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Chapter 2

Experimental techniques

In this chapter we introduce the two experimental techniques used to contact
molecules.

2.1 One versus many

Below, we introduce two approaches to make metal-molecule-metal junctions;
mechanically controllable break junctions (MCBJ) and large area molecular
junctions (LAMJ). Both methods allow to contact molecules between two
electrodes. The most significant difference between the two techniques is the
number of molecules contacted; this number differs by more than six orders
of magnitude. Before introducing each method in detail, table 2.1 compares
some basic features of both techniques.

2.2 Mechanically controllable break junctions with
a liquid cell

A surprisingly simple way of creating stable atomically sharp point contacts
separated by a vacuum tunnel barrier was originally proposed by Moreland
and Ekin to perform tunneling experiments using superconductors [52]. The
central idea of these mechanical controllable break junctions (MCBJ) is that
by breaking a thin metal wire in a controlled way, atomically sharp electrode
tips are formed. Hence, conduction through these tips is due to one or a few
atoms only. In the last two decades, the technique has created its own field,
since it allows studying the quantum properties of atomic sized conductors. A
complete overview of the achievements of this field is given by Agräıt, Yeyati
and Van Ruitenbeek [36]. Recently, the use of MCBJs has regained popu-
larity. As a result of their tunability and size, break junctions are excellent
electrodes for transport measurements on single molecules [53]-[60].
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Figure 2.1c shows a schematic drawing of a MCBJ in a three point bending
mechanism. The central part of this construction is the pushing rod whose
position Z can be controlled with sub-micrometer precision. The pushing
rods motion results in bending of the substrate such that a lateral force is
applied to the wire. This force stresses, thins and eventually breaks the wire
at the weakest point. After breaking, the ’attenuation factor’ r—defined as
the ratio of the elongation in the wire direction Δd, and the translation of
the pushing rod ΔZ — is given by :

r =
Δd

ΔZ
= ³

6tU

L2
(2.1)

Here, t is the thickness of the beam, U is the suspended bridge length, L
is the distance between the counter supports and ³ is a correction factor.
Previous modeling has shown that the need for including ³ comes from the
use of the soft polyimide layer in the fabrication of MCBJs [64]. This layer
is needed to insulate the wire from the underlying conductive substrate and
for etching selectivity. ³ depends on the exact geometry of the device. For
the elastic response of the geometry discussed here, the modeling predicted
2 ≤ ³ ≤ 4, which is consistent with experiment [64, 65]. Since the mechanical
loop (defined by U and the etch depth) is small, these junctions are not so
susceptible to vibrations [36].

MCBJs can be fabricated in different ways [36]. In this thesis we chose to
use lithographic techniques to fabricate MCBJs. Using lithography, a free-
standing metal wire with a well-defined weakest point can be created on an
insulating substrate. This method is rather elaborate compared to conven-
tional techniques. However, it yields mechanical loops which are about 100
times smaller compared to conventional techniques. Hence, both the stabil-
ity and the distance resolution of the electrodes are superior to conventional
MCBJs [66]. The quality of the apex of the electrodes is thought to be sim-
ilar for lithographic and conventional techniques. Below, we describe the
fabrication of MCBJs. A detailed recipe has been published elsewhere [67].

To produce MCBJs, we start with a polished phosphor bronze substrate,
which is chosen because it is ductile. The planar dimensions are 22×10 mm2

and the substrate thickness is t = 0.42 mm. We then spin coat a layer of
pyrralin polyimide on top of the conductive substrate with a typical thickness
of ≈ 1 ¹m. On top of the polyimide we pattern the device by conventional
electron beam lithography. After gold deposition (99.99% Umicore 120 nm
on top of a 5 nm chromium adhesion layer), the polyimide directly below the
bridge is etched away by reactive ion etching using an O2/CF4 plasma. This
leaves behind a freestanding gold bridge. A scanning electron micrograph of
the resulting structure is shown in figure 2.1b. The suspended length of the
bridge is U = 2.4 ¹m, and the width is 100 nm at the narrowest point. The
counter supports are positioned at a distance L=18.8 mm. For our junctions,
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MCBJ LAMJ

# molecules 1− 102 106 − 1010

device layout lateral1 vertical1

electrode 1 metal metal (bottom)
electrode 2 metal polymer (top)
# terminals 2 2
accessible from solution2 Y N
optical access2 Y,limited Y, limited
tuneable after processing Y3 N
fabrication time /unit4 ≈1 week ≈1 week
Temp range 4-300K 4-400K
devices / unit 2 62 x 8 = 496
fabrication time /junction ∼ 2 days ∼ 1 minute

Table 2.1: Table comparing the two experimental techniques to contact
molecules used in this thesis. 1Lateral and vertical refer to the device layout.
The direction of the current through the device is parallel (perpendicular)
to the substrate surface in the case of a lateral (vertical) device. 2Light
or chemicals from solution can be used as an external stimulus to change
the electrical properties of molecules present in the junction. In the case of
the MCBJ, the inter electrode area is freely accessible. However, the inter
electrode distance is much smaller than wavelengths of visible light and the
metals will absorb a vast amount of the light applied. Despite this difficul-
ties, light has been successfully applied to the central constriction of a MCBJ
[61, 62]. For LAMJ, the molecules are completely surrounded by absorbing
material, this hampers direct access for solutes and light. However, light has
also been applied to these structures [63]. 3The inter electrode distance can
be tuned very accurately. 4A unit refers to one phosphor bronze substrate
with 2 junctions in the case of a MCBJ and to a 6 inch wafer containing 62
x 8 = 496 junctions each in the case of the LAMJ.
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r = 1.7 ⋅ 10−5 ⋅ ³. As a consequence, d can be controlled with an impressive
precision; a 0.1 ¹m displacement in Z results in a 0.5 Å change in inter
electrode distance (³ = 3).

In order to have a liquid environment, we mounted a liquid cell on top of
the MCBJ. Figure 2.2 shows a photograph of the whole setup and a close up
of the liquid cell. The reservoir has inlets and outlets, such that liquids and
gases can be applied. The conductance of the junction is measured by apply-
ing a 100 mV bias, while sampling the current at 1 kHz with a 16-bit National
Instruments data acquisition board via a home-built trans impedance ampli-
fier (0.1 ¹A/V ) [56, 68]. We added a series resistance to limit the current
(101.3 kΩ) at low junction resistances, see figure 2.1b. The labview inter-
faces automatically corrects for this series resistance. As a solvent, we chose
nitrogen-saturated toluene due to its good solubility for organic molecules,
low conductivity and low hygroscopy. Toluene, was passed over columns of
Al2O3 (Fluka), BASF R3-11-supported Cu oxygen scavenger, and molecular
sieves (Aldrich, 4 Å). In order to exclude water and oxygen, solutions are kept
under nitrogen or argon. All areas that were exposed to solvents (tubing, sy-
ringes, bottles, septa) are made of Teflon or glass and have been cleaned in
Merck Extran soap, demi water, aceton and 2-propanol using an ultrasonic
bath. Before use, these parts were stored in an oven at 150 ∘C. Appendix A
contains a recipe for preparing and using the setup for experiments.

In this thesis we will (almost exclusively) discuss conductance measure-
ments where we break and rejoin the gold junction by moving the pushing rod
up and down. Typically, the pushing rod has to be displaced over 500-1500
¹m before a junction breaks for the first time. Then within a few traces the
opening and closing occur at a constant Z. This position is usually a few hun-
dred ¹m below the initial position of breaking. In the following figures, we
will subtract this constant ’background’ displacement. Traces of conductance
versus pushing rod position, G(Z)-traces, are recorded with a pushing rod
speed of +15 ¹m/s, corresponding to a local speed of about 1 nm/s. After
having reached the lowest measurable current (just above 10−11 A), we stop
the pushing rod and reverse its motion and again measure the conductance
until a conductance of 3 G0 is reached. Then we repeat the whole proce-
dure. The upper panel of figure 2.3 displays five G(Z)-traces while opening
on a semilog plot while argon is gently flushed through the liquid cell. We
distinguish two different regimes: the contact regime and the out-of-contact
regime. When using gold, the wire usually rearranges in a single atom con-
tact with a conductance close to 1 G0 just before the wire breaks [36, 34, 69].
Due to the stability of this conformation, plateaus at a constant conductance
value appear. This plateau abruptly ends by a ’jump’ out of contact (JOC)
to lower conductances: the out-of-contact regime. When the junction breaks
for the first time, the conductance just after JOC is below 10−5 G0. Usually,
within a few traces the conductance just after JOC increases to values around
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Figure 2.1: (a) Scanning electron micrograph of a break junction. One can
observe the under etched, free hanging gold bridge on top of the polyimide
layer. The suspended bridge length U is 2.4 ¹m. (b) Simplified electronic
scheme of our set-up. The series resistance limits the current through the
device. By applying a voltage bias while reading out the IV-converter we
determine the conductance of the sample. (c) Schematic drawing of the break
junction in a three point bending mechanism. By deflecting the substrate
with the pushing rod, the electrode spacing d can be controlled with sub-
atomic resolution. The pushing rod is controlled using a micrometer screw
and a motor.
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10−3 G0. After JOC, G decays roughly exponentially with d as is expected
for tunneling. Assuming the tunneling decay constant in argon is roughly the
same as in vacuum (see equation 2.3 below), we can relate the actual jump
in conductance to an inter electrode distance of about 3 Å [70]. At low tem-
peratures, we have previously showed that the size of JOC can be controlled
by ’training’ the contact [71]. We have explored the possibility of ’training’
electrodes at room temperature, thereby reducing JOC. We argue that the
high mobility of gold atoms at elevated temperatures make this procedure
cumbersome.

The panels on the right in figure 2.3 show the logarithmic conductance
histogram of all the traces of the experiment. A histogram gives a better
overall representation than a single trace, since trace to trace variations are
common. When junctions exhibit a preferred conformation, giving rise to
a plateau in a G(Z) curve, a peak will appear in the histogram. The ex-
periments done have a varying amount of total traces. In order to mutually
compare them, we divided the total number of counts by the total number
of traces. For the out-of-contact regime, the histogram is relatively feature-
less, except for a lack of points in the regime where the jump out-of-contact
takes place (1 G0 > G > 3 ⋅ 10−3 G0). Most importantly, we note that for
G < 3 ⋅ 10−3 G0, the number of points per bin is roughly constant. This is a
result of the exponential decay in G due to tunneling.

When closing the junction by reversing the pushing rods motion, the con-
ductance can be measured as a function of tunnel gap distance. As seen in
the lower panel of figure 2.3, when closing an overall linear increase of the
conductance on a logarithmic scale is observed. The corresponding expo-
nential distance dependence is characteristic for the tunneling current. In
contrast to low temperatures, at room temperature, the exponential depen-
dence on distance often extends all the way up to contact and no clear ’jump’
to contact is observed [36]. The tunnel conductance through a vacuum gap
as a function of inter electrode spacing, d, is given by:

G(d) ∝ exp

(−d

ℎ̄

√
8mÁ

)
(2.2)

Here, Á is the work function of the metal and m is the electron mass. The
workfunction of gold is known from literature (5.4 eV). Therefore, we can use
the slope of these traces to determine r. According to equation 2.2, when
plotting the logarithm of the tunnel conductance as a function of Z, one
obtains a straight line with a slope equal to:

Δ10log(G)

Δd
=

−√
8mÁ

ln10ℎ̄
= −1.04 Å

−1
. (2.3)

In other words, when increasing the gap by 1Å, the conductance will drop ∼ 1
decade. Equation 2.2 can also be written as G(d) ∝ exp(−¯d), with ¯ = 2.39
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Figure 2.2: Photographs of the MCBJ setup containing a liquid cell. (a)
A photograph of the set-up near the three point bending mechanism. A 2
ml stainless steel Teflon coated reservoir (1) containing an inlet (2) and an
outlet (3) is mounted on top of the MCBJ using a Gore foam sealing ring (4).
The substrate is fixed to the setup using the counter supports (5). Electrical
contact between sample and leads is realized by using spring loaded contacts
with an indium tip (6). The setup is equipped with a quartz window for
optical access for future purposes. (b) A photograph of the entire set up.
The pushing rod is positioned underneath the substrate and is controlled by
a Faulhaber brushless servo motor (1) equipped with a gearbox. The motor is
controlled by a computer using a motor controller (2) connected to the serial
port of the computer. The motor is attached to a Mitotoyu micrometer screw
(3) (1 rev = 50 ¹m). Solutions can be supplied via a syringe (4) connected
to the inlet. The outlet (5) can be connected either to a vacuum system or
to a bubbler. The setup is shielded from environmental noise by a Faraday
cage (6). Light can be applied to the set-up using a glass fiber (7).
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Figure 2.3: G(Z) traces of sample ARG1 in argon using the ’liquid’ cell.
Upper panel: five typical opening traces. Lower panel: five typical closing
traces. The panels on the right show the corresponding conductance his-
togram of all 250 traces. The pushing rod speed was 15 ¹m/s. Vbias = 100
mV and the conductance was sampled at 1000 Hz. The histogram has 1000
logarithmic bins between 1 ⋅ 10−5 and 3 G0. The scale bar indicates the real
displacement (here we assumed r = 5 ⋅ 10−5).
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Å−1. From G(Z) closing traces, such as depicted in the lower panel of figure

2.3, we obtain a slope Δ10log(G)
ΔZ . Now, we can calculate the attenuation factor

r via Δd
Δ10log(G)

Δ10log(G)
ΔZ = Δd

ΔZ = r, see equation 2.1.

To investigate whether tunneling slope varies from sample to sample,
we have analyzed the average tunnel slope of 150 closing traces of three
different samples between 10−4 and 10−3 G0 when the liquid cell was gently
flushed with argon. Figure 2.5a shows the distributions of the slopes in
decades (dec) per ¹m for each sample. The average slope of each distribution,
Δ10logG

ΔZ = 0.5±0.2, 0.5±0.3 and 0.5±0.3 dec/¹m, yielding an overall average
of 0.5 ± 0.3 dec/¹m. This yields r ≈ 5 ± 3 ⋅ 10−5 (³ = 3). This is in good
agreement [72] with values of ³ for the same geometry found previously at
low temperatures in vacuum [64, 66, 67].

We repeated the analysis for samples in toluene. The upper panel of
figure 2.4 displays five typical G(Z)-traces on a semilog plot when opening in
pure toluene. The traces look very similar to traces in argon, although traces
have less steps. Figure 2.5b shows the distribution of tunnel slope traces of
three different samples in toluene. The average slope of each distribution,
Δ10logG

ΔZ = 0.8± 0.3, 1± 0.3 and 0.5± 0.2 dec/¹m, yielding an overall average
of 0.8±0.3 dec/¹m. This gives r ≈ 8±5 ⋅10−5. This is 1.6 times higher than
found in argon. Our analysis also suggests an increased sample to sample
spread in the average r when introducing the solvent. Previously, Grüter et
al. also found a slope decrease and an increased sample to sample spread
when comparing closing traces in toluene with respect to closing traces in air
[68].

How to explain the increased slope? If we assume that the workfunction
is modified due to the presence of the solvent, this would result in a (1.6)2

increase of Á, yielding Á = 14eV . We find that very unlikely. Alternatively,
our previous assumption of Á = 5.4 eV might be invalid in argon [73]. Re-
duced barrier heights in air [64, 68] and solvents [74] have been observed
before. Also, solvent induced changes in ³ due to swelling of the polyimide
are imaginable. To proceed here, modeling and systematic experiments are
needed. Note that in going from a gas to a liquid phase, the density of the
medium surrounding the break junction increases dramatically [75]. Naively,
one might expect obstruction of the tips motion while closing in dense media,
yielding a decreased slope. This is not observed.

One of the most attractive properties of lithographically defined break
junctions is the low electrode drift. To illustrate this, we have measured
the drift of the electrodes in toluene at room temperature. Figure 2.6 plots
the conductance at a constant bias of 100 mV directly after we stopped the
motor in the out-of-contact regime. The graph has two main features. First,
the conductance increases linearly from 1 ⋅ 10−3 to 3 ⋅ 10−3 in 60 minutes.
Second, abrupt jumps in the conductance appear, randomly distributed in
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Figure 2.4: G(Z)-traces in toluene using the liquid cell of sample TOL1. Up-
per panel: five typical opening traces. Lower panel: five typical closing traces.
The panels on the right show the corresponding conductance histogram of all
250 traces. The pushing rod speed was 15 ¹m/s. Vbias = 100 mV and the
conductance was sampled at 1000 Hz. The histogram has logarithmic 1000
bins between 1 ⋅10−5 and 3 G0. The scale bar indicates the real displacement
(here we assumed r = 5 ⋅ 10−5).
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Figure 2.5: (a) The tunnel slope distribution of closing traces of three dif-
ferent samples in argon; ARG1 (black, 150 traces), ARG2 (dark grey, 150
traces) and ARG3 (light grey, 150 traces) (b) The tunnel slope distribu-
tion of closing traces of three different samples in toluene; TOL1 (black, 250
traces), TOL2 (dark grey, 250 traces) and TOL3 (light grey, 150 traces).
The slope was determined between 10−4 and 10−3 G0. The counts have been
divided by the total number of traces.

time. Assuming the validity of equation 2.3, one can relate the linear increase
to a distance change of about 0.03 nm. In 1 hour this corresponds to a drift
<1 pm/min. Assuming a constant workfunction, the conductance jumps
correspond to a sudden distance change of a fraction of the size an atom.
Similar jumps, although more frequent in time, were also observed without
solvent in argon or air. We argue these jumps might be due to surface adatom
diffusion.

Evidence for mobile atoms on the electrodes is also found when recording
current voltage characteristics, I(V )-traces. Below we compare I(V )-traces
for MCBJs in argon and toluene. Figure 2.7 shows two subsequent I(V )-
traces till 200 mV and 1000 mV. Just as in the drift experiments, sometimes
fast (< 1ms) transitions are observed. The occurrence of these events in-
creases with increasing bias voltage. Also, we observed that for small gap
distances (≈ 2Å) metallic contact is forced when increasing the voltage. This
suggests that adatoms are dragged in between the two electrodes by increas-
ing the electric field. Strikingly, jumps in the conductance were observed
more frequently in argon than in toluene. Our hypothesis for this difference
is a larger surface coverage of the electrodes by (solvent) particles in the case
of toluene compared to argon. Particles covering the surface prevent adatoms
from the banks of the electrodes to diffuse to the apex of the tips.
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Figure 2.6: The conductance of a break junction at fixed motor position in
the out of contact regime as a function of time. The sample is immersed
in toluene at room temperature. A linear drift and sudden jumps in the
conductance are observable. The linear drift corresponds to an electrode
displacement of less than 1 pm/min. We argue these jumps might be due to
surface adatom diffusion.

We finalize introducing the MCBJ technique with a liquid cell by com-
paring results in the liquid to results obtained in vacuum at 4.2 K [67]. Both
measurements use the same sample layout. In order to compare the two
histograms, the total counts of each histogram is divided by the number of
traces. Also, a (linear) correction is applied for the difference in pushing rod
speed. Note that the counts axis is logarithmic. Three pronounced differ-
ences appear. (i) The single quantum of conductance peak is higher at 4.2K.
(ii) The counts at conductance values between 0.1-0.5 G0 are higher at room
temperature. (iii) The counts below 0.1 G0 are higher at 4.2K [76]. We find
that the average length of the plateau around the quantum of conductance
in toluene is almost the size of an atom. This indicates that at room temper-
ature no chains are formed. For the same experiment at 4.2 K, the formation
of chains (length > 2 atoms) is observed [66, 67, 77]. We will study the 1 G0

plateaulength in more detail in chapter 3. The difference in counts between
0.1-0.5 G0 indicate that the jump out of contact is effectively reduced at room
temperature.
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Figure 2.7: Two subsequent current voltage characteristics (I(V)-traces) in
argon ((a), (c)) and in toluene ((b), (d)). For (a) and (b) the junction
was opened and stopped just before making contact; 0.3 G0. Junctions at
these conductances spontaneously jump to contact when biases above 500mV
are applied. At electrode distances corresponding to a conductance around
3 ⋅ 10−5G0, I(V )-traces up to 1 V can be recorded ((c) and (d)). Non-
linear I(V )-traces characteristic for tunneling appear at elevated biases. For
all I(V )-traces, the total sweep time was fixed to 1s starting from 0V. The
current was sampled at 1 kHz. The grey line in each panel is an I(V )-trace
of the corresponding sample just after making contact (around the quantum
of conductance 13 kΩ). Once in contact, steps are no longer observed. The
inset of figure (c) shows 10 subsequent sweeps up to 500 mV. Clearly, more
abrupt jumps are visible in argon compared to toluene.
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Figure 2.8: Comparison between an opening histogram at 4.2 K (1100 traces,
1 ¹m/s, cryogenic vacuum, grey) with an opening histogram at room tem-
perature (250 traces, 15 ¹m/s, toluene, black). Nota bene: the y-axis has a
logarithmic scale. The histograms have been normalized by dividing the total
counts by the number of traces. The histogram at 4.2 K has been corrected
for the difference in pushing rod speed.

2.3 Large area molecular junctions

As briefly mentioned in section 1.4, molecules have the capability of sponta-
neously organizing themselves into well defined macrostructures. This self-
assembly can result in structures like crystals, dendrimers and monolayers. A
well studied system is a self-assembled monolayer (SAM) of alkane thiols on
gold [49]. This geometry is particularly attractive since it already contains
a single layer of molecules on top of an electrode. Therefore, the only re-
quirement for studying the charge transport is fabricating a second electrode
on top of the monolayer. However, direct vacuum evaporation of a metal
electrode introduces metallic shorts [78]-[81]. These shorts will dominate the
charge transport, thereby preventing a proper characterization. Recently,
Akkerman et al. proposed to spin coat a layer of conducting polymer parti-
cles on top of the SAM before evaporating the top contact [82]. The poly-
mer particles act as a cushion for the top contact and prevent penetration
of the metal into the SAM. The polymer layer is created by spin coating a
water dispersion of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate),
abbreviated PEDOT:PSS on top of the SAM. The diameter of these particles
is typically 20-70 nm, depending on the type of PEDOT:PSS [83]. Figure
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2.9 shows a schematic representation of PEDOT:PSS. PEDOT has a rela-
tively high conductivity in its oxidized form, but is insoluble. By combining
PEDOT with PSS, both the cationic PEDOT is formed and a processable
water-borne dispersion is created. The excess PSS is thought to form a thin
insulating shell around the particle. The conducting core of each particle
consists of small PEDOT oligomers of 5-10 units. The workfunction of a
layer of PEDOT:PSS is reported to be 5.1 eV [84]. PEDOT:PSS is avail-
able commercially in several formulas with conductivities ranging between
10−5 and 103S/cm. Applications of PEDOT:PSS are found in organic light
emitting diodes, organic solar cells and antistatic coatings.

Figure 2.9: Schematic representation of the morphology of PEDOT:PSS. The
left part shows PEDOT:PSS particles, surrounded by a thin PSS-rich surface
layer. The PEDOT chains are pictured as short bars. The zoom-in on the
right gives the molecular structure of the species present. Picture taken from
reference [83]. Picture is used with permission.

A large area molecular junction (LAMJ) is basically a SAM with a well de-
fined area that acts as a vertical interconnect (via) between the PEDOT:PSS
and the bottom gold contact. Below we will shortly discuss device fabri-
cation. A detailed description of device fabrication can be found elsewhere
[85, 86]. Figure 2.10 shows the six basic steps in order to create LAMJs.
All processing was done at the Miplaza facilities at the high tech campus in
Eindhoven. First, on a Si/SiO2 wafer, a 60 nm thick Au bottom electrodes
with a Ti adhesion layer is deposited and structured using vacuum deposit-
ing techniques and optical lithography (a). Then, circular vias of 1 - 50 ¹m
in diameter are defined using photolithograpy in an insulating negative pho-
toresist (b). In this thesis, we used both Microchem MA N-1407 resist and
an epoxy based MR L6000.5 resist. The resist is heated after development to
further crosslink the photoresist. Next, a SAM is formed by immersing the
wafer in a solution containing the molecules of interest for 36 hours (c). The
wafer is then taken out of solution and thoroughly rinsed and dried, before
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a PEDOT:PSS (Orgacon ICPnew + 5% DMSO, Agfa Geveart) layer is spin
coated and dried in vacuum (d). Then, Au top electrodes are deposited and
structured using optical lithography (e). Finally, the remaining PEDOT is
etched away in order to prevent parasitic current paths between devices (f).
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Figure 2.10: (a) Defining bottom contacts. (b) Defining the area of the
via. (c) Assembling the molecular layer. (d) Spinning the PEDOT:PSS. (e)
Defining top contacts. (f) PEDOT etching.

Previously, it has been shown that for LAMJs of alkanemonothiols, the
resistance per molecule is in accordance with single molecule experiments
[86]. Figure 2.11 compares the data of alkanethiols measured with LAMJs
with alkanediamines measured with an STM [87] and alkanedithiols measured
using conductive atomic force microscopy (C-AFM) [88]. The LAMJ normal-
ized resistance was transferred into a resistance per molecule by assuming a
packing density of the SAM of 4.6 ⋅ 1014cm−2. It should be noted that the
absolute value of the current through vias is dependent on the choice of resist
and PEDOT:PSS. However, for each choice the dependence on the length of
the molecule is similar [86].

Figure 2.12c shows a photograph of a finished wafer containing 62 dies.
Each die contains many structures. For this thesis we only used the Kelvin
structures shown in figure 2.12a. Each die contains 8 Kelvin structures with
via diameters of 1, 2, 3, 4, 5, 10, 20 and 50 ¹m. Both bottom and top contact
of the via is connected to two contact pads, allowing both 2-probe and 4-probe
measurements. Figure 2.12b shows a cross section of a finished via imaged
using a transmission electron microscope. The PEDOT:PSS clearly follows
the resist profile and is slightly thicker inside the via than on top of the resist.

In order to contact and characterize the Kelvin structures, three meth-
ods/systems were used. (i) An automatic prober in ambient conditions at
300K at Miplaza, Eindhoven. (ii) A closed cycle refrigerator cooled probe sta-
tion of Janis research company in order to perform temperature dependence
measurements between 80 - 300K at a pressure of 10−8mbar at the University
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of Groningen. (iii) A home-built dipstick setup, allowing measurements at 5
- 45K, 77K and 300K in cryogenic vacuum at the University of Groningen.
Below, we will shortly describe the dipstick setup and the electronics used
for measurements in Groningen.

Figure 2.13a shows a photograph of the dipstick setup and the electronics
rack used to measure the vias. The wafer is diced into pieces and glued on
top of a chip carrier using varnish, see figure 2.13c. Then the connection
between the bonding pads and the chip carrier connectors are made using
wire bonding, see figure 2.13b. The chip carrier is mounted in the chip
carrier holder attached to a copper block in the vacuum chamber of the
dipstick. After evacuating the vacuum chamber using a turbo molecular
pump, the dipstick is cooled, see figure 2.13a. Stable temperatures of 5K and
77K can easily be obtained by immersing the evacuated dipstick into boiling
liquid helium or boiling liquid nitrogen. Stable temperatures between 5 and
45K were obtained by heating the dipstick in a dewar using heating resistors,
while monitoring the temperature of the copper block. In this way, in the
liquid, temperatures up to 20 K were reached. By lifting the vacuum can
above the liquid helium phase, temperatures up to 45 K were reached.

In order to record I(V )-traces, we used home-built electronics (IVVI
meetkast). Input and output signals were controlled and recorded using a
National Instruments 16-bit data acquisition board and a Labview interface.
For sample impedances above 10 kΩ I(V )-traces were measured in a 2-probe
configuration. For sample impedances below 10 kΩ, V (I)-traces were mea-

Figure 2.11: Comparison of single molecule data with LAMJ data. The
LAMJ normalized resistance was transferred into a resistance per molecule
by assuming a packing density of the SAM of 4.6 ⋅ 1014cm−2. The graph
contains measurements of alkanethiols measured with LAMJ (grey diamonds)
with measurements of alkanediamines using a STM [87] (circles) and with
alkanedithiols using C-AFM (squares) [88]. Pictures are taken from reference
[86]. Picture is used with permission.
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sured in a 4-probe configuration. Simultaneous with the I(V )-traces, the
differential conductance dI/dV was measured by imposing a small AC mod-
ulation (1-5mV) of frequency ! on top of the input and by sending the output
through a lock-in amplifier (Stanford Research Instruments 830). As we will
see in chapter 7, a lock-in also allows measuring d2I/dV 2 by detecting the
second harmonic of !.
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(a) (b)

(c)

Figure 2.12: (a) Microscope picture of a finished ’Kelvin’ via of 50 ¹m in
diameter. Each of the two electrodes is connected to two contact pads. (b)
FIB-TEM image of a cross-section of a via. Clearly, the PEDOT layer follows
the photoresist. The SAM layer could not be resolved. (c) Photograph a
finished 150 mm wafer containing 62 dies. Each of the dies contains many
different structures including 8 of the Kelvin structures with diameters of 1,
2, 3, 4, 5, 10, 20 and 50 ¹m. Pictures are taken from reference [86]. Pictures
are used with permission.
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(b)

(a)

(c)

Figure 2.13: Photographs of the dipstick setup. (a) The dipstick immersed
in liquid nitrogen after being evacuated using a turbo molecular pump. (b)
Optical microscope picture of a die after ’wire bonding’. (c) 24-pins chip
carrier with a bonded piece of wafer.
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