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Abstract

n this thesis, large-area molecular junction were processed with two different photochromic
Iswitches, entitled the meta-phenyl and the thiophene switch. These switches exhibit two dif-
ferent stable states, a conjugated (ON) and a non-conjugated (OFF) state, with different electronic
transport properties. The switches can be turned from one state to the other by exposure to light
of specific wavelengths.

The ON/OFF ratio between current densities through devices with the meta-phenyl switch is
around a factor 3 at 0.75 V. Both devices with the conjugated and non-conjugated switches re-
sulted in temperature independent I-V characteristics which indicates tunneling as the domi-
nant transport mechanism for both states. Furthermore, the conductance of these devices can be
changed upon UV irradiation and by applying a bias, while devices without switches show no
difference after these operations. After VIS irradiation, however, no change was observed, mak-
ing the meta-phenyl switch optically unidirectional.

Devices with the thiophene switch resulted in similar characteristics as the meta-phenyl switch.
The current densities were somewhat higher for both states and the ON/OFF ratio smaller. It
was not possible to change the conductance of these devices upon UV and VIS irradiation.
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Introduction

n present day technology, the miniaturization of electronic devices faces a huge challenge since
Iconventional silicon technology is reaching its limits. To ensure that Moore’s law is obeyed,
which states that the number of transistors on integrated circuits double every 18 months, other
solutions have to be exploited. Since the theoretical study of Aviram and Ratner in 1974 predict-
ing a single molecule functioning as a diode', the field of Molecular Electronics has received much
attention. From that time scientist have been searching to develop methodologies and processing
schemes for measurement templates to determine the electronic properties of single molecules or
an ensemble of molecules, since molecules are advantageous in their size together with the diver-
sity which can be obtained by chemical synthesis. Yet it has taken around two to three decades
since the 1974’s publication to develop the first experimental setups to measure the properties of
molecules.

One of these methods is based on the development of scanning probe microscopy techniques.
By using STM (scanning tunneling microscopy) or CP-AFM (conducting-probe atomic force mi-
croscopy) to contact molecules that are self-assembled on a conducting surface (e.g., gold), cur-
rents through these molecules can be measured by applying a potential between surface and tip?.
A disadvantage of these techniques is that the contact area between tip and surface is unknown
and thus the number of molecules contributing to the current. Furthermore, in STM an additional
tunnel gap is created since the STM tip is hovering above the self-assembled monolayer (SAM).
Another method is to use an electrically or mechanically controllable break junction to separate
two electrodes from each other in such a way that a gap of the size of a molecule is formed in
between®*. A problem with this technique is the reproducibility of one junction. In general,
however, statistics can be done to determine the properties of the molecules used.

A very interesting other approach is defining junctions in so-called via holes or vertical inter-
connects® In these holes, which are determined by (electron beam)lithography, a self-assembled
monolayer (SAM) is created on the underlying substrate. Then by special, indirect evaporation
of the top contact, molecular junctions are formed with a predetermined area. Direct evaporation
of a metal top contact on the SAM is not possible since this results in penetration of the metal into
the SAM resulting in shorts®.

This concept of via holes has been further exploited more recently’. A processing flow chart
has been designed to easily make two-terminal devices with a SAM as active component. At
the moment, only insulating alkanes and some more conducting molecules have been measured.
This research is an extension of the measurements on these alkanes to show proof-of-principle
conductance switching to produce devices of which the current in the devices can be altered by
means of an external stimulus such as irradiation. For this, devices with molecular switches as
an active component have been fabricated and characterized.



Chapter 1

Theoretical Background

1.1 Molecular Conduction

s already mentioned in the introduction, only relatively recent measurements are performed
Aon molecules regarding their conduction. General observations conclude that tunneling is
the main conduction mechanism, whether the molecule is saturated or conjugated, however in
the absolute magnitude of the currents measured are still some discrepancy between the different
measurement methods®.

Also it is still in debate what is the tunneling pathway. Electrons can tunnel directly from one
contact to another through vacuum via the shortest pathway with the highest occupied molec-
ular orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO) as the barrier height.
Also electrons can tunnel through the molecules, which are not always aligned with the shortest
pathway. Tunneling then occurs through HOMO or LUMO.

Theoretically, the description of the conduction through molecules is based on a description of
thin dielectric films between two contacts. The most commonly used model is the so called Sim-
mons model, already postulated in 196392:10, Other models are also proposed“, however, the
biggest challenge in the description of tunneling through molecules seems to be the determina-
tion or calculation of the potential barrier shape.

Experimentally, the tunneling current depends exponentially on the applied bias and is inde-
pendent of temperature®. Therefore, temperature dependent measurements are widely used to
determine whether an observed current is due to tunneling or caused by another conduction
mechanism.

1.2 Molecular Switches

he most important part of the molecular electronic devices are of course the molecules. In

this study molecular switches are used, which are essentially molecules that are stable in
two different states and can be driven externally from one state to another and back. Many dif-
ferent molecular switches are known.
One interesting class of molecular switches are the diarylethenes'?. These class of molecules are
photochromic compounds. Photochromic compounds can be reversible turned from one state to
another by exposure to light of specific wavelengths. The transition in the diarylethenes is ring
opening or closure in the middle of the molecule, shown in Figure
An interesting other feature of this group of molecules is that during the transition, the conju-
gation between both ends of the molecules is changed. In the open form, there is no complete
conjugation while it is present in the closed form. The consequence of this is that the electrical
conductance of the molecules (if there is anything like molecular conduction) is changed or at
least the conductance of a junction containing the molecules since the tunnel barrier is changed.
The kinetics of both transitions differs in terms of their quantum yields. This quantity illustrates
how efficient the transition is. The quantum efficiency specifies the chance that the transition
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Figure 1.1: Photochromic moiety diarylethene. Ring closure and opening can be achieved by exposure

to two different wavelengths. The conjugation throughout the moleucule is also switched during the ring
closure and opening.

occurs when one photon is absorbed by the molecule. Since there is always a chance that the
molecule returns to its original state, the efficiency is always smaller than one. In general the
quantum efficiency of the ring closure is higher than the ring opening'3-'4. This means that ring
closure is more easily achieved than ring opening. In general, when the transition energy is lower,
the efficiency is decreased. The transition energy from closed to open state is lower, because an
initially excited state of the molecule has to be reached. Since the closed form is conjugated, the
energy gap between the HOMO and LUMO is smaller and so it takes less energy to send an
electron from this HOMO into the LUMO, producing an excited molecule.

1.3 Self-assembled Monolayers

wo key components in molecular junctions are the formation of molecular monolayers and

making contacts to these layers. Self-assembled Monolayers (SAMs) are ordered structures
which consist of a single layer of molecules attached to a substrate. Often, these substrates are
metals, e.g. , gold. The two key ingredients for molecular devices are intrinsic to SAMs. Also,
SAMs are easy to produce since the molecules assemble themselves on the surface. A substrate
in a solution with the desired molecules is enough to grow a SAM. Also SAMs can have a wide
range of properties since the molecular structure can be easily altered. Many different combina-
tions of substrates and molecular endgroups are known to produce ordered SAMs!5.
A very widely used system is gold — thiolate bonding. Alkanedithiols (length < C;4) with one
thiol endgroup attached to gold form large regular domains with the chain tilted from the surface
of the metal'®. In this configuration the thickness of the SAM is almost equal to the length of the
molecules due to a tilt angle of ~ 30°. However, longer alkanedithiol chains seem to show less
order with increasing chain length.
This indicates that making SAMs of large molecules is more difficult and molecular alignment is
not always such that the thickness of the SAM is close to the length of the molecule. Also it is
possible that nicely ordered domains are interspersed with large amorphous domains.

1.4 Large-area Molecular Junctions

he devices in this study, which have been processed with molecules as active components,

are based on self-assembled monolayer formation on fabricated metallic contacts. The mole-
cules are self assembled in small vertical interconnects or via holes of which the diameter can be
fabricated within a range of 6 um - 100 m. This means that the area of the junctions can be varied
over almost three orders of magnitude. This already offers a nice check if good devices are pro-
duced, since the current through the devices per unit area (current density) should be constant.
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Figure 1.2: Processing scheme for the fabrication of the large area molecular junctions.

The processing scheme for the large-area molecular junctions is shown in Figure . All steps
used are conventionally and industrially used processes such as spincoating and photolithogra-
phy. First, gold bottom contacts are thermally evaporated on a silicon wafer with a thermally
grown oxide (500 nm). Then with standard lithography via holes are processed in photoresist.
In these holes the molecules are self assembled. Now a monolayer of molecules is formed in the
open holes. Evaporation of a top metal contact on top of this monolayer will damage it or pene-
trate to form shorts®. So the key step in the processing is the formation of the top contact.

This key step in the processing is done by spincoating the conducting polymer PEDOT:PSS on
top of the SAM. The idea is that since the polymer molecules are large, they do not penetrate
the SAM but instead form a layer on top of it. Furthermore, PEDOT:PSS is hydrophilic, which
prevents penetration of the hydrophobic core of the SAM. Because of this extra layer, direct evap-
oration of the auxiliary top metal contact is possible, since now the metal will only penetrate to
some extent into the polymer but leaving the SAM intact. After the spincoating of the conduct-
ing polymer and the evaporation of gold metal top contact, the surrounding, excess polymer
is etched away using reactive ion etching, leaving a photoresist encapsuled molecular junction
between two contacts, Au and PEDOT:PSS/ Au.



Chapter 2

Experimental

2.1 Device Fabrication

D evices were fabricated following the processing scheme as shown before (Figure and Ref.
[7]). Standard bottom contact thickness used was 60 nm. For the self assembly,|0.5 - 1.0
mmol/L solutions of the switches were used and 3 mmol/L solution for alkanedithiols. On top
of the molecules, PEDOT:PSS (Baytron®PH 500) was used as conduction layer and standard top
contacts used were 20 nm thick. This thickness was used to ensure that light could reach the
molecules in the devices. The transmission of PEDOT:PSS and 20 nm Au was measured and is
shown in Figure It shows that light is transmitted over the wavelengths which are needed to
switch the photochromic molecules (312 nm UV and 500-600 nm VIS).
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Figure 2.1: Absorbance of the meta-phenyl molecular switch (See section 3.1) measured in toluene and
transmission of PEDOT:PSS with 20 nm Au on top. 20% transmission is obtained for 312 nm and almost
50% transmission for the visible light.
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2.2 I-V Measurements

easurements were performed in vacuum (~ 10~¢ mBar) in a home-built probe station. A

Keithley 4200 was used to measure the currents as a function of the applied voltage. A
back and forth voltage sweep was always performed with forward bias on the Au bottom con-
tact. The measurements were done in vacuum to avoid any influence of remaining water in the
PEDOT:PSS on the measurements.

2.3 Irradiation of the Devices

rradiation of the devices was performed outside vacuum. In the ultraviolet spectral region,
Ian UV lamp with specific wavelength of 312 nm was used. For the visible irradiation part,
this was a Xe-lamp with a 420 nm cut-off. Immediately after irradiation, the devices were put
in vacuum again. In general, the pump time of the probe station was around 3 hours to reach
the desired low pressure (~ 10~ % mBar). Consequently, a delay between the irradiation of the
devices and the I-V sweep is obtained.



Chapter 3
Experimental Results for the Meta-Phenyl Switch

3.1 The Meta-Phenyl Switch

ifferent switches have been used in the large-area devices. The photochromic part of the

molecules (the core) is often the same, while the remainder of the molecules (the electrical
leads) differs. One of the molecules used is shown in Figure The specific orientation of the
two substitutions on the benzene ring in this molecule are called meta substitutions. Therefore
the molecule is entitled the meta-phenyl molecular switch. The meta substitution on a phenyl
ring is known for electronic decoupling of the two substituents with its metal contacts!”. In this
way, it is made sure that the photochromic moiety is not very much influenced by the coupling of
the sulfur atom to the gold which, of course, changes the electronic energy levels of the molecule
at the interface.

s/o

CH,

200 <A <300 nm 500 <A <600 nm

Figure 3.1: Molecular structure and conjugation of the meta-phenyl switch. The meta substitution is used
to decouple the photochromic moiety electronically from the contacts.

3.2 Characterisation of the Open State

he molecules have been assembled in the open, low conducting state. It is expected that

because the molecule is not conjugated in this state, tunneling through an insulator is ob-
served. The results of the I-V measurements of these devices are shown in Figure It shows
that the currents densities for the different device areas are the same. Although not clear on a
logarithmic scale, the current density depends exponentially on the applied bias.
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Figure 3.2: Current densities obtained from devices in which the open form of the meta-phenyl switch was
self-assembled. The current densities of the devices with varying areas are the same, which shows that good
devices are produced. At least 11 devices of each diameter are measured.

The temperature dependence of the currents through the open form of the switches has been de-
termined to check the transport mechanism of the devices (Figure B.3). The current through the
devices is temperature independent in the temperature range 180 K - 200 K. Furthermore, when
enlarging the figure, no trend is observed in the current as a function of temperature. Because
of this temperature independence, the conduction mechanism through the open switch is deter-
mined to be tunneling.
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Figure 3.3: Temperature (in)dependence of the current densities obtained for 60 pm devices with the open
form of the meta-phenyl switch self-assembled. No trend is observed as a function of temperature. Similar
results were obtained for other device sizes where at least 4 devices were measured for every diameter.

To a first approximation this tunneling depends on the thickness and height of the barrier, respec-
tively the length of the molecule and its energy levels. Because of this, the currents which were
obtained for the open form have been compared to currents which were obtained for alkanedithi-
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Figure 3.4: Comparison of the different average currents obtained for different molecules which are used.
The currents obtained for the switches reasonably fit in, resulting in the conclusion that really the molecular
switches are measured.

ols (Ref. [7]). If only a comparison is made involving the length of the molecules, the currents
of the molecular switches, which are around 18 Ain length, should be comparable to the ones
measured for decanedithiol, which is 17.4 A. The currents obtained are somewhat higher (Figure
[3.4), but this can be explained qualitatively since only a small part of the open form of the molec-
ular switch is insulating and both ends are conjugated. This effectively results in a smaller tunnel
barrier and a higher current through the molecules. Although the shape of the I-V curve differs
for unclear reasons, since the magnitude of the current is comparable to the current obtained
for the alkanedithiols, it is concluded that indeed the current through the molecular switches is
measured.

3.3 Characterisation of the Closed State

Similar to the investigation of the open form, the closed form of the molecule has been self
assembled in the devices and characterised. Because the molecular switch is turned from
non-conjugated to conjugated, an increase in the currents through the devices is expected. Re-
sults obtained from the devices are shown in Figure

The scaling of the currents for these devices is not as good as for the low conducting form of
the molecule. The reason for this is the influence of the 20 nm thick top contact. Devices have
been processed with the standard 20 nm top contact and, after measuring, an extra 130 nm Au
was evaporated on top of the 20 nm, resulting in a 150 nm top contact. It is seen that the current
for almost all device areas was increased, the effect most pronounced for the largest, 100 ym in
diameter (Figure [3.6). Furthermore, the scaling of the currents with area improved drastically.
This shows that the 20 nm top contact is limiting the current through the larger devices. As the
diameter of the molecular junctions increases, the resistance of the monolayer junction decreases
and the thin top contacts become the limiting resistance. Therefore, the current through the de-
vice is increasingly more limited with increasing device area. Therefore, scaled to the area of the
devices, the current density decreases for the larger diameter devices.
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Figure 3.5: Average current densities of devices in which the closed state of the molecular switch is self
assembled. The current densities for different areas are not exactly equal, as observed for the open state. At
least 9 devices of each device diameter have been measured.
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Figure 3.6: Current densities obtained from 4 devices with 20 nm top contacts and 130 nm extra, resulting
in 150 nm top contacts. The currents are higher for the devices with thicker top contacts, demonstrating that
the 20 nm top contacts limit the current through the larger devices with the closed form of the molecular

switch assembled.

To determine the conduction mechanism, also the temperature dependence of these currents has
been measured. A priori, it could be reasoned that because the molecule is completely con-
jugated, temperature dependent semiconducting behavior is expected. However, because the
distance between the electrodes is so small, tunneling could still be the dominant conduction
mechanism.

Results of the temperature dependent measurements are shown in Figure It is demonstrated
that the current through the closed form is also temperature independent. This leads to the con-
clusion that the transport mechanism through the closed form is also tunneling.
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Figure 3.7: Temperature dependence of 20 pm devices in which the closed form of the meta-phenyl switch
has been self-assembled. Similar results are found for other device sizes.

3.4 Comparison Open and Closed State

ince both forms of the molecular switch have been characterised, a comparison can be done

between the currents obtained from both types of devices. In Figure the averages of the
current densities are plotted for both devices with the open and the closed switch. It is shown
that the currents through the closed state are higher than the open state.
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Figure 3.8: Average current densities obtained from devices with the open and closed switch self-assembled.
At least 34 devices have been used in the average per state of the molecule. A difference in current density
through the devices is observed between both forms. As a function of voltage, the ratio between the current

is not constant (inset).

The figure shows two important aspects; first, it it possible to observe the difference in conduction
between the different states of the molecules. The difference in current (density) through the
devices is a factor ~ 3 at 0.75 V. This encourages the fact that the conduction through the devices
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can really be changed upon irradiation and observed with conventional I-V measurements.
Second, the ratio between the currents obtained is not constant as a function of voltage (inset
Figure 3.§). If this aspect can be reproduced upon irradiation, it verifies that the molecules are
responsible for the conductance switching and it is not due to a change in contact area in the
device.

The difference in conductance through the devices is, however, not as large as expected. Similar
molecules have been measured using the breakjunction technique. A difference in resistance of
orders of magnitude was determined between the open and closed state*. An explanation can
be that the molecules have different surroundings in both cases, e.g. cooperative effects in self-
assembled monolayers could be of importance in the large-area junctions while this is not the
case in the break junctions'®.

Of course, a larger ratio between the currents is desirable. However, first of all, it should be
demonstrated that in the large-area devices the molecules can be switched from ON to OFF and
vice versa, thereby changing the conductance of the devices upon irradiation.

3.5 UV Irradiation of the Devices

Since both forms of the molecules have been characterised and it has been demonstrated that
it should be possible to switch the conductance of the devices around a factor 3, devices have
been irradiated to convert the switches from one state into the other. Figure [3.9|shows the cur-
rent densities obtained from 60 yum devices with the open form assembled and irradiated for 15
minutes with UV light of 312 nm wavelength.
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Figure 3.9: Current densities (inset: currents) obtained from 60 um devices with the open state of the
molecule assembled (@) and after irradiation with UV light for 15 minutes in air (M). After irradiation,
the currents through the devices are essentially the same as for devices with the closed form of the molecule
assembled in the device (Figure[3.5).

The currents obtained from the irradiated devices are compared with the currents obtained for
devices based on the assembled closed switch. The currents are essentially the same which is
a first indication that the switches in the devices have been turned from the ring open to the
ring closed state. However, to check whether this is not a property of the Au contacts or the
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PEDOT:PSS, devices have been processed without molecules (Au-PEDOT-Au) and with tetrade-
canedithiol molecules assembled. When it is assumed that the currents obtained in Figureare

indeed caused by switching of the meta-phenyl switch,
canedithiol devices should not lead to an increase in the

0.06

irradiation of the PEDOT and tetrade-
currents through the devices.
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Figure 3.10: Average currents obtained from 20 pm Au-PEDOT-Au devices before and after UV irradiation

for 15 minutes. No change in current is measured for these devices, concluding that the Au-PEDOT contacts

are not responsible for the increase in current which is observed for irradiation of devices with molecular

switches.
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Figure 3.11: Current densities obtained from 20 pm devices with tetradecanedithiol before and after UV

irradiation. The devices nearly produce the same currents after irradiation. The ratio between the two

curves is around 1.3 on average but not constant. It is conclude
devices since this difference in curves is in the error margin of

d that UV irradiation has no influence on the
the measurement.
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Currents obtained before and after irradiation of Au-PEDOT-Au devices are shown in Figure
Since PEDOT is a heavily doped semiconductor, ohmic behavior is observed for the current
— voltage characteristics.

After irradiation of these devices, no increase in the current is observed as was seen for devices
with the meta-phenyl switches assembled. This leads to the conclusion that the device structure
with PEDOT:PSS as contact is not responsible for the observation of the increase of the conduc-
tance of the devices after UV irradiation. To verify that devices based on non-switching molecules
exhibit the expected characteristics, tetradecanedithiol molecules (HS-C;4H25-SH) were used
since these are simple molecules exhibiting no special behavior with respect to their electrical
transport properties (Figure[3.11). After irradiation of the tetradecanedithiol devices, the currents
obtained do not significantly differ from the currents obtained before the irradiation. Therefore,
it is deduced that not some interface interaction between the thiol endgroup and gold or PEDOT
is responsible for the switching upon irradiation in the large-area junctions. Thus, the molecular
photochromic moiety, which is present in the molecular switches and absent in the other devices,
is responsible for the switching of the currents through the devices as observed in Figure
Therefore it is concluded that the meta-phenyl switch can be switched in the large-area molec-
ular junction from the open to the closed state using UV irradiation, resulting in an increase in
current through the devices of around a factor 3.

3.6 Capacitance measurements

apacitance measurements were performed on a series of devices processed on a quartz wafer

with smaller bottom contacts. Quartz was used to avoid any parasitic capacitances and small
contacts were used to reduce the overlap of the top and bottom electrodes and consequently to
reduce the extra capacitance of the photoresist which is also measured. Results of the measure-
ments are only indicative because of the low resistance of the SAM, resulting in the observation
of the influence of the capacitance at high frequencies only and the large contribution of the ca-
pacitance of the photoresist to the total capacitance, resulting in a rather crude determination of
the capacitance of the SAM. However, it is expected that due to a change of the dielectric con-
stant of the monolayer after irradiation, the capacitance of the devices should change. Although
the measurements are not very accurate, capacitance measurements on devices before and after
illumination result, for both the 10 and 20 m devices, in higher capacitance values together with
the observation of the change in current (Table 3.1).
When using the Simmons model with the dielectric constant incorporated?'?, the current densi-
ties for devices with the open state can be modelled reasonably well. However, if only the change
in dielectric constant of the monolayer is taken into account, the current densities for devices with
the closed state cannot be modelled anymore, since the influence of an increased dielectric con-

H Diameter H C open (PF) H Determined € open H C afteruv (PF) H Determined € 4 ¢teruv H
| 1opm [ 1692 5.1 | 1.886 | 5.7 |
| 20um || 5310 | 3.8 | 6.790 | 49 |

Table 3.1: Capacitance and dielectric constant values obtained from devices processed on quartz before and
after UV irradiation. The values are at least averaged over 12 devices. The change in capacitance / dielectric
constant of the monolayer indicates that the molecular switches are converted from the open to the closed
state.
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stant is to reduce the current density by the reduction of image charges at the contacts. Therefore,
other properties than only the dielectric constant change upon irradiation, e.g. , the electronic en-
ergy levels. The change in dielectic constant of the monolayer together with the change in other
properties of the system supports the conclusion that the molecular switches changing states are
indeed responsible for the change in current.

3.7 VIS Irradiation of the Devices

fter the conclusion that the switches can be turned from the open to the closed state, it was

investigated if the opposite transition takes place using VIS irradiation. However, it was
observed that the currents through the molecules did not return to their lower values after 25
minutes of irradiation. Therefore, it is determined that the switching from the closed to the open
state is quenched. A possible explanation is that this is caused by the interaction of the molecules
with the gold, via the thiolate bond. One-way switching is also observed for similar molecules in
a breakjunction geometry?. Furthermore, specific properties of the whole class of diarylethenes
seem to be intimately related to the specific substitution on the various positions around the
photochromic moiety (Figure [L.I)!%:20. Therefore, it is not trivial to choose a photochromic di-
arylethene and know a priori if it will switch in both directions under illumination while it is in
the large-area molecular junction. In the junctions, the molecules are connected to gold and are
maybe even more hindered for the switching because of the PEDOT:PSS top contact.

3.8 Electrochemical Switching

ecently, it has been shown that different diarylethenes can be turned from one state into
the other electrochemically in solution!?:2%:2! and in the bulk??:23. In the quest to observe
the switching from the closed to the open state, which was impossible to observe with visible
irradiation, it was proposed to turn the closed molecules into the open state by applying a rather

o Before ]
©o o After 30s 1.5V ]

08 06 04 02 00 02 04 06 08
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Figure 3.12: Average current densities obtained before ( O ) and after 30 seconds 1.5 V bias ( O ) over 80 pm
devices with meta-phenyl switches assembled in the closed state. Similar results are obtained for devices
with other diameters. The ratio between the curves is around 1.5 at 0.75 V.
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large potential to the molecules. Results of these experiments are shown in Figure

The figure shows that the current through the devices decreases after biasing the devices with
1.5 V. This indicates that the molecular switches are converted from the closed to the open state
inside the junctions.

However, it is possible that the large bias destroys the devices and therefore a lower current is
observed. Because of this, a series should be performed of UV irradiation followed by biasing for
several times consecutively. This has been done on 6 um devices resulting in the characteristics
shown in Figure [3.13}

It is determined from the consecutive operations that the molecular junctions are not destroyed
by the 1.5 V bias. If the molecules are destroyed, the current can not increase again after UV
irradiation, since this is the manifestation of the photochromic moiety. However, from the I-V
characteristics it is concluded that the monolayer is not fully transformed into the open and the
closed state as the absolute value of the currents remain within the window given by This
is confirmed by the determination that the currents obtained after the operations are all related
to the maximum achievable current of the closed switch devices by a constant factor (<1). This
shows that the monolayer in the devices is partly switched from one state to the other.

In conclusion, the measurements show that both the open (OFF) and closed (ON) state an be
assembled on Au and further processed to make large-area molecular junctions. The ON/OFF
ratio of these devices is ~ 3. Switching from the open (OFF) to the closed (ON) state with UV
irradiation is possible, but the reverse operation with VIS irradiation is not observed, making the
meta-phenyl switch a unidirectional optical switch.

However, switching from the closed (ON) state to the open (OFF) state is feasible by an electrical
stimulance of 1.5 V with an ON/OFF ratio of ~1.5. This implies that the SAM of the closed
state switches only partially to the open state with voltage, after which the monolayer switches
optically, again partially, back to the closed form.
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1.5x10" |- 15V @) ]
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1.0x10" | 1.5V (3) i
+ uv (3)
< soxt0°f 1.5V (4) ]
- uv (4)
c —
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B
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O sox10°f ]
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Figure 3.13: Consecutive UV and biasing operations performed on a 6 m device with the closed state of
the meta-phenyl switch assembled. UV irradiation and 1.5 V biassing results in an alternation between a
higher (greenish area) and lower (brigtht red area) conductance state, respectively. The ratio between the
currents is at least 1.5 at 0.75 V.



Chapter 4
Experimental Results for the Thiophene Switch

4.1 The Thiophene Switch

he second molecular switch used in the large area molecular junctions is entitled the thio-

phene switch. The molecular structure is shown in Figure The photochromic moiety of
the switch is the same as the meta-phenyl switch, however the moiety is substituted by thiophene
rings on both sides. Because of this substitution the coupling to the electrodes is expected to be
larger. Possibly this is also the reason why these molecules can only be switched one way, from
closed to open, when connected to gold in a breakjunction geometry?. Therefore, the aim for us-
ing this molecule is to observe this unidirectional switching in the large-area molecular junctions
based on the thiophene switch.

CH,

Figure 4.1: Molecular structure of the thiophene switch. When connected to a gold electrode, this molecular
switch can only be switched from the closed to the open state.

4.2 Characterisation of the Open State

Similarly as for the meta-phenyl switch discussed in Chapter 3, devices were processed with
one of both states self-assembled in the devices. First of all, the open state was assembled.
Current densities obtained for these devices are shown in Figure
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v 100um
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Figure 4.2: Current densities obtained for devices with the open thiophene switch self-assembled. Current
densities are not exactly equal, which is probably due to the higher currents through the devices.

Apparently, because of the better coupling to the electrodes through the thiophene rings, higher
currents are obtained for devices with this molecular switch, compared to the devices with the
meta-phenyl switch. Consequently, current densities of devices with different diameters are not
the same, since the current is limited by the thin Au top contacts. This can be avoided by using
thicker top contacts. (Figure 8.6). However, good devices are obtained also when this specific
switch is incorporated.

4.3 Characterisation of the Closed State

Iso devices were processed with the closed state of the switch. The J-V characteristics are
plotted in Figure Since the currents of the open state were already quite high, the in-

0.8 -0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V)

Figure 4.3: Current densities for devices with the closed state assembled. The thin Au contacts limit the
current density. 10 pm devices were all shorted in this specific measurement.
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crease in current (density) is expected to be of the same order or lower than the increase observed
for the meta-phenyl switches. Since the thin contacts start to limit the conduction through the de-
vices, an upper limit is present for the current. Although then, probably, the resistance of the
monolayer still changes with the same factor, it will not show up in the measurements since it
will be dominated by the contacts. Thicker top contacts should be used instead but simultane-
ously the transmission of the contacts will decrease.

As for the temperature dependence of the devices with this thiophene switch, no measurements
have been performed. Because of the similarities in the molecular structure and in the I-V charac-
teristics of both the open and the closed state to the meta-phenyl switch, these devices will proba-
bly also show temperature independent behaviour and therefore also the conduction mechanism
is believed to be tunneling. However, this still needs to be verified experimentally.

4.4 Comparison Open and Closed State

oth the open and closed state of the thiophene switch have been measured as shown in the
B previous paragraphs. It is now possible to compare the currents obtained for these devices,
which also determines the maxima of current differences which can be obtained in one single
device upon irradiation. Both the average current densities measured are shown in Figure
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= Open
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Figure 4.4: Average current densities obtained from the devices with the thiophene switch assembled in the
open (B ) and closed ( @ ) state. The difference between the curves is small, but observable.

The difference between both states is smaller in these devices compared to devices fabricated
with the meta-phenyl switch. Yet, in every single device a difference in current density can be
observed between the open and the closed state. Of course this difference is a consequence of the
molecular structure of the switch and coupling to the contacts has already been put forward to
explain this qualitatively. However, what exactly determines the properties is not exactly known
and remains to be investigated.
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4.5 Switching in the Molecular Junctions

ven though only a small difference in current density is present between both states, the

devices were UV irradiated in an effort to switch from the open to the closed state. This
should normally cause the molecules to convert into the closed, higher conducting state but not
when connected to gold*. This is exactly what has been observed. After illumination, no change
in current was observed which confirms the previous measurements on these molecules.
Next it was tried to convert the closed molecules to the open state, which should actually work
with the molecules, as observed previously in breakjunction experiments®. Unfortunately, also
in this case no change in current was observed. This means that for the thiophene switch, no
change has been observed while the molecules were assembled in the molecular junctions. It
has, however, not been tried to switch the molecules electrochemically in the junctions. This
could still lead to the observation of one-way switching, since it has been also observed in the
devices with the meta-phenyl switch.



Chapter 5

Summary and Conclusion

n this thesis, large-area molecular junctions were processed with two different photochromic
Iswitches, entitled the meta-phenyl and the thiophene switch. These switches exhibit two dif-
ferent stable states, a conjugated and a non-conjugated state, with different electronic transport
properties. The switches can be turned from one state to the other by exposure to light of specific
wavelengths.

The difference in current densities through devices with the meta-phenyl switch in the conjugated
(ON) and the non-conjugated (OFF) state is around a factor 3 at 0.75 V. Devices with both states re-
sulted in temperature independent I-V characteristics, which indicates tunneling as the dominant
transport mechanism. Furthermore, the conductance of these devices can be changed upon UV ir-
radiation and by applying a bias, while the reference devices without switches (Au/ Alkanedithiol
/PEDOT:PSS/Au and Au/PEDOT:PSS/Au) do not show any difference after these operations.
After VIS irradiation, however, no change in current density was observed.

Devices with the thiophene switch resulted in similar characteristics as the meta-phenyl switch.
The current densities obtained were somewhat higher and the difference in current densities
between the ON and the OFF state smaller. It was not possible to change the conductance of
these devices upon UV and VIS irradiation. A possible explanation is that, because of the better
coupling of the molecules to the contacts, the current densities are higher and the switching is
quenched.

In general, reliable large-area molecular junctions with molecular switches incorporated as a
self-assembled monolayer can be produced. It has been shown that it is possible to influence
the current through devices in which the molecular switch, entitled meta-phenyl switch, has
been incorporated. However, some specific properties about this system still remain unclear.
The first observation that stands out is the small difference between the conjugated state of the
molecule and the non-conjugated state. It seems that conjugation is not that important when
a single layer of molecules is used in an electronic device. This aspect has to be further inves-
tigated and is related to the understanding of the conduction through (such) monolayers. As
already mentioned in section 1.1, this is still not understood. For this, several different series of
molecules have to be measured in the large-area molecular junctions.

Secondly, to understand the relation between the properties of the switches and their molecular
structure is of great importance. In literature, many switches have been characterised in several
different ways, but still nothing really conclusive can be said about it. Furthermore, it is of course
not only needed to know specifically this relation for molecular switches, but more for molecules
or a monolayer of them in general. Then eventually other functional devices based on molecules
can be produced also, e.g. , diodes.

Furthermore, the properties of the monolayer are yet completely neglected. Specially for these
longer, flexible molecules it is important to know what is the structure of the monolayer, because
in general the layers are not very ordered. It seems that the environment of a molecule is also
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important for the electronic transport properties®:14. It is also possible that the molecules do not
switch (as good as expected) because of steric hindrance within the monolayer. Therefore, the
structure of the monolayer seems to be quite important and should be measured. To determine
the structure of the monolayers of the molecular switches, Polarization Modulated Infrared Ab-
sorption Spectroscopy has been performed. However, no conclusive data have been obtained so
far.

Since many things about these systems are still unknown, more research is needed to determine
the important parameters for the conduction through monolayers of molecules and the mani-
festation of molecular properties in electronic transport junctions. However, though not com-
pletely understood, proof-of-principle switching of the conduction of molecular junctions has
been demonstrated with the use of photochromic molecular switches.
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