of the molecular levels upon changes in electrode separation are
observed. Using three-terminal MCBJ devices and quantum chemistry calculations,
the observed level shifts are attributed to the presence of image-charges in the elec-
trodes.

Chapter 7 investigates charge transport through dihydro-anthracene. For this par-
ticular molecule, pronounced negative differential conductance is observed. Our
findings can be understood using an intuitive two-site model, which is supported
by quantum chemistry calculations.

Chapter 8 presents theoretical guidelines for an efficient single-molecule diode.
Based on a two-site model, the role of the chemical structure is investigated, and
in particular, the influence of the substituted side-groups.

Chapter 9 describes the realization of gate-tunable single-molecule diode. Using the
molecular design guidelines discussed in the previous chapter, a diode with very high
rectification ratios is designed and measured. In addition, the presence of a gate elec-
trode is used to shift the molecular levels, allowing for tuning of the diode’s rectifica-
tion ratio.



THEORY

In this chapter, the basic theoretical concepts required to understand charge transport
through single molecules are reviewed. We start with the concept of molecular orbitals,
after which resonant electron tunneling is discussed. We then expand our description
towards three-terminal devices in which a gate electrode is present. Finally, we touch
upon higer-order processes such as the Kondo effect and elastic/inelastic cotunneling.

Parts of this chapter have been published in Chem. Soc. Rev. 44, 902-919 (2015) [115].
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As aresult of the small size of typical molecules, charge transport though single mole-
cules is dictated by the laws of quantum mechanics. In general, the properties of the
molecular junction depend on the ratios between the different energy scales involved
in transport. It is therefore instructive to have a more detailed look at these energies.
The first important energy scale is the confinement energy (A). The small size of the
molecule causes spatial confinement of the charge carriers (either electrons or holes)
on the molecule, leading to the formation of a discrete energy spectrum with various
level spacings. A rough estimate of A can be obtained from the particle-in-a-box
model, yielding A = zh_;;e (Lll)z =~ 0.4 eV for a cube with a side of 1 nm. The spatial con-
finement has a second effect. Since the charge carriers are close to each other, one
needs to account for the Coulomb interactions between them, which is called the
charging energy Ec = e?/2C, where e is the electron charge, and C the capacitance of
the molecule to its environment. A typical value for E¢ is hundreds of meV. The third
important energy is the thermal energy k;, T, where kj is the Boltzmann constant.
This energy scale determines the broadening of the observed features as a result of
thermal fluctuations. At room temperature the thermal energy is about 25 meV, while
at 4 K this energy is only 0.36 meV.

2.1. MOLECULAR ORBITALS

As mentioned above, the charge carriers on the molecule are only allowed to popu-
late discrete energy states, of which the shape is determined by the potential land-
scape formed by the nuclei. These states are called molecular orbitals. Electrons fill
these orbitals starting from the ones with the lowest available energy before filling
higher ones. This is known as the Aufbau principle. Each orbital can be occupied by
at most two electrons, as dictated by the Pauli exclusion principle. By definition, the
orbital with the highest energy which is fully occupied is called the highest occupied
molecular orbital (HOMO). The HOMO is to organic semiconductors and quantum
dots what the valence band is for inorganic semiconductors. The same analogy exists
between the lowest unoccupied molecular orbital (LUMO) and the conduction band.

A common method to obtain the electronic structure of a molecule is density
functional theory (DFT). After diagonalizing the computed Hamiltonian, the eigen-
vectors describe the molecular wave functions, while the eigenvalues represent the
molecular orbital energies. As an example, the right panel of Fig. 2.1 presents the
energy spectrum of a benzene dithiol molecule in gas phase, i.e., in the absence of
interaction with the environment. The left panel of Fig. 2.1 shows the isosurface of
the wave function of the HOMO and the LUMO. The energy difference between the
HOMO and LUMO is called the HOMO-LUMO gap, and can be experimentally deter-
mined from UV/vis spectroscopy.

2.2. CHARGE TRANSPORT

When describing charge transport through a molecule one also has to take into ac-
count the fact that the number of electrons on the molecule changes. Therefore, the
energy required to add or remove electrons from the system needs to be considered.
The energy required to remove an electron from the molecule and bring it to the vac-
uum level is called the ionization potential (IP). The energy released when an elec-
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HOMO-LUMO
gap

Figure 2.1: Molecular orbitals of benzene dithiol. The right panel shows the energy spectrum of the
molecular orbitals in the neutral state obtained from DFT. The black lines represent the orbitals occu-
pied with two electrons (arrows); the gray lines indicate the unoccupied orbitals. The left panel presents
isosurfaces of the HOMO and LUMO.

tron is added is the electron affinity (EA). As a molecule can be (dis)charged multiple
times, the total density of states of a molecule can be modelled as a set of chemi-
cal potentials, as depicted in Fig. 2.2a. The energy difference between yy_ ;1 and
Un-1—n is referred to as the transport gap, or addition energy (Eqqq). UN—nN+1 1S the
energy required to add an electron to the molecule, and is therefore equivalent to the
EA. The same holds for pn_;—. and the IP. The transport gap is different from the
HOMO-LUMO gap, as it consists of the level splitting plus the electrostatic contribu-
tions to the energy (i.e., charging energy, image charge corrections, push-back effect)
while the HOMO-LUMO gap includes the level splitting only.

When a molecule is brought in the vicinity of the electrodes, the presence of the
metallic surface has several important consequences. First, the electrodes act as
reservoirs for charge carriers. Those reservoir also have a chemical potential, which
at 0 K is equal to the Fermi energy (e¢r). For T>0 K, the energy distribution of the
electrons in the electrodes is smeared out by thermal broadening and given by the
Fermi-Dirac distribution function

1

€ Ha

=— (2.1)
1+exp( T )

Ja(E)

where € is the electron energy, kg the Boltzmann constant, i, the chemical potential
of reservoir a («a is either the source (S) or the drain (D)) and T the temperature. In
equilibrium, the chemical potential of both electrodes is equal (see Fig. 2.2b) and
no current flows. From statistical mechanics we know that for particles to flow, a
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Figure 2.2: Chemical potential diagram. (a) Schematic representation of a molecular junction consisting
of a set of chemical potentials. Here, N represents the number of electrons of the neutral molecule. (b,c)
Single-level model, in which transport is described by the level alignment € and the electronic coupling I'.
In equilibrium (b), no current can flow. Upon application of a bias (c), the chemical potential of the leads
are different and current flows once the level is inside the bias window.

difference in chemical potential is required. By symmetrically applying a bias voltage
V, the chemical potential of the electrodes is shifted according to

,us:€f+eVb/2, (2.2)
pd:ef—eVb/Z. (2.3)

This results in occupied states in the source, and empty states in the drain. For
convenience, the energy range between the chemical potential of the source and the
drain electrode is called the bias window. When no molecular level is present in the
bias window, transport is blocked, as the electrons do not have the necessary energy
to occupy/empty an orbital (see Fig. 2.2b). Increasing the bias voltage across the
junction increases the bias window, and as soon as the chemical potential of one of
the electrodes is aligned with the molecular level (see Fig. 2.2c), the blockade is lifted
and current flows.

The presence of the electrodes also causes the molecular states to hybridize with
the states of the gold. Electrons can therefore tunnel from and towards the mole-
cule with a finite probability. According to Heisenberg'‘s uncertainty principle, their
finite residence time on the molecule allows for a finite window of electron energies
to tunnel, effectively resulting in a broadening of the molecular levels. The electron
transfer rate from the source to the molecule (I's) and from the molecule to the drain
(I'p) depends on the overlap of the wave function of the molecule and those of the
electrodes, and defines the level broadening. The total coupling I' =T's+I'p) is a
measure for the overall hybridization, and determines the amount of current through
the molecule. One can distinguish three different transport regimes, depending on
theratio of T', A, E¢, and kpT. For a detailed description of the three regimes, see ref-
erence [116-118]. Here, we will only briefly introduce them.

In the weak coupling limit where I' < A, Ec, kg T, the level broadening can be ne-
glected. The density of states on the molecule is given by a series of discrete levels
represented by Dirac delta functions and only integer charges are allowed to tun-
nel. Charge transport occurs sequentially through the succession of two first-order
processes. In addition, it is incoherent as the long residence time on the molecule



2.2. CHARGE TRANSPORT 13

causes the electrons to lose information about their phase. Transport in this regime
mostly occurs for physisorbed molecules which are weakly bound to the electrodes.
The current can be calculated from the master equation, describing the occupation
probabilities of the electron on the different levels.

For most of the molecules covalently bonded to the electrodes, however, trans-
port occurs in the intermediate coupling regime where T, kgT < Ec,A the level
broadening has to be taken into account. In this regime, transport occurs through
resonant tunneling, which is a first-order process. In addition, transport is coherent,
and effects involving the phase of the electrons (e.g. quantum interference) can be
observed. The transmission through the molecule can be obtained from the Non-
Equilibrium Green’s Function (NEGF) formalism[119], which states that

I's€)I'p(e)

T(e) = Tr{—————[G-G']}, 2.4
(€) r{Fs(e)+FD(e)[ 1} (2.4)

where G(e) is the retarded Green’s function

1

(eS-H-X5-Zp)

Here, H is the Hamiltonian of the molecule, X the complex energy-dependent
self-energy matrix (Xs,p = As,p(€) + il's p(€)) describing the interaction between the
molecule and each electrode, and S the symmetric overlap matrix. More specifically,
As,p(€) accounts for level shifts as a results of the hybridization of the molecular or-
bitals with the states of the leads. I's p(€), on the other hand, describes the tunnelling
of charge carriers from and to the molecules, as defined before.

G(e) = (2.5)

In the case of small molecules, the chemical potentials are typically much larger
than the bias voltage which can be applied in experiments. Transport is then dom-
inated by the level closest to the Fermi energy (see Fig. 2.2b) and one refers to this
approximation as the single-level model. As a result of the nearly uniform density
of states of gold near the Fermi energy, another commonly made assumption is the
wide-band limit, in which T'(¢) is taken to be energy independent and A(e) is ne-
glected. The density of states of states is then given by

ATSTp
le—€ol?+ [[s+Tpl?’

D(e) = (2.6)
where ¢ is the energy difference between the single level and the Fermi energy.
Rather than being a discrete Dirac delta function, the density of states is now
Lorentzian broadened due to the hybridization of the molecular orbitals with the
electrodes. The current though such a junction can be obtained using the Landauer-
Buttiker formalism[119] and is given by

dE
I= %f - T@Ifs©) - fp(e) @7

where fs(e) and fp(e) are the Fermi-Dirac distribution of the leads. In the low-
temperature limit where kg T <« I the expression for the current can be solved an-
alytically and becomes
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\%4 eV

4Gy Tl €0+ 5 €0— 5
I(V):—Oﬁ arctan(—z)—arctan(—z) R (2.8)

e I's+I'p I's+Ip I's+I'p

2
where Gy = % Note, that when on resonance (¢y = 0), and with I's = I'p, the expres-

; IsT T .
sion for the current becomes I FSSH?D =TI'p/2, indicating a linear dependence of

the current on I'. This is characteristic for a first-order process.

From expression 2.8, it becomes clear that, in the intermediate regime, transport
is mainly determined by the alignment with respect to the Fermi energy and the elec-
tronic coupling. To illustrate the role of €y, Fig. 2.3a presents IVs for various €y for
fixed I's,p. The plot shows a step in the current which corresponds to the lifting of
blockade by resonant tunneling. The position of the step shifts with €y according to
Vstep = 2€0/€, as a result of the symmetric voltage drop across the two barriers. The
sharpness of the step and the current after the steps depend on I's p and are there-
fore the same for all the curves. The low-bias current increases for decreasing €. The
transmission curves, shown in the inset on a logarithmic scale, consist of Lorentzians
centered around € and broadened by I's + I'p.

Figure 2.3b presents IVs for various I's p and for fixed €¢p. The situation is now
different. The location of the step remains the same for all curves, but its sharpness
and the maximum current increase for increasing I'. The low-bias current also in-
creases. The transmission curves, shown in the inset on a logarithmic scale, consist
of Lorentzians centered around € and broadened by I's + I'p. Independent on the
electronic coupling, the transmission through the level has a maximum of unity.

In the strong coupling regime were I',kpT > E¢, A, the electronic states of the
molecular quantum dot and electrode are significantly hybridized and blockade ef-
fects are washed out by quantum fluctuations of the molecular charge. In this regime,
transport is resonant, but the charge on the dot is no longer restricted to integer
multiples of the electron charge and partial charging of the dot is allowed. This
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Figure 2.3: The role of level alignment and electronic coupling. (a) Current-voltage characteristics for
various values of €g and a fixed I's p of 10 meV. (b) Current-voltage characteristics for various values of
I's p and a fixed ¢g of -0.2 V.
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partial charging shifts the energy levels with increasing bias voltage, introducing an
additional level broadening. As for a strong coupling a significant overlap of the
wave function of the molecule and those of the electrodes is required, this regime
is mainly relevant in the case of small molecules. For a more detailed description of
this regime, see reference [116].

2.3. ELECTROSTATIC GATING

To gain more insight in the density of states of a molecule, for instance its addition
energy, the number of accessible charge states or the presence of excited states, a
third electrode can be used. This gate electrode couples only electrostatically to the
molecular quantum dot, and allows to shift its electrostatic potential. Applying a
positive voltage on the gate attracts the electrons and hence shifts down the chemical
potentials of the molecule. Applying a negative voltage, on the other hand, repels the
electrons and shifts up the chemical potentials on the molecule. Hence, by applying
a positive gate voltage one can shift the EA down through the EF, thereby reducing
the molecule. Similarly, the molecule can be oxidized upon application of a negative
gate voltage.

In a typical three-terminal measurement, both the bias and gate voltage are
swept, allowing to create a colour-coded current map. Such a plot is referred to as
a stability diagram, of which an idealized example is depicted in Fig. 2.4a. Here, the
transition from the (white, high current) single-electron tunneling (SET) regions to
the (black, low current) blockade regions occurs when a chemical potential of the
molecule alignes with the Fermi energy of one of the electrodes. Inside the black
diamond-shaped regions, also called Coulomb diamonds, transport is blocked and
the number of electrons on the molecule is fixed to an integer value. The size of the
diamond of the charge state with N-electrons can be used to determine the addition
energy of the junction. Between consecutive black regions the charge on the mole-
cule increases/decreases by one for increasingly positive/negative gate voltages. The
diamond edges show up as bright resonances in the differential derivative (4//dv, see
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Figure 2.4: Stabilty diagram (a) Current map versus bias and gate voltage. The black areas correspond to
regions where transport is blocked. In the white areas, the blockade is lifted by resonance tunneling and
single-electron tunneling (SET) occurs. f is the gate coupling parameter. (b) Differential conductance
map of (a). Molecular levels show up as bright resonances forming the diamond edges. In addition, lines
as a result of resonant tunneling though excited states in the SET regime and inelastic cotunneling in the
blockade region are visible.
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Fig. 2.4b). These resonances cross each other in charge degeneracy points, where the
molecule is either in one charge state, or the other. Inside the SET regime, additional
eletronic and/or vibrational excited states can appear, resulting in lines running par-
allel to the diamond edge.

2.4. HIGHER-ORDER PROCESSES

In the previous section, only resonant tunneling was considered in which one elec-
tron tunnels resonantly from the source to the drain. In second-order processes,
two particles are involved and hence their contribution to the current scales with
I'?, rather than I. As a result, these processes only play a role in the intermediate and
strong coupling regime. Here, we will briefly discuss elastic and inelastic cotunnel-
ing, and the Kondo effect.

ELASTIC COTUNNELING

When no level is in the bias window, the number of electron on the molecule can-
not change as not enough energy is provided to allow them do so. Nevertheless, an
electron can tunnel off the molecule, leaving it temporarily in a forbidden “virtual”
state, as depicted in Fig. 2.5. This is allowed, as long as another electron tunnels into
the molecule in the same quantum process in a time set by Heisenberg’s uncertainty
principle. The final state then has the same energy as the initial one, but one electron
has been transported through the molecule. This process is called elastic cotunnel-
ing, as the energy of the molecule remains unchanged. It can occur at arbitrarily low
bias, and leads to a nonzero background conductance in the blockade region. Thus
elastic cotunneling is always present but its magnitude depends onI'g, I'p and €.

2.4.1. INELASTIC COTUNNELING

A cotunneling event can also leave the molecule in an excited state. Similar to elastic
cotunnelling, the electron on the molecule tunnels to the drain. At the same time,
an electron from the source tunnels onto the molecule, but in this case it occupies a
vibrational and/or excited electronic state which is AE higher in energy. As the energy
of the molecule changes during the process, this is called inelastic cotunneling. For
energy conservation reasons, this process can only occur if the applied bias voltage
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Figure 2.5: Elastic and inelastic cotunneling (a) In the initial state, the level is occupied, with an excited
state AE higher in energy. (b) The electron can tunnel from the level to the drain, leaving the in a “virtual”
state. (c) An electron tunnels from the source to the molecule. This can either be to the level or to the
excited state, in the case of elastic and inelastic cotunneling, respectively.
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is at least equal to AE/e. Therefore, for V > AE/e, an additional transport channel
becomes available, leading to a sudden increase in current. In the stability diagram,
inelastic cotunneling excitations appear inside the Coulomb diamonds as horizontal
lines, as the process is gate independent (see Fig. 2.4b). Furthermore, these lines are
expected to intersect at the diamond boundary with the corresponding excitation
line inside the SET region caused by resonant transport through the same vibrational
and/or excited electronic state.

2.4.2. KONDO EFFECT

The last transport mechanism we will briefly touch upon is the Kondo effect. For
a detailed review, we refer to reference[120]. Here, only the basic principle will be
discussed.

Let’s consider an unpaired electron localized on a molecule, for instance due to a
magnetic atom, connected to two electrodes. This electron has a magnetic spin mo-
ment of S = 1/2. In the off-resonant transport regime, resonant transport is blocked
and the number of electrons on the molecule is fixed. However, as mentioned pre-
viously, elastic cotunnelling can still occur, and these cotunnelling electrons interact
with the unpaired electron. More specifically, they screen the magnetic moment of
the unpaired electron. This screening results in a build up of states in the leads at
the Fermi level. As a result, in the stability diagram, the Kondo effect shows up as
a zero-bias resonance (white horizontal lines at zero bias in charge state N + 1, see
Fig. 2.4b) for an odd number of electrons on the molecule, which connects the two
degeneracy points of the Coulomb diamond. The width of the resonance is related to
the Kondo temperature Tk, which is typically 10-50K for molecules. The Kondo ef-
fect can also occur for molecules with larger spins, such as S = 1, in which case Tk is
much smaller[83].







EXPERIMENTAL

In this chapter, the mechanically controllable break-junction technique is introduced.
We first review the basic principles, and then discuss its experimental realisation, rang-

ing from the measurement set-up, the electronic read-out, the sample fabrication, and
the different measurement schemes.
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3.1. MECHANICALLY CONTROLLABLE BREAK-JUNCTION

TECHNIQUE

In 1985, Moreland and Ekin[121] introduced ‘break’ junctions to study tunneling
between superconductors. At that time, they used a thin wire of a superconduct-
ing material that was soldered on top of a glass bending beam. By bending the
substrate in a 3-point-bending mechanism they literally ‘broke’ the junction. They
controlled the force that was applied on the beam using an electromagnetic actu-
ator. Several modifications to this concept have been realized later on, initially by
Zhou et al.[122], who introduced the name Mechanically Controllable Break Junction
(MCBJ). A few years after, in 1997, the first single-molecule junction was measured
using this technique([18]. Besides measurements on molecular junctions, MCBJs
have also extensively been used to study quantum point contacts and monatomic
metallic chains[19, 20, 123-126].

outer
— counter
support

central phosphor

Au electrodes bronze
counter

support

Figure 3.1: Schematic illustration of the MCBJ technique. The sample is bend in a three-point bending
mechanism. The large green arrows indicate the force applied to bend the sample. The small green arrows
represent the attenuated displacement of the electrodes.

The working principle behind the MCB]J technique is as follows. A thin metallic
wire is positioned on top of a flexible substrate. In most cases gold is used because of
its noble character. The wire can either be a macroscopic gold-wire, in the case of a
notched-wire junction, or a lithographically fabricated one. By bending the substrate
in a three-point mechanism, the gold wire streches and eventually breaks, thereby
forming two gold surfaces. These surfaces can be used as electrodes to contact mole-
cules. The spacing between the electrodes can be tuned by adjusting the bending of
the sample. After the rupture of the gold wire, the electrodes can be fused again to
reform the contact. A schematic illustration of the technique is shown in Fig. 3.1.

The MCBJ technique has several advantages such as a sub-picometer tuning of
the electrode separation. This is a result of a geometrical attenuation factor, which
describes the ratio between the displacement of the actuator and the one of the
electrodes (more on the attenuation ratio in section 3.7). MCB]Js also offer a high
junction stability. In particular, one can apply voltages across a molecular junc-
tion ranging from 0.5 V at room temperature, up to 2-3 V at 4.2 K. In addition, at
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low termerature, once a gap is formed, its size does not significantly change over
time, even after hours[127]. Moreover, the technique is ideal for statistical studies,
as the electrodes can be fused and broken repeatedly, allowing to collect data on
hundreds, or even thousands of junction, each with a different atomic arrangement.
Finally, the technique can easily be adapted for use at high vacuum and cryogenic
temperatures[19, 20], or in a liquid environment using a liquid cell[128].

3.2. THREE-TERMINAL MCB]J]

To gain additional spectroscopic information, a third electrode can be added in the
MCB]J devices, as for example implemented by Martin et al.[129]. This gate electrode
is located close to the molecule and needs to be electrically insulated from the source
and the drain electrodes. As such, by applying a voltage on the gate, one changes the
electrostatic potential of the molecule[130]. Energy shifts of the molecular transport
level are then induced, from which additional information about the molecule can be
obtained such as the presence of vibrational modes and excited states[21, 131] and
the presence of vibrationally induced effects such as Franck-Condon blockade[132].
The gate has also played a crucial role in studying Kondo Physics [81, 133], and
superconductivity[88]. Moreover, as a gate electrode allows to repel and attract elec-
trons, it can be used to oxidize and reduce molecules[43], and investigate molecu-
lar transport properties for different charge states. Three-terminal devices have also
been employed to reveal the fine structure of individual single-molecule magnets[86]
and the presence of magnetic anisoptry[87, 134]. They also enabled the read-out[35]
and driving[36] of a single nuclear spin, which can be used as molecular quantum
bit.

The fabrication process of a three-terminal devices needs to ensure that the gate
couples only electrostatically to the molecule. This can be achieved by electrically
insulating the gate from the source/drain electrodes and from the molecule. How-
ever, contributions to the current caused by various mechanism (quantum tunnel-
ing, electron hopping, etc.) can lead to a parasitic current between the gate and the
drain. This gate leakage can overshadow the molecular signature, and should there-
fore be kept as low as possible. The main challenge in fabrication is thus to design a
junction geometry, in combination with the right material choice, which reduces as
much as possible the gate leakage, but maximizes the electric field reaching the mole-
cule. A few concepts should be kept in mind. First, for thin barriers (<2-3 nm) the
gate leakage originates mostly from quantum tunneling, which decreases exponen-
tially with increasing insulator thickness. Moreover, increasing the insulator thick-
ness increases the voltage at which it breaks down. However, a thicker insulator also
means that the ratio between the applied voltage and the obtained level shift, also
called the gate coupling, becomes smaller. The total level shift that can be reached
in an experiment is the product of the gate coupling and the breakdown voltage, and
depends non-trivially on the insulator thickness, the junction geometry and the insu-
lator material. To maximize the gate coupling, a thin insulator is needed with a high
dielectric constant. To maximize the breakdown voltage, one can use an insulator
with a high breakdown voltage and/or increase its thickness. Typically gate dielectric
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materials are for example silicon oxide (SiO»), aluminum oxide (Al;O3) and hafnium
oxide (HfO,).

Besides maximizing the total level shift caused by the gate field, one should also
compare the level shift with the energy separation between the closest chemical po-
tential of the molecular junction and the Fermi energy of the electrodes. To oxidize
an/or reduce a molecule, the associated chemical potential needs to cross the Fermi
energy. Therefore, as the total level shift induced by the gate is limited, the molecules
used as single-molecule transistors are typically >1 nm. Smaller molecules have a
too high level splitting, so that their charge state cannot be changed with the gate. In
section 3.4.2, the fabrication of an improved version of the gated MCBJ will be dis-
cussed.

An interesting room-temperature alternative is electrochemical gating[135].
Here, the measurements are performed in an electrolyte. By applying a positive volt-
age on the electrolyte, the negative ions are attracted towards the electrode, resulting
in a higher concentration of positive ions close to the molecule, effectively gating
the molecular junction. Here, large level shifts up to 0.8 eV have been reported[136].
However, as much of the fine structure is smeared out by temperature broadening,
only resonant tunneling can be investigated. Here, we will not discuss this method
further; for more information we refer to the literature on this subject[137].

3.3. SET-UP

3.3.1. MECHANICS

What follows below is the Delft realization of the MCB]J technique. For a detailed
description of the set-up and its characteristics, see the detailed review article by
Martin et al.[127] Here, we will only review the main features. The set-up is based on a
dipstick design (see Fig. 3.2a and c), with the three point-bending mechanism located
at the bottom (see Fig. 3.2e). The bending of the sample is controlled by a bending
actuator, based on a brushless servo motor (Faulhaber), a precision gearhead with an
attenuation of 246:1, and a differential screw drive with a pitch of 250 ym/turn.

In the second generation set-up this pitch has been reduced to 150 um/turn. The
motor is located at the top of the dipstick (see Fig. 3.2b). Its rotation is transferred
to the screw via a backlash-free insulating elastomer coupling and a ferrofluidically
sealed rotary feedthrough. The up and down movement of the screw is transfered
to the two outer counter supports of the three-point bending mechanism. The step
size of the screw drive is about 0.1 ym, corresponding to about 5 picometer in elec-
trode distance, for a attenuation factor of about 5-107° (for the calibration, see sec-
tion 3.7.1). The bending can also be modified in a continuous fashion. A typical
bending speed is 0.5-5 pm/s, corresponding to 25-250 pm/s on the electrode scale.
Every time the motor direction is reversed, a backlash of several microns is present
due to the screw drive.

In the second generation design, the actuator can also be pushed with a piezo-
electric element. The piezo-element pushes against a cantilever mechanism which
moves up and down the center counter support of the three-point bending mecha-
nism. The cantilever is present to amplify the piezo displacement of 60 ym/1000 V
by a factor of 4.6 to 280 um/1000 V. This piezo element allows for much higher ac-
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Figure 3.2: llustration of the MCB]J set-up. (a) Schematic drawing of the top part of the set-up (top panel)
and the bending mechanism (bottom panel). The stainless steel outer tube and brass top part have been
rendered semi-transparent to illustrate the mechanics. (b) Top part of the set-up. (c) Overview photo-
graph showning the whole dipstick. (d) Photograph showing the dipstick inside a liquid helium vessel for
measurements at 4.2 K. (e) Bending-mechanism of the MCBJ set-up.

tuator speeds of 800 um/s (3000 V/s) which results in a electrode speed of 40 nm/s.
Moreover, the piezo element does not suffer from backlash. However, the drawback
is that it has a limited range of operation (280 um versus >3 mm for the servo mo-
tor). In addition, it performs poorly at cryogenic temperatures and in practice is only
used at room temperature.

The wiring to the sample and the axis runs from top to bottom through protective
eriflon tubes. Those tubes are held in place by cicular brass rings, which also act as
radiation shields. The outer tube is made of stainless steel due to its low thermal
conductance. The set-up can be closed with the conical vacuum seal at the bottom.
During measurements, the set-up is typically pumped to a high vacuum of <5-107%
mbar. For operation at cryogenic temperatures, the dipstick is either submerged in a
dewar of liquid nitrogen (77 K) or inserted directly into a liquid helium vessel (4.2 K),
as shown in Fig. 3.2d.
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3.3.2. ELECTRONICS

All measurement electronics is hosted by a shielded rack. The individual modules
are accessed via optically coupled isolation amplifiers of which the power is sup-
plied by two separate batteries. This full galvanic isolation of the different circuits is
ideal for low-interference measurements. The measurement rack can accommodate
several home-built units (developped by Raymond Schouten, TU Delft), like voltage
sources, current sources, current-voltage converters and voltage amplifiers. For the
MCBJ measurements, a home-build logarithmic current-voltage is used, which al-
lows for current measurements across almost nine orders of magnitude. In addition,
it is equipped with temperature-drift compensation.

The measurement electronics is accessed and read out using an ADwin Gold
(Jaeger Messtechnik GmbH), which hosts an analog-digital (AD), a digital-analog
(DA) converter and an on-board digital signal processor operating at 40 MHz. This
enables real-time analysis and fast feedback control. The maximum data acquisition
rate is about 200kHz at a resolution of 16 bit.

3.3.3. OPERATION

The measurements are controlled using home-made Python routines. All routines
in which timing is crucial, such as such as recording an IV, or recording the conduc-
tance as a function of time are programmed in the low-level ADbasic programming
language. Those routines are then compiled, loaded as a process in the ADwin and
executed by the on-board digital signal processor. Python is used to coordinate the
execution of the various processes, operate the motor controller, get the data from
the ADwin, and plot the measurements in real-time.

3.4. SAMPLE FABRICATION

3.4.1. TWO-TERMINAL SAMPLES

The fabrication of two-terminal lithographic MCBJ samples is based on the design of
Martin et al.[129] and occurs in the Kavli NanoLab at Delft. The fabrication steps, il-
lustrated in Fig. 3.3 are the following:

Step 1

* As a starting point, polished phosphorous bronze wafers (50x50x0.5 mm) are
used. On such wafers, 10 samples can be fabricated. Each sample contains 4
junctions.

¢ Clean the wafer by ultrasonication for 5 min in acetone and isopropanol.
Step 2

e Apply the adhesion promoter VM651 (HD Microsystems) (soak for 30 s) and
spin for 55 s at 3000 rpm.

¢ Bake for 1 min at 110°C.

e Spin-coat the wafer with polyimide PI2610 (HD Microsystems) for 55 s at
800 rpm.
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Figure 3.3: Fabrication scheme for two-terminal samples. See text for an explanation of the eight differ-
ent steps.

¢ Cure the wafer for 30 min in a vacuum oven at a temperature of 300°C. The
thickness of the resulting polyimide layer is around 6 ym. Without the vacuum,
the polyimide is not properly cured.

Step 3

e Cover the wafer with a methylmethacrylate-methacrylic acid solution
(MMA(17.5)MAA 8% in ethyl-L-lactate, Microchem)) and spin-coat for 55 s at
3000 rpm.

e Bake for 7 min at 175 °C. The resulting layer thickness should be around
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320 nm. This layer has a high sensitivity and is present to facilitate lift-off.

¢ Cover the wafer with a PMMA 950k resist solution (4% in anisole, Microchem)
and spin-coat for 55 s at 6000 rpm.

e Bake for 7 min at 175 °C. The resulting layer thickness should be around

110 nm.
Step 4
e Write the MCBJ structures (Leica electron-beam pattern gener-
ator EBPG5000+). The bridge and fine leads are written with a beam size of

3 nm, a beam step-size of 2 nm and a dose of 950 uC/cm?. The coarse leads
and the pads are written with a beam size of 82 nm, a beam step-size of 58 nm
and a dose of 750 uC/cm?.

Step 5

* Develop the pattern for 90 s in a mixture of methyl-isobutylketone (MIBK) and
isopropanol (volume ratio 1:3), followed by 20 s in IPA.

Step 6

e Electron-beam evaporation (Temescal FC-2000) of 2 nm of titanium (0.5 A/s)
and 80 nm of gold (1.0 A/s). The base pressure of the evaporation chamber
should be <2-10 %mbar.

Step 7
¢ Lift-off in hot acetone for 1-2h and a rinse with acetone.

¢ Cover the wafer with a PMMA 350k resist solution (3% in anisole, Microchem)
and spin-coat for 55 s at 2000 rpm. This layer acts as protection layer during
the laser cutting of the samples.

¢ Bake for 2 min at 175 °C.

e The wafers are then cut into individual devices using laser-cutting (ILT
Fineworks B.V,, Enschede, the Netherlands).

Step 8

e Remove the protection layer of the individual samples by immersion in hot
acetone for 10 min.

¢ Etch the polyimide using a reactive ion etcher (Leybold Heraeus) with a gas
flow of 50 sccm of O, gas and 8.5 sccm of CFy, a pressure of 0.2 mbar and a
RF power of 30 W. The resulting oxygen plasma yields a nearly isotropic etch
profile with a suspended electrode length of about 2 um. The etched polyimide
is measured in-situ using an laser interferometer.

Scanning electron microscope (SEM) images of a two-terminal sample can be found
in Fig. 3.5a and Fig. 3.5b. For clarity, the images have been colorized, each material
in a different color.
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3.4.2. THREE-TERMINAL SAMPLES

As discussed in Chapter 1, the concept behind three-terminal samples is to fabri-
cate a third electrode that can tune the electrostatic potential of the molecule. The
gate electrode is electrically isolated from the source and drain electrodes, and hence
couples only electrostatically with the molecule independently from that of the the
source/drain electrodes. The design of such samples is more complicated than for
two terminals as it requires different materials and material thicknesses. As a re-
sult, fabrication steps 3-7 of Fig. 3.3 need to be repeated for each material and when
different material thicknesses are required. We have used such gated samples in
Chapter 6, which have been fabricated according to the recipe published by Mar-
tin et al.[129]. Scanning electron microscope (SEM) images of those devices can be
found in Fig. 3.5c and d. However, the voltage which can be applied between the
gate of those devices and the source/drain electrodes is limited to 3 V. This is due
to the thickness of the plasma-enhanced native aluminum oxide (Al,O3, 2-3 nm).
With bias voltages applied between the source/drain up to 2V, as for instance used
in Chapter 9, the gate voltage is at most 1 V. A way to remedy to this is to increase the
breakdown voltage of the gate dielectric, which can be achieved by increasing the ox-
ide thickness. To illustrate this, we assume an increase of the oxide thickness from
3 nm to 8 nm. Assuming a breakdown voltage of 1 V/V; this results in a breakdown
voltage of 8 V. With 2 V applied on the source/drain, the voltage which can be ap-
plied on the gate is now 6 V. This is six times higher than in the original design. Even
though the gate coupling decreases linearly with oxide thickness, this is outweighted
by the much larger gate range.

FABRICATION

What follows below is an improved version of the sandwiched-type three-terminal
samples, in which the break-down voltage of the gate oxide has been increased to
8V. This has been achieved by increasing the thickness of the gate oxide using atomic
layer deposition (ALD). In addition, the number of e-beam lithography steps has
been reduced from 5 to 4. The six fabrication steps are depicted in Fig. 3.4 and de-
scribed in detail below.

Step 1

* As a starting point, polished phosphorous bronze wafers (50x50x0.5 mm) are
used. On such a wafer, 10 samples are fabricated. Note that the wafers are
thicker than for the two-terminal samples.

* (Clean the wafers by ultrasonication for 5 min in acetone and isopropanol.

* Apply the adhesion promoter VM651 (HD Microsystems) (soak for 30 s) and
spin for 55 s at 3000 rpm.

¢ Bake for 1 min at 110°C.

e Spin-coat the wafers with polyimide PI2610 (HD Microsystems) for 55 s at
800 rpm.

e Cure the samples for 30 min in a vacuum oven at a temperature of 300°C. The
thickness of the resulting polyimide layer is around 6 ym.
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Step 2

Cover the wafer with a methylmethacrylate-methacrylic acid solution
(MMA(17.5)MAA 8% in ethyl-L-lactate, Microchem)) and spin-coat for 55 s at
3000 rpm.

Bake for 7 min at 175 °C. The resulting layer thickness should be around
320 nm.

Cover the wafer with a PMMA 950k resist solution (4% in anisole, Microchem)
and spin-coat for 55 s at 6000 rpm.

Bake for 7 min at 175 °C. The resulting layer thickness should be around
110 nm.

Write gate pads and markers with a beam size of 57 nm, a beam step-size of
40 nm and a dose of 750 uC/cm?.

Develop the pattern for 90 s in a mixture of methyl-isobutylketone (MIBK) and
isopropanol (volume ratio 1:3), followed by 20 s in IPA.

Electron-beam evaporation of 5 nm of titanium (0.5 A/s) and 55 nm of gold (1.0
A/s). To detect the markers, the contrast should be set to the maximum (99%)
as both the substrate and the markers are metallic. For Au thicknesses <50 nm,
the markers cannot be found during e-beam exposure due to poor contrast.

Lift-off in hot acetone for 1-2 h and rinse with acetone.

Step 3

Cover the wafer with a methylmethacrylate-methacrylic acid solution
(MMA(17.5)MAA 8% in ethyl-L-lactate, Microchem)) and spin-coat for 55 s at
3000 rpm.

Bake for 7 min at 175 °C.

Cover the wafer with a PMMA 950k resist solution (4% in anisole, Microchem)
and spin-coat for 55 s at 6000 rpm.

Bake for 7 min at 175 °C.

Write the gate with a beam size of 3 nm, a beam step-size of 2 nm and a dose of
1100 uC/cm?.

Develop pattern for 90 s in a mixture of methyl-isobutylketone (MIBK) and iso-
propanol (volume ratio 1:3), followed by 20 s in IPA.

Electron-beam evaporation of 2 nm of titanium (0.5 A/s) and 80 nm of Al (1.0
A/s). The chamber pressure should be <5-10~“mbar to reduce oxidation of tita-
nium and ensure a good electrical contact between the gate and the gate pads.

0, plasma for 10 s (300 W, 100 mbar, 60 sccm O).



3.4. SAMPLE FABRICATION 29

* 40 cycles plasma-enhanced atomic layer deposition (Oxford Instruments,
0.10-0.12 A/s) with a stage temperature of 100°C. The number of cycles can
be increased to 50. However, the increased oxide thickness renders the lift-off
more delicate. For oxide thicknesses above 60 cycles the lift-off becomes prob-
lematic, and above 70 also the gate itself starts to lift-off. The stage tempera-
ture is important as well. For higher temperatures, notably >150°C, the PMMA
starts to reflow and degass, affecting thereby the written pattern.

o Lift-off in hot acetone for 1-2 h and rinse with acetone.

Step 4

e Cover the wafer with a methylmethacrylate-methacrylic acid solution
(MMA(17.5)MAA 8% in ethyl-L-lactate, Microchem)) and spin-coat for 55 s at
3000 rpm.

¢ Bake for 7 min at 175 °C.

1. Polyimide covered substrate 4. Pattern gold bridge

2. Pattern gate pads 5. Pattern gold contact pads

L

3. Pattern gate 6. Plasma etching

- Substrate - Al/ALO,
- Polyimide Gold

Figure 3.4: Fabrication scheme for three-terminal samples.
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¢ Cover the wafer with a PMMA 950k resist solution (4% in anisole, Microchem)
and spin-coat for 55 s at 6000 rpm.

¢ Bake for 7 min at 175 °C.

Write the bridge with a beam size of 3 nm, a beam step-size of 2 nm and a dose
of 1100 puC/cm?.

Develop the pattern for 90 s in a mixture of methyl-isobutylketone (MIBK) and
isopropanol (volume ratio 1:3), followed by 20 s in IPA.

Electron-beam evaporation of 15 nm of Au (1.0 A/s). Base pressure
<5-10""mbar.

Lift-off in hot acetone for 1-2 h and rinse with acetone.

0
3 terminal MCBJ 3 terminal MCBJ
b—;
Au electrodes Algate  polyimide Algate  Au electrodes polyimide
d)

2 terminal MCBJ

Figure 3.5: False-color SEM pictures of a two-terminal device and a three-terminal device fabricated
according to the original recipe by Martin et al.[129]. (a) Top view of a three-terminal sample. (b) 3D
view of two-terminal devices. (c-d) Side view of three- and two-terminal devices, respectively.

Step 5

e Cover the wafer with a methylmethacrylate-methacrylic acid solution
(MMA(17.5)MAA 8% in ethyl-L-lactate, Microchem)) and spin-coat for 55 s at
3000 rpm.

¢ Bake for 7 min at 175 °C.
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¢ Cover the wafer with a PMMA 950k resist solution (4% in anisole, Microchem)
and spin-coat for 55 s at 6000 rpm.

¢ Bake for 7 min at 175 °C.

* The fine leads are written with a beam size of 3 nm, a beam step-size of 2 nm
and a dose of 950 uC/cm?. The coarse leads and the pads are written with a
beam size of 82 nm, a beam step-size of 58 nm and a dose of 750 uC/cm?.

* Develop the pattern for 90 s in a mixture of methyl-isobutylketone (MIBK) and
isopropanol (volume ratio 1:3), followed by 20 s in IPA.

¢ Electron-beam evaporation of 2 nm of titanium (0.5 A/s) and 120 nm of Al (1.0
A/s). The chamber pressure should be <5-10~“mbar to reduce the oxidation of
the titanium layer. The thickness of the gold can be increased to 125-130 nm if
necessary, for instance due to a thicker bridge. However, for Au thickness above
130 nm, the lift-off becomes problematic. As a rule of thumb, the MMA lift-off
layer should be not more than about three times thicker than the material to be
deposited. Our MMA layer is about 320 nm, so already an Au layer of 120 nm is
on the edge. This problem could be circumvent by using a thicker MMA layer.
However, a thicker layer also reduces the contrast of the e-beam, rendering it
difficult to find the markers.

¢ Lift-off in hot acetone for 1-2 h and rinse with acetone.

¢ Cover the wafer with a PMMA 350k resist solution (3% in anisole, Microchem)
and spin-coat for 55 s at 2000 rpm. This layer acts as protection layer during
the laser cutting.

¢ Bake for 2 min at 175 °C.

e The wafers are then cut into individual devices using laser-cutting (ILT
Fineworks B.V,, Enschede, the Netherlands).

Step 6
* Remove the protection layer by immersion in hot acetone for 10 min.

 Etch the polyimide using a reactive ion etcher (Leybold Heraeus) with a gas
flow of 50 sccm of O, gas and 8.5 sccm of CFy, a pressure of 0.2 mbar and a RF
power of 30 W. The etched polyimide is measured in situ using an laser inter-
ferometer.

SEM images of the improved (ALD enhanced) three-terminal samples, taken at dif-
ferent magnifications, can be found in Fig. 3.6. For clarity, the images have been col-
orized. The thin and narrow gold wire is laying on top of the gate, both of which are
suspended. We note that during the lift-off of the aluminum/aluminum oxide, not
all material is properly lifted-off, resulting in some irregularities at the edges. This is
due to the very high toughness of the aluminum oxide. Those fringes are only of aes-
thetic concern, and do not affect the proper functioning of the devices.
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Al gate Au electrodes polyimide Au electrodes Al gate polyimide

Figure 3.6: False-color SEM pictures of the ALD enhanced three-terminal samples.

CHARACTERIZATION OF THE GATE LEAKAGE

To characterize the gate leakage current, an IV was recorded at 6 K between the gate
and the source/drain on a sample fabricated as described above. The measurement
was performed on an unbroken bridge; the gate was not broken as well. The resolu-
tion in bias is 0.3 mV. The scan rate was set to 100 kHz with an averaging of 2000 sam-
ples, resulting in an effective sampling rate of 50 Hz. To reduce charging effects due
to the very high resistance, a settling time of 80 ms was used for each bias point. Fig-
ure 3.7 shows the current recorded for voltages between -8 V and 8 V. The leakage
current remains below 10 pA, except around -8 V, where it reaches 25 pA. As the on-
set of the current for negative voltage starts around 7.5V, the total voltage difference
between the source/drain and the gate should not exceed this value.

-8 -4 0 4 8
S/D - Gate voltage (V)

Figure 3.7: Gate leakage. IV recorded between the source/drain and the gate.

3.5. MOLECULE DEPOSITION

The deposition of the molecule occurs either via self-assembly from solution or via
drop-casting on the sample, depending on the type of molecule to be deposited. For
H,-TPP, H,-TPPdT, and Ru-TPPdT (see Chapter 4), the samples were submerged for 1
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hour in the molecular solution (0.1 mM in acetone). For ZnTPPdT-Pyr and ZnTPPdT-
Pyr (see Chapter 6 and Chapter 5), the samples were submerged in a 0.1 mM solu-
tion of the molecule dissolved in dichloromethane (DCM). In the case of dihydro-
anthracene (AC) and anthracene (AC), acetyl-protected thiols were used. To en-
sure the acetyl-group was cleaved off during self-assembly, the samples were sub-
merged in the molecular solution (0.1 mM in DCM) for 24 hours. For the diode mole-
cule DPEdT-2F and its symmetry counterpart DPET, first a 0.1 mM solution was
made using DCM. The molecules were then deprotected using tetrabutylammonium
hydroxide[138, 139] (Bu4NOH) and drop casted on the sample, after which the sys-
tem was immediately pumped.

3.6. MEASUREMENT SCHEMES

Throughout this dissertation, several measurement schemes will be employed. Here,
we will discuss some of the most used ones.

3.6.1. BREAKING TRACE

One of the typical measurements is the recording of breaking traces at room tem-
perature. During such a measurement, the conductance is monitored during the
stretching of the wire. The bending of the sample can be realised using the motor or
the piezo-element. For an example of such a measurement we refer to Fig. 3.8f-g, in
which the conductance versus displacement curve is plotted on a linear and logarith-
mic scale, respectively. Here, a few characteristic features of a clean gold junction are
observed, which can be illustrated with molecular dynamics simulations (MD). Fig-
ure 3.8a-e presents junction geometries selected from a MD simulated breaking se-
quence. In the metallic regime (a), the conductance goes down gradually, until the di-
ameter of the wire becomes comparable to the de Broglie wavelength of the electrons,
and the conductance becomes quantized (b). In the case of gold, where mainly the 6s
valence electrons conduct[140], each atom has only one fully transmitting transport
channel, yielding conductance steps from 4-5 Gy down to 1 Gg, which corresponds
with the formation of a single-atom chain[141] (c). Upon increased stretching, the
1 Gy contact ruptures and the electrode surface relaxes (d), forming a gap of around
0.5 nm[142] at room temperature. This relaxation is accompanied by a drop in con-
ductance of a 3 to 4 orders of magnitude at room temperature, and sometimes more
than 6 to 7 orders of magnitude at cryogenic temperature, where the formation of
monoatomic gold chains consisting of multiple atoms is more likely[125]. After the
drop in conductance, the remaining contribution to the current is vacuum tunneling,
of which transport can be described using the single-barrier Simmons model[143].
Vacuum tunneling decreases exponentially with distance, resulting in a linear decay
of the current on a logarithmic scale. Once the conductance drops below 1-107° Gy,
the junction is fused to typically 20-30 Gy. This ensures a full atomic rearrangement.
However, if the junction is fused too far, the probability of forming molecular junc-
tions can be reduced[144]. A new breaking trace measurement can then be started.

During breaking, the conductance is typically recorded at a rate of 1 kHz for an
electrode speed of 6 nm/s, with no settling time. For slower speeds, the sampling
rate is decreased such that the number of points remains approximatively the same
in each braking trace. Typical bias voltages are 50 to 150 mV.
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Figure 3.8: Breaking trace measurements. (a-f) [llustrations of a gold nano-contact upon breaking. The
position of the gold atoms are obtained from molecular dynamics simulations performed with the MBN
Explorer package[145], using the Sutton-Chen many-body potential. In the simulations, the initial tem-
perature was set to 100 K, and the time steps to 1 ps. The position of the atoms of the most outer gold
layer was fixed, and displaced outward at a speed of 0.5 A/ns. The total simulation time was 60 ns. (b,c)
Experimental conductance versus displacement plot on a linear and logarithmic scale, respectively. The
displacement is set to zero at the rupture of the single-atom contact. The characters a-e correspond to the
junction geometries shown in (a—e).

3.6.2. CURRENT-VOLTAGE CHARACTERISTICS

The most often used measurement scheme throughout this dissertation is the
current-voltage characteristic (IV), in which the current is recorded as a function of
applied bias voltage. All measurements start at zero bias voltage. The voltage is then
ramped to positive values until a set maximum bias voltage. The bias is then ramped
back down to zero and subsequently to a set minimum bias voltage is reached. When
this bias has been reached, the bias is ramped back to zero. The maximum and mini-
mum bias are typically equal. This bias sweep method is used to avoid applying high
voltages at once on the junction. Typically, 1300 points in bias are used, which for a
bias range of -1 to 1 V corresponds to a resolution of 3 mV. The current is measured at
arate of 100 kHz, and averaged over 2000 samples, resulting in an effective sampling
rate of 50 Hz. For each point in bias, a settling time of 20 ms is used.

Although a single IV provides valuable spectroscopic information, the strength of
the MCBJ lays in the fact that IVs can be recorded at various electrode spacings, al-
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lowing to investigate the influence e.g. of the interface on the molecular levels and
the stretching of the molecule on its electronic structure. For this purpose the used
two different methods have been developed, illustrated in Fig. 3.9 and Fig. 3.10.
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Figure 3.9: Systematic IV series. (a) Current map as a function of bias voltage and electrode displacement.
The arrows mark the position at which the IVs shown in (b) have been recorded. (b) Example IVs recorded
during the systematic IV series shown in (a).

In the systematic 1V series, the junction is broken at room temperature, and as
soon as a molecular feature is observed in the IVs (for instance step-like features),
the set-up is submerged in liquid helium, thereby cooling the sample to about 6 K.
When this base temperature is reached, IVs are recorded as a function of electrode
separation. The motor is stopped during the recording of the IV and stepped for 0.1
pm (= about 5.5 pm) in between the IVs. This process is repeated hundreds of times,
and the electrode motion is reversed for a set upper and lower low-bias conductance,
which is obtained from a linear fit of the IV at low bias (<50 mV). It is important to
note that for this method the electrodes are never fused, making it ideal to investigate
the stability of a molecular junction. In addition, the conductance range is usually 1-
2 orders of magnitude and the linear amplifier is used.

As the electrode spacing itself is not precisely known, the distance at the start of a
series is called dj. The electrode displacement used in the systematic IV series is rel-
ative to that particular spacing. In Fig. 3.9a and b an example of such a measurement
is shown. The measurement is recorded on a sample with gold only and starts in the
tunneling regime. Figure 3.9a shows a colormap of the current as a function of bias
voltage and electrode separation. The electrode separation is initially increased with
2 A, after which the motor motion is reversed. The electrode displacement is brought
back to dy, completing thereby 1 cycle. In Fig. 3.9a, two full cycles are shown. For
particular separations marked by the coloyellow lines, IVs are plotted in Fig. 3.9b,
showing the expected shape for tunneling through a single barrier, and the exponen-
tial reduction in current with increasing distance. This method will been extensively
used in Chapter 6 and Chapter 7.

The second method, or the IV breaking series is very similar, except from the fact
that the upper conductance limit for motion reversal is in the metallic regime, typi-
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Figure 3.10: IV breaking series. (a) Conductance evolution during an IV breaking series. For a description,
see the text. (b) Example IVs recorded during the IV breaking series shown in (a). The positions at which
the IVs have been recorded correspond to the colored dots in the tunneling regime. The inset shows all
the IVs recorded in the tunneling regime on logarithmic scale. The exponential decrease in current with
distance, corresponding to tunneling through a single barrier, is clearly visible.

cally above 15 Gy. This fusion ensures a reconfiguration of the junction for every cy-
cles, providing valuable information about the variability in junction formation. This
method will be extensively used in Chapter 7. In this scheme, the junctions are typ-
ically first cooled down to 4 K and then broken. An example of such a measurement
is shown in Fig. 3.10a and b. A typical measurement occurs as follows: the junction
starts in the metallic regime (cyan dots in Fig. 3.10a), with a conductance above 15 Gy.
With a continuous motion of the motor (speed 2-4 um/s), the junction is broken un-
til the conductance, measured at 100 mV, drops below 3 Gy. Below this threshold, the
motor motion is stopped, and IVs are recorded with a bias voltage of typically 100 mV.
In between the different IVs, the motor is stepped with 0.1-0.5 um, corresponding to
about 5-25 pm on the electrode scale. For each 1V, the low-bias conductance is cal-
culated (see black dots), and once its value drops below 0.01-0.001 Gy, the bias range
is increased to 1-2.5 V. The dots ranging from blue to red in Fig. 3.10a indicate the
position at which the IVs have been recorded with a full bias range in the tunneling
regime. A few IVs recorded in the tunneling regime are shown in Fig. 3.10b. Those
IVs again exhibit the expected single-barrier behaviour. For currents <200 pA, one
should switch between the logarithmic amplifier and the linear amplifier. ! The step-
ping of the motor continues until a set conductance or minimum current is reached,
after which the logarithmic amplifier is used to initialize the junction to >15 Gy with
a continuous motion of the motor (speed 2-4 um/s). A new cycle is then started.

We would like to point out a few points concerning these measurements. First,
IVs are only recorded during the breaking of the junction, not during the making. Sec-

1For currents below about 200 pA, the RC-time of the logarithmic amplifier starts to dominate, and charg-
ing effects, such as an opening of the IVs, become visible. For this reason, in collaboration with Raymond
Schouten (TU Delft), a module was designed which could switch from the logarithmic amplifier to a lin-
ear one during the measurements. The switching is controlled using Python and occurs once the current
measured by the logarithmic amplifier drops below the saturation current of the linear amplifier. The
linear amplifier supports gains varying between 1M and 100G. Typically, it is used with a gain of 100M.
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ond, the electrode displacement has been set to zero at the rupture point of the 1 Gy
plateau. Third, the dots in the breaking and making do not overlap; this is a result of
the backlash in the mechanics. The backlash is larger than reported previously[127]
and in section 3.7.1, most likely because of wearing of the screw drive due to years
of measurements. Finally, the difference between the logarithmic and linear am-
plifier can clearly been seen in Fig. 3.10a when comparing the conductance of the
orange-red dots in the tunneling regime, and the purple dots in the making. The
conductance in the making is limited by the leakage current of the logarthmic am-
plifier, yielding a noisefloor just below 1-107® Gy. The conductance of the orange-red
dots is recorded with the linear amplifier, which goes at least one order of magnitude
lower in conductance.

3.6.3. CURRENT-VOLTAGE CHARACTERISTICS WITH GATE

In Chapter 6, systematic IV series are recorded on three-terminal samples based on
the original design by Martin et al.[129]. In such devices, the leakage currents through
the gate dielectric were tested at room temperature on unbroken junctions before
performing the experiment. IV characteristics were recorded between the source-
drain bridge and the gate. The maximum bias voltage was increased until a leakage
current of about 20 pA was observed. The voltage at which that particular leakage
current was achieved (typically around 2 V) was taken as the maximum voltage dif-
ference applied between the source/drain and the gate during the experiments. To
ensure the continuity of the gate, its conductance was monitored during the break-
ing of the source-drain and checked regularly during the measurements. Similar to
the two-terminal measurements, several schemes can be used here.

In the first one, a systematic IV series was started at room temperature. Once the
IVs showed clear step-like features, the setup was rapidly cooled down to 6 K. At this
temperature, during the systematic IV series, a gate diagram was recorded for fixed
electrode spacing after each 50-th IV by sweeping both the bias voltage and gate volt-
age. For amore detailed description of the resulting stability diagrams, see Chapter 2.
Upon application of a gate voltage, a settling time of 100 ms was used for each gate
voltage. The step size of the electrode separation between the IVs was typically set to
0.1-0.2 um.

In the second measurement scheme, used in Chapter 9, the junctions were re-
peatedly broken and fused, similar to the IV breaking series in two-terminal devices.
The measurements are started with the junction in the metallic regime, with a con-
ductance >10 Gg. The junction is then broken in a continuous fashion until a set
conductance in the tunneling regime. This value is molecule dependent, but is typ-
ically between 1-10™* and 1-10™° Gy. An IV is then recorded. If the IV shows the
molecular feature one is looking for, such as steps, rectification, negative differential
conductance, etc., a stability diagram is recorded. In the case the IVis not as required,
the junction is fused continuously and a new measurement is started. By perform-
ing measurements is this way, one can very specifically look for particular features
in the IVs, and record stability diagram only on ‘interesting’ junction. This is in con-
trast to the systematic IV series, and can considerably speed up the measurements.
It should be evident that, prior to this approach, a very extended characterisation of
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the molecule is required.

3.7. ATTENUATION RATIO CALIBRATION

In MCBJ samples, the attenuation ratio is the ratio between the displacement of
the pushing rod bending the sample, and the displacement at the level of the
electrodes[146]. For lithographic break-junctions this value is typically between
1-107% and 1-107%[20], depending on the junction geometry. It is this high value
which leads to the high resolution in electrode displacement and junction stabil-
ity. As a comparison, notched wire junctions[20] have an attenuation ratio between
1-1072 and 1-1073.

The calibration of the attenuation ratio can be performed in several ways. One
way is to analyse the length of the 1 Gy plateaus obtained during conductance his-
tograms (in practice all points between 1.4 Gy and 0.7 Gy are considered part of the
plateau). When making a histogram of the length of the 1 Gy plateau, a peak is
usually visible, which corresponds to the size of a gold atom[147]. For stable con-
tacts (mostly at cryogenic temperatures), monatomic chains of several atoms can be
formed, yielding multiple peaks in such a length histogram. From the position of the
peaks in the length histogram, one can calculate the attenuation ratio, knowing that
the size of a gold atom is about 0.25 nm[147]. This method can be used both at room
temperature as well as at cryogenic temperatures. However, one has to keep in mind
that the number of traces required to construct a decent length histogram is at least
1000-2000. Using the piezo-element at room temperatures, this required number of
traces can be reached in about an hour, while using the motor several days to several
weeks can be necessary.

Another way to calibrate the attenuation ratio involves low-temperature IVs
recorded on a clean sample, e.g. on which no molecules have been deposited. For
the calibration, IVs are recorded in the tunneling regime for various electrode spac-
ings. The IVs are then fitted to the Simmons model[143] for vacuum tunneling, from
which the electrode separation is obtained. From the change in inter-electrode spac-
ing, the attenuation ratio can be determined.

The third way is to make use of the Gundlach oscillations[147]. Gundlach oscil-
lations are periodic oscillations which occur in tunnel junctions at very high biases.
When the bias voltage applied exceeds the work junction of the electrodes, part of the
single tunneling barrier becomes classically accessible. The wave-function in that re-
gion then consists of the superposition of the incoming and reflected electron waves
thereby forming resonant states. Upon increase of the bias voltage, every time a new
resonant state enters the bias window an additional transport channel is opened and
a maximum in the transmission arises. Calibration occurs as follows: while increas-
ing the bias voltage, one monitors the current. In order to determine the electric field
strength, a feedback loop on the piezo voltage is used to keep the current constant.
From the periodicity in the conductance, the field strength can be calculated. Us-
ing this parameter, one can calculate, for a fixed voltage, the electrode spacing. In
the high-bias regime, the piezo response scales linearly with bias voltage, allowing to
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relate the change in piezo voltage to a change in electrode spacing.
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Figure 3.11: Calibration of the attenuation ratio of a two-terminal MCB]J sample. (a) The blue dots rep-
resent an IV recorded for fixed electrode spacing on a two terminal MCBJ sample. The black line is a fit
according to the Simmons model. Positive and negative bias were fitted separately. For the fit, the junc-
tion area was set to 28 nm?. The obtained (average) electrode spacing is 1.04 nm and the fitted barrier
height 2.37 eV. (b) Fitted distances obtained for an IV series, as described in (a). The yellow line represents
a linear fit through the fitted distances for breaking and fusing of the junction. (c) Motor position for the
IV series shown in (b) with a linear fit. The jumps in motor position are due to backlash in the setup. (d)
Dependence on the junction area of the fitted distances obtained for the IV series.

3.7.1. TWO-TERMINAL SAMPLES

To calibrate the attenuation ratio of the two-terminal samples we use the method
involving low-temperature IVs. A typical IV in the vacuum regime can be found in
Fig. 3.11a. Transport through a single-barrier, in this case through vacuum, can be
described using the Simmons model. The tunneling current as a function of voltage
is described by the following expression

Hv = A (=52 exp (<3 2me (9 — ) (3.
4’ hd? _(¢+%W)exp(—%\/m)

where, A is the junction area, ¢ the barrier heigth (in this case the work function of
the electrodes), d the barrier width, and e the electron charge. We note that this for-
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mula holds for a rectangular tunneling barrier and for |eV}| < ¢, and assume that the
work function of the electrodes is equal. In practice, however, the work function of
the electrodes can be different, introducing an asymmetry in the IV. To account for
the asymmetry, positive and negative bias were fitted separately. By fitting the ex-
perimental data, one can obtain the junction area, the barrier heigth and the barrier
width. To reduce the number of fit parameters, the junction area was initially fixed
to 30 nm?. For the distance, the average of negative and positive bias was used. Fig-
ure 3.11b presents the fitted distance for a series of consecutive [V measurements.
Figure 3.11c shows the motor displacement during the same IV series. Using a linear
fit through both the fitted distances and the motor position, we obtain an average at-
tenuation ratio of 5.52-107°. To investigate the influence of the fixed junction area on
the fit, we varied its value between 10 nm? and 50 nm?. The resulting fitted distances
are shown in Fig. 3.11d, including the linear fits through the data points. The graph
shows that the junction area has little influence on the obtained attenuation ratios.
The average of the resulting ratios is 5.49-107° +0.160- 107>, This value matches well
the one obtained previously[144], and is consistent with other methods, e.g. room-
temperature breaking traces. Therefore, throughout this dissertation, an attenuation
ratio of 5.5- 107> will be used for the two-terminal MCB] samples.

3.7.2. THREE-TERMINAL SAMPLES

For the three-terminal MCB]Js fabricated following the Martin et al.[129] design, the
attenuation ratio from literature was used. Using a very similar method as described
above for the two-terminal samples using IV-characteristics, Martin ef al. found the
attenuation ratio to be about 1.5-107°. The difference in attenuation ratio is at-
tributed to the different junction geometry.

For the new design of the gated MCBJ samples discussed in section 3.4.2, the at-
tenuation factor was calibrated using low-temperature breaking traces. For this pur-
pose, more than 4500 traces were recorded at a motor speed of 4.0 um/s and a bias
voltage of 0.1 V. The junctions were fused to 20 Gy to ensure atomic rearrangement,
and broken until the resolution limit of the logarithmic amplifier had been reached,
which is < 1-107% Gy. Figure 3.12a shows a few typical breaking traces, which have
been offset horizontally for clarity. Of each trace, the length of the 1Gy plateau was
determined by subtracting the motor position corresponding to the last data point
above 0.7 Go from the one with the first point below 1.4 Go. In Fig. 3.12a, the detected
1 Go-plateaus are indicated with purple lines. The traces are colored according to
their 1 Gy plateau length.

Figure 3.12b presents a histogram (blue) of the 1 Gy plateau length obtained from
all 4565 breaking traces. The bar-plot shows a broad peak around 5.5 pm which is
steeper on the left side than on the right side, suggesting that monatomic chains with
more than 1 gold atom are also formed. From a Gaussian fit (Gaus. fit 1, yellow line) to
the right side of the peak, the asymmetry becomes more evident. Gaus. fit 1 accounts
for the formation of single-atom chains, and to reveal the contribution of chains con-
sisting of more than one atom, Gaus. fit 1 is subtracted from the data. This yields the
histogram shown in Fig. 3.12c., where a peak around 11 um is visible. This peak cor-
responds to the formation of gold dimers. To estimate their contribution, the data



3.7. ATTENUATION RATIO CALIBRATION 41

o

’ SO L SO "
A RSN A ,
L_-f —— 5-7um
] —— 10-13pm 7
]

S 16-18um -
:5_: — 22-24pm ]
-8 —— 1G, plateau
(o] b
o
100 200 300 400 500
Motor displacement (um)
b} 150 )
I Exp.data I Exp. data - Gaus. fit 1
Gaus. fit 1 60 Gaus. fit 2
" 100 1
c 40
=
o
~ 0
5 -
20
0 0
5 10 15 20
d) e
30 ) T " T
B Exp. data- Gaus. fit 1 - Gaus. fit 2 B Exp.data
Gaus. fit 3 Gaus. fit all
20+t 100 |
c
=
o
|V
10¢
ok
V" |~
ll 1 | | h --Il H"
5 10

15 20 5 10 15 20
1G, plateau length (um) 1G, plateau length (um)

Figure 3.12: Calibration of the attenuation ratio of a three-terminal MCBJ sample. (a) Examples of
breaking traces, with in red the length of the 1 Gy plateau. The traces have been colored according to
the 1 Gg plateau length. (b) Histogram of the 1 Gg plateau length, together with a Gaussian fit to estimate
the occurrence of single-atom chains. (c) Histogram of the 1 Gy plateau length from which the Gaussian
fit of (b) has been subtracted, together with a Gaussian fit to estimate the occurrence of two-atom chains.
(d) Histogram of the 1 Gg plateau length from which the Gaussian fit of (b) and (c) have been subtracted,
together with a Gaussian fit to estimate the occurrence of three-atom chains. (e) Histogram of the 1 Gg
plateau length with the sum of the Gaussian fits of (b), (c) and (d).

is again fitted to a Gaussian function (Gaus. fit 2). This fitting and subtraction pro-
cess is iterative and can be repeated several times, revealing the contribution of even
longer chains at each cycle. By subtracting Gaus. fit 2 from the data, the contribu-
tion of three- or more atoms chains is revealed (see Fig. 3.12d). Here, a peak around
16 um is observed, which is again fitted (Gaus. fit 3). At this point, the iterative pro-
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cess is stopped. One has to keep in mind that every time a fit is subtracted from the
data, the total number of counts in the histogram drastically decreases, and as a re-
sult its occurrence. From the area of the Gaussian, we can estimate the occurrence
probability of the one-, two- and three-atom chains. We find that the one-atom has
a probability of 70.2%, the two-atom chain of 27.1%, and the three-atoms chain of
2.7%. As chains of four or more atoms have a occurrence of << 1%, they will not be
considered.

Figure 3.12e shows the experimental data with the sum of the three Gaussian fits.
The overall fit reproduces the experimental data well. From the average motor po-
sition we obtained an average of 5.6 um per gold atom, from which we calculate an
attenuation ratio of 4.4-107°. This value is larger than the one obtained by Martin et
al.[129] A reason could be the different geometry of the junction. In the new design,
the substrate thickness has been increased from 300 ym to 500 ym. In addition, the
polyimide thickness has been increased from 3 ym to 6 um, and the thickness of the
gate has been changed from 60 nm to 80 nm.

We finally note that in the 1 Gy length histogram of Fig. 3.12, the peaks for two- or
more atom chains only become clear after subtraction of the Gaussian fit. In the ar-
ticle by Untiedt et al.[147], the peaks are more pronounced. The difference might be
due to the very different electrode speed used. In our case we use an electrode speed
of 0.18 nm/s, as this is the upper limite of the speed we can reach at low tempera-
ture. For STM set-ups the speed is typically >10 nm/s, which favors the formation of
longer chains[148].



INFLUENCE OF CHEMICAL
STRUCTURE ON THE STABILITY
AND THE CONDUCTANCE OF
PORPHYRIN SINGLE-MOLECULE
JUNCTIONS

In this chapter, we investigate charge transport through single porphyrin derivatives.
We find that stable molecular junction can form stable junctions without thiol an-
choring groups. Adding thiol end groups and pyridine axial groups to the porphyrin
backbone, increases the stability of the junctions and leads to an large spread in con-
ductance, respectively. Our results suggest that various junction configurations can be
formed, and that for a reliable junction formation of non-rod-like molecules, careful
design the molecule is crucial.

Parts of this chapter have been published in Angewandte Chemie International Edition 50, 11223 11226,
(2011) [73].
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The idea of using porphyrin molecules as building blocks of functional molecular
devices has been widely investigated with a view to applications in nanoscience,
molecular electronics, and photonics [149, 150]. The structural flexibility and well-
developed synthetic chemistry of porphyrins allows their physical and chemical
properties to be tailored by choosing from a wide library of macrocycle substituents
and central metal atoms. Nature itself offers magnificent examples of processes that
utilize porphyrin derivatives, such as the activation and transport of molecular oxy-
gen in mammals and the harvesting of sunlight in plant photosynthetic systems. In
order to exploit the highly desirable functionality of porphyrins in artificial molecular
devices, it is imperative to understand and control the interactions that occur at the
molecule-substrate interface, in particular the way in which a single molecule binds
to a pair of metallic electrodes. Such interactions largely depend on the electronic
and conformational structures of the adsorbed molecules, which can be studied us-
ing techniques such as scanning tunneling microscopy (STM)[98, 151-153], UV Pho-
toemisson Spectroscopy (UPS)[154], X-Ray Photoemission Spectroscopy (XPS)[150]
and on a theoretical level with density functional theory (DFT)[155]. Recent stud-
ies on conjugated rod-like molecules have shown that the molecular conductance
can be significantly affected by the binding geometry[156] and the coupling of the
m-orbitals to the leads[23].

4.1. EXPERIMENTS

In this Chapter, we study the interaction of the m-electrons of more complex,
non-rod-like porphyrin molecules with the electrodes and investigate strategies to
reduce it by modifying the chemical structure of the porphyrin molecule. For
this, we have developed a new experimental approach, which provides new in-
sight into the detailed nature of the conductance of single molecules. We have
used the series of molecules represented in Fig. 4.1a-c to examine the influence
of the molecular structure on the formation of porphyrin single-molecule junc-
tions. Since the thiol group is most commonly used to contact rod-like molecules
to form straight molecular bridges[62], we first compared the porphyrin molecule
(5,10,15,20-tetra(p-phenyl) porphyrin, abbreviated as Hy-TPP) without thiol termi-
nation (Fig. 4.1a) to a nearly identical molecule with two thiol groups on oppo-
site sides of the molecule (5,15-di(p-thiophenyl)-10,20-di(p-tolyl)porphyrin, abbre-
viated as H,-TPPdT, Fig. 4.1b). To investigate the influence of the molecular back-
bone geometry on the junction formation we further studied a thiol terminated
porphyrin molecule with two bulky pyridine axial groups attached via an octahe-
dral Ru!’-ion ([Ru’! (5,10,15,20-tetra(p-phenyl) porphyrin) (pyr)2] abbreviated as Ru-
TPPdT, Fig. 4.1c). Due to steric hindrance these groups can be expected to reduce the
direct interaction of the metal electrodes with the z-face of the porphyrin[152].

Prior to electrical characterization, the molecules of interest were deposited us-
ing self-assembly from solution. To study the conductance of these molecules we
used lithographic mechanically controllable break junctions (MCBJ) in vacuum at
room temperature. The lay-out is shown in Fig. 4.1d. This device architecture al-
lows sub-angstrom control over the electrode displacement through a deflection of
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Figure 4.1: Experimental method. Chemical structure of (a) Ho-TPP (b) H2-TPPdT and (c) Ru-TPPdT.
(d) Top: lay-out of the mechanically controllable break junction (MCB]J). Bottom: scanning electron mi-
crograph of a MCB]J device (colorized for clarity). The scale bar shows that the suspended part of the
electrode bridge is about 1.5 um long.

the substrate center in a three-point bending mechanism. During repeated break-
ing and fusing of the electrodes, the current was measured at a fixed bias voltage and
the junction conductance was determined as a function of electrode stretching. De-
tails concerning the synthesis of the molecule and the experimental procedures can
be found in Chapter 3.

4.2. RESULTS

4.2.1. CONDUCTANCE HISTOGRAM

Sets of 1000 consecutive breaking traces from individual junctions were then ana-
lyzed numerically to construct ‘trace histograms’ of the conductance (logi(G) ver-
sus the electrode displacement d)[54, 157]. This statistical method maps the break-
ing dynamics of the junctions beyond the point of rupture of the last monatomic gold
contact (defined as d=0), which has a conductance of one quantum unit Gy = 2¢2/h.
Areas of high counts represent the most typical breaking behavior of the molecular
junctions. Figure 4.2 presents ‘trace histograms’ as well as examples of individual
breaking traces for an acetone reference sample (a) and junctions exposed to H,-
TPP (b), H»-TPPdT (c) and Ru-TPPdT (d). For all three porphyrin molecules as well
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Figure 4.2: Trace histograms of the different molecules. Trace histograms constructed from 1000 break-
ing traces for (a) acetone, (b) Hp-TPB (c¢) Hp-TPPdT and (d) Ru-TPPdT. Regions of high counts represent
the most probable breaking behavior of the contact. The black curves are examples of individual breaking
traces (offset for clarity). For the construction of the histograms d=0 for each curve was set to the point
where the conductance drops sharply below 1 Gg. All histograms were taken at a bending speed of 30 um/s
(on the scale of the electrodes, this bending is translated to a stretching on the order of 1.8 nm/s) and a
bias voltage of 150 mV. No data selection schemes have been utilized.

as for the reference samples which was exposed to acetone several junctions have
been measured. Here, we only show a typical set of junctions. In the junction which
was exposed to the pure solvent, i.e., without porphyrin molecules (Fig. 4.2a), the
Au-bridge initially gets stretched until a single-atom contact is formed and a plateau
around the conductance quantum (G ~ Gp) is observed (only visible in the individ-
ual traces shown in black). Upon further stretching, the monatomic contact is broken
and the conductance decreases sharply and abruptly to 10~3 Go. Beyond this point,
electron tunneling between the electrodes leads to a fast conductance decay with
stretching (visible as the orange tail), as expected for a single tunneling barrier.

In contrast, introducing the porphyrin molecules by self-assembly on the junc-
tions leads to pronounced plateaus at different conductance values in the sub-Gg
regime. These plateaus can be flat or sloped[23, 63]. The representative breaking
traces that are included in Fig. 4.2b-d display a set of such plateaus. Averaging over
1000 traces does not lead to a narrow region of high counts in the histograms, in con-
trast to measurements on rod-like molecules[54, 63, 144, 158]. In the trace histogram
of H,-TPP (Fig. 4.2b), however, there are two distinct regions with high counts; a high-
conductance region (HCR) around 10~ Gy, and a sloped low-conductance region
(LCR) below 103 Gg. For H,-TPPdT (Fig. 4.2c) both the HCR and LCR are longer
than for H,-TPP; thus, adding the thiol end groups to H,-TPP increases the plateau
length. Adding the thiol to H,-TPP also reduces the slope of the LCR. In Ru-TPPdT



4.2. RESULTS 47

(Fig. 4.2d) the HCR and LCR cannot be distinguished anymore: only one long region
sloping from 10~! Gy to 107> Gy is present, which has a shallower slope compared to
H,-TPP and H,-TPPdT, and an increased length.

From the trace measurements we come to the following conclusions. First, a sta-
ble molecular junction can be formed even when no chemically distinct anchoring
groups are present. Second, there is no qualitative difference between the trace his-
tograms of Hp-TPP and H,-TPPdT molecules. There is only an increased length of
the area of high counts, which can be interpreted as an increase in junction stability.
Third, by adding two pyridine axial groups to the molecules (that is, for Ru-TPPdT),
the region of high counts in the trace histogram becomes even longer, and the vari-
ability in conductance increases.

4.2.2. TIME TRACES

Additional information about molecular junction configurations can be gained by
measuring the evolution of the junction conductance over large time intervals at
fixed electrode distances[159]. To obtain such ‘time traces, we opened the junc-
tion in small steps using a servo motor at 77 K. This low temperature enhances their
stability due to a reduced surface diffusion without causing extensive changes in
molecular conductance[144]. We then measured the conductance in the range from
1 Go to 107* Gy at various fixed electrode spacings and for time periods exceeding
several hours. Due to the exceptional control over the electrode separation in the
MCB]J[144, 159], conductance jumps in these measurements can be attributed to re-
configurations of the molecule in the junction rather than mechanical interference
of the setup.

Typical time traces of junctions exposed to pure acetone, H,-TPT, Hy-TPPdT and
Ru-TPPdT are presented in Fig. 4.3a-d. As can be seen in Fig. 4.3a, a stable contact
is formed at 1 Gq in the clean junction. A slight increase in the electrode spacing
leads to abrupt breaking of the contact to a conductance value around 10™* Gy. In
contrast to this sharp drop, the presence of porphyrin molecules leads to the forma-
tion of junctions with conductances in the region between 1 Go and 1073 Gy (H,-TPP
Fig. 4.3b, H,-TPPdT Fig. 4.3c and RuTPPdT Fig. 4.3d). Below 10-3 Gy, the H,-TPP
molecule (Fig. 4.3b) exhibits a sudden conductance drop to below 107 Gy. In con-
trast, thiol terminated H,-TPPdT and Ru-TPPdT (Fig. 4.3c-d) form molecular junc-
tions over the whole range between 1 Gy and 10™* Gy. The observations support
the conclusions drawn from the trace histograms: adding thiol and pyridine groups
increases the junction stability and leads to a variety of molecular geometries with
different conductance values.

A closer inspection of the time traces reveals interesting information on the be-
havior of the molecule in the junction. Since the electronic noise is much smaller
than the width of the observed bands of the measured conductance values, we con-
clude that what appears to be noise in the time traces is in fact a sign of small varia-
tions in the molecular configuration[159]. Large jumps in the conductance (Fig. 4.3c-
d) indicate that a molecular junction can spontaneously change configuration. In
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Figure 4.3: Time traces of the different molecules. Conductance versus time plots for (a) acetone, (b)
H2-TPP (c) H2-TPPdT and (d) Ru-TPPdT taken at bias voltage of 150 mV. The traces originate from the
same opening event and are taken at an interval of 50 pm. Several lines are displayed in orange for clar-
ity. The observed conductance variations (noise on the trace) are due to small changes in the molecular
configuration. Larger jumps are attributed to spontaneous reconfiguration of the molecular junction.

Fig. 4.3c random telegraph noise between two conductance values is observed in-
dicating the possibility of forming several meta-stable configurations. Furthermore,
Fig. 4.3d shows that a particular junction conductance can be reached from different
starting values (blue and orange traces in the middle of the figure).

4.3. DISCUSSION

The presence of such a large range of molecular adsorption geometries contrasts with
most studies on long rod-like molecules, which generally assume a straight bridg-
ing configuration of the molecule with both thiol groups connected to the electrodes
(see Fig. 4.4a). For H,-TPPdT, such a configuration could be expected. However, the
high affinity of the porphyrin n-cloud for metal surfaces likely stabilizes other con-
figurations, such as sketched in Fig. 4.4b and Fig. 4.4c (the configuration shown in
Fig. 4.4b is likely destabilized by adding the pyridine axial groups, as the one shown is
Fig. 4.4c may be stabilized, as displayed in Fig. 4.4d). A stable junction configuration
can be formed without thiol groups[160] and recent break junction experiments have
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demonstrated that benzene moieties can bind directly to gold electrodes[161, 162].
Furthermore, it has been reported that the lateral coupling of p orbitals to electrodes
influences the single-molecule conductance of rod-like molecular wires[62, 163].
Such coupling becomes more likely when laterally extended molecules are probed. In
addition, tetraphenylporphyrin molecules have internal degrees of freedom, which
can influence the charge transport on a single-molecule level[164]. STM studies in-
dicate that tetraphenylporphyrins can bind to Au(111) through an interaction with
their phenyl side groups[153]. On gold surfaces, their conformation can change
through rotations of side groups and buckling of the center[98]. Such variations in
the adsorption geometry, which can be expected to lead to different conductance
values, are likely the origin of the variety of junction configurations that we observe.

a) b)

-
MO

Figure 4.4: Illustration of four possible configurations of a porphyrin molecule in the junction. (a)
Bridging configuration of Hy-TPPdT. (b), STM-like configuration of Hp-TPPdT. (c) Intermediate configu-
ration of Hp-TPPdT. (d) Intermediate configuration of Ru-TPPdT stabilized by two bulky pyridine groups
(shown in grey).

d)

4.4, CONCLUSION

In summary, we have electrically probed different junction configurations of por-
phyrin molecules. We have demonstrated that porphyrin molecules can form sta-
ble bridging molecular junctions even without thiol anchoring groups. Adding the
thiol end groups and pyridine axial groups to the porphyrin backbone, respectively,
increases the stability of the junctions and leads to an increased spread in conduc-
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tance. This is a result of the formation of different junction configurations. To enable
the reliable formation of stable porphyrin junctions, molecules with well-defined ad-
sorption geometries will be required. Quantum chemistry calculations could yield
more insight into their design as well as the configurations and the conductance of
porphyrin single-molecule junctions. Finally, we expect that multiple junction con-
figurations with considerable variation in the measured conductance values can also
be observed for other non-rod-like molecules.



CHARGE TRANSPORT IN A
ZINC—PORPHYRIN
SINGLE-MOLECULE JUNCTION

We have investigated charge transport in ZnTPPdT-Pyr molecular junctions using the
lithographic MCBJ technique at room temperature and cryogenic temperature (6 K).
We combine low-bias statistical measurements with spectroscopy of the molecular lev-
els using I(V) characteristics. This combination allows us to characterize the transport
in a molecular junction in detail. This complex molecule can form different junction
configurations, which is observed in trace histograms and in current-voltage (I(V))
measurements. Both methods show that multiple stable single—-molecule junction con-
figurations can be obtained by modulating the inter-electrode distance. In addition,
we demonstrate that different ZnTPPdT-Pyr junction configurations can lead to dis-
tinct spectroscopic features with the same conductance values. We show that statis-
tical low-bias conductance measurements should be interpreted with care, and that
the combination with I(V) spectroscopy represents an essential tool for a more detailed
characterization of the charge transport in a single molecule.

Parts of this chapter have been published in Beilstein Journal of Nanotechnology 2, 714-719, (2011) [74].
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The break junction method represents a popular choice to investigate the electronic
transport through metal-molecule-metal junctions[18, 61, 63, 165-169]. While re-
peatingly breaking and fusing two metallic electrodes, the low-bias conductance is
monitored as a function of electrode displacement. Such low-bias transport mea-
surements have been extensively used to study the molecular conductance depen-
dence of rod-like molecules on their length[166, 170], their conformation[61, 63] and
their anchoring groups[168, 169]. However, as the bias range is very limited, the main
contribution to the current is off-resonant transport. As such, spectroscopic infor-
mation about molecular energy levels involved in the charge transport is lacking.

5.1. EXPERIMENTS

Here, we investigate charge transport through a Zinc porphyrin with an axial pyridine
ligand in both the low-bias and the high-bias regime. Porphyrins are interesting for
this purpose as they are complex, non-rod-like molecules that can form different sta-
ble configurations[153, 154], especially when functionalized with metal-bound axial
pyridine ligands[73]. Using the mechanically controllable break junction technique
(MCB]J), we study the low-bias conductance as a function of electrode displacement.
In addition, we use current-voltage measurements for different electrode spacings to
gain spectroscopic information in the high-bias regime.

The MCBJ technique is an elegant way to control the spacing between two metal-
lic electrodes with a sub-atomic (<107° m) resolution[20, 124, 171]. This control is
achieved by bending a substrate with a pair of partially suspended electrodes in a
three-point bending mechanism. Upon bending of the substrate, a nanosized gap
is formed between the electrodes, which can be mechanically adjusted and which is
impressively stable on the order of hours, even at room temperature[144, 159]. The
layout of the technique is schematically presented in Fig. 5.1b.
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Figure 5.1: Experimental method. (a) Structural formula of ZnTPPdT-Pyr. (b) Top: lay-out of the me-
chanically controllable break junction (MCBJ). Bottom: scanning electron micrograph of a MCBJ device
(colorized for clarity). The scale bar shows that the suspended bridge is about 1.5 pm.

All experiments are performed in high vacuum (<10~% mbar). Prior to the exper-
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iments, [Zn!/(TPPAT)(Pyr)] (TPPAT stands for (5,15-di(p-thiolphenyl)-10,20-di(p-
tolyl)porphyrin, Pyr for pyridine, see Fig. 5.1a for the structural formula, abbrevi-
ated as ZnTPPdT-Pyr in the following) is dissolved in dichloromethane (DCM) and
deposited on the unbroken electrodes using self-assembly from solution. Two thiol
groups on opposite sides of the molecule are used as anchoring groups. After de-
position, the junctions are broken in vacuum at room temperature. The aforemen-
tioned stability of the electrodes allows us to characterize charge transport through
ZnTPPAT-Pyr by performing two types of experiments. First, we measure at room
temperature the low-bias conductance of the molecule as a function of electrodes
stretching. Second, we perform spectroscopy of the molecular levels by measuring
current-voltage characteristics, I(V)s, at fixed electrode spacings; This has been done
both at room temperature and cryogenic temperature (6K). For more details con-
cerning the experiments, sample fabrication, etc., see Chapter 3.

5.2. RESULTS

5.2.1. CONDUCTANCE HISTOGRAMS

To obtain the conductance value of the most probable contact geometry we repeat-
edly break and fuse the electrodes[52, 165, 172]) between conductances of 1-107° Gq
and 10 Gy, while measuring the current at a fixed bias voltage (100 mV). Each break-
ing event produces a ‘breaking trace’ of the conductance (plotted as log;(G)) ver-
sus the electrode displacement (d). Sets of 500 consecutive breaking traces from in-
dividual junctions are then binned in time and in electrode displacement. As we
are interested in the breaking dynamics of the junctions beyond the point of rup-
ture of the last monatomic gold contact (defined as d=0), only conductance values
below one quantum unit Gy = 2¢/h (the resistance of a single gold atom) are con-
sidered. The results are plotted as two-dimensional ‘trace histograms’, in which ar-
eas of high counts represent the most typical breaking behavior of the molecular
junction[53, 158].

In Fig. 5.2 we show trace histograms as well as examples of individual breaking
traces for a junction exposed to (a) the solvent DCM and (b) ZnTPPdT-Pyr. All mea-
sured curves are included, i.e., no data selection has been employed. We measured
several samples with ZnTPPdT-Pyr molecules as well as DCM references. The fea-
tures shown in Fig. 5.2a and Fig. 5.2b. are representative for all these measurements.
In the junction that was exposed to the pure solvent without porphyrin molecules
(Fig. 5.2a), the Au-bridge is stretched until a single-atom contact is formed, visible
(only in the individual traces in the inset) as a plateau around the conductance quan-
tum (G~Gg). Upon further stretching, the monatomic contact is broken and the con-
ductance decreases sharply and abruptly to ~10~3 Gy due to relaxation of the elec-
trode tips. Beyond this point, electron tunneling between the electrodes leads to a
fast conductance decay with stretching (visible as the orange tail), as expected for
tunneling through a single barrier.

In contrast to this fast tunneling decay, introducing the porphyrin molecules
by self-assembly on the junction leads to pronounced plateaus at different con-
ductance values in the sub-Gy regime. The observation of such plateaus in the
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Figure 5.2: Room temperature characterisation. Trace histograms constructed from 500 consecutive
breaking traces taken at room temperature and 100mV bias for junctions exposed to (a) the solvent DCM
only and (b) ZnTPPdT-Pyr. Regions of high counts represent the most probable breaking behavior of the
contact. The black curves are examples of individual breaking traces (offset along the horizontal axis, d,
for clarity). For the construction of the trace histograms the zero of the relative electrode displacement for
each curve was set to the point where the conductance drops sharply below 1 Gg. (c,d) Current-voltage
characteristics taken at various electrode spacings starting from the initial value dy of junctions exposed
to (c) the solvent DCM, and (d) ZnTPPdT-Pyr.

breaking traces is commonly taken as a signature of the formation of a molecu-
lar junction[52, 165, 172]. Figure 5.1b shows that the plateaus can be horizontal
or sloped. Some traces consist of a few plateaus at different conductance values.
The representative breaking traces that are included in Fig. 5.2b display a set of such
plateaus. In strong contrast to measurements on rod-like molecules, averaging over
500 traces does not lead to a narrow region of high counts in the trace histograms.
Instead, two distinct regions with high counts are visible; a high-conductance re-
gion around 10~! Gy, and a sloped low-conductance region ranging from 10~° Gy to
107° Gy. Although clear plateaus are observed in the single breaking traces, averaging
over hundreds of traces washes out the molecular signature. Hence, a complemen-
tary method is required to study charge transport in more detail.

5.2.2. CURRENT-VOLTAGE CHARACTERISTICS AT 300K

We have therefore measured current-voltage (I(V)) characteristics at fixed electrode
spacing, in the 1072- 1075 Gy conductance region. In between the I(V)’s, the inter-
electrode distance was gradually increased or decreased in steps of about 10 pm,
without fusing the electrodes to form a metallic contact. In this way, changes in
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molecular junction configurations occurring as a function of electrode spacing can
be accurately probed. I(V)’s recorded at room temperature for a few settings of the
electrodes spacing of junctions exposed to DCM and ZnTPPdT-Pyr are presented
in Fig. 5.2c and Fig. 5.2d, respectively. All presented I(V)’s originate from the same
breaking sequence.

I(V)’s of a junction exposed to DCM (Fig. 5.2c) exhibit the characteristic single-
barrier tunneling shape and show the expected current decrease upon increasing
the electrode spacing. In contrast, I(V) characteristics on the ZnTPPdT-Pyr junction
show a sharper current onset, marked by arrows in Fig. 5.2d. This observation may be
viewed as a molecular fingerprint as they correspond to the onset of resonant trans-
port through an energy level of the molecule (either vibrational or electronic). Inter-
estingly, the current onset strongly depends on the inter-electrode distance. At d it
is located around -250 mV. After a step of about 10 pm in the electrode distance, the
onset shifted to around -350 mV. Increasing the inter-electrode distance with an addi-
tional 140 pm, shifts the onset at negative bias to a location outside the bias window.
Note furthermore the asymmetry in the curves in Fig. 5.2d, which increases as they
electrode moves further apart (e.g. the blue curve in this figure). For the three I(V)’s
we have also determined the conductance at the same bias voltage as used to con-
struct the trace histograms, i.e., at 100 mV. For the red, black and blue I(V) curve we
obtain conductance values of 2.0-1073 Gy, 1.6-107* Gy and 1.6:10™* G, respectively.
Interestingly, small changes in electrode distance (~10 pm) can induce big changes
in the shape of the I1(V) characteristics and the low-bias conductance (compare e.g.
the red and black curves). Opening the junction further (black and blue curves) re-
sults in an equal conductance value at 100 mV, but different I(V) shapes.

5.2.3. CURRENT-VOLTAGE CHARACTERISTICS AT 4K

Spectroscopic features become more pronounced at low temperature as the junction
stability increases and thermal broadening decrease. We therefore cooled down the
junctions to cryogenic temperature (6 K) while keeping the zero-bias conductance at
a fixed value (around 1-10™* G¢) with a feedback loop. Fig. 5.3 we present low temper-
ature I(V) characteristics of junctions exposed to (a) DCM and (b) ZnTPPdT-Pyr so-
lution, for different electrode spacings. IV’s of the junction exposed to DCM show the
characteristic tunneling shape, without any molecular signature, as was also found
at room temperature. A notable difference, however, is the significant reduction of
the noise.

The IV’s of the ZnTPPdT-Pyr containing junction now show sharp step-like fea-
tures, which are more pronounced than that in Fig. 5.2d. We numerically deter-
mined the differential conductance (dI/dV) as displayed in Fig. 5.3c. In the dI/dV’s,
the step-like features are visible as resonances, which have been marked in the fig-
ure with arrows of the corresponding color. For clarity, the dI/dV’s have been offset
vertically, and the dI/dV representated by the black curve magnified 100 times. The
origin of those resonances can be electronic or vibrational[43, 131, 173]. Indepen-
dently on their origin, their position reveals the alignment of the corresponding en-
ergy level with respect to the Fermi Energy of the electrodes[43]. For a distance of
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Figure 5.3: Cryogenic (4 K) temperature characterisation. (a,b) I(V) characteristics of junctions exposed
to (@) DCM and (b) ZnTPPdT-Pyr. The DCM sample clearly shows vacuum tunneling behavior. The molec-
ular sample exhibits Coulomb blockade and steps. (c) dI/dV of a junction exposed to a ZnTPPdT-Pyr so-
lution, offset vertically for clarity. Resonances correspond to electronic or vibrational energy levels of the
molecular junction. Note, for the black line the dI/dV has been multiplied by 100.

dg (red curve), five pronounced resonances are present, located at -339 mV, -283 mV,
-153 mV, 58 mV and 334 mV. For the conductance at 100 mV we obtain a value of
2.1:1073 Gy. Increasing the distance by 10 pm (black curve) drastically changes the
molecular energy spectrum, with one distinct resonance at 94 mV, and two fainter
peaks around -99 mV and 319 mV. Here, the conductance at 100 mV is 1.2-107° Gg.
Increasing the distance with an additional 500 pm (blue curve) again leads to changes
in the molecular energy spectrum; four pronounced resonances are now located at
-238 mV, -136 mV, 58 mV and 334 mV. For the conductance we again obtain a value of
2.1-1073 Go.

5.3. DISCUSSION

Comparing first the red and black curve in Fig. 5.3c, we see that within an electrode
displacement of 10 pm, the number of energy levels involved in the electronic trans-
port as well as their energy has drastically changed. A major jump of two orders of
magnitude in the low-bias conductance is observed as well. This suggests an abrupt
change in the molecule-electrode interaction, presumably caused by a change in
molecular configuration. A similar change in molecular configuration was also ob-
served in the room temperature IV’s for the red and black curve; the onset for current
shifted by -100 mV and the conductance dropped one order of magnitude within
10 pm. These observations support the conclusion drawn from the trace histogram
measurements: The molecule can adopt different stable configurations, leading to
plateaus at different conductance values in the breaking traces. Comparing the red
and blue curve in Fig. 5.3c, which are taken are at a separation of 510 pm, we see that
their molecular energy spectrum strongly differ, but that their low-bias conductance
is similar (Fig. 5.3b, inset). Similar behavior is also observed at room temperature
(Fig. 5.2d). This suggests that different stable junction configurations with very dif-
ferent spectroscopic signatures can exhibit the same low-bias conductance.
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For most of the low-bias break junction measurements on rod-like molecules it
is assumed that repetitive fusing and breaking of the molecular junction provides
the most probable conductance value[52, 165, 172]. Multiple conductance peaks
are often attributed to the formation of multiple molecular bridges connected in
parallel[165, 174]. The strength of the metal-molecule chemical bond is considered
to play a central role in determining the single molecule conductance values. Our re-
sults on the Zn porphyrin molecule with a pyridine axial group show that different
conductance values can also result from stretching or fusing a molecular junction.
As considerable changes in the conductance values and spectra already occur for a
displacement as small as 10 pm, we conclude that neither the chemical molecule-
electrode bond nor the electrode configuration itself can be held responsible. More
likely, varying the electrode distance changes the molecular configuration, which in
turn leads to abrupt changes in the molecule-electrode interaction. Our findings
also show that I(V) characteristics taken at different electrode spacings can exhibit
very distinct spectroscopic features but a similar low bias conductance. This indi-
cates that different junction geometries can lead to similar conductance values in
the trace histograms. Therefore, as changes in the molecular junction conformation
are not always reflected in the low-bias trace histograms, supporting high bias IV-
characteristics are essential for the interpretation of such histograms.

5.4. CONCLUSION

In summary, we investigated charge transport in ZnTPPdT-Pyr molecular junctions
using the lithographic MCBJ technique. We combined low-bias statistical measure-
ments with spectroscopy measurements of the molecular levels using I(V) character-
istics. This unique combination allows us to probe different junction configurations
and monitor changes in the molecular level alignment upon fusing or breaking of a
molecular junction. Both methods show that multiple stable single-molecule junc-
tion configurations can be obtained by stretching or fusing the junction. In addi-
tion we demonstrate that different ZnTPPdT-Pyr junction configurations can lead to
different spectroscopic features for similar low-bias conductance values. Thus, I(V)
spectroscopy measurements can provide additional information compared to statis-
tical low-bias conductance histograms, enabling a more in-depth characterization of
the charge transport through a single molecule.







LARGE TUNABLE IMAGE-CHARGE
EFFECTS IN SINGLE-MOLECULE
JUNCTIONS

The characteristics of molecular electronic devices are critically determined by metal-
organic interfaces, which influence the arrangement of the orbital levels that par-
ticipate in charge transport. Studies on self-assembled monolayers (SAMs) show
(molecule-dependent) level shifts as well as transport-gap renormalization, suggest-
ing that polarization effects in the metal substrate play a key role in the level align-
ment with respect to the metal’s Fermi energy. Here, we provide direct evidence for an
electrode-induced gap renormalization in single-molecule junctions. We study charge
transport in single porphyrin-type molecules using electrically gateable break junc-
tions. In this set-up, the position of the occupied and unoccupied levels can be followed
in situ and with simultaneous mechanical control. When increasing the electrode sep-
aration, we observe a substantial increase in the transport gap with level shifts as high
as several hundreds of meV for displacements of a few Angstroms. Analysis of this large
and tunable gap renormalization with image-charge calculations based on atomic
charges obtained from density functional theory confirms and clarifies the dominant
role of image-charge effects in single-molecule junctions.

Parts of this chapter have been published in Nature Nanotechnology 8, 282-287 (2013) [56].
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6.1. INTRODUCTION

In self-assembled monolayers (SAMs), the influence of the molecule-metal interface
on the alignment of the molecular orbital level with respect to the Fermi energy of
the substrate has been extensively studied with UV and X-ray photo-emission spec-
troscopy (UPS and XPS)[175-178], Kelvin probe measurements[179, 180], and scan-
ning tunneling spectroscopy[181]. Such measurements have indicated the formation
of an interfacial dipole that is associated with substantial work-function shifts[175-
179, 181], which affect all molecular orbitals in a similar way. Several mecha-
nisms causing this interfacial dipole have been identified. In physisorbed systems
the compression of the tail of the electron density outside the metal (“pillow” or
“push-back” effect) plays an important role, while for chemisorbed systems charge
transfer causes, in addition, a surface dipole to be formed near the metal-molecule
interface[175, 177, 182, 183]. Additionally, straining the molecular junction may shift
the orbital levels[65]; upon stretching or compression of the molecular junction, the
shifts of the occupied and unoccupied level were found to be nearly uniform for the
frontier orbitals[184]. Finally, the interaction of the (almost) neutral molecule with
its own image-charge distribution at zero bias may also lead to a uniform level shift.
This effect is present in both physisorbed and chemisorbed systems.

In contrast to the previously mentioned effects, UPS experiments probing the
ionization and electron addition energies for decreasing layer thicknesses[185] have
shown that the occupied levels move up and the unoccupied ones down in energy, —
this is called ‘gap renormalization’. Transport gap renormalization has also been ob-
served in single-molecule devices[43, 131] and is commonly explained by the forma-
tion of image charges in the metal upon addition or removal of electrons from the
molecule[102, 105, 186]. This effect occurs repeatedly when a current is passing
through it and is particularly apparent in molecules that are weakly coupled to the
electrodes.

When varying the electrode separation, the molecular orbital levels are therefore
subject to a uniform shift, combined with gap renormalization. Hence, distinguish-
ing the dominant trend in single-molecule junctions requires the combination of an
adjustable electrode separation with an electrostatic gate. Although mechanical con-
trol over molecular conductance has been reported in various studies[32, 65, 76, 82,
83, 129, 181, 187], in only very few reports it has been combined with an electrostatic
gate([82, 129]. In particular, systematic studies based on explicit monitoring of the de-
pendence of occupied and unoccupied orbital levels on molecule-electrode distance
are lacking.

6.2. CURENT-VOLTAGE CHARACTERISTICS

We have investigated the influence of the metal electrodes on the energy levels in
single-molecule junctions using two- and three-terminal mechanically controllable
break junctions (MCBJs) in vacuum at 6 K. This architecture (shown in Fig. 6.1b) al-
lows the distance between the electrodes to be tuned with picometer precision by
bending the flexible substrate supporting partially suspended electrodes[20, 28, 53,
54, 164, 173, 188]. In three-terminal MCB]J devices an additional gate electrode al-
lows electrostatic tuning of the energy levels of the molecular junction[129]. The
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Figure 6.1: Illustration of the experiments. (a) Structural formula of ZnTPPdT. (b) Lay-out of the mechan-
ically controllable break (MCB]J) junction set-up. (c) Colorized SEM image of a three-terminal MCB] de-
vice. The gate is made of aluminum and covered with an plasma-enhanced native aluminum oxide layer.
The gold electrodes are deposited on top of the gate dielectric. (d) Colorized SEM image of a two-terminal
MCBJ.

molecules in this study were thiolated porphyrins, which offer great architectural
flexibility and rich optical properties. The thiol-terminated Zn-porphyrin mole-
cules [Zn(5,15-di(p-thiolphenyl)-10,20-di(p-tolyl) porphyrin)], abbreviated as ZnTP-
PdT and shown in Fig. 6.1a, were dissolved in dichloromethane (DCM, 0.1 mM) and
deposited on the unbroken electrodes using self-assembly from solution. The elec-
trodes were then broken in vacuum at room temperature, cooled down and current-
voltage I-V characteristics were recorded as a function of electrode spacing. All mea-
surements were performed at 6 K. Details concerning these “systematic I-V series”
and other experimental procedures (synthesis of the molecules, measurement setup,
calibration of the attenation factor, etc.) are provided in Chapter 3. Scanning elec-
tron micrograph of the MCB]J devices are presented in Fig. 6.1c and d.

In Fig. 6.2a we present typical I-V characteristics of a two-terminal MCB]J (sample
A) that has been exposed to a solution of ZnTPPdT. We start monitoring the junction-
breaking or fusing process at some electrode separation which we call dy. All charac-
teristics show very low current around zero bias, indicating that transport occurs in
the weak-coupling (Coulomb-blockade) regime. Steps at higher bias mark the tran-
sition to sequential tunneling transport[117]. In the differential conductance, dl/dV,
these steps are visible as peaks (see Fig. 6.2b). The peak location identifies the posi-
tion of the molecular orbital level with respect to the Fermi energy of the electrodes.
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We will refer to these peaks as resonances from now on. Figure 6.2a and b show
that with decreasing inter-electrode distance, the spacing between the resonances
is strongly reduced.

We have studied eight different junctions, which all displayed similar mechani-
cally tunable resonances in dI/dV. The same trends are also present in asymmetric
junctions, as shown in section A.2 of the appendix. Devices exposed to pure solvent,
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Figure 6.2: Mechanical gating of charge transport in ZnTPPdT junctions. (a) Current-voltage character-
istics and (b) differential conductance for MCBJ devices which have been exposed to a solution of ZnTP-
PdT. In (c) and (d) the same quantities are plotted for junctions exposed to the pure solvent (DCM). (e,f)
Two-dimensional visualization of dI/dV for ZnTPPdT as a function of bias voltage and electrode displace-
ment (e) while fusing sample A and (f) for three making/breaking cycles of a different device (sample B).
A clear dependence of the Coulomb gap on the electrode spacing is visible. The differential conductance
has been normalized and the estimated electrode displacement is relative to d, the initial electrode sep-
aration.
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in contrast, showed featureless characteristics, typical of vacuum tunneling through
asingle barrier (see Fig. 6.2c and Fig. 6.2d). As the inter-electrode distance is reduced,
the maximum current in these clean junctions increases smoothly, as a result of the
decreasing tunneling barrier width.

To visualize the systematic evolution of the resonance position for hundreds of
dr/dv curves, we have plotted a two-dimensional map of consecutive I-V measure-
ments in Fig. 6.2e, where the gradual shift of the resonances becomes even more
apparent. Due to the stability of the electrodes and the fine control over their
spacing[73, 159], the energy levels can be shifted over several hundreds of meV by
purely mechanical means.

In the following, we will refer to these shifts as mechanical gating and quantify
them in terms of an efficiency factor, the mechanical gate coupling (MGC). The MGC
is expressed in V/nm and defined as the ratio between the shift of each resonance and
the electrode displacement required to achieve this shift. From Fig. 6.2e, for exam-
ple, we find a MGC of about 1 V/nm, with a slight asymmetry for positive and negative
bias which may be caused by differences in capacitive coupling to the two electrodes.
The reverse process (opening the junction) leads to a widening of the Coulomb gap,
as illustrated in Fig. 6.2f, where several consecutive opening and closing cycles are
shown for a different sample. The figure clearly shows that the resonances shift con-
sistently and with similar magnitudes, demonstrating the robustness of the effect and
the stability of the setup.

While recording systematic I-V series, we occasionally observe a very weak de-
pendence of the resonance positions on the electrode separation, and conversely,
occasionally observe MGC'’s as large as 1.5 V/nm (see section A.1 of the appendix for
the statistics of the MGC’s). This is probably due to a rearrangement of the mole-
cule inside the junction[73, 74]. Alongside gradual changes in the position of the res-
onances, the plots in Fig. 6.2e and Fig. 6.2f display sudden irreversible jumps in the
dr/dV’s. These differences and variations could be caused by atomic-scale changes in
the geometry of the molecular junction. Evidence of similar rearrangements has also
been obtained during room-temperature conductance measurements on porphyrin
molecules[73]. Throughout all the samples, however, the trends remain the same;
reducing the electrode distance brings the resonances closer together, whereas in-
creasing the distance moves them further apart.

6.3. GATE DIAGRAMS

To obtain additional information about the origin of the shifts of the molecular or-
bital levels involved in charge transport, we employed electrically gated mechanical
break junctions[129]. The electrostatic gate in these devices controls the potential
on the molecule and lowers/raises all molecular orbital levels for positive/negative
gate voltage[117], as shown in Fig. 6.3c. Keeping the electrode spacing fixed, we mea-
sure the current as a function of both the bias- and gate voltage and plot dI/dV as a
two-dimensional map; in this paper we will refer to such a plot as a gate diagram.

In such a gate diagram the resonances associated with an occupied level move
away from the Fermi level with increasing gate voltage. An unoccupied level, on the
other hand, moves closer to the Fermi level and thus displays the opposite trend. This
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Figure 6.3: Level shifts by electrostatic gating. (a,b) Gate diagrams recorded on sample C for different
junction configurations and during different breaking events. Color-coded d1/dV plotted versus gate- and
bias voltage. The slope of the lines allows us to attribute resonances in (a) to an occupied level (HOMO-
like, located approx at 0.3eV for zero gate voltage) and those in (b) to an unoccupied level (LUMO-like,
located approx at 0.75eV for zero gate voltage). (c) The effect of a rigid shift of the levels under electrostatic
gating by a potential Vg applied to a gate electrode below the junction for an occupied and unoccupied
level. Here, 3 is the electrostatic gate coupling, ¢, the metal work function, A the shift of the potential
Vs outside the surface due to the presence of the molecule, and e the Fermi energy of the metal. €y,
€unoce and €¢¢, €},0¢ are the occupied and unoccupied levels for Vg = 0 and Vg # 0, respectively.

allows us to identify the resonance in Fig. 6.3a as the HOMO, whereas Fig. 6.3b shows
an unoccupied level (this is not the LUMO of the gas phase molecule, see below).
The HOMO level position depends on the gate voltage with an electrostatic gate cou-
pling (EGC) of about 15 mV V~!; for the unoccupied level, we find an EGC of about
25 mV V!, Figure 6.4a and Fig. 6.4b show the mechanical gate plots recorded imme-
diately after the measurements shown in Fig. 6.3a and Fig. 6.3b, respectively. Both
the occupied and unoccupied levels move away from the Fermi level while we in-
crease the distance between the electrodes (MGC = 0.40 V/nm for the occupied and
0.18 V/nm for the unoccupied level). This implies a widening of the gap and means
that the mechanism behind the shifts cannot be a rigid change in the work function
only, but must also include a transport-gap renormalization. It is the combination
of electrostatic and mechanical gating which leads us to this conclusion, and in the
following we will demonstrate using density functional theory (DFT) based calcula-
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Figure 6.4: Level shifts by mechanical gating. (a,b) Systematic I-V series of sample C, recorded right af-
ter Fig. 6.3 a and b, respectively. (a) HOMO-like (located approx at 0.3eV for zero displacement) and (b)
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with the distance to the metal. The effects contained in A shift all levels in the same direction, while
image-charge effects are responsible for occupied and unoccupied levels moving closer to the Fermi en-
ergy of the metal (gap renormalization). Again, ¢, represents the metal work function, A the interfacial
dipole, V the potential at infinity, Vg the potential at the surface and ey the Fermi energy. €occ, €unocc
and €}, €/,0cc are now the occupied and unoccupied levels of the molecule in gas phase and at the
interface, respectively.

tions that this gap renormalization is caused by the formation of image charges upon
charge addition to/removal from the molecule.

6.4. DFT CALCULATIONS

We now turn to the theoretical analysis of the experimentally observed phenomena.
Using a quantum chemistry approach[189] we study the electronic structure of the
molecules in gas phase and sandwiched between gold atoms in the junctions, as well
as their transport properties (see section A.3 of the appendix for more details). In
agreement with the literature, our calculations predict a chemisorbed system[190-
192] with ZnTPPdT acting as acceptor, and the hollow site as the most stable con-
figuration. Figure 6.5 shows the computed zero-bias transmission of the single-
molecule junction. We find that the low-bias transport is dominated by the HOMO
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Figure 6.5: Transport calculation and image-charge model. (a) Zero-bias transmission and molecular
orbital levels of ZnTPPdT coupled to Au, from DFT and DFT+NEGF calculations, respectively. The Fermi
energies are with respect to the Fermi energy of the metal electrodes, marked by the vertical black line.
ZnTPPdT is located at 2.59 A from each lead, with hollow-site binding. (b) Image-charge model geometry,
with the image plane located 1 A outside the first atomic layer (uncertainty bands derived from a 0.25 A de-
viation). (c) Shifts predicted by the image-charge model (with uncertainties) showing the occupied- and
unoccupied-levels both shifting towards € ¢ for decreasing electrode separation with MGC's in the range
of 0.4-2.8 V/nm, assuming a symmetrically applied bias. These values may be significantly reduced for
realistic electrode geometries.

and HOMO-2 states of the molecule coupled to gold atoms (illustrated in Fig. 6.5a),
visible as peaks in the transmission near the Fermi level.

We also observe that the resonances which correspond to the gas-phase LUMO
and LUMO-+1 levels are located far above the Fermi level of the leads (although the
precise location of these resonances cannot accurately be predicted within DFT). Be-
ing more strongly localized at the center of the molecule than the better-hybridizing
HOMO-like orbitals, they are expected to have poor conductance properties, and as
a consequence are characterized by very narrow peaks in the calculations. A few ad-
ditional peaks occur slightly above the Fermi energy, and inspection of these states
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reveals that they have no direct gas-phase counterpart. They are new states, which
essentially consist of those parts of the gas-phase HOMO and LUMO that are located
on the arms of the molecule and stabilized by the presence of the interface. Forcing
an extra electron onto the molecule by applying a positive gate voltage indeed shows
that charge is added to these levels, rather than to a LUMO state.

As discussed above, there is a correction A to the background potential which
represents a work function shift, as illustrated in Fig. 6.4c. This shift is usually treated
empirically, and is typically negative on Au surfaces. Experiments have reported
shifts in the range -0.5 to -1 eV for HyTPP and ZnTPP films[175, 182], without the
presence of the thiols in ZnTPPdT. This corrections is, in principle, distance depen-
dent, and leads to a uniform shift of the occupied and unoccupied levels. This is in
contrast with the experimentally observed gap renormalization, indicating that, al-
though this effect may, to some extent, be present, it is not the dominant mechanism
responsible for the large level shifts.

Image-charge effects, including their contribution to gap renormalization, can, in
principle, be assessed by performing GW calculations[102, 193, 194], which allow for
the determination of the ionization potentials and electron addition energies. How-
ever, such calculations are infeasible for the large molecules of this study. Instead,
we calculate image-charge effects using classical electrostatics based on the atomic
charges on the molecule obtained from DFT. In the region where the transport is
blocked (corresponding to zero bias and gate) the molecule is approximately, but not
exactly, neutral. We call this the ‘reference state’. The combination of the negatively
charged thiols with the positive core of the molecule in the reference state can lead
to a contribution of the image charges effect to the uniform shift. This contribution
either moves the levels up or down, depending on the exact charge distribution in
the junction. To include gap renormalization, one also has to consider the different
charged states of the molecule. To access the different charge states in the junction,
we added or removed one electron from the molecule by applying a local gate field,
in the spirit of a A— SCF method (see section A.4 of the appendix for more details).
The image-charge effect corrections are calculated for the different charge states by
summing the electrostatic interactions of the atomic charges between two parallel
plates with all image charges. The position of the image plane is taken to be 1.0+0.25
A outside the metal surface, as is usually done in the literature[106, 195, 196]. For
comparison with experiment, the distance between the electrodes has been varied.

The calculated shifts, illustrated in Fig. 6.4c, predict an image-charge contribu-
tion to the MGC’s in the range of 1.1-2.8 V/nm for an occupied level, and 0.4-2.1
V/nm for an unoccupied level depending on electrode separation. The different
molecular orbital levels (shown in Fig. 6.5a) thus experience different image charge
effects, as observed in the experiments, although the calculated MGC'’s are larger
than the experimental ones. This can be due to the sharp contacts in the MCB] ex-
periment, which imply a smaller image-charge effect than the large parallel-plate
contacts used in the calculation. We modeled the reduction of the image-charge ef-
fect with finite contacts, finding it to be roughly a factor of 1.5 — 2 (see section A.6 of
the appendix for more details), bringing the calculations into better agreement with
the experimental shifts. To investigate the sensitivity to the orientation of ZnTPPdT
in the junction, we have also rotated the molecule in the calculations and found that
the shifts remain essentially the same for angles within 45°, see section A.5. In the
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same section, we also show that similar trends are found when the molecule is con-
nected to top and/or bridge sites.

To assess the contribution to the molecular orbital level shifts originating from
structural deformation of the molecule, we performed DFT calculations for increas-
ing gold-gold distance while letting the molecule relax between the contacts. We
found that the energy shifts of the occupied and unoccupied level are at most of the
order of 50-60 meV, and more importantly, do not lead to transport-gap renormal-
ization, but rather cause an uniform, upward shift (see section A.7 of the appendix
for more details). In addition, the HOMO is predicted to move up for increasing
electrode-spacing, while the experiments show the opposite trend.

We conclude that image-charge effects can largely explain the experimentally ob-
served distance dependence of the position of the molecular orbital levels with re-
spect to the Fermi level of the contacts. Our calculations further reveal that the con-
tributions to the image charge effect of the charge distribution in the reference state
contributes substantially (roughly half as much as the gap renormalization) to the
MGC of the molecular orbital levels.

The time needed for forming image charges is associated with the plasma fre-
quency of the metallic contacts, corresponding to an energy of a few eV. This is short
enough to be relevant even in co-tunneling processes. In recent years, several at-
tempts have been made to capture the image charge-induced gap renormalization
using either single point charges[106, 197] or atomic charge distributions[105, 196,
198], based on DFT results for gas-phase molecules. In the present system, however,
it seems that the states used for electron transport are defined by the presence of the
contacts. Therefore, taking the atomic charge distributions for the different charge
states inside the junctions is the appropriate starting point for calculating image-
charge effects.

6.5. CONCLUSION

In summary, we have studied the influence of the electrode separation on the molec-
ular orbital levels in porphyrin single-molecule junctions using electrostatically-
gated MCB]J devices. Using this method we demonstrate experimentally a combined
effect of mechanical and electrostatic gating of the molecular levels. We find that
both occupied and unoccupied levels move significantly towards the Fermi level
upon reduction of the electrode spacing. We attribute this dominantly to gap renor-
malization as a result of electron interaction with image charges in the metal leads.
Our findings are corroborated by DFT-based calculations. The experiments show
surprisingly large level shifts, suggesting that image-charge effects may be respon-
sible for the large spread in conductance values that is often observed in single-
molecule junctions. These effects should therefore be considered in quantitative
comparisons between computations and experiment. At present, calculations for
molecular devices result at best in the prediction of trends, or they shed light on
the possible transport mechanisms. Improvements in geometric and electrostatic
control may bring quantitative agreement between the two closer. We have demon-
strated that capturing the image-charge effects is a crucial step in this development.
From a different perspective, the observed effects may be exploited to mechanically
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gate single molecules and thereby tune the alignment of the orbital levels.
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A. APPENDIX

A.1. MGC ANALYSIS

Using the data of sample A and B of the Fig. 6.6, we studied the MGC in more de-
tail. Additional data for samples A and B are shown in Fig. 6.6a and Fig. 6.6¢c. Of both
samples, we first extracted the resonance positions (see Fig. 6.6b and Fig. 6.6d). In re-
gions where the peaks were shifting continuously (ie, not jumping), we used a linear
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Figure 6.6: Analysis of the MGC. (a,c) Systematic IV series recorded on (a) sample A and (c) B respectively.
Plotted is dI/dV as a function of IV number and bias. (b,d) Resonance position extracted from the data
of (a,c) respectively. The red lines are linear fits of the peak shifts. The green line represents the motor
displacement. A positive slope means the electrode distance is reduced, while a negative slope represents
opening the contact. (e) Occurrence of the different MGC for sample A and B combined.
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fit to approximate the MGC. A histogram of all those MGC is presented in Fig. 6.6e.
Interestingly, Fig. 6.6a shows various jumps in the resonance position, which are pre-
sumably caused by changes in configurations. As ZnTPPdT is a non-rod-like mole-
cule, it can form molecular junctions with various geometries, as has been reported
previously for similar molecules[73].

A.2. MEASUREMENTS ON NON-THIOLATED ZINC PORPHYRIN

To investigate the role of the junction asymmetry, we have performed experiments
on non-thiolated porphyrins (ZnTPP) and found similar level shifts as in their thio-
lated counterpart ZnTPPdT. In Fig. 6.7, we show dI/dV of systematic IV series on a
ZnTPP molecular junction upon (a) breaking and (b) making. The plot shows reso-
nances, which indicate a stable molecular junction can be formed, even without thiol
groups. This is in agreement with previous results on such molecules[73]. (c) and (d)
show an IV recorded at the position marked by the red line in (a) en (b) respectively.
In contrast to the measurement on the ZnTPPdT molecules, a clear asymmetry is
now observed, with resonances visible predominantly for positive bias voltages. This
suggests the coupling to the electrodes is highly asymmetric. Despite the asymmet-
ric coupling, the resonances move in a similar way as for ZnTPPdT, i.e. they move
towards higher bias upon increase of the electrode separation.
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Figure 6.7: Measurements on ZnTPP. Systematic IV series on a ZnTPP molecular junction upon (a) break-
ing and b) making. (c) and (d) show an IV recorded at the position marked by the red line in (a) en (b),
respectively.
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A.3. ELECTRONIC STRUCTURE AND TRANSPORT METHODS

The results presented here are based on the combination of 3 principal tools: molec-
ular Density Functional Theory (DFT) calculations, transport calculations based
on the Non-Equilibrium Green’s Functions formalism (NEGF) in combination with
DFTI199, 200], and a 2-plane image-charge model. All DFT-based calculations were
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_Q_ —3— 126-127

Figure 6.8: Electronic structure and orbitals of ZnTPPdT. (a-e) Orbitals of gas-phase ZnTPPdT, together
with (f) the charge-neutral states energy-level diagram, corresponding to occupation up to and including
the HOMO orbital. Orbitals should be compared with fragment orbitals in Fig. 6.5.
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performed using the ADF/Band quantum-chemistry software package, originally de-
veloped by the Baerends group[201-203] at the Free University of Amsterdam. The
NEGF formalism for modeling transport has been implemented by us as an exten-
sion to ADF/Band.
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Figure 6.9: ZnTPPdT binding and conduction.(a) Left side shows orientation relative to (111) surface layer,
right side shows positions of only nearest hollow-site neighbors. (b) Representative geometry for a 2—
terminal transport calculation, with a conjugated HOMO-level wavefunction. (c) Decompositions of the
peaks in Fig. 6.5 into symmetry classes derived from gas-phase molecular orbitals.
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We first optimized the geometry for the gas-phase molecule and for a fragment
where the two hydrogen atoms attached to the sulfur atoms are replaced by gold
atoms. Both geometries were optimized using a DZ Slater-type orbital local basis-set
using the PBE GGA functional. Results were converged to energy changes of less than
1073 hartree, energy gradients of less than 1073 hartree/A maximum and 6.7-107*
hartree/A RMS. The charge-state calculations were performed with this geometry us-
ing the VWN LDA functional, and to match the later DFT+NEGF calculations, with a
DZ basis-set on the molecule and a SZ basis-set on the gold. The resulting orbital
structure is shown in Fig. 6.8 for the neutral gas-phase molecule, together with a few
frontier orbitals, which should be compared to the orbitals in Fig. 6.5, where they are
shown for the fragments consisting of the molecule with the H atoms of the thiols re-
placed by two Au atoms.

For the transport calculations we used a binding geometry based on a phenyl ring
bonded to a gold surface via a gold-thiol hollow-site binding. We have mostly used a
0° tilt angle, although we have also studied other geometries, as is shown further on.
The calculations indicate a charge on the thiols of 0.1 — 0.3e. This strongly suggests
that they chemisorb to Au when relaxed, with the molecule acting as an acceptor, in
agreement with previous calculations on systems with this type of bonding[190-192,
204-206]. However, the molecule excluding the thiols is slightly positively charged
in the junction, and the balance between these determines the sign level shift due
to the interaction of the added/removed charge with the already present molecular
charge distribution, which in turn drives the slight asymmetry in shifts of the HOMO
and LUMO levels.

Figure 6.5 shows the transmission of a typical transport calculation for a 2-
terminal device geometry, which we modeled as illustrated in Fig. 6.9a. The corre-
sponding peak compositions in Fig. 6.9c help us to understand the molecular ori-
gins of the transport channels. They are constructed by projecting the orbitals of the
transport calculations back onto the fragment orbitals illustrated in Fig. 6.5a.

Most of the fragment orbitals can be related to gas-phase orbitals by considering
their symmetry on the molecule. For a number of states, the correspondence is less

Figure 6.10: Charging Pattern on Adding an Electron by Electrostatic Gating.

Difference in charge density obtained by adding one electron via the gate field over the molecule in the
junction. Red areas have charge added, blue is where it is removed, as the unoccupied state is filled. Orbital
symmetry indicates that a HOMO-like state with most density on the arms, rather than a LUMO level, is
being addressed.
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trivial. These are formed in the gap between the gas-phase HOMO and LUMO (see
Fig. 6.5a), due to hybridization with the gold. Their wavefunction is located mostly
on the arms, and appears to be stabilized by the interface. In the following, when
referring to the remaining orbitals (HOMO, LUMO, etc.) while considering fragment-
orbitals, we actually intend the character of the corresponding gas-phase molecular
orbitals.

Combined with the calculations of Fig. 6.9c, and the charging pattern in Fig. 6.10,
we thus find transport near € dominated by the states derived from the molecular
HOMO level and hybridizations with the gold leads. The (gas-phase) HOMO-1 and
HOMO-2 orbitals, by contrast, hybridize much less due to most of their wavefunction
being localized on the central part of ZnTPPdT. HOMO-2 is still present in our calcu-
lations as a very narrow resonance, but we find that the gas-phase HOMO-1 becomes
a deeper lying state in the fragment, which does not hybridize at all.

A.4. IMAGE-CHARGE EFFECTS

To analyze image-charge effects we use an extension of the method used by Kaasb-
jerg and Flensberg[105], and Neaton et al.[197, 198]. We first note that the experimen-
tally relevant molecular levels (see Fig. 6.8) are those near the Fermi level of the Au
nanocontacts. The LUMO and LUMO+1 in the gas phase are too far above the Fermi
energy to be addressed in transport (at a calculated EA of roughly 2 eV). Instead,
we expect the gap states to act as electron transport channels. We take the atomic
charges for a representative molecule-plus-contacts geometry (in a NEGF+DFT cal-
culation) at zero bias as the reference configuration. The atomic charges in that state
are denoted g;, located at r;. The image charges are denoted as qjl. = —(qj, located

at r§. Changing the fotal charge on the molecule by t+1e induces changes in the
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Figure 6.11: Different contributions to the image-charge effect.

Lower panel: image charge effect due to the reference charge term (first term) of (6.1) for both the occupied
and unoccupied level. The two curves are not identical but very close. Upper and middel panel: image
charge effect due to the changes in the atomic charges occurring during transport (second term of (6.1)) for
the occupied and unoccupied levels (red and blue line respectively). The total image charge effect shown
in Fig. 6.5c is the sum of these two contributions. The shifts in chemical potential are half the values shown
on the vertical axis, which represent the bias voltage needed to access the relevant molecular orbital in the
transport process.
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atomic charges which we denote by ;. These charges add up to +1e, depending
on whether we consider ionisation or electron addition. We actually calculate these
0 q; by constraining the charge on the molecule to be one unit higher or lower than
that of the reference configuration. This is done by applying an extra gate potential
on the molecule only, which acts as a Lagrange parameter for the charge constraint.
This method is in the spirit of a A-SCF method[207], with the subtlety that we only
change the charge on the molecule, for which we need the molecular ‘gate’ potential
as a Lagrange parameter[208].

The molecular levels observed in transport are chemical potentials, i.e., energy
differences between different charge states. The (distance dependent) electrostatic
contribution to the molecular orbital level is given by:
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(6.1)

where the plus-sign is for the unoccupied, and the minus for occupied levels. The
first term in this equation is the Coulomb interaction between the atomic charge dif-
ferences dg; and the images q]( of the atomic charges g; of the charge distribution
in the reference state. The second term contains the interaction between the atomic
charge differences 6 g; and their own images. Its dominant contribution is negative
for unoccupied levels and it becomes more negative with decreasing electrode sepa-
ration, with a reverse trend for occupied levels. In the case where there would be only
a single point where the charge is added, the second term in Eq. (6.1) reduces to the
familiar form 1/]4z|, where z is the distance to the image plane[197, 198]. This sec-
ond term does not depend on the reference configuration — it only depends on the
changes in the molecular charge that occur during to transport. We show the contri-
bution of the two individual terms in Eq. 6.1 in Fig. 6.11. The role of the gap states as
transport channels, together with the rather inhomogeneous charge distribution in
the reference state necessitates the use of the reference and oxidized/reduced states
in the junction, in contrast to gas-phase charge distributions[198]. We iterate the

Figure 6.12: Image effects under rotation of ZnTPPdT.

Example of a (transport) geometry with ZnTPPdT at 45°. Calculations of the shifts of the effective EA
(unoccupied) and IP (occupied) levels for angles between 0° and 45° show that the MGC derived from the
derivatives of the curves is robust with respect to the 0° case.
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sum over the image charges until convergence (typically 100 reflections with respect
to the two image planes).

A.5. INFLUENCE OF JUNCTION GEOMETRIES
We have also addressed the reliability of the predicted MGC by considering the case
where ZnTPPdT is not perpendicular to the electrodes. We do not expect that the
molecule lies flat (angle ~ 90°) on one surface, as no highly asymmetric bias-coupling
was observed. For rotations up to 45°, as illustrated in Fig. 6.10, the effect appears to
weaken slightly with angle, but the MGC predicted by the derivatives with gap size
vary by < 10% for these rotations. This is consistent with the image-charge effects
being dominated by the charging of the S atoms near the interface. At higher angles
there may be different charging patterns due to different charge-injection pathways
and an increase of the effect of image charges generated by atoms near the center of
the molecule.

In addition to rotations of the molecule in the junction, we have also considered
the effects of different binding geometries on the calculated MGC. Specifically, we
have considered top-site and bridge-site bindings on both sides, as well as an asym-
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Figure 6.13: Image-charge effect for various junction geometries. Similar plot as in Fig. 6.11 for different
binding geometries. For all of these, the contribution of the charge differences occurring during transport
to the image-charge renormalizes the transport-gap.
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metric combination with a hollow-site at one electrode and a bridge site at the other.
The contributions to the image charge effect due to the charges of the reference state
and the transport charges (first and second term in Eq. (6.1)) for those geometries are
plotted in Fig. 6.13.

We find that for all binding geometries the change in charge distribution as
charge is added to/removed from the junction remains mostly concentrated on the
arms, near the interface. Hence, for the second term in Eq. (6.1), we find similar
magnitudes of the level shifts which renormalize the transport gap. Reducing the
electrode separation leads to a positive shift of the occupied level, which moves up
towards the Fermi energy. The unoccupied level experiences a negative shift and
moves down towards the Fermi energy.

The second term, on the other hand, is affected by the sign of the charge trans-
fer. As this sign is geometry-dependent, its contribution to A can be either negative
or positive, as we noted previously. We would like to stress that transport gap renor-
malization is observed for all geometries, and hence, the explanatory power of the
model does not depend on a particular binding geometry.

Finally, we remark that the polarization which we model here is the result of
many-body effects which can be accessed in a GW approach[209, 210]. However,
such calculations are computationally infeasible for large molecules like porphyrins,
though GW studies for small molecules have shown the response to be well-fit by
an image-potential outside the image plane of the metal contact[102, 106, 197], sup-
porting the use of our simpler model.

A.6. CORRECTIONS FOR ELECTRODE GEOMETRY

In the model calculations, the electrodes are taken as two infinite parallel planes.
However, this geometry leads to an overestimation of the image-charge effect when
compared to more realistic electrode shapes. To investigate this effect, we used COM-
SOL Multiphysics 4.2 and calculated the image-charge effect using a finite element
electrostatic solver for charges between elliptical electrodes.

The electrodes were modelled as ellipsoids with the semi-axis along the transport
axis fixed at 1 nm, as illustrated in Fig. 6.14. The semi-axes perpendicular to trans-
port were varied from 0.2 nm to 5 nm. This enables us to calculate the image-charge
effect in the large electrode limit (almost parallel planes) and for electrodes of a few
A across, which is the expected size of a few-atom contact in a MCB]J experiment.
For these junction geometries, we first calculate the polarization energy for a point
charge ein the center of the junction. We found that to account for finite electrodes,
the level shifts obtained from the parallel plane model should be divided by 1.5-2.

We have also calculated the reduction factor for the molecular charge distribution
modeled as point charges at the positions of the atoms. For the charge distribution
we used the distributions from Fig. 6.5, in which an electron is added/removed from
the molecule by applying a positive/negative voltage on the gate, see Fig. 6.14. Here
we find similar reduction factors. These calculations thus imply that for more real-
istic electrodes, the range of MGC predicted by the image-charge model would be
reduced from 0.4-2.8 V/nm to the range 0.2-1.4 V/nm, in better agreement with the
measurements of Fig. 6.2 and Fig. 6.4.
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Figure 6.14: Correction of magnitude of image-charge effect for finite contacts. (a) Image charge correc-
tion as a function of electrode radius for the charge distributions obtained when applying a positive and
a negative gate (see Fig. 6.4) and a point charge e in the center of the junction. (b-d) Geometry used in
Comsol Multiphysics 4.2 to calculate the image charge correction for an electrode radius of (b) 0.2 nm, (c)
1 nm, and (d) 3 nm. The semi-axis of the ellipsoids along x-axis was set to 1 nm.

A.7. STRETCHING OF THE MOLECULE

To investigate the effect of streching the molecule on the energy of the orbitals, we
started with the geometry shown in Fig. 6.15a and varied the Au-Au distance from
22.81026.8 A in steps 0f 0.02 A. The Au-Au distance is defined as the distance between
the two inner Au layers. For every step, we optimized the geometry of the molecule
using a triple-{ plus polarization (TZP), Slater-type orbital local basis-set and the PBE
GGA functional, while keeping the gold atoms fixed. Results were converged to en-
ergy changes of less than 1072 hartree, energy gradients of less than 1-1072 hartree/A
maximum and 6.7- 10~ hartree/A RMS. The equilibrium separation is 23.9 A, as can
be seen when looking at the minimum of the total energy (see Fig. 6.15b). The result-
ing energies for the HOMO, and the LUMO are shown in Fig. 6.15d. From the deriva-
tive of the total energy with respect to distance we obtain the force (see Fig. 6.15c).
The figure shows that the breaking force of the Au-S bond around 1.3 nN, in agree-
ment with literature[60] and occurs around 24.9 A. Figure 6.15d shows the energy of
the HOMO and LUMO until the breaking of the Au-S bond. Comparing the energy
of the frontier orbital in the equilibrium situation (23.9 A) with the breaking of the
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Au-S bond, we obtain a maximum shift of 67.7 meV for the HOMO and 45.5 meV for
the LUMO. Although those maximum shifts are significant, they only occur when the
Au-S is broken. In addition, their distance dependence is opposite to the transport-
gap renormalization observed in Fig. 6.2 and Fig. 6.4, indicating that although the
molecule may be stretched during the experiments, this mechanism is not the one
dominating the observed level shifts.
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Figure 6.15: Stretching the molecule. (a) Junction configuration for lowest total energy (23.9 A Au-Au
separation). (b) Total energy versus Au-Au separation, shifted with respect to its minimum. (c) Force
versus Au-Au separation curve. The breaking force of the Au-S bond is around 1.3 nN. (d) Energy of the
frontier orbitals as a function of Au-Au separation.



LARGE NEGATIVE DIFFERENTIAL
CONDUCTANCE IN
SINGLE-MOLECULE BREAK
JUNCTIONS

Molecular electronics aims at exploiting the internal structure of molecules and their
electronic orbitals for constructing functional building blocks(1]. To date, however,
the overwhelming majority of experimentally realised single-molecule junctions can
be described as single quantum dots, where transport is mainly determined by the
alignment of the molecular orbital levels with respect to the Fermi energies of the
electrodes[130] and the electronic coupling with those electrodes[23, 64]. Particularly
appealing exceptions include molecules in which two moieties are twisted with re-
spect to each other([61, 63] and molecules in which quantum interference effects are
possible[91, 92]. Here we report on the experimental observation of pronounced nega-
tive differential conductance in the current-voltage characteristics of a single-molecule
in break-junctions. The molecule of interest consists of two conjugated arms, con-
nected by a non-conjugated segment, resulting in two coupled sites. A voltage applied
across the molecule pulls the energy of the sites apart, suppressing resonant transport
through the molecule and causing the current to decrease. A generic theoretical model
based on a two-site molecular orbital structure captures well the experimental find-
ings, which are confirmed by a density functional theory with non-equilibrium Green's
functions calculations that include the effect of the bias. Our results point towards a
conductance mechanism mediated by the intrinsic molecular orbitals alignment of the
molecule.

Parts of this chapter have been published in Nature Nanotechnology 9, 830-834 (2014) [34].
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1. INTRODUCTION

Negative differential conductance (NDC), characterised by a decrease in current for
increasing voltage, is a widely used feature in electronic semiconductor devices.
NDC has also been observed in molecular devices based on self-assembled mono-
layers (SAMs) and on single molecules[86, 211-214]. In some devices the NDC fea-
ture could be explained by features of the electrodes or the interface [211, 212], or
by bias-dependent barriers[213], while in others it was attributed to intra-molecular
features such as spin or phonon blockade[86], or conformational switching[214]. In
most cases, the NDC effects were rather small; large NDC effects (with a peak-to-
valley ratio exceeding 2), have only been observed in SAMs(215, 216], where they are
due to chemical[217] or redox[218] reactions inside the SAM or traps at the electrode
interface[219].

2. EXPERIMENTS AND RESULTS

We investigate an intrinsic and pronounced NDC effect in a single thiolated
arylethynylene molecule with a 9,10-dihydroanthracene core (AH, see Fig. 7.1a)[220].
The molecule is studied using mechanically controllable break-junctions (MCB]Js)
which offer high electrode-stability and fine tuning of the electrode spacing[20]. This

a)

conjugated
non-conjugated

polyimide counter
support

phosphor
bronze

Figure 7.1: Illustration of the experiment. (a) Structure of a thiolated arylethynylene with a 9,10-
dihydroanthracene core. To emphasize the broken conjugation of the molecule, the conjugated parts have
been colourised in green; the non-conjugated parts in red. (b) Structure of a thiolated arylethynylene with
an anthracene core. The green bonds indicate that the molecule is fully conjugated. (c) Layout of the MCBJ
set-up. The large vertical green arrow represent the force applied to bend the sample. The small green ar-
row illustrate the attenuated electrode displacement as a result of the bending. The current through the
molecular junction is recorded upon application of a bias voltage. (d) Colourised scanning electron mi-
croscope image of a MCBJ device.
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control is realised by bending a flexible substrate in a three-point bending geome-
try (see Fig. 7.1c). Upon bending of the substrate, the gold wire deposited on top
(see Fig. 7.1d for a scanning electron micrograph) is stretched until it breaks. The
two sides of the broken wire then act as electrodes, whose separation can be ad-
justed with picometer resolution[188]. The molecules were deposited on the unbro-
ken gold electrodes using self-assembly from a 0.1 mM solution in dichloromethane
for 24 hours. The setup was pumped to a pressure below 5-107% mbar and cooled
down to a temperature of 6 K, after which current-voltage (IV) characteristics were
recorded. For comparison, we also performed detailed studies on a molecule with a
anthracene core that, in contrast to AH, is fully conjugated [220] (AC, see Fig. 7.1b).
For more details about the experimental procedures, see Chapter 3.

2.1. 1V SERIES

Figure 7.2a presents a typical IV curve measured in a device exposed to a solution
of AH. At low bias, the current exhibits a pronounced negative differential conduc-
tance (NDC) feature: starting from zero bias, the current initially increases, but after
60 mV, it sharply decreases. The IV characteristic is nearly symmetric around zero
bias, with a similar peak occurring at -60 mV. At higher bias (see Fig. 7.2b), the cur-
rent increases again, and the IV curve has the characteristic shape corresponding to
tunnelling through a single barrier. The thin black line in Fig. 7.2b is a fit of the ex-
perimental IV characteristic to the Simmons model[143].

We have also recorded IV characteristics at various electrodes spacings[56]. Fig-
ure 7.2c and Fig. 7.2d show the results for a typical sample. These figures show that
the NDC feature is tunable by mechanical control of the electrode distance. This me-
chanical tuning can be seen most clearly in the IV characteristics of Fig. 7.2c. The
NDC feature is very pronounced at short electrode separation (dp), and remains vis-
ible when the electrode separation increases by more than an Angstrom. The max-
imum current decreases with increasing electrode separation, for both positive and
negative bias voltage. The tunnelling background follows a similar trend. The inset
in Fig.7.2b shows the background current as measured at 1 V as a function of elec-
trode separation. The linear dependence in this semi-log plot confirms that the back-
ground can be described by a single tunnelling barrier of which the width increases
when increasing the electrode spacing. The peak-to-valley ratio increases from 3.0 to
7.1 with increasing electrode spacing, while the peak position shifts slightly outward.
Figure 7.2d presents a current map in which the electrode spacing is successively in-
creased and decreased. The total measurement took almost nine hours, and did not
show any significant changes, demonstrating the stability of the NDC effect. In sec-
tion A.1.1, we show data recorded in a similar way on two other samples.

2.2. IV BREAKING SERIES

In the above mentioned experiments, the electrodes were displaced over about a
tenth of a nanometer without fusing the electrodes in order to study the stability of
the junction. To investigate to what extent the molecular configuration is important
for the observation of NDC, we have repeatedly broken and fused the electrodes to
create a new molecular junction in each cycle. While breaking, we recorded IV char-
acteristics for increasing electrode spacing[55]. This approach thus combines the
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Figure 7.2: Negative differential conductance effect: mechanical tunability and stability. (a-b) Typical
IV characteristic for (a) low bias and (b) the full bias range. The black line is a fit to the Simmons model,
with an electrode spacing of 11.0 A. (¢) Low-bias IV characteristics for increasing electrode separation.
(d) Map of the IV characteristics recorded from left to right while repeatedly increasing and reducing the
electrode spacing. The spacing is relative to dp, the electrode separation, at which the NDC feature is most
pronounced. The IVs shown in (c) are recorded at the positions marked by the coloured lines.

advantages of spectroscopy of the molecular levels with a statistical assessment of
the variation in the molecular junction formation. In the following, we will refer to
this method as the IV breaking series, i.e., series of measurements for which the elec-
trodes are fused before each breaking event. This is to be contrasted to the IV series
described in the previous paragraphs and presented in Fig. 7.2, in which the elec-
trodes are not fused.

Figure 7.3a presents IV characteristics measured during a particular breaking
event for increasing inter-electrode spacing. As in Fig. 7.2c, the NDC effect is clearly
visible and it persists up to the largest electrode separation, while the low-bias con-
ductance changes over several orders of magnitude. By linearly fitting the current at
low bias, a conductance breaking trace can be constructed, as shown in Fig. 7.3b.
In this plot, the electrode displacement is set to zero at the rupture point of the
last metallic atomic contact, for which the conductance quantization shows up as
a plateau at 1 Gy. For increasing electrode separation, the mono-atomic gold chain
breaks, leading to a drop in conductance and the formation of a molecular junction.
Upon further breaking, the conductance gradually decreases.

To perform a statistical analysis of the occurrence of NDC, we measured IV se-
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Figure 7.3: IV breaking series on AH and AC. (a,c), IV characteristics recorded during one breaking event
on (a) AH and (c) AC. (b,d) Breaking traces showing the low-bias conductance vs. electrode displacement
obtained by a fit on each IV characteristic in an IV breaking series recorded on a junction exposed to (b) AH
and (d) AC. The coloured arrows indicate the location in the breaking trace at which the IV characteristics
shown in (a) and (c) respectively are recorded. The insets present a possible junction configuration as
obtained from molecular dynamics simulations.

ries during 693 breaking events in total, recorded in three different samples (see sec-
tion A.1.2 for more details.). We distinguish three types of series: 1) series without
a molecule (tunnelling IV characteristics with no plateau in the conductance trace),
2) series with a molecule but without NDC (IV characteristics that show steps, or IV
characteristics with a plateau in the conductance versus displacement trace) and 3)
series with a molecule and NDC. In 503 cases (72.6% of the events), no molecule was
trapped in between the electrodes; 190 traces (27.4% of all the series), on the other
hand, show molecular features. Of those series, 144 (about 75% of the molecular
junctions) exhibited NDC, with peak-to-valley ratios ranging from 1.5 to 15.

Using the same IV breaking series approach, we performed measurements on
the conjugated AC molecule, shown in Fig. 7.3c and Fig. 7.3d. Figure 7.3c shows typ-
ical IV characteristics for increasing inter-electrode spacing. The characteristics are
monotonic and do not show NDC. Looking at the breaking trace shown in Fig. 7.3d,
a plateau at 1 Gy is again visible, followed by a drop in conductance. A plateau in
the conductance trace is then visible, indicating that a molecular junction has been
formed (blue dots). For increasing displacement a conductance plateau is observed
after which the conductance drops sharply (red dots). We find that in about 33% of
the breaking traces (510 series in total; 3 different samples) molecules are present in




86 3. CALCULATIONS

the junction. In those 170 junctions, 166 show no NDC. In the remaining 4, NDC is
observed.

In summary, a comparison of the measurements conducted on the two mole-
cules shows two distinct differences. Firstly, the evolution of the conductance for
increasing electrode distance is gradual for AH, spanning a wide range of conduc-
tances, whereas for AC a clear step is observed. Secondly, the statistics show that the
NDC effect is very prominent in AH (75% in case a molecular junction is formed) and
almost absent in AC (2%).

3. CALCULATIONS
3.1. DFT + NEGF

To gain more insight in the origin of the NDC effect, we have also investigated
AH using density functional theory (DFT) and the non-equilibrium Green’s func-
tion formalism (NEGF). Calculations were performed for the molecule in gas-phase
using the Amsterdam Density Functional (ADF) quantum chemistry package with
the GGA exchange-correlation functional and the triple-{ plus polarization basis set
[202, 203]. For details concerning the DFT calculation and the estimation of the pa-
rameters, we refer to section . Previous studies show that for this molecule, transport
is dominated by the highest occupied molecular orbital (HOMO) as it is closest to
the Fermi energy (er)[221]; the lowest unoccupied molecular orbital (LUMO), on the
other hand, is located about 2.5 eV above €. Inspection of the spectrum reveals that
the HOMO and HOMO-1 are nearly degenerate (with an energy spacing A = 18 meV),
and that they have a bonding/anti-bonding character)[222]. This directly reflects the
chemical composition of the AH molecule, which consists of two conjugated arms,
connected by a non-conjugated segment, as illustrated in Fig 7.1a. To see this, we
transform the HOMO and HOMO-1 into an equivalent set of localized molecular or-
bitals (LMOs) by addition and subtraction[92]. This leads to one LMO located on the
left half of the molecule and the other on the right half, as shown in Fig. 7.4a. The
two LMOs can be viewed as two units in series, which are weakly coupled. Trans-
port through the molecule can therefore be described using a model consisting of
two sites, coupled to each other via a small coupling parameter 7, as illustrated in
Fig. 7.4b. This inter-site coupling can be estimated from the energy difference A be-
tween the HOMO and HOMO-1 obtained from DFT as 7=9.1 meV. The tunnel cou-
pling of each site to its lead is characterized by I'.

3.2. TWO-SITE MODEL

The NDC effect can readily be explained from such a two-site model[92, 167, 222,
223]. At zero bias, the two sites are in resonance with each other and the conductance
is high (see Fig. 7.4c). Upon application of a bias voltage V, however, the energies of
the two sites shift in opposite energy direction due to the Stark effect. DFT calcula-
tions in the presence of an electric field across the molecule show that a fraction a of
the bias drops inside the molecule. When the two LMOs shift apart and aeV > 27,
the current is substantially suppressed and the NDC feature sets in. For this two-site
model, the current through the system can be calculated analytically using NEGF
(see section A.2.1, where we also show that the analytical IV is reproduced by DFT
+ NEGF calculations). In Fig. 7.4d we show an experimental IV characteristic from
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Figure 7.4: Two-site model. (a) The left and right LMO obtained by taking the sum and the difference of
the HOMO and HOMO-1, which are shown in Fig. S4. (b) Since the LMOs are each located on one side of
the molecule, the junction can be modelled by two sites in series, left and right, coupled by 7. The sites
are coupled to the leads by I'. In the strong-coupling regime, transport through the molecule is coher-
ent. Due to the symmetry of the molecule, the two sites, at €}, and €eg, are in resonance at zero bias, and
the conductance is high. (¢) Upon application of a bias, the sites are pulled off resonance by aeV, where
a is the fraction of the voltage drop occurring inside the molecule. Although 7 does not change signifi-
cantly as a function of bias voltage, the off-resonance condition leads to a reduction of the elastic transport
through the molecule, lowering the conductance of the junction. (d) Background-corrected IV character-
istics recorded on sample A with a fit to the two-site model using a@ =0.74, 7=24.1 meV, I'=10.2 meV. To
match the absolute values of current, a prefactor of 7.2-10~° was used.

which the background current has been subtracted, and a fit to the analytical expres-
sion of the two-site model. The excellent agreement supports the use of this model
to describe transport through AH. Note that similar ab-initio calculations on AC do
not show an NDC effect, as expected from its conjugation, which extends across the
whole molecule.

3.3. LEVEL (MIS)ALIGNMENT

The calculation in Fig. 7.4d takes the two sites to be in resonance with the Fermi en-
ergy at zero bias and assumes the voltage drop across the electrode-molecule tunnel
barriers to be symmetric over the junction, as this matches the observed IV charac-
teristics of more than half of the IV breaking series. In the remaining measurements
(see section A.2.3 for more details and the statistics) the IV characteristics show a
gap at low bias. The presence of a gap can be explained by the sites being slightly
off-resonant with the Fermi energy at zero bias. Our experiments therefore allow for
quantification of the level alignment in a statistical way. If we assume a symmetric
division of the applied voltages across the contacts, we find that the misalignment
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ranges from 0 to 225 meV. We furthermore note that the NDC feature is also repro-
duced when considering more detailed quantum chemistry calculations involving
the full self-energies of the metal electrodes and with a potential difference applied
on the gold electrodes using the BAND package[189] (see section A.2.3).

3.4. STRETCHING OF THE MOLECULE

An intriguing aspect of the experiment is the gradual decrease of the conductance
with increasing electrode separation, without the presence of clear conductance
plateaus. Conductance histogram on AH at room temperature do indicate conduc-
tance plateaus below 1-1076 Gy, [55, 222] which are not accessible in our experiments.
It is important to realize that there is a distinct difference between the AH and AC
molecule. AC is a rigid molecule, while AH can bend in the middle due to the broken
conjugation. Molecular dynamics (MD, see section A.3) simulations confirm this and
show that the junction evolves differently for the two molecules during breaking. AC,
being rigid, remains in a planar configuration during the stretching of the electrodes,
as illustrated in the inset of Fig. 7.3d. AH, on the other hand, shows a gradual evo-
lution from a bent geometry (see Fig. 7.3b) to a more planar configuration for larger
separations. During this process, the parameters 7, I and « that determine the con-
ductance gradually change (see section A.2.5). In particular the variation of T may
explain the gradual conductance decrease.

3.5. DIODE

We finally note that AH is a symmetric molecule, hence the two sites are on resonance
with each other at zero bias. Introducing an asymmetry in the molecule can shift
the sites apart, significantly changing the behaviour of the device. For example, if at
zero bias the left site is higher in energy than the right site, a negative bias voltage
would only pull them further apart (compare with Fig. 7.4d). They would therefore
never move into resonance and the current remains low. At positive bias, on the other
hand, they would align at a particular bias, increasing the current dramatically until
the bias is so large that they are pulled off resonance again and the current decreases.
This difference in behaviour at positive and negative bias means that such a molecule
acts as a rectifier. We note here that unlike most report on single-molecule diodes[67,
224], this rectification is also present in the case of symmetric couplings to the leads.
DFT + NEGF calculations on a particular asymmetric AH derivative (see section A.2.6)
indeed confirm this rectifying concept, with rectification ratios of the order of 400.

4, CONCLUSION

In conclusion, we have observed a reproducible NDC effect in junctions containing
a single AH molecule with a strong suppression of the current through the molecule
at high bias. The NDC effect can be accurately described by a two-site model. Im-
portantly, the model shows that the origin of the NDC effect is an internal resonance
of two weakly coupled sites inside the molecule. It is therefore intrinsic to the mole-
cule and largely insensitive to the metal-molecule interface. The model is confirmed
by DFT + NEGF calculations and can be applied to any molecule consisting of two
weakly-coupled halves and used to design specific electronic functionalities. In par-
ticular, we predict rectifier behaviour with large rectification ratios in case of asym-
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metric molecules. From a more general point of view, our results introduce a new,
widely applicable route towards more complex molecular components which may
contain multiple weakly coupled sites.
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A. APPENDIX

A.1. MEASUREMENTS

IV SERIES AH CRYOGENIC TEMPERATURE (6 K)

Without fusing the electrodes, we studied two other samples that show a robust and
distance tunable NDC effect. Datarecorded on device B and Cis presented in Fig. 7.5.
Sample A is shown in previously.

IV BREAKING SERIES AH CRYOGENIC TEMPERATURE (6 K)
In Fig. 7.6, we show the statistics for the low-temperature IV breaking series. We dis-
tinguish three types of series: 1) series without a molecule (featureless tunnelling
IV characteristics with no plateau in the conductance trace), 2) series with a mole-
cule but without NDC (IV characteristics that show steps, or IV characteristics with a
plateau in the conductance versus displacement trace) and 3) series with a molecule
and NDC.

In Fig. 7.7 we show an additional measurement of an IV series, complementary
to one shown in Fig. 7.3a and b. Figure 7.7b shows the low-bias conductance of a
breaking trace, constructed by fitting at low bias the IVs at various electrode spacings.
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Figure 7.5: Current as a function of bias voltage and electrode separation. The right-hand side shows a
map of the IV characteristics at various electrode spacings for (a) sample B, and (b) sample C. The spacing
is relative to dp, the shortest electrode separation, at which the NDC feature is most pronounced. On the
left, several low-bias IV characteristic are shown, recorded at the positions marked by the coloured lines
in the current map (panels of the right side).
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Figure 7.6: Statistics of the IV breaking series. Probability of forming a junction without molecule, with
molecule and NDC, and with molecule without NDC for (a) AH and (b) AC

The arrows indicate the position at which the IV characteristics shown in Fig. 7.7a

are recorded. As in Fig. 7.3a and b, NDC is very pronounced and visible over a large
conductance range.

AH ROOM-TEMPERATURE IVS

Room-temperature measurements are more challenging than the ones at low tem-
peratures as molecular junctions tend to be less stable. Nevertheless, we have ob-
served NDC in more than 50 IV breaking series recorded on two different chips.
Figure 7.8 presents one typical IV breaking series, with NDC being clearly visible.
Note that in the room-temperature measurements (also the ones in the next sec-
tion), the sample bending is controlled using a piezoelectric actuator, while for the
low-temperature data, a brushless motor is used. Interestingly, all IV characteristics
recorded at room temperature show a gap (see also section A.2.4). The reason for this
is presently not clear to us and is a subject for further investigations.
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Figure 7.7: IV breaking series at 6 K on AH. (a) IV characteristics recorded during a IV breaking series on
AH at 6 K. (b) Low-bias breaking trace. The coloured arrows indicate the location in the breaking trace at
which the IV characteristics shown in (a) are recorded.
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Figure 7.8: IV breaking series at room temperature on AH. (a) IV characteristics recorded during an IV
breaking series on AH at room temperature. (b) Low-bias breaking trace. The coloured arrow indicates the
location in the breaking trace at which the IV characteristic shown in (a) is recorded.

ROOM-TEMPERATURE CONDUCTANCE HISTOGRAMS

Both AH and AC have been extensively studied before in literature[55, 220-222] us-
ing conductance histograms. As a comparision with the published literature, Fig. 7.9
shows conductance histograms recorded on the two molecules at room temperature
in ambient conditions. Both molecules were dissolved in dichloromethane at a con-
centration of 0.1mM. For AC, tetrabutylammonium hydroxide was used to cleave of
the acetyl groups after which a drop of the molecular solution was deposited on the
sample. For AH, tetrabutylammonium hydroxide cannot be used. Instead, the sam-
ple was kept for 24h in solution for self-assembly.

Figure 7.9a shows a conductance histgram for gold exposed to solvent only. Here,
only tunnelling traces are visible. Figure 7.9b presents a histogram of AH. No clear
molecular plateaus are visible down to the noise level of our set-up. The AH his-
togram is different from the one exposed to solvent only, as it shows additional counts
over a wide range of conductance values. Inspection of the individual traces shows
that many that contributed to these counts are slanted. The histogram resembles the
one measured in literature([55, 222], although we are not able to reach the same level
of noise (1-10~8 Gy). It is interesting to note that the histogram of AH shows more
counts at high conductance levels than AC, in accordance with our low-T data. A sim-
ilar observation is also reported in a recent review paper[222] in which slanted traces
start at conductances as high as 1-1072 Gy. The existence of conductance values over
a wide range and thus the absence of a clear conductance plateau is consistent with
the gradual change of the molecular conformation and the accompagnying change
in the parameters defining the conductance, as discussed previously.

Figure 7.9c shows a histogram for AC, where clear conductance plateaus
are found around 3- 107° Gy, in agreement with the measurements shown in
literature[55, 222]. This value also matches well with the plateau in the breaking trace
shown in Fig. 7.3 that was obtained at cryogenic temperature.
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Figure 7.9: Conductance histograms at room temperature. Conductance histogram recorded on (a) bare
gold, (b) AH and (c) AC. For all three histograms the bias voltage was set to 100mV, the electrode speed
to 5nm/s. The noisefloor of our setup is around 3-10~7 Gg. The area of high counts below that value is
caused by noise and is not molecular in nature.

A.2. TWO-SITE MODEL

ANALYTICAL DERIVATION

The Hamiltonian of the two-site system (see Fig. 7.4a and b) is given by
(€0 + %aeV -7

H .
-T €0 — %aeV

(7.1)

The eigenstates of this Hamiltonian correspond to the bonding () and antibonding
(m*) orbitals, of which the energy are €; = ¢y — %A and ey =¢g + %A, where the energy
splitting A in the presence of a bias voltage is given by

A=V (aeV)2+(27)2. (7.2)

We now symmetrically couple the left and right sites to the corresponding leads in
the wide-band limit:[225, 226]

I 0 0 0
FL:(O 0), I‘Rz(o F)' (7.3)

The transmission is given by[199, 225, 226]

T (€) =Tr{I'LG" (©)TRG ()}, (7.4)
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where G’ (€) and G%(e) are the retarded and advanced Green’s functions, respectively.
The former is given by

. -1
G'(6) = el—H+%(I‘L+FR) , (7.5)

while G%(¢) = G" (¢)". Evaluating the transmission yields

(27)? (T/2)% (T'/2)?
T (€) = 5 5 > . (7.6)
(T/2)? (€—€1)?+ ([T/2)2 (e —€2)? + (I'/2)?
The current can be calculated via[199, 225, 226]
=2 (% (10— he)T© 7.7)
- h 27_[ L R )’ .

where f1 (€) and fr(e) are the Fermi functions of the left and right lead, respectively. In
the low-temperature limit, these become step functions. Distributing the bias voltage
symmetrically over the leads, i.e., yu;, =€p + %eV and ug = €p — %eV, we obtain

2

r 272 zeV—e zeV+e T (zeV—e1)” +T/2)?
=e— - —— |arctan + arctan —In . 5 +
h A%+ Ir/2 IT/2 2A (EeV+€1) +(T/2)2

Llov—¢, zeV+e) T (%eV—eg)2+(F/2)2

arctan +arctan| &=——= |- — 5 .
/2 T/2) 2A (%6V+€2) +('/2)2
(7.8)

DFT + NEGF CALCULATIONS ON AH

To validate the two-site model, we performed DFT + NEGF calculation on AH. Cal-
culations were performed using the Amsterdam Density Functional (ADF) quantum
chemistry package with the GGA PBE exchange-correlation functional and the triple-
{ plus polarization (TZP) basis-set. [202, 203]. Transmissions were calculated by cou-
pling the p.-orbitals of the sulphur atoms to wide-band electrodes with a coupling
strength of 100 meV. A bias voltage was applied to the molecule by introducing a uni-
form electric field along the axis connecting the sulphur atoms.

Figure 7.10c shows the transmission of AH for a bias voltage of 0 Vand 1 V.At0 V
the HOMO and HOMO-1 are nearly degenerate and located close to the Fermi energy
(which the calculations predict to be around -4.8 eV). The HOMO and HOMO-1 are
displayed in Fig. 7.10a and bm respectively. The HOMO and HOMO-1 peaks move
apart for increasing bias voltage, while their amplitude is reduced. This trend is more
clearly visible in a map of the transmission as a function of energy and bias voltage
(see Fig. 7.10d). The bias dependence of the energy difference A between the HOMO
and HOMO-1 is shown in Fig. 7.10e. The bias dependence follows the trend predicted
by the two-site model. Fitting Eq. 8.2 to the calculated data points yields a = 0.48 and
7=9.1 meV.

The current can be calculated by integrating the transmission (see Eq 8.6). The
red line in Fig. 7.10f shows the IV characteristic calculated using DFT+NEGE The
Fermi energy is set to be on resonance with the HOMO. This calculation takes into
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account all molecular orbitals and reproduces the observed NDC behaviour. The
dashed blue line is a fit to the two-site model, using I'=24.2 meV. Note that I in the
DFT+NEGF calculation is the coupling to the only thiol atoms, while in the two-site
model I is the coupling to one of the sites, i.e., one arm of the molecule. The two
values of I' therefore cannot be compared directly. The two-site model shows excel-
lent agreement with the DFT+NEGF calculation, demonstrating that the HOMO and
HOMO-1 dominate the current through the molecule.

HOMO :-5.042 eV HOMO-1 :-5.060 eV
) d)
Bias OV
1 5
s 2
2 €
£ 2
s Bias 1V e
— =)
[= 32
ke
-4
6 -5 4 _3 ) -5.2 -4.8
Energy (eV) Energy (eV)
e) f)
50 20
< 10
[
— Q
3 7
g 25 c 0
< g
]
S -10
* DFT calculation v ——DFT + NEGF
—2-site model ’ - - 2-site model
0 -20 : . .
0 0.05 0.1 -0.5 0 0.5
Bias voltage (V) Bias voltage (V)

Figure 7.10: DFT + NEGF calculations on AH. (a) HOMO of AH. (b) HOMO-1 of AH. (c¢) Transmission of AH
as a function of energy at a bias of 0 Vand 1 V. At zero bias, the HOMO and HOMO-1 are nearly degenerate
(at -5.05 eV), resulting in a single peak in the transmission. At finite bias voltage the peaks move apart.
(d) Map of the transmission as a function of energy and bias voltage, showing the voltage dependence of
the peak positions. (e) Energy difference A between the HOMO and HOMO-1 for increasing bias voltage,
obtained from DFT (red dots). The blue line represents a fit to the two-site model (Eq. 8.2), with @ = 0.48
and 7=9.1 meV. f, IV characteristic calculated using DFT + NEGF (solid red, I'=100 meV) and using the
two-site model (dashed blue, I'=24.2 meV.)
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ALIGNMENT WITH THE FERMI ENERGY

In the measurements shown in Fig. 7.2 and Fig. 7.3, both sites are on resonance with
the Fermi energy at zero bias. To investigate this alignment in more detail, we per-
formed additional DFT calculations.

First, to relax the geometry, we used the ADF package and connected the mole-
cule to two hollow sites of the gold electrodes. We then varied the Au-Au distance
from 17.00 to 31.00 A in steps of 0.04 A (where the Au-Au distance is defined as the
distance between the two inner Au layers). For every step, we optimized the geom-
etry of the molecule using a triple-{ plus polarization (TZP), Slater-type orbital local
basis-set and the PBE GGA functional, while keeping the gold atoms fixed. Results
were converged to energy changes of less than 1072 hartree, energy gradients of less
than 1-1072 hartree/A maximum and 6.7-10~* hartree/A RMS. The junction geome-
try with the lowest total energy is found for a Au-Au distance of 26.56 A, and is shown
in Fig. 7.11a.

To compute the transmission of the equilibrium junction geometry under bias,
we used the BAND extension of ADE in which the electrodes are taken into account
fully self-consistently[189]. For the calculation, we used a triple-{ plus polarization
(TZP), Slater-type orbital local basis-set and the LDA functional. Fig. 7.11b presents
the transmission (in black, on the left axis), with the energy relative to the Fermi en-
ergy. The HOMO/HOMO-1 are nearly degenerate and located 0.4 eV below the Fermi
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Figure 7.11: DFT calculations of AH including gold electrodes using the BAND package. (a) Relaxed
junction geometry. (b) Transmission computed using DFT + NEGE All energies are relative to the Fermi
energy. The location of the HOMO is -0.42 eV. (c) IV characteristics computed for various values of the
Fermi energy. For the black line, the Fermi energy is choosen to be on resonance with the HOMO. For the
blue, green and red line the level (mis)alignement is increased.
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energy. The first unoccupied orbital appears to be around 2.4 eV above the Fermi
energy.

To calculate the current, we applied a potential difference between the electrodes.
By intergrating the transmission for all bias points (see Eq. 8.2), we computed the
IV characteristics. Figure 7.11c shows IV characteristics for various locations of the
Fermi energy. When on resonance with the HOMO, the IV characteristic shows a clear
NDC feature. For an increasing misalingment, a gap appears, as is also sometimes
observed in the experiments (see next section).

VARIATION IN THE LEVEL ALIGNMENT

In the experimental IV characteristics recorded during the IV breaking series, some
series show IV characteristics with a gap around zero bias, i.e., a reduction of the con-
ductance. Two examples are depicted in Fig. 7.12a. We analysed statistically all the IV
breaking series showing NDC and determined the gap size. The results are presented
as a histogram in Fig. 7.12b. The gap size was estimated by determining the peak sep-
aration in the numerical derivative of the IV characteristic, as shown in the inset of
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Figure 7.12: Gap in the IV characteristics. (a) Typical IV characteristics with a gap, recorded during two
different IV breaking series probing two different junction configurations. (b) Histogram of the gap size.
Inset: Numerical derivative of the IV characteristics shown in (a). The gap size has been determined from
the voltage difference between the peaks, as indicated by the black arrows. (c) Two-site model, with the
two sites not aligned with Fermi enegy at zero bias. (d) IV characteristics calculated using expression 7.8
for different energies of the sites at zero bias. Increasing the energy difference between the Fermi energy
and the sites increases the size of the gap.
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Figure 7.13: Distance dependence of NDC. IV calculated using DFT+NEGEF for a fully bend (a) and partially
bend (b) molecule. The inset show the geometry of the molecule. (c) Distance dependence of 7. (d)
Distance dependence of @. The two dashed lines indicate at which distances the IVs shown in (a) and (b)
have been calculated.

Fig. 7.12b. From Fig. 7.12b, we find that the two sites are preferably (in almost half of
the series) on resonance with the Fermi energy at zero bias (no gap in the IV charac-
teristics). In the other half, a gap is visible, which can be as large as 600 mV. Such a gap
corresponds to a misalignment of the two sites by about 225 meV with respect to the
Fermi energy of the electrodes, assuming «a is 0.5 and the molecule is symmetrically
coupled to the electrodes (see Fig. 7.12c). Figure 7.12d shows IVs calculated using
eq. 7.8 for different level alignments, with a gap visible for a misalignment Ey — E¢
comparable to or large thanT'.

DISTANCE DEPENDENCE

In the experimental data (see Fig. 7.5), the current at the NDC peak decreases with in-
creasing distance, whereas the peak position remains nearly the same. In the model,
the decrease in current can be accounted for by including a distance dependence of
the parameters 7, a and I'. In the following each of these parameters will be investi-
gated.

We first performed DFT calculations in gas phase for increasing S-S distance, in
which we fixed the S-S distance while letting the molecule relax. The S-S distance
was increased in steps of 0.04 A. Figure 7.13a and Fig. 7.13b show an IV calculated for
a S-S distance of 16.0 A and 24.4 A respectively. The insets illustrate the molecular
conformation. In both cases NDC is visible. As in Fig. 7.10e, the energy difference be-
tween the HOMO and HOMO-1 was fitted to Eq. 8.2 to extract 7 (see Fig. 7.13c) and «



A. APPENDIX 99

a) b)

16.6 A 28.0A
Q d)
15 1.5
>
KA J
E $ 1 -~
£ 2 b
5 3 g s £
‘;‘ 0.5 Fi u‘o: ..’\o.
> of =
= ..—-\. o b % .
:Cj 0 ._’”_,/-"..
-0.5
20 25 30 20 25 30
Electrode spacing (A) Electrode spacing (A)
. - D 100
10 —16.60A 1
—18.40A
——20.20A 80
c 22.00A ~
S 1072 23.80A >
a 25.60A £ 60
£ —27.40A © T
2 —29.20A € 40
€ 10 ‘ 5
= ]
20
10 o
-6 -5 -4 -3 -2 18 20 22 24 26 28
Energy (eV) Electrode spacing (A)

Figure 7.14: Distance dependence of I'. a,b, Two junction geometries. (c) Energy change during stretch-
ing. All values are with respect to the minimum in energy. (d) Calculated force during stretching. (e)
Transmission for various distances (f) Estimation of I for various distances.

(see Fig. 7.13d). We find that, upon bending of the molecule, 7 increases for decreas-
ing S-S distance. On the other hand, a remains almost unaffected upon bending

(around 10% change).

The distance dependence of T is less straightforward to obtain. As an estimate,
we performed DFT + NEGF calculations of the molecule connected to two gold elec-
trodes for various distances. We used a triple-{ plus polarization (TZP), Slater-type
orbital local basis-set and the PBE GGA functional. The molecule was connected to
the hollow sites of two electrodes, consisting of 3 layers of 4x4 atoms. The geome-
try was converged to energy changes of less than 1073 hartree, energy gradients of
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less than 1-1073 hartree/A maximum and 6.7 - 10~ hartree/A RMS. Starting from a
bend geometry with the distance between the two inner gold layers fixed at 16.60 A
we inceased the electrode separation in steps of 0.12 A while letting the molecule (in-
cluding the S-atoms) relax.

Two junction geometries are shown in Fig. 7.14a and Fig. 7.14b. Figure 7.14c and
d present the energy and force, respectively, during the strechting. The force required
to bend the molecule is well below the breaking force of the gold-sulfur bond (around
1 nN), which occurs at 30.5 A.

Figure 7.14e presents the transmission upon increase of the electrode separa-
tion using wide band limit electrodes coupled to the most outer gold layer. To es-
timate I', we extracted the peak width of the HOMO and HOMO-1 by fitting it with
a Lorentzian. However, as the peak is not symmetric, we used the right side of the
peak only. The estimated I is shown in Fig. 7.14f. We find that I" remains fairly con-
stant. This can be understood from the fact that AH is a flexible molecule. It can
easily bend, and therefore the S-Au does not significantly change upon bending.

From the calculations we find that I' and «, remain fairly constant upon bending
of the molecule. 7, on the other hand, is strongly affected. The change in T may be the
origin of the gradual decrease of the junction conductance for increasing electrode
separation.

ASYMMETRIC MOLECULES : RECTIFICATION

As mentioned previously, introducing an asymmetry in the molecule can shift the
two sites apart, significantly changing the behaviour of the device. For example, if at
zero bias the left site is higher in energy than the right site (see Fig. 7.15a), a negative
bias voltage will only pull them further apart. They will therefore never be on reso-
nance and the current remains low. At positive bias, on the other hand, they move
into resonance, increasing the current until the bias is so large that they are pulled
off resonance again, resulting in a peak in the current. This difference in behaviour
at positive and negative bias means that such a junction functions works as a rectifier,
where, in this case, the left site acts as a donor and the right as an acceptor. To con-
firm this rectifying concept, we performed DFT + NEGF calculations on an asymmet-
ric AH derivative (see Fig. 7.15b), in which three of the hydrogen atoms on the right
side of the dihydro-anthacene core have been replaced with electronegative cyano
groups. The HOMO and HOMO-1 (see Fig. 7.15c) are located on the left and right
side of the molecule respectively, with a zero-bias energy difference of 445 meV. Fig-
ure 7.15d shows the calculated IV characteristic of the asymmetric molecule, clearly
displaying diode-like behavior with a rectification ratio of almost 400.

The calculations were performed using the same settings as in section A.2.2. The
bias voltage is applied by introducing a uniform electric field along the axis connect-
ing the sulphur atoms. Transmissions are calculated by coupling the p;-orbitals of
the sulphur atoms to wide-band electrodes with a coupling strength of 100 meV. The
HOMO is taken to be resonant with the Fermi energy. The maximum current occurs
at 0.89 V. This about twice the energy splitting between the HOMO and HOMO-1 as
about half of the voltage drop occurs in the molecule.

The device performance (operating voltage and rectification ratio) can be in-
creased even more by tuning the model parameters ez, eg, I' an 7. In general, the oper-
ating voltage is directly proportional to the energy difference between the two sites at
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Figure 7.15: Design for a single-molecule rectifier. a, Two-site diagram in which the right site has a lower
energy than the left one. b, Modified AH molecule, in which three of the hydrogen atoms on the right
side of the anthracene core have been replaced by cyano groups. ¢, HOMO and HOMO-1 of the molecule
in b, located on the left and right side of the molecule, respectively. The addition of the cyano groups
has introduced an asymmetry in the wave functions and increased the energy difference between the two
orbitals to 445 meV. At zero bias, the HOMO acts as a donor and the HOMO-1 as an acceptor, making this
junction device a rectifier. d, IV characteristic of the molecule in b calculated using DFT+NEGF plotted on
a linear scale (main) and logarithmic scale (inset).

zero bias, and can be tuned by adding electronegative/electropositive groups to the
AH core. The rectification ratio is dependent on I' and 7. We found that, the smaller
I', the larger the rectification ratio is. The same holds for 7, the smaller the coupling
between the halves of the molecule, the larger the rectification ratio. By keeping this
in mind, molecules with much higher rectification ratios can be designed.

A.3. MOLECULAR DYNAMICS

SIMULATION DETAILS

Molecular dynamics (MD) simulations were performed to understand the mechani-
cal behavior of the molecules during the extension and contraction of the junction.
These simulations were based on the classical MM3[227] force field as implemented
in the Tinker package[228]. The parameters describing the gold atoms, the gold-
sulfur bond and the gold-sulfur-carbon bending angle were adapted from the reac-
tive force field ReaxFF[229]. The dihedral force constants involving gold atoms were
all set to zero. Additionally, the dihedral force constant of the rotation around a sp,-
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Figure 7.16: Breaking process on AC using molecular dynamics simulations. The figure shows a few
frames obtained during breaking.

sp3 carbon bond have been modified such that the bending energy of AH obtained
with the classical force field was comparable with the one obtained from DFT calcu-
lations.

During the extension simulation, the molecule was initially anchored in a bridge
site between two gold atoms. The electrodes were then taken apart in steps of 0.5 A
and the geometry of the molecule was fully relaxed. During this energy minimiza-
tion, the gold atoms were fixed at their positions. A partially reactive approach was
then adopted to simulate the hopping of the molecule between different anchoring
sites. At each elongation step the mechanical stress of the molecule was computed
as its total potential energy in its current conformation in the junction minus its fully
relaxed one. If this stress energy was larger than a given threshold, a conformational
search was performed. During this search, different anchoring sites, located in the
vicinity of the current one, were considered. The molecule was then sequentially
anchored to each potential new site and its geometry was then relaxed. The geome-
try leading to the lowest potential energy was then kept in the following simulation
steps. At the exception of the last anchoring site located on top of the end atom of
each electrode, only bridge anchoring sites were considered during the conforma-
tional search. The threshold stress energy required to change the anchoring of the
molecule was consequently set to the energy barrier between two bridge anchoring
sites, for which we used 0.19 eV[230], minus the thermal energy at room temperature.
If no suitable anchoring sites were found during the search, and if the stress energy
was larger than the binding energy of the molecule to the gold atoms, i.e. 1.0 eV for a
top-site[230], the molecule was detached from one electrode.

The simulations of the contraction of the junction were performed in a similar
fashion, bringing the electrodes closer to each other at each simulation step. Com-
pared to a full DFT calculation of the mechanical elongation of the junction[231],
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Figure 7.17: Breaking process on AH using molecular dynamics simulations. The figure shows a few
frames obtained during breaking.
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the method outlined above is computationally inexpensive and can therefore be em-
ployed to statistically sample the behavior of the molecule in the junction.

RESULTS

We performed molecular dynamics (MD) simulations for both molecules. Figure 7.16
shows five frames of the breaking process of a junction containing AC. The frames
show that AC remains planar during the breaking process.

Figure 7.17 presents a breaking trace on AH. In contrast to AC, AH bends and
the conformation of the molecule in the junction will adapt itself to variations in the
electrode distance. It also shows a gradual evolution from a bent geometry to a more
planar configuration for larger separations (frames 45-55).







A SINGLE-MOLECULE RESONANT
TUNNELING DIODE

A THEORETICAL PROPOSAL

Rectification has been at the foundation of molecular electronics. Most single-
molecule diodes realized expimentally so far are based on asymmetries in the cou-
pling with the electrodes or using the donor-acceptor principle. In general, however,
their rectification ratios are usually small (<10). Here, we propose a single-molecule
diode based on an orbital resonance, while using the highest occupied molecular or-
bital (HOMO) and HOMO-1 as transport channels. Our proposed diode design is based
on an asymmetric two-site model, and analyzed with DFT + NEGF calculations. We
find high rectification ratios, even in the case of symmetric coupling to the electrodes.
In addition, we show that diode parameters such as the operating voltage and the rec-
tification ratio can be tuned by chemical design.

Parts of this chapter have been published in Journal of Physical Chemistry C, 119, 5697-5702 (2015) [115].
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1. INTRODUCTION

The molecular diode is the seminal device which started the field of single-molecule
electronics[1] , with the original design inspired by semi-conducting pn-junctions.
As one side of the molecule was electron rich and the other electron poor, one
current direction was favored above the other. Since that proposal, other theo-
retical predictions and models have been proposed based on other mechanisms
such as asymmetric tunneling barriers[232, 233] or asymmetric charging[234]. From
an experimental point of view, rectification ratios (current ratio between the for-
ward and reverse bias) as high as 100 have been reported in measurements on self-
assembled monolayers[235]. On the single-molecule scale, however, this figure of
merit has not exceeded 10, whether rectification was based on asymmetries in the
coupling to the electrodes[67, 70], quantum interference[68], or the donor-acceptor
principle[30, 62, 224, 236].

In this paper, we present a design for single-molecule diodes based on orbital
resonances and demonstrate that this mechanism leads to large rectification ratios.
Using density functional theory (DFT) and the non-equilibrium Green’s function
(NEGF) formalism, we investigate how different electron withdrawing and donating
substituents alter the current voltage characteristics. Finally, we demonstrate that for
an appropriate choice of substituents, unprecedented rectification ratios above 1000
may be achieved.

The diode mechanism we propose is based on intra-molecular coherent resonant
transport, in contrast to the Aviram-Ratner rectifier[1], where charge transport is vi-
brationally assisted. We use a molecule that consists of two conjugated parts that
are coupled together through a non-conjugated linker. Due to the non-conjugated
linker, the molecule can be seen as two weakly-coupled sites in series. In such a
system, resonant transport occurs only when the energy of the two sites is equal. A
similar concept has been used recently to generate negative differential conductance
(NDQ) in a single-molecule junction[34]. The origin of the NDC is explained as fol-
lows: at zero bias, the two sites were at equal energy and resonant charge transport
occurred. By applying a bias voltage, the energy of the sites were shifted apart, and
the resonance condition was lifted, thereby suppr‘essing transport.

When an asymmetry is introduced in such a molecular structure, for instance by
adding electron withdrawing or donating groups on one side, the energy of the sites
becomes different, and the resonance condition between the two halves of the mole-
cule can then only be reached by shifting the energy of the sites with respect to each
other. This shift can be achieved for instance by using Stark shifts induced by a bias
voltage. However, as the resonant condition can only be reached for a particular bias
polarity, the anti-symmetry of the current-voltage characteristics is lifted, and the
molecule behaves as a diode.

The diode mechanism is schematically depicted in Fig. 8.1. At zero bias (see
Fig. 8.1a), the left site is at energy €;, while the right one is at €,. As the zero-bias
energy splitting (€; - €») is non-zero, this leads to a low zero-bias conductance. In
the model, I'; g accounts for the electronic coupling of the left (L) and right (R) site
to the corresponding electrode. Upon application of a positive bias, the two sites
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Figure 8.1: Diode mechanism. Schematics illustrating charge transport in an asymmetric molecule in the
case of (a) zero bias, (b) forward bias on resonance, (c) reverse bias. €1, are the on-site energies, 7 the
inter-site coupling, and «a the fraction of the voltage that drops inside the molecule.

are pulled towards each other as a result of a bias-induced Stark Shift, until they
reach a resonant condition at a bias voltage of V), = (¢; —€2)/a, where a describes
the fraction of the voltage that drops inside the molecule. It is important to realize
that the voltage drop inside the molecule is essential for the rectification mechanism.
Upon approaching the resonance condition, the conductance drastically increases
(see Fig. 8.1b). For larger bias, the sites are pulled off-resonance again, and the con-
ductance decreases. Therefore, a peak in the current at a bias voltage of V), is ex-
pected. For negative bias, the sites are increasingly pulled away from each other, and
the conductance remains low for all voltages (see Fig. 8.1c).

The transport properties of such an asymmetric two-site system can be described
using the following Hamiltonian

€1+ %aeV -T

. 8.1
-7 €9 — %aeV @1

=

The eigenstates of this Hamiltonian correspond to the bonding () and antibond-

ing (m*) orbitals where their energy splitting A in the presence of a bias voltage is
given by

A= \/(aeV)2 +2aeV(e; —€2) + (€1 —€2)% + (27)2. 8.2)

We now symmetrically couple the left and right sites to the corresponding leads in
the wide-band limit[225, 226]:

r o 0 0
FL—(O 0), FR—(O F)' (8.3)
The transmission is given by[199, 225, 226]
T (e) =Tr{I'LG" (©)TrG“(6)}, (8.4)

where G” (€) and G“(¢) are the retarded and advanced Green'’s functions, respectively.
The former is given by

. -1
G (c) = el—H+%(I‘L+FR) , 8.5)
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while G%(e) = G” (¢)'. The current can be calculated via[199, 225, 226]

de

===
n 271(

fe) - frle)) T (e), (8.6)

where fi,(e) and fr(€) are the Fermi functions of the left and right lead, respectively.

2. DESIGN GUIDELINES

As noted above, charge transport through a molecule consisting of two conjugated
parts that are weakly coupled should follow the behavior of the two-site model de-
scribed above (see discussion Fig. 8.1). The weak coupling between sites can for ex-
ample be realized either by introducing a twisted biphenyl moiety[61, 63] or a satu-
rated (Csp3) carbon chain[1]. The former method has the drawback that the degree of
conjugation (and thus the conductance) throughout the molecule strongly depends
on the torsion angle between the phenyl rings. As a result, the inter-site coupling
7 may vary as well, rendering the diode performance very sensitive to the molecu-
lar conformation. When using the latter method, one has to keep in mind that the
more saturated carbon atoms are connected in series to form the non-conjugated
segment, the lower 7 becomes. Although this increases the rectification ratio (see
section A.2), the decrease in 7 is accompanied by a decrease in the maximum elastic
current flowing through the molecule down to a negligible value, where only inelas-
tic contributions to the current remain[1]. Another way to create a weak coupling is
to use cross-conjugation([55, 93].

Next to the formation of two weakly-coupled halves, the molecule should fulfill
additional requirements. We now list some of them. First, transport through the
molecule should be dominated by the HOMO and HOMO-1, as their splitting can
be tuned more easily compared to for instance the HOMO and LUMO. This can be
achieved by using a symmetric backbone in combination with a weak inter-site cou-
pling. This promotes the formation of bonding/anti-bonding orbitals for the HOMO-
1 and HOMO, which are closely located in energy and can be used for transport. Sec-
ond, the molecule should not be too large, to prevent the HOMO-2 and lower lying
orbitals from being located so close to the HOMO and HOMO-1 that they also sig-
nificantly contribute to transport. In that case, the two-site approximation ceases to
hold and a parallel transport channel opens up. Third, a proper choice for the an-
choring groups has to be made. Next to determining the electronic coupling and the
level alignment[71], they also influence how the voltage drops inside the molecule
(see section A.3). In addition, the anchoring groups also modify the wave function of
the HOMO and HOMO-1 and hence the inter-site coupling 7. Fourth, electron with-
drawing/donating groups need to be added to the molecule in an asymmetric way,
such that one of the halves is lowered or shifted up in energy. Finally, as we will show
in the following, the HOMO should be located as close as possible to the Fermi en-
ergy for the highest rectification ratio.

Taking all the above-mentioned considerations into account, we choose mole-
cules which are comparable in chemical structure to the one used by Perrin et al.
[34], and with comparable values for @« and 7. To break the conjugation, we use
diphenylethane (see Fig. 8.2a), to which phenylethynyl spacers are connected[237].
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Figure 8.2: DFT + NEGF calculation on proposed diode molecule. (a) Chemical structure of 1,2-bis(4-
(phenylethynyl)phenyl)ethane. In green the conjugated parts of the molecule, in red the non-conjugated
ones. (b) Transmission for various bias voltages. The dashed line indicates the assumed position of the
Fermi energy. The inset shows the energy difference between the HOMO and HOMO-1 (A) as a function
of bias voltage. The fit parameters are @=0.55, 7=10.9 meV and €] —e2=329 meV. (c) IV characteristic calcu-
lated using DFT + NEGF (solid red, '=100 meV) and using the two-site model (dashed blue, I'=29.0 meV.).
(d) HOMO and HOMO-1 in case of a bias voltage of (upper panel) 0V, (center panel) V), and (lower panel)
~Vp.

Thiols are used as anchoring group, as they favor holes transport[78]. For the sym-
metric, unsubstituted molecule we find that transport can indead be modeled as
two-sites in series, and that a pronounced NDC feature arises, see section A.1. The
asymmetry in the molecule is initially introduced by adding four fluorine atoms to
the right half of the molecule.

3. RESULTS

To investigate the electronic structure of the molecule, density functional theory
(DFT) calculations were performed. Transmissions were calculated from DFT within
the non-equilibrium Green’s function (NEGF) framework by coupling the p,-orbitals
of the sulfur atoms to wide-band electrodes[34, 238] with a coupling strength of
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100 meV. A bias voltage was applied to the molecule by introducing a uniform electric
field along the axis connecting the sulfur atoms.

In Fig. 8.2b the transmission through the molecule is plotted. For now, we assume
that at zero bias the HOMO is on resonance with the Fermi energy Er. The HOMO-
1 is in this case located 0.33 eV below it. The amplitudes of the transmission peaks
corresponding to the HOMO and HOMO-1 resonances are less than 1-1072G,. The
HOMO-2 (located more than 1 eV away) and the lowest unoccupied molecular orbital
(LUMO, 2.3 eV above EF) are too far from the Fermi energy and do not contribute to
transport. The upper panel of Fig. 8.2d shows the HOMO and HOMO-1 at zero bias,
each of which is localized on one half of the molecule. Due to their localized charac-
ter, their transmission remains low, which is reflected in the current-voltage charac-
teristic (IV) plotted in Fig. 8.2c. Upon application of a bias, the HOMO and HOMO-1
shift due to the Stark effect. The inset of Fig. 8.2b displays the energy splitting of
the HOMO and HOMO-1, denoted as A, accompanied by a fit to equation 8.2, from
which the two-site model parameters a, 7 and €; —e€» are obtained. For an increasing
positive bias, A initially decreases linearly until it reaches a minimum at V), which
is located at 0.59 V. At V), the HOMO and HOMO-1 are delocalized (see the center
panel of Fig. 8.2d ), and fully extended across the entire molecule. This delocaliza-
tion causes the amplitude of the resonances to increase to unity. The transmission
shows a single resonance, as the HOMO and HOMO-1 are nearly degenerate, with
A << Ty g. The current also increases and shows a maximum at V,,. When increasing
the bias beyond V), A increases and the amplitude of the transmission decreases,
resulting in a decrease of the current. For negative bias, the orbitals remain local-
ized and A increases linearly with bias voltage. As the amplitude of the transmission
resonances stays below 1 - 102Gy, the current remains low.

The DFT + NEGF calculation show that this molecule behaves as a diode. Impor-
tant characteristics of this rectifier are the peak voltage (V}), and the current ratio
between forward and reverse bias. As definition for the rectification ratio (RR), we
use the ratio between the current at V, and -V),. For the molecule of Fig. 8.1a we ob-
tain RR = 820. Using the values for a, T and €; — €, obtained in the inset of Fig. 8.2b,
we can calculate the current-voltage characteristic predicted by the two-site model
using expression 8.6, as illustrated by the blue dashed line. The two-site model repro-
duces the DFT + NEGF calculation well, indicating the two-site model can be used to
describe the molecule.

To investigate the role of the side groups on RR and V), we calculated the elec-
tronic structure and IV-characteristics for nine different functional groups, (CHs, H,
OCHjs, Br, Cl, CF3, NO2, CN). We varied the side groups of both halves of the mole-
cule, resulting in 45 different molecules (see Fig. 8.3a). For each molecule we ex-
tracted RR and V), assuming the HOMO to be on resonance with the Fermi energy
at V=0. Figure 8.3b shows a matrix for the 45 different molecule, with the color scale
representing V. The side groups have been sorted as a function of V), with on the
left side hydrogen atoms (R'=H), see the highlighted row. On the diagonal, the mole-
cules are symmetric and NDC is observed. As one moves away from the diagonal, the
molecule behaves as a rectifier and the absolute value of the peak voltage increases.
The matrix is anti-symmetric, as swapping the left and right side groups leads to the
same peak at opposite voltage. In Fig. 8.3c, V), is plotted as a function of the energy
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Figure 8.3: DFT + NEGF calculation upon variation of the functional groups. (a) Chemical structure of
all the molecules calculated. In green the conjugated halves of the molecule, in red the non-conjugated
segment. (b) Peak voltage of all the 45 combinations of molecules. (c) Peak voltage as a function of level
splitting €] - €2 (red dots). The blue line is a fit to extract the value of a, which is 0.53. (d) Rectification
ratio as a function of level splitting €] - €3.

splitting. The peak voltage V), scales linearly with €, - €>. By linearly fitting the data,
we obtain a value for a of 0.53. The fact that «a is very similar for all the combina-
tion of side-groups indicates that « is related to the backbone, and/or the anchor-
ing groups, and not to the side-groups. In addition, the total level splitting obtained
when combining two side-groups is close to the sum of the energy splitting of the in-
dividual side-groups, i.e. one can estimate within 50 meV (see section A.5 for more
details) the splitting of a combination of side-groups by adding the level splittings
obtained from the highlighted row. The fact that one can simply add the individual
level splitting is due to the weak coupling between the two halves of the molecule. In
section A.6, we show that in fact the level splitting scales linearly with the Hammett
constant.

In Fig. 8.3d, RR is plotted as a function of €] - €2. RR is low for small €; - €3, and
increases to a maximum of about 1500 at an energy splitting of around 0.6 eV. For
larger splitting, RR decreases again. This trend can be understood as follows. For low
energy splitting, the tail of the transmissions of the two sites feel each other, leading
to a relatively high reverse bias current, and hence a low RR. Increasing €; - €2 up to
0.6 eV reduces this parasitic current in reverse bias mode, and hence improves RR.
For €, - €, larger than 0.6 eV, however, additional orbitals start to come into play, in-
creasing the reverse current and reducing RR.
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In the previous analysis, we took the HOMO to be on resonance with the Fermi
energy. From a theoretical point-of view, predicting the exact location of the Fermi
energy is very difficult. In Fig. 8.4 we show the diode characteristics for increasing
level misalignment between the HOMO and ef. Figure 8.4a and Fig. 8.4b present the
I(V)-characteristics for various level alignments. In Fig. 8.4c and Fig. 8.4d RR and
the peak voltage are given. Both remain fairly constant within 150 meV at a value
of about 800 and 0.6 V, respectively. For misalignments beyond this bias voltage, RR
quickly decays and reaches the value 10 at around 400 meV. The peak voltage, on the
other hand, nearly linearly increases up to 0.95 V. For conjugated, thiol-anchored
molecular wires, the location of the HOMO is reported to be within 0.5 eV below
the Fermi energy[57]. Due to sample-to-sample variation of the level alignment, RR
can therefore vary from below 10 to above 100. To realize high rectification ratios in
experiments, the use of an electrostatic[21, 43, 56, 81] or chemical gate[69, 136] to
control the position of the occupied levels with respect to the Fermi energy may be
necessary. Next to variations in the level alignment, different molecular geometries
may occur during experiments, leading to variations in 7 and I', and hence variations
in RR.
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Figure 8.4: Dependence of diode characteristics on level alignment. I(V)-characteristics calculated using
DFT + NEGEF for various level alignment shown on (a) linear scale and (b) logarithmic scale. (c) Rectifica-
tion ratio and (d) peak voltage dependence on the level alignment.
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4, DISCUSSION

We would like to emphasize that the fact that the peak voltage can be tuned from mil-
liVolts to Volts is due to the symmetry of the backbone of the unsubstituted molecule.
This symmetry is crucial as it yields a HOMO-1 and HOMO that are nearly degener-
ate and with bonding/anti-bonding character. The splitting between the two orbitals
can then easily be changed by introducing electron donating/withdrawing groups
and allows for fine tuning of the diode properties.

In the DFT + NEGF calculations, the charge is injected into the p;-orbtials of the
sulphur atoms. Although the 7-orbitals constitute the largest contribution to the cur-
rent through the molecule[238], this approach underestimates the contribution of
the o-orbitals and, hence, slightly overestimates the RR.

In our analysis, we used nine side-groups. In fact, many more could be used, as
long as they have electron withdrawing/donating properties. However, one has to
make sure that the HOMO and HOMO-1 of the resulting molecule are the ones origi-
nating from the two-site structure and yielding rectification. Some substituents, such
as OH, COOH, NH, and C(CH3s)3, have a HOMO and/or HOMO-1 which is located on
the side-groups only and does not contribute to transport. Such substituents are not
suited, as one has first to depopulate the localized HOMO and/or the HOMO-1 in or-
der to align the orbitals yielding the rectification with the Fermi energy.

Finally, we note that RR can be improved further by tweaking I" and 7. As a rule
of thumb, the lower I" and 7, the higher RR becomes (see section II and IV of the
Supporting Information), but also the lower the maximum current. RR can be fur-
ther improved using molecules with the orbitals further apart, thereby reducing the
current in reverse bias mode. Another way to suppress the current in reverse bias
mode may be to use destructive quantum interference[92]. Other approaches, such
as asymmetries in the anchoring groups could also be envisioned.

5. CONCLUSION

In conclusion, we discussed the design of a single-molecule resonant tunneling diode
of which the operation is based on an intuitive two-site model. The proposed mole-
cule consists of two weakly coupled molecular halves and allows to generate high
rectification ratios. Using DFT + NEGF calculations, we explore the different model
parameters and relate them to the chemical structure of the molecule. We find that,
due to the weak coupling between the two halves of the molecule, the peak voltage
and rectification ratio can be tuned by chemically modifying the molecule. Our find-
ings provide design guide-lines for highly efficient single-molecule rectifiers.
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A. APPENDIX

A.1. SYMMETRIC MOLECULE

The basis of the diode molecule presented in Fig. 8.2 is the two-site model reported
by Perrin et al.[34], which was utilized to generate pronounced negative differential
conductance (NDC) in a single molecule. Here we introduced an asymmetry in the
site energy to obtain rectification. To verify that the molecule designed indeed be-
haves as two sites in series, we performed additional DFT + NEGF on the symmetric
molecule, i.e., with only hydrogen as functional groups. The results are presented
in Fig. 8.5. Figure 8.5a shows the chemical structure of the molecule. In Fig. 8.5b
we present the localized molecular orbitals, which are obtain by performing a ba-
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Figure 8.5: Symmetric molecule. (a) Chemical structure of 1,2-bis(4-(phenylethynyl)phenyl)ethane. In
green the conjugated parts of the molecule, in red the non-conjugated ones. In contrast to the molecule
shown in Fig. 8.2, this molecule is symmetric. (b) The left and right localized molecular orbital obtained by
taking the sum and the difference of the HOMO and HOMO-1. (c) Since the LMOs are each located on one
side of the molecule, the junction can be modelled by two sites, left and right, coupled by 7 = 16.4 meV. The
sites are coupled to the leads by I'. In the strong-coupling regime (I' > 1), transport through the molecule
is coherent. Due to the symmetry of the molecule, the two sites, at e, and €, are in resonance at zero
bias (upper panel), and the conductance is high. Upon application of a bias (lower panel), the sites are
pulled off resonance by aeV, where «a is the fraction of the voltage drop occurring inside the molecule.
Although 7 does not change significantly as a function of bias voltage, the off-resonance condition leads
to a reduction of the elastic transport through the molecule, lowering the conductance of the junction.
(d) Calculated IV characteristic using DFT + NEGF in red. The dashed blue line is a fit to the analytical
expression for the two-site model. The fit parameters are 7=16.4 meV, @=0.53 and I'=19.7 meV
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sis transformation from the molecular orbitals basis to the left/right site basis. Each
LMO is located on one halve of the molecule, as expected for a two-site system. Fig-
ure 8.5¢ illustrates schematically the two-site model. At zero bias, the site are at the
same energy €g. The sites are coupled to each other by 7, and to the left and right lead
by I'z and I'g, respectively. The sites are on resonance and the conductance is high.
Upon application of a bias a fraction a of the applied voltage drops inside the mole-
cule, pulling the two sites apart. This level shift lifts the resonance condition and
causes the conductance to drop for increasing voltage. Figure 8.5d presents an I(V)-
characteristic (red line) calculated using DFT + NEGF on the molecule of Fig. 8.5a.
Here, a pronounced NDC is observed. The I(V)-characteristic can be fitted to the an-
alytical expression of the two-site model (see dashed blue line), and reproduces well
the DFT + NEGF calculation.

A.2. INCREASING BRIDGE LENGTH

Here, we choose as a weak coupling between the two halves of the molecule 2 satu-
rated carbon atoms, as this yields a value for T which is similar to the one reported
by Perrin et al.[34]. In Fig. 8.6 we explore the role of the number of saturated carbon
atoms. We varied the number of saturated carbon atoms from 0 to 3, see Fig. 8.6a
for the molecular geometries. In Fig. 8.6b the dependence of 7 is plotted, which
shows a significant decrease of 7 upon increases up the number of saturated carbon
atom. The rectification ratio, on the other hand, increases drastically, as is visible in
Fig. 8.6¢c. Previous experimental reports[30, 224] have not exceed RR of 10. This can
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Figure 8.6: DFT + NEGF calculations for increasing length non-conjugated segment. (a) Molecular ge-
ometries. (b) Value of 7 and (¢) RR for an increasing number of Csp3-atoms.




116 A. APPENDIX

be understood considering the fact that the molecules used in such experiments had
no Csp? atoms, yielding a high values for 7 and hence a low RR.

A.3. A DIFFERENT ANCHORING GROUP

In Fig. 8.3c, we see that the value of a is mostly unaffected by the addition of func-
tional groups to the molecule. To investigate the role of the anchoring groups in the
voltage drop, we calculated the peak voltage, rectification ratio and the level splitting
for the same combination of functional groups as in Fig. 8.3, but without the thi-
ols anchoring groups. The current is now injected directly into the p, orbitals of the
outer most carbon atoms. Figure 8.7a presents the chemical structure of the mole-
cule. Figure 8.7b shows the peak voltage. In Fig. 8.7c we show the relation between
the peak voltage and the level splitting. Here, as in Fig. 8.3, the peak voltage scales lin-
early with the level splitting. By linearly fitting the data points, we obtain a value for
a of 0.42. This is lower than the 0.53 reported previously for the thiol anchored mole-
cule, suggesting the anchoring groups influence the voltage drop inside the mole-
cule. Figure 8.7d shows RR as a function of level splitting. Here a similar trend is
found as in Fig. 8.3. RR starts low for low splitting and increases for increasing split-
ting, and reaches a maximum of about 1500 around 0.5eV. For large splittings, RR
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Figure 8.7: DFT + NEGF calculations for benzene anchoring groups. (a) Chemical structure of all the
molecules calculated. In green the conjugated halves of the molecule, in red the non-conjugated segment.
In contrast to the molecule shown in Fig. 8.2, this molecule has no thiol anchoring group. (b), Peak voltage
of all the 100 combinations of molecules. (c), Peak voltage as a function of level splitting €] - €2 (red dots).
The blue line is a fit to extract the value of «, which is 0.42. (d), Rectification ratio as a function of level
splitting €7 - €3.
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Rectification Ratio

Figure 8.8: Recification ratio for varying electronic coupling to the left (I';) and right contact (I'g).

decreases again. Hence, RR is mostly determined by the level splitting. Next to that,
the peak voltage can be varied by using different anchoring groups.

A.4.T VARIATION

Until now, we chose for the DFT + NEGF calculation a fixed value of 'y and T'p of
100 meV. Here, we investigate the influence of those two couplings on the rectifica-
tion ratio. Figure 8.8 presents RR for varying values of I'; and I'z. Upon a symmetric
decrease of I';, and I'g, RR increases from about 800 from 100 meV to about 2200 for
10 meV. When applying a asymmetry in the electronic coupling, RR can enhanced
even further in the case of I'; < T'p or reduced for I'; > T'p.

A.5. ERROR ESTIMATING LEVEL SPLITTING €] — €2

Here, we investigate how accurately the level splitting €; — €2 of two different side
groups can be estimated based on the level splitting of the groups individually. Fig-
ure 8.9a shows the molecule with on one side hydrogren atoms, and the other side
the functional groups. For those 10 molecules, we obtain the level splittings shown
in Fig. 8.9b. We then compare the sum of the individual level splittings with the ones
obtained from DFT for all combinations of side groups. Figure 8.9c shows the differ-
ence between the two. For most groups the error remains within 20 meV and only a
few reach not more than 50 meV.

A.6. HAMMETT CONSTANT

Figure 8.10 presents the Hammett constant (0 para) versus the level splitting €; -
€2. The Hammett constant[239] is a chemical constant which describes the reac-
tion rates of aromatic reactants with different subsituents. As all rate are compared
to hydrogen, an aromatic moiety with hydrogen atoms has by definition a 0 p4ra
of zero. The reaction rates, in turn, determine whether substituents are electron-
withdrawing, of electron-donating. Electronegative substituents have a positive
value of 0 p4rq), while electropositive substituents have a negative value. Figure 8.10
shows that the level splitting scales nicely linear with the Hammett constant, sup-
porting the fact that the shift in the energy of the halves of the molecule is indeed
caused by the electronegative/electropositive character of the substituents.
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Figure 8.9: Error estimation for level splitting €] - €2. (a) Chemical structure of the molecules with on
the left side hydrogen atoms only. (b) Level splitting induced by all the side-groups. (c) Energy difference
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Figure 8.10: Level splitting €] - €2 as a function of the Hammett constant 0 p4rq. The blue dots are
otained from the DFT + NEGF calcuations. The red line presents a linear fit, from which a slope of 0.91 is
obtained.



A GATE-TUNABLE
SINGLE-MOLECULE DIODE WITH
HIGH RECTIFICATION RATIOS

In the pursuit of down-sizing electronic components, the ultimate limit is the use of
single molecules as functional devices. The first theoretical proposal of such a device
is the seminal Aviram-Ratner rectifier that was predicted more than four decades ago.
However, the experimental realization of single-molecule rectifiers has proven to be
challenging and the devices performances, in particular the rectification ratios, are
usually rather poor. In this work, we report on the experimental realization of a new
mechanism for rectification in single molecules devices, with unprecedented rectifica-
tion ratios as high as 600. The mechanism is based on intra-molecular resonant trans-
port and relies on the presence of two conjugated molecular halves that are weakly
coupled through a saturated linker. Moreover, in our devices, the presence of a gate
electrode allows for tuning of the rectification ratio. The observed gate dependence
demonstrates that the proposed rectification mechanism is operative in the molecule.

Parts of this chapter are part of a forthcoming publication.
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1. INTRODUCTION

The theoretical design of the first molecular rectifier marked the birth of the field of
single-molecule electronics[1]. Since that proposal, many other mechanisms leading
to rectification have been explored[12, 232-234]. However, due to experimental lim-
itations, it was not until 2005 that the first single-molecule rectifier was realized[30],
albeit with a low rectification ratio (RR) of 10. Since then, many more realizations
have been proposed and realized [62, 67, 68, 70, 224, 236], most of them possessing
relatively poor rectifying properties (RR<10). Here, we report on single-molecule de-
vices with a built-in rectification mechanism displaying rectification ratios as high as
600. The molecular junctions are formed employing the mechanically controllable
break junction technique[18, 19, 124], using both two-terminal and three-terminal
devices. Charge transport through the molecule can be understood from a two-site
model, the use of which is supported by quantum chemistry calculations. A unique
feature of the measurements presented here is the addition of a gate electrode. Us-
ing this gate electrode, the alignment of the electronic levels that are responsible for
transport can be altered[115, 130], leading to an enhancement of the rectification ra-
tio.

The molecule used in our study is “DPE-2F”, of which the chemical structure is
shown in Fig. 9.1a. The molecule consists of two conjugated parts, connected by an
saturated ethane bridge that breaks the conjugation. An asymmetry is introduced
by two fluorine atoms that are located on one of the phenyl rings, both in the ortho
position with respect to the ethane group. The molecule has thiols as anchoring units
for coupling to metallic electrodes. Figure 9.1b presents the energy diagram of the
molecule, with the energy of the fluorine-containing part lowered by the electron
withdrawing character of the fluorine substituents.

2. RESULTS ON TWO-TERMINAL DEVICES

Figure 9.1c shows a current-voltage (IV) characteristic (solid blue line) calculated for
DPE-2F using density functional theory (DFT) combined with the non-equilibrium
Green'’s function (NEGF) formalism (see section A.1 for more details). As the energy
of the sites is different at zero bias, the current is low. For positive bias, the sites are
pulled towards each other and the current increases. At 0.55V, a pronounced peak is
visible. This is the point where the two sites have equal energy and resonant transport
occurs. For higher voltages, the sites are pulled off resonance again and the current
decreases. For reverse bias, conversely, the Stark shift causes the sites to be increas-
ingly pulled apart. They therefore never align (see lower left panel of Fig. 9.1c) and
the current remains low. As current can only go through the molecule for a particu-
lar bias polarity, the molecule behaves as a rectifier. The figures of merit for a diode
are the operating voltage (OP) and the rectification ratio (RR). As a definition for RR,
we use the maximum ratio between the forward and reverse current. For the curve in
Fig. 9.1c, this yields a RR of 751 and an operating voltage of 0.55 V.

Figure 9.2a presents an IV characteristic recorded on a sample exposed to DPE-2E
The IV is highly asymmetric, with a peak in the current around -1.15 V. For the same
IV, Fig. 9.2b shows the ratio between the forward and reverse current as a function
of bias voltage. From this figure, we infer an experimental RR of 519, extracted at an
operating voltage of -0.98 V. The forward current is 64.07 nA, while the reverse current
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Figure 9.1: Molecule and diode mechanism. Chemical structure (a) of the DPEdT-2F molecule and its
energy diagram (b), with the right half being lower in energy than the left one due to the electron with-
drawing character of the fluorine substituents. (c) Current-voltage characteristic calculated using DFT +
NEGEF (solid blue, electronic coupling I';, g = 100 meV) and using the analytical expression for the two-
site model (dashed red, electronic coupling I';, g = 25.8 meV.) The parameters €1, €g and T are obtained
from the DFT calculations, and are equal to 0 meV, 299 meV and 11.9 meV, respectively. The good agree-
ment between the two calculated curves indicates that charge transport through the molecule can indeed
be described using two sites only, which form a delocalized bonding/anti-bonding HOMO/HOMO-1 (see
section A.1 of the appendix). Although in this calculation the peak is at positive bias, in the experiments,
the orientation of the molecule cannot be controlled and therefore the peak in the current can be expected
both at positive and negative bias voltages.

isonly 0.12 nA.

Figure 9.2c shows the evolution of the IV’s for a different junction upon a change
of 0.9 nm in electrode displacement. Four IV’s, recorded while increasing the inter-
electrode spacing, are shown. The distance change is with respect to dy, which is
the initial electrode separation after trapping of the molecule. Importantly, the IVs
are highly asymmetric with a large onset of the current around +1 V. This rectifying
behavior is robust and remains present for displacements close to a nanometer. Fig-
ure 9.2d presents the RR and OP during the evolution of this junction. As the volt-
age range does not reach the peak voltage, the RR is calculated at the voltage where
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Figure 9.2: Experimental results obtained on the DPEAT-2F molecule. (a) Current-voltage (IV) charac-
teristic recorded on a junction exposed to DPE-2F on a linear scale. The inset shows the same IV on a
logarithmic scale. (b) Current ratio (|I(V)/I(-V)|) as a function of bias. The dashed vertical line indicates
the operating voltage. (c) IVs of a different junction recorded while increasing the electrode separation.
(d) Rectification ratio (blue) of the junction shown in (c) and operating voltage (red) during the stretching
of the junction.

[I(V)/I(-V)] is the largest. This voltage defines OP and it varies between 1.25 V and
1.30 V. The RR starts around 50 and initially rises to 75 at 0.56 nm. At a displacement
of 0.60 nm, the OP drops sharply below 1.2 V. The abruptness of the change suggests
that this is due to a change in the molecular conformation. The onset of the current
also shifts to a voltage closer to zero. Both observations indicate that the molecular
level comes closer to the Fermi energy. At the same time, the RR increases to around
175. In the following, we will show experimentally how the level alignment and the
RR can be shifted in a controlled fashion by using a gate electrode.

3. RESULTS ON THREE-TERMINAL DEVICES

To gain more insight in the role of the level alignment, we investigate charge trans-
port through DPE-2F using three-terminal MCB]J devices[56, 82, 129, 240]. The pres-
ence of the third ‘gate’ electrode allows to tune the electrostatic potential of the mole-
cule, thereby changing the alignment of the molecular levels responsible for trans-
port with respect to the Fermi energy of the electrodes[241]. To achieve this, the gate
electrode needs to be located close to the molecule, but electrically insulated from
the source/drain and the molecule[115]. The design of the devices is based on pre-



3. RESULTS ON THREE-TERMINAL DEVICES 123

vious work[129]. Colorized scanning electron micrographs of a device are shown in
Fig. 9.3a and Fig. 9.3b. In the graphs, the suspended gate/gate oxide/source-drain
sandwich is clearly visible. For more details about the fabrication and the character-
ization of the devices, we refer to Chapter 3.

The influence of the gate electrode on the charge transport has been investigated
by recording IVs at various gate voltages. Figure 9.3c presents three IVs for different
gate voltages. The IVs are highly asymmetric, with an appreciable current only flow-
ing for positive bias. To emphasize the difference between the forward and reverse
bias, the IVs are plotted on a logarithmic scale. The inset shows the high bias part
of the same IVs curves on a linear scale. For increasing gate voltage, the onset of the
current moves towards a higher bias voltage, while the maximum current decreases.
A map of the current as a function of bias and gate voltage is presented in Fig. 9.3d.
The bright areas correspond to areas of high current. The onset of the current shifts
towards lower bias for increasingly more negative gate voltage. From this shift, the
gate coupling is determined to be about 16 mV/V.

In Fig. 9.4a, the RR of the sample in Fig. 9.3c is shown as a function of gate voltage.
The RR is strongly gate tunable: it starts at 280 at a gate voltage of -5 V and gradually
decays to 100 while ramping the gate voltage up to 4 V. Figure 9.4b show the gate
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Figure 9.3: Gate tunability of the diode. (a,b) False-color scanning electron micrograph of an unbroken
three-terminal MCBJ device taken at two different magnifications. (c) IV characteristics recorded at 6 K
on a device exposed to DPE-2E The three IVs are obtained at different gate voltages and plotted on a
logarithmic scale in the main figure, and on a linear scale in the inset. (d) Color-coded map of the current
as a function of bias and gate voltage.
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voltage dependence of the RR for a different junction. Here, the RR can be tuned
from 400 at zero gate voltage to above 600 for a negative gate voltage of -4 V.

4, DISCUSSION

The main observations from the three-terminal measurements are that in all eight
junctions in whch gate dependence has been studied, the levels move out for pos-
itive gate voltage, indicating HOMO-mediated charge transport and that the RR in-
creases when applying a negative gate voltage. The observation of HOMO-mediated
transport is consistent with DFT calculations[242]. The change in the RR can be un-
derstood considering the change in level alignment induced by the gate, as shown
in Figure 9.4c. As previously[242] shown, the RR is the largest when the HOMO is on
resonance with the Fermi energy, and decreases for an increasing level misalignment.
Conversely, when the sites are not on resonance with the Fermi energy, a highering
of the HOMO is predicted to increase the RR significantly. This trend is illustrated in
Fig. 9.4d. The RR is plotted as a function of level alignment. Applying a negative volt-
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age on the gate moves the HOMO up, towards the Fermi energy, thereby increasing
the RR, in agreement with the measurements.

It is important to note that the gate tunability of the RR is opposite to the one
expected for a molecule of which transport is dominated by a single HOMO level
close to the Fermi energy. In that case, the RR increases when the level is pulled away
from the Fermi energy. In section C, we demonstrate that this trend holds across a
large range of electronic couplings, even for asymmetries up to a factor 100.

We finally note that we also recorded IVs on junctions exposed to the symmet-
ric DPE, as reference. This molecule has the same molecular backbone as DPE-2E,
but without the fluorine substituents. For this molecule, we do not observe the very
high RR’s observed for DPE-2E Instead, the molecule exhibits negative differential
conductance, symmetrically located in bias, as expected for this molecule (see sec-
tion 9.7). Upon application of a positive gate voltage, the NDC features shifts towards
higher bias voltage. These trends agree with HOMO-mediated transport and the fact
that the molecule can be described using two sites[34].

5. CONCLUSION

In conclusion, we measured the DPE-2F molecule using the MCB]J technique. We
observed high RRs of more than 500, which can be understood from the internal
molecular structure, corroborated by quantum chemistry calculations. The rectify-
ing properties of the molecule persisted upon changes in electrode displacement up
to 0.9 nm. We employed electrostatically gateable MCBJ devices to demonstrate that
both the RR and OP can be tuned with gate. The gate measurements furthermore
show that transport involves HOMO levels and this is observation crucial to under-
stand the increase of the RR with decreasing gate voltage within the framework of the
two-site model. Our findings provide a promising approach for designing future de-
vices with even higher RR’s by optimizing the internal molecular structure. One could
furthermore envision a new class of molecular devices with more than two sites in se-
ries preferably with control over the electrostatic energy of the individual sites by the
use of local gates. This would allow the realization of functional devices with no in-
organic semiconducting counterpart, in which, for instance, a gate terminal is used
to transit from negative differential conductance behavior to rectification.
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A. APPENDIX
A.1. DFT + NEGF CALCULATIONS DIODE

Density functional theory (DFT) calculations were performed using the Amsterdam
Density Functional (ADF) quantum chemistry package with the GGA PBE exchange-
correlation functional and the triple-{ plus polarization (TZP) basis-set[202, 203].
Geometries were converged to energy changes of less than 1072 hartree, energy gradi-
ents less than 1073 hartree/A maximum and 6.7-10~* hartree/A RMS. Transmissions
were calculated by coupling the p;-orbitals of the sulphur atoms to wide-band elec-
trodes with a coupling strength of 100 meV. A bias voltage was applied to the molecule
by introducing a uniform electric field along the axis connecting the sulphur atoms.
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Figure 9.5: DFT + NEGF calculations on the DPE-2F molecule (a) Transmission for three different bias
voltages. (b) Energy difference A between HOMO and HOMO-1 as calculated from DFT (red). The blue
line represents a fit to the two-site model. For more details about the analytical expression, see previous
work[242]. (c¢) Current-voltage characteristic calculated using DFT + NEGF plotted on a logarithmic scale.
(d) Molecular orbitals at zero bias (top), 0.55 V (middle) and -0.55 V (bottom).



A. APPENDIX 127

The Fermi energy is assumed to be on resonance with the highest occupied molecu-
lar orbital (HOMO).

Figure 9.5a shows the transmission of DPE-2F for a bias voltages of 0 V, 0.28 V
and 0.55 V. At 0 V two peaks in the transmission are visible, corresponding to the
HOMO and HOMO-1. They are split by 300 meV, and have a transmission amplitude
of 1-1072. For increasing bias, the peaks increase in amplitude and move towards
each other, until at 0.55 V they meet and the transmission reaches unity. The shift
in level splitting is made clearer in Fig. 9.5b, where the energy splitting between the
HOMO and HOMO-1 is plotted. At zero bias, it is 300 meV, and it linearly increases
for negative bias. This is the reverse bias as the levels are pulled away from each
other. For positive bias, the levels move towards each other and reach a minimum
splitting of 23.8 meV at 0.55 V. From this value, the inter-site coupling 7 can be calcu-
lated to be 16.9 meV. Beyond this voltage, the levels shift away from each other again.
The blue line represents a fit of the two-site model[242], from which the model pa-
rameters 7, @, €1 and €, can be estimated. The fit reproduces the DFT calculations
well. The change in amplitude of the transmission peaks can be understood by con-
sidering the orbitals shapes (see Fig. 9.5d). For the 0 V and -0.55 V, the HOMO and
HOMO-1 are localized on one side of the molecule, leading to poor transport from
one sulfur atom to the other. At 0.55V, on the other hand, the HOMO and HOMO-
1 are delocalized, and considering the symmetry of the orbital weight on the sulfur
atoms, the transmission goes to unity. The current through the molecule is shown on
logarithmic scale in Fig. 9.5c. For zero- and negative bias voltages the current is low.
It increases for positive bias voltages and reaches a maximum at 0.55V, after which it
decreases again.

As a result of the asymmetry in the current-voltage characteristic, this molecule
is expected to behave as a diode, with an operating voltage and peak voltage of 0.55 V,
and arectification ratio of 751. We note that in the calculations the HOMO is assumed
to be on resonance with the Fermi energy. In practice, this may not be true, yielding
alower RR.

A.2. ADDITIONAL MEASUREMENT ON DPE-2F WITH GATE
Figure 9.6 presents an additional measurement recorded with a gate sample exposed
to DPE-2E Figure 9.6a shows an IV characteristic recorded on this junction at zero
gate voltage. The IV is highly asymmetric and shows a peak in the current around
1.1 V. The inset zooms in on the current peak and highlights its shift as a result of an
applied gate voltage. A positive gate voltage shifts the peak towards a higher bias volt-
age, while a negative gate voltage does the opposite. The shift of the level with gate
is consistent with HOMO-mediated charge transport, as expected for this molecule.
In Figure 9.6b, a color-coded map of the differential conductance focusing on bias
voltages above 0.5 V is plotted. The black area at the bottom is the low-conductance
region in the IV at low bias. The onset in current shows up as the bright yellow area in
the dI/dV map. The black area around 1.2 V corresponds to the position of the peak
in the current, while the blue area at the highest bias corresponds to the part of the
IV where the differential conductance goes negative.

While sweeping the gate from negative to positive bias, the onset of current
and the current peak move outwards, as does the negative differential conductance
(NDC) region. Figure 9.6¢ presents the peak voltage for the various gate voltages in
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Figure 9.6: Additional three-terminal measurements on DPE-2FE (a) IV charactersitic recorded on DPE-
2F at zero gate voltage. The IV is highly asymmetric, with a peak visible at positive bias. The inset shows
IVs around the peak for various gate voltages. (b) dI/dV map as a function of bias and gate voltage. (c)
Peak voltage versus gate voltage plot (blue dots). The red line represents a linear fit with a slope of 6 mV/V.
(d) Current ratio obtained at the peak voltage shown in (c).

blue dots. To extract the peak shift, a linear fit (red line) is used, yielding a shift of
6 mV/V. The current ratio at the peak, see Fig. 9.6d, is around 600 for a gate voltage of
-4V and decreases steadily to around 300 while sweeping the gate voltage up.

B. MEASUREMENT ON DPE WITH GATE

In the main text, measurements on the asymmetric DPE-2F molecule are shown.
In the case of the DPE, i.e., the molecule with the same backbone but without the
electron withdrawing fluorine groups, the molecule is predicted to behave as a reso-
nant tunneling device, with distinct negative differential conductance in the IV char-
acteristics, similar to previous work[34]. For DFT calculations on DPE, we refer to
literature[242].

The chemical structure of DPE is shown in Fig. 9.7a, with the two conjugated
halves marked in green and the broken conjugation in the center marked in red. As
discussed in the main text, transport though DPE can be described using a model
containing two sites in series, each of them corresponding to a conjugated half. For
symmetry reason, the energies of the two sites are equal and correspond to €. As for
the diode, the sites are weakly coupled to each other by 7 and to the left and right
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Figure 9.7: Three-terminal measurements on DPE. (a) Chemical structure of the symmetric DPE mole-
cule, accompanied with a schematic representation of the two-site model. The two halves of the molecule
are modelled as two weakly coupled sites in series. For symmetry reasons, the energy of the sites is equal.
(b) IV charactersitics recorded on DPE for various gate voltages. (c) dI/dV map as a function of bias and
gate voltage. The plots zoom in around the peak in the current and the NDC at positive (top) and negative
(bottom) bias voltage.

lead by I';, and T', respectively.

Figure 9.7b presents IVs recorded on a sample with gate exposed to DPE. Four IVs
are shown, obtained at different gate voltages. All IVs have a gap at low bias, and an
onset in current around +1 V. Beyond this onset, the current increases and displays
a peak around #1.2 V. This peak is followed by a decrease in current for increasing
voltage, i.e., they show negative differential conductance (NDC). The fact that the
features in bias occur at opposite polarities is consistent with the symmetric two-site
model, having the two sites at a similar energy. From the presence of a gap in the
IV, we can deduce that the levels are not on resonance with the Fermi energy at zero
bias[34] (e <0). The asymmetry in peak high is most likely due to an asymmetry in
I.

While sweeping the gate voltage from negative to positive voltages, the gap in the
IVs becomes larger. Both the peak current and its position shift towards higher bias
voltages. This is more clearly visible in Fig. 9.7c, where maps of dI/dV as a function
of bias and gate voltage are shown. The top panel zooms in around the peak in the
current for positive bias, while the lower panel zooms in at negative bias. In both
panels, the black regions at lower bias correspond to the gap, while the bright areas
represent the onset of the current. For increasing bias voltage, the differential con-
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Figure 9.8: Single-level model calculations. (a) Diagram of a single level located at €p away from the
Fermi energy, coupled to the two electrodes with I'g, g. (b) Current-voltage characteristics for four different
asymmetries between I'; and I'g, calculated using the analytical expression[57]. (c,d) Rectification ratios
as a function of level alignment for two asymmetries between I'y and I'p.

ductance decreases, until it reaches a black area, corresponding to the peak in the
current. Beyond this point, the NDC sets in, visible as a blue area. We note that the
shift of the level with gate is consistent with HOMO-mediated charge transport, as
expected for this molecule.

Next to the shift of the features (gap, peak, NDC) with gate, the current at the peak
is also modulated by the gate. The closer the level is to the Fermi energy, the higher
the peak current. Again, this is consistent with calculations performed previously on
the same class of molecules[34].

C. SINGLE-LEVEL MODEL

We have also investigated rectification based on an alternative model containing a
single-level with asymmetric coupling to the electrodes. In this model, see Fig. 9.8a,
transport is described using a single level which is positioned at an energy of ¢ be-
low the Fermi energy. This level is then coupled with I'; and I'g to the left and
right electrode, respectively. Transport through such a system can be calculated
analytically[57].

Figure 9.8b shows IV characteristics calculated using the single-level model, with
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I';, set to 100 meV, while varying I'g between 5 meV and 100 meV. ¢y was set to -0.5 eV,
assuming HOMO-mediated transport, as the three-terminal measurements indicate.
Figure 9.8c presents the extracted RR for an asymmetry of 10 and 100 between I'y,
and I'p for level alignments varying between -0.5 eV and -0.2 eV. At -0.5 eV, RR is
around 21 for an asymmetry of 100 and around 15 for an asymmetry of 10. For both
asymmetries, the RR decreases monotonously when the level is moved towards the
Fermi energy, as indicated in Fig. 9.8c. Figure 9.8d presents the same plot as Fig. 9.8c,
but withI'; = 10 meV.

Importantly, across a wide range of electronic couplings, the single-level model
predicts an increase of RR when shifting the level away from the Fermi energy. This
is in contrast with the experiments and the two-level model, in which RR is the high-
est when on resonance with the Fermi energy[242] and decreases when the level is
moved away from it.

D. JUNCTION STATISTICS

We measured a total of 4172 junctions. The histogram of the measured RR is pre-
sented in Fig. 9.9. To compose this histogram, all junctions (also those without
molecular features) were considered and no data selection was performed. For 317
of those junctions (about 8%) the RR is larger than 2 and for 40 junctions RR>10. The
distinctive feature of this molecule is the observation of RR larger than 100, which
has been found in 10 junctions.
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Figure 9.9: Junction statistics. Histogram illustrating the occurrence of the RRs.
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SUMMARY

1. SINGLE-MOLECULE ELECTRONICS

A single molecule constitutes the smallest object of a chemical substance that still
retains its composition and properties. In the pursuit of down-sizing electronic com-
ponents, they therefore constitute the ultimate limit for functional devices. Besides
being the smallest entity, single molecules can be tailored to exhibit a variety of
physical and chemical properties. Supported by the endless capabilities of synthetic
chemistry, molecules can be designed to suit a particular function, ranging from elec-
tronic circuit elements (resistors, diodes, transistors, tunnelling diodes, switches,
etc...) to sensors (gas, light, pressure, environment, pH, sound, electric field, mag-
netic field, etc...) and transducers (solar cells, light emitters, thermoelectrics, etc...).

Despite the tremendous opportunities molecules offer, the research field of
molecular electronics is still in its infancy, and many challenges remain to be solved.
One of them is how to make reliable electric contact to single molecules. Contacting
molecules has attracted much attention, both from the electrode side and in terms
of molecular design. In particular, questions such as ‘how to limit the spread in junc-
tion formation’ and ‘how to form a strong connection between the molecule and the
electrodes’ do not have a straight forward answer. Another challenge is the reduction
of the large discrepancies between experiments and theory. Finally, many processes
occurring at the nanoscale, and in particular at the molecule/electrode interface, are
not understood yet. For a deeper understanding, one needs to go beyond the stan-
dard conductance measurements. Although such measurements allowed for great
advances in the field, they do not suffice for solving many of the complex physical
process occurring at the nanoscale. For this purpose, additional probes are required,
such as the use of magnetic field, thermopower, light/matter interaction, mechani-
cal degrees of freedom and (electrostatic or chemical) gates.

2. THE MECHANICALLY CONTROLLABLE BREAK JUNCTION

TECHNIQUE

This dissertation describes the results of a PhD research project directed towards the
understanding of the physics governing charge transport through molecules. For this
purpose, single molecule were trapped between gold electrodes using the mechan-
ically controllable break junctions (MCB]J) technique in order to electrically address
them. In this technique, a lithographically defined gold constriction is broken by
bending the substrate in a three-point bending mechanism. Upon rupture of the
gold contact, two atomically sharp electrodes are formed, of which the separation
can be tuned by adjusting the bending of the substrate. Here lies the strength of the
MCBJ. The freshly formed electrodes possess an exceptionally high stability and their
spacing can be tuned with picometer precision. When breaking the gold wire in the
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presence of a molecule, it can bridge the electrodes, thereby forming a molecular
junction. Typical measurements involve low-temperature current-voltage character-
istics from which spectroscopic features are extracted. These features correspond
to molecular levels which are responsible for charge transport through the mole-
cule. We extensively exploited the mechanical degrees of freedom to investigate the
influence the molecular conformation and molecule/electrode interface on charge
transport. In addition, three-terminal samples incorporating a gate electrode were
developed and employed. The presence of this third electrode allows for changing
the electrostatic potential of the molecule, independent from that of the electrodes,
thereby modifying the alignment of the transport levels with respect to the Fermi en-
ergy of the electrodes. Gated MCBJ samples therefore offer the unique ability for con-
trolling the electrode spacing and at the same time the level alignment. More details
about the MCBJ technique and the employed measurement schemes were presented
in Chapter 3.

3. RESULTS

In this Thesis, three topics have been covered. In the first part (Chapter 4 and Chap-
ter 5), the junction formation of porphyrin derivatives has been studied. In Chap-
ter 4, room-temperature conductance histograms were employed to investigate the
junction formation of porphyrin derivatives. We have demonstrated that porphyrin
molecules can form stable bridging molecular junctions even without thiol anchor-
ing groups. Moreover, we found that porphyrins can form a variety of different junc-
tion configurations. Adding thiol end groups and pyridine axial groups to the por-
phyrin backbone, respectively, increases the stability of the junctions and leads to an
increased spread in conductance. This is a result of the formation of different junc-
tion configurations. In Chapter 5, we combined low-bias statistical measurements
with spectroscopy measurements of the molecular levels using current-voltage char-
acteristics. This unique combination allowed us to probe different junction con-
figurations and monitor changes in the molecular level alignment upon fusing or
breaking of a molecular junction. Both methods showed that multiple stable sin-
gle-molecule junction configurations can be obtained by stretching or fusing the
junction. In addition, we demonstrated that different ZnTPPdT-Pyr junction configu-
rations can lead to different spectroscopic features for similar low-bias conductance
values. Thus, current-voltage spectroscopy measurements can provide additional in-
formation compared to statistical low-bias conductance histograms, enabling a more
in-depth characterization of charge transport through a single molecule.

Building on the knowledge gained from the current-voltage characteristics
recorded in the previous chapters, in the second part of this Thesis (Chapter 6),
we investigated the processes occurring at the molecule/electrode interface. To do
so, we have studied the alignment of the molecular orbital levels as a function of
electrode separation in porphyrin single-molecule junctions using electrostatically-
gated MCB]J devices. Using this method we demonstrated experimentally a com-
bined effect of mechanical and electrostatic gating of the molecular levels. We found
that both occupied and unoccupied levels move significantly towards the Fermi level
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upon reduction of the electrode spacing. We attributed this to a gap renormaliza-
tion as a result of electrons interacting with image charges in the metal leads. Our
findings are corroborated by DFT-based calculations. The experiments showed sur-
prisingly large level shifts, suggesting that image-charge effects may be responsible
for the large spread in conductance values that is often observed in single-molecule
junctions. Image-charge effects should therefore be considered in quantitative com-
parisons between computations and experiment in single-molecule junctions.

As the molecule/electrode interface heavily influences charge transport, in the
last part of this Thesis, we focused on molecules through which transport is dictated
by their intrinsic properties. For this purpose, we have chosen a class of molecules
which consists of two similar conjugated parts that are coupled together through a
non-conjugated bridge. Charge transport through such molecules can be described
using an intuitive model involving two weakly-coupled sites in series. In such a sys-
tem, current passes through when the resonance condition between the sites is met,
i.e., when the energy of the two sites of the molecule is equal. Each of the sites is con-
nected to the electrodes, and upon application of a bias voltage across the molecular
junction, part of the voltage drops inside the molecule. This is due to the weak inter-
site coupling and results in a Stark shift of the energy of the two sites.

In the case of a symmetric molecule, we showed in Chapter 7 that pronounced
negative differential conductance is observed. This could be understood as follows:
at low bias, for symmetry reasons, the sites have the same energy and the conduc-
tance is high. Upon application of a bias voltage, the sites are pulled apart, lifting the
resonance condition and reducing the current. The NDC effect could be accurately
described by the two-site model. The model is confirmed by DFT + NEGF calcula-
tions.

As a follow-up, in Chapter 8 we theoretically studied an asymmetric version of the
two-site model. By introducing electron-donating or electron-withdrawing groups to
one side of the molecule, the energy of the sites can be changed. This asymmetry is
reflected in the current-voltage characteristics, and the molecule behaves as a rec-
tifier. Using DFT + NEGF calculations, we explored the different model parameters
and related them to the chemical structure of the molecule. We found that, due to the
weak coupling between the two halves of the molecule, the diode properties could
be tuned by chemically modifying the molecule. Based on the quantum chemistry
calculations, we presented a design for single-molecule diodes based on orbital res-
onances. The design guidelines yield highly efficient single-molecule rectifiers with
rectification ratios up to 1500.

In Chapter 9, we performed experiments on one of the asymmetrically substi-
tuted molecules proposed theoretically in Chapter 8. We observed unprecedentedly
high rectification ratios of more than 500. In addition, the rectifying properties of
the molecule persisted upon large changes in electrode displacement. Finally, we
employed electrostatically gateable MCB]J devices to shift the levels responsible for
transport. The junction is the first realisation of a gate-tunable single-molecule rec-
tifier. We demonstrated that both the rectification ratio and operating voltage can
be tuned with gate. The gate measurements also supported the use of the proposed
two-site model to describe transport. In contrast, a model involving just a single level
would show a trend in rectification ratio versus gate voltage opposite to the experi-
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mental one.

4, OUTLOOK

To reduce the influence of the interface on the device performances, devices should
be designed to exploit the intrinsic features of a molecule. In Chapter 7, Chapter 8
and Chapter 9, the first steps towards this goal have been made. From a more general
point of view, our results introduce a new and widely applicable route towards more
complex molecular components which may contain multiple weakly coupled sites.
Moreover, one could envision molecular devices with the use of local gates rather
than a single gate. This would allow control over the individual sites, enabling the
realisation of novel functional devices with no semiconducting counterpart. As an
example, one could consider a multi-level molecule in which the gate terminal is
used to transit from negative differential conductance to rectification.

Another important aspect in controlling molecular charge transport is that finite
bias effects, such as Stark shifts, play an important role. The problem in studying
such effects is that increasing the bias voltage also increases the bias window, and
that the measured current is a convolution of both contributions. To disentangle the
two contributions, one could combine DC and AC measurements. A DC voltage is
then applied to induce shifts of the transmission function. On top of that, a small AC
voltage is added to probe the low-bias conductance, without having the drawback of
an increased bias window. Combining this method with an electrostatic gate would
allow to change the level alignment, thereby creating a direct reconstruction of the
bias-shifted transmission function.

Another promising intra-molecular quantum effect is destructive quantum inter-
ference (QI). QI occurs when different transport channels have the same amplitude,
but an opposite phase. The channels then destructively interfere, resulting in a anti-
resonance in the transmission function. This dip, on its turn, results in a very low
current. This effect may be very beneficiary in switch applications, or to reduce the
reverse current contributions in diode molecules, thereby enhancing their rectifica-
tion ratios. Although much research has been done in this direction, both theoret-
ically as well as experimentally, no measurement has been reported so far in which
the anti-resonance in the transmission has been directly observed. First of all, to be
on resonance with the dip and directly measure it, the use of a gate electrode to ob-
tain the correct level alignment may be necessary. Second, close to the dip, although
the current should be very low, the slope of the transmission should increase signifi-
cantly. Thermopower measurement allow for a direct probe of the slope of the trans-
mission, rather than the transmission itself. Combined with a gate electrode, such
measurements may yield unambiguous proof for destructive quantum interference.

Combining a gate electrode with thermopower capability may also yield novel
applications involving the Seebeck and the Peltier effect. The Seebeck coefficient,
and therefore the temperature gradient in a material, depends on the slope of the
transmission at the Fermi energy. Using the gate, one could shift a resonance (or
anti-resonance) through the Fermi energy. While doing so, the slope of the transmis-
sion changes sign, as does the Seebeck coefficient. The ability of reversing the sign
of the Seebeck coefficient is a property which no material to date has been showing.
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Moreover, close to a (anti-)resonance, the slope in transmission is the largest, yielding
very high Seebeck coefficients, and therefore improved thermoelectricity generation.
Both effects may find potential applications in novel energy harvesting approaches.
The Peltier effect is the opposite of the Seebeck effect and can be used to pump heat,
i.e., it converts electricity into temperature gradients. This effect is used in Peltier el-
ements for cooling applications. As for the Seebeck effect, using a gate to sweep the
(anti)resonance through the Fermi energy would allow for much larger temperature
gradients than nowadays possible and for a gradient reversal.

To conclude, understanding the physical and chemical processes occurring at the
nanoscale remains a major challenge but with active research in the field, functional
devices may arise with improved performances or even novel functionality in the
domain of sensing, solar-energy harvesting, thermoelectricity and catalysis.






SAMENVATTING

1. ELEKTRONICA GEMAAKT VAN EEN ENKEL MOLECUUL

Een enkel molecuul vormt het kleinste onderdeel van een chemische stof dat zijn
samenstelling en eigenschappen behoudt. Bij het realiseren van als maar kleinere
elektronische componenten vormen zij dus de uiterste limiet. Naast het feit dat ze zo
klein zijn, kunnen enkele moleculen ook ontworpen worden met een verscheiden-
heid aan fysische en chemische eigenschappen. Door de bijna eindeloze mogelijkhe-
den van de synthetische chemie kunnen moleculen dusdanig worden ontworpen dat
ze een bepaalde functie vervullen, variérend van elektronische componenten (weer-
standen, diodes, transistors, tunneling diodes, schakelaars, enz...) tot sensoren (gas,
licht, druk, milieu, pH, geluid, elektrisch veld, magnetisch veld, enz...) en energie-
omzetters (zonnecellen, lichtbronnen, thermo-elektriciteit, enz...).

Ondanks de enorme kansen die moleculen kunnen bieden, staat het onderzoeks-
gebied van de moleculaire elektronica nog in de kinderschoenen en bestaan er nog
vele horden die overkomen moeten worden. Eén daarvan is het elektrisch contact
maken met een enkel molecuul op een betrouwbare manier. Er is veel onderzoek ge-
daan naar wat de beste manier is om contact te maken met moleculen, zowel van
de kant van de elektrodes, als ook op het gebied van het molecuul zelf. Vragen zo-
als ‘hoe kan de variatie in junctieformatie worden beperkt’ en ‘hoe kan een robuuste
binding tussen het molecuul en de elektroden worden gevormd’ staan daarbij cen-
traal. Een ander probleem dat zich voordoet, is dat er grote verschillen zijn tussen ex-
perimenten en de theoretisch beschrijvingen ervan. Ten slotte, vele processen op de
nanoschaal worden nog niet begrepen, en een belangrijk aspect daarvan is de inter-
actie tussen het molecuul en de elektrodes. Voor een beter begrip van die processen
moet men verder gaan dan de standaard metingen waarbij alleen de geleiding wordt
gemeten. Hoewel dergelijke metingen geleidt hebben tot een grote vooruitgang van
het vakgebied, zijn deze dikwijls niet voldoende om de complexe fysische fenome-
nen die op de nanoschaal plaatsvinden te ontrafelen. Om dit te bereiken zijn extra
hulpmiddelen nodig, zoals het gebruik van magnetische velden, thermo-elektrische
effecten, interactie tussen licht en materie, mechanische vrijheidsgraden en (elektro-
statische of chemische) gates.

2. DE MECHANISCH REGELBARE BREEKJUNCTIE METHODE

Dit proefschrift beschrijft de resultaten van een promotieonderzoek gericht op het
begrijpen van de fysica van ladingstransport door enkele moleculen. Om dit te reali-
seren werden enkele moleculen gevangen tussen goud elektroden. Deze elektroden
worden door middel van mechanisch regelbare breekjuncties (MCB]J) gevormd, en
met dezelfde methode worden de moleculen ook elektrisch uitgelezen. In dergelijke
experimenten wordt een gouddraadje met een dikte van enkele tientallen nanome-
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ters gebroken door het substraat waar deze op rust te buigen. Bij het breken van het
gouddraadje worden twee atomair scherpe elektroden gevormd waarvan de onder-
linge afstand aangepast kan worden door de buiging van het substraat in te stellen.
Eén van de voordelen van deze methode is dat de gevormde elektroden beschikken
over een uitzonderlijk hoge stabiliteit en dat hun onderlinge afstand met picometer
precisie kan worden afgestemd.

Wanneer het gouddraadje wordt gebroken in de aanwezigheid van een molecuul,
kan deze de elektroden overbruggen, waardoor een moleculaire junctie ontstaat. Tij-
dens experimenten worden de spectroscopische eigenschappen van dergelijke junc-
ties uitgelezen, gebruikmakend van stroom-spanning karakteristieken. Hiermee kan
men informatie verkrijgen over de moleculaire niveaus die verantwoordelijk zijn voor
ladingstransport door het molecuul. In dit werk hebben we uitvoerig gebruik ge-
maakt van de mechanische vrijheidsgraden die deze techniek biedt en hebben de
invloed van de moleculaire conformatie onderzocht. Daarnaast hebben we ook na-
tuurkundige fenomenen bekeken die zich afspelen op het raakvlak van het molecuul
en de elektroden. Ten slotte hebben we ook gewerkt aan de ontwikkeling van juncties
met een gate elektrode. De aanwezigheid van deze derde elektrode maakt het moge-
lijk de elektrostatische potentiaal van het molecuul aan te passen ten opzichte van
die van de elektroden. Deze juncties bieden daarom de unieke mogelijkheid om me-
chanische vrijheidsgraden te combineren met de elektrostatische controle over de
moleculaire energieniveaus. De MCB]J techniek en de gebruikte meetmethodes wor-
den uitvoerig behandeld in Hoofdstuk 3.

3. RESULTATEN

In dit proefschrift zijn drie thema’s aan bod gekomen. In het eerste deel (zie Hoofd-
stuk 4 en 5) zijn juncties van verschillende porfyrine moleculen bestudeerd. In
Hoofdstuk 4, hebben we gebruik gemaakt van kamertemperatuur metingen van de
geleiding om de vorming van porfyrine juncties te onderzoeken. We hebben aan-
getoond dat porfyrine moleculen stabiele moleculaire juncties kunnen vormen, zelfs
zonder thiol groepen die normaal gebruikt worden als verankeringspunt van het mo-
lecuul met de elektrodes. Bovendien hebben we laten zien we dat porfyrinen een
grote verscheidenheid aan junctieconfiguraties kunnen aannemen. Het toevoegen
thiol eindgroepen en pyridine groepen verhoogt de stabiliteit van de juncties en leidt
tot een toename in de spreiding van de geleiding. Dit is een gevolg van de toename
van het aantal mogelijke junctieconfiguraties.

In Hoofdstuk 5 hebben we metingen van de geleiding bij lage spanningen gecom-
bineerd met spectroscopische metingen van de moleculaire niveaus door middel van
stroom-spanning metingen. Met deze unieke combinatie hebben we verschillende
junctie geometrieén onderzocht en het effect van de onderlinge electrode afstand op
de structuur van de moleculaire niveaus bestudeert. Beide methoden laten zien dat
er een verscheidenheid aan stabiele junctieconfiguraties bestaat. Daarnaast laten we
zien dat verschillende juncties kunnen leiden tot verschillende spectroscopische ei-
genschappen, terwijl de geleiding bij lage spanningen vergelijkbaar is. Spectroscopi-
sche metingen verschaffen dus aanvullende informatie ten opzichte van statistische
lage-spanning metingen.
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Voortbouwend op de kennis die is opgedaan met behulp van de stroom-spanning
metingen in het voorgaande hoofdstuk, onderzoeken we in het tweede deel van dit
proefschrift (Hoofdstuk 6) de processen die zich afspelen op het raakvlak van het mo-
lecuul met de elektrodes. Om dat voor elkaar te krijgen volgen we de uitlijning van
de moleculaire niveaus als functie van de onderlinge elektrodeafstand. Dit doen we
opnieuw met behulp van porfyrine moleculen en met MCB]J juncties die nu uitgerust
zijn met een gate electrode. Met deze methode combineren we mechanische en elek-
trostatische controle over de moleculaire niveaus. Onze metingen laten zien dat zo-
wel de bezette als de onbezette energieniveaus aanzienlijk verplaatsen in de richting
van het Ferminiveau van de goud electrode wanneer de onderlinge electrode afstand
verkleind wordt. Deze renormalisatie van de transportniveaus kennen wij toe aan de
interactie van de ladingen op het molecuul met de beeldladingen die in de elektrodes
gevormd worden. Onze bevindingen worden bevestigd door DFT-gebaseerde bere-
keningen. De experimenten tonen verrassend grote niveauverschuivingen aan, wat
suggereert dat beeldladingen verantwoordelijk kunnen zijn voor de grote spreiding
in geleiding die vaak wordt waargenomen in ladingstransport door enkele molecu-
len. Deze effecten dienen daarom in rekening gebracht te worden in kwantitatieve
vergelijkingen tussen berekeningen en experimenten.

Aangezien de interactie tussen het molecuul en de elektrodes het ladingstrans-
port sterk beinvloedt, gaan we ons in het laatste deel van dit proefschrift richten
op moleculen waarbij transport bepaald wordt door intrinsieke moleculaire eigen-
schappen. Hiervoor kiezen we een klasse van moleculen die bestaat uit twee soort-
gelijke geconjugeerde delen die aan elkaar zijn gekoppeld door middel van een niet-
geconjugeerd segment. Ladingstransport in dergelijke moleculen kan worden be-
schreven met behulp van een intuitief model waarbij twee zwak gekoppelde niveaus
in serie zijn geplaatst. Door een dergelijk systeem kan stroom alleen maar lopen wan-
neer er resonantie plaats vindt tussen de twee helften van het molecuul, in andere
woorden, wanneer de energie van beide niveaus gelijk is. Elk niveau staat in verbin-
ding met de elektroden en bij het aanleggen van een spanning over de moleculaire
junctie valt een deel van de spanning in het molecuul. Dit is het gevolg van de zwakke
koppeling tussen de twee helften en leidt tot een Stark verschuiving van de energie
van de twee niveaus.

In het geval van een symmetrisch molecuul laten we in Hoofdstuk 7 zien dat er
negatieve differentiéle geleiding (NDG) optreedt. Dit kan als volgt uitgelegd worden.
Bij een lage spanning zijn de energieén van de twee niveaus gelijk vanwege symme-
trie redenen, en is de geleiding hoog. Bij het verhogen van de spanning worden de
energieén van de twee niveaus uit elkaar getrokken, waarbij de resonantie tussen de
twee helften wordt verbroken. Dit leidt tot een afname van de stroom. Het is belang-
rijk te vermelden dat het NDG effect zijn oorsprong vindt in een interne resonantie
die voortkomt uit de moleculaire structuur. Het NDG effect kan nauwkeurig beschre-
ven worden aan de hand van een twee-niveau model, dat door kwantum chemische
berekeningen bevestigd wordt.

Als uitbreiding hierop hebben we in Hoofdstuk 8 een theoretische studie verricht
naar een asymmetrische versie van het twee-niveau model. Door het toevoegen van
elektrondonerende en/of donerende groepen kan de energie van de niveaus aange-
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past worden. Een asymmetrie in het molecuul leidt dan tot een asymmetrie in de
stroom-spanning karakteristieken en het molecuul gedraagt zich als een diode. Dit
komt doordat resonantie nu alleen bij een bepaalde polariteit van de spanning kan
optreden. Gebruikmakend van DFT + NEGF berekeningen onderzoeken we het ef-
fect van de chemische structuur op de verschillende parameters van het model. Eén
van onze bevindingen is dat de eigenschappen van de diode eenvoudig afgestemd
kunnen worden door verschillende zijgroepen te substitueren. Dit is een direct ge-
volg van de zwakke koppeling tussen de twee helften van het molecuul. Aan de hand
van kwantumchemische berekeningen presenteren we richtlijnen om efficiénte dio-
des te ontwerpen, met een verhouding tussen de stroom in de doorlaatrichting en de
sperrrichting tot wel 1500.

In Hoofdstuk 9 hebben wij experimenteel één van de asymmetrische moleculen
gemeten die in Hoofdstuk 8 aan bod zijn gekomen. We hebben hoge stroomverhou-
dingen van meer dan 500 waargenomen. Bovendien bleven de diodeeigenschappen
gehandhaafd tijdens grote verplaatsingen van de onderlinge electrodeafstand. Ten
slotte hebben we MCB]J juncties gebruikt met een elektrostatisch gate waarmee de
energieniveaus die verantwoordelijk zijn voor het ladingstransport door het mole-
cuul verschoven kunnen worden. Hiermee fabriceren wij de eerste diode die uit
slechts een enkel molecuul bestaat waarvan de eigenschappen regelbaar zijn door
middel van een gate. De gate-metingen bevestigen ook dat het twee-niveau model
de correcte beschrijving is voor ladingstransport, in tegenstelling tot een model met
slechts één niveau voor de diodeeigenschappen, dat een trend tegengestelde aan die
van de metingen voorspelt.

4, VOORUITZICHTEN

Om de invloed van de omgeving, en met name de interactie met de elektrodes te mi-
nimaliseren, zouden elektronische circuits moeten worden ontworpen die gebaseerd
zijn op intrinsieke moleculaire eigenschappen. In Hoofdstuk 7, 8 en 9 hebben we
een eerste stap gezet in deze richting. Vanuit een breder oogpunt gezien beschrijven
onze resultaten een nieuwe en breed inzetbare manier om complexere moleculaire
componenten te ontwerpen, gebruikmakend van meerdere aan elkaar gekoppelde
niveaus. Een verdere uitbreiding zou bijvoorbeeld kunnen zijn om lokale gates te ge-
bruiken, die de energie van afzonderlijke niveaus kunnen regelen. Hiermee zouden
elektronische componenten kunnen worden gemaakt waarin bijvoorbeeld de gate
ervoor zorgt dat een NDG component in een gelijkrichter kan worden omgezet. Met
huidige halfgeleiders is het niet mogelijk om een dergelijke functionaliteit in één te
realiseren.

Een ander belangrijk aspect is dat spanningsval in het molecuul en de Stark ver-
schuiving waar we gebruik van hebben gemaakt in het voorgaande, een belangrijk rol
spelen in ladingstransport. Echter, wanneer men dit soort effecten wil bestuderen
zorgt de toename van de spanning niet alleen voor een verschuiving van de trans-
missiefunctie, maar ook voor een toename van het bias window. Door DC en AC
metingen te combinerenom zouden deze twee contributies uit elkaar gehaald kun-
nen worden. De aangelegde DC zorgt dan voor de veranderingen in de transmissie-
functie, terwijl de AC metingen gebruikt kunnen worden om de geleiding bij een lage
spanning te bepalen, zonder het probleem van een te grote bias window te hebben.
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Een andere veelbelovend intrinsiek moleculair effect is destructieve kwantumin-
terferentie (QI). QI treedt op wanneer verschillende transportkanalen dezelfde am-
plitude hebben, maar een tegenovergestelde fase. Deze kanalen interfereren dan de-
structief met elkaar, wat leidt tot een anti-resonantie in de transmissiefunctie. Deze
antiresonantie gaat gepaard met extreem lage stromen, wat gebruikt zou kunnen
worden voor efficiénte schakelaars, of om de lekstroom van een diode te verkleinen.
Ondanks het feit dat er veel onderzoek wordt gedaan naar QI, zowel theoretisch als
experimenteel, is er nog geen direct waarneming geweest van deze anti-resonantie.
Eén van de redenen hiervoor is dat een gateelectrode noodzakelijk is om de Fermi-
energie precies uitgelijnd te krijgen met de anti-resonantie. Echter, ondanks het feit
dat de transmissie laag is, zou de afgeleide ervan juist erg groot moeten zijn. De
afgeleide van de transmissie kan direct worden uitgelezen door middel van thermo-
elektrische metingen. Het gebruik van een gateelectrode in combinatie met thermo-
elektrische metingen zou dus een uitkomst kunnen bieden om QI direct aan te tonen.

Los van de interesse in QI vanuit een fundamenteel oogpunt, zouden QI mole-
culen kunnen leiden tot nieuwe toepassingen waar gebruik wordt gemaakt van het
Seebeck effect en het Peltier effect. De Seebeck coéfficiént, en daarmee de spanning
die in een materiaal wordt opgewerkt onder invloed van een temperatuurgradiént
hangt af van de afgeleide van de transmissie bij de Fermienergie. Door middel van
een gate zou men een (anti)resonantie door het Fermi niveau heen kunnen schui-
ven en daarmee het teken van de Seebeck coéfficiéent kunnen omdraaien. Voor zover
bekend bestaan er geen materialen waarin het teken van het Seebeck coéfficiéent om-
gedraaid kan worden. Daarnaast zou een QI molecuul over een uitzonderlijk hoge
Seebeck coéfficiéent moeten beschikken rond de (anti)resonantie, wat zou kunnen
leiden tot een verhoogde productie van thermo-elektriciteit. Het Peltier effect is het
tegenovergestelde van het Seebeck effect, waarbij elektriciteit wordt omgezet in een
temperatuurgradiént. Dit effect wordt gebruikt in Peltier koel elementen. Net als
voor het Seebeck effect geldt dat wanneer een gateelectrode gebruikt wordt om de
(anti)resonantie door de Fermi energie heen te verschuiven, dit zou leiden tot veel
hogere temperatuur gradiénten dan momenteel mogelijk is, en voor een ommekeer
van die gradiént.

Samenvattend, het begrijpen van de fysische en chemische processen op de na-
noschaal is en blijft een grote uitdaging, maar door veel onderzoek zou het kunnen
leiden tot elektrische componenten met nieuwe en/of verbeterde prestaties op het
gebied van sensoren, zonne-collectoren, thermo-elektrische devices en katalysato-
ren.
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