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The promise of ’transition voltage spectroscopy’ (TVS) is that molecular level
positions can be determined in molecular devices without applying extreme

voltages. Here, we consider the physics behind TVS in more detail. Remark-
ably, we find that the Simmons model employed thus far is inconsistent with
experimental data. Moreover we perform experiments on vacuum tunnel junc-
tions to compare to molecular junctions and theory. We show that the promise
of TVS is difficult to achieve.

4.1 TRANSITION VOLTAGE SPECTROSCOPY

Over the last decade, several methods have been developed to fundamentally
study charge transport in metal-molecule-metal junctions [1–4]. Neverthe-

less, much of the physics behind molecular transport is still under debate. In
fact, simple questions such as "Where does the voltage drop in a molecular junc-
tion?" and "Where are the molecular levels with respect to the electrodes’ Fermi
levels?" have not found general solutions yet. The latter question, for exam-
ple, is hard to answer experimentally due to the limited voltage a two-terminal
molecular junction can withstand. In a molecular device, the Fermi level (EF )
of the metal electrodes is typically a few eV away from the closest molecular
level (see figure 4.1-A,E). Therefore, a bias voltage up to several volts is re-
quired before electrons from the metal can resonantly flow through a molecular
level (’resonant tunnelling’). Generally, such voltages result in huge electric
fields, > 109 V/m, causing breakdown before the molecular level is actually ac-
cessed. Recently, Beebe et al. found a creative way out of this dilemma [5, 6].
They state that the position of the nearest molecular level in a two-terminal
device can be derived from I-V (current-voltage) measurements, even if the bias
voltage is moderate and resonance is not yet reached. All that is needed is to
replot of the I-V data in a form that is based on the physics of field emission.
Due to its simplicity and elegance, this method, coined ’transition voltage spec-
troscopy’ (TVS), is becoming a very popular tool in molecular electronics [7–11].
However, a basic justification is still lacking. This chapter is therefore devoted
to the physical interpretation of TVS. Beebe et al. employ the Simmons model
for tunnelling to interpret their data and justify TVS [12]. Surprisingly, we find
that the experimental results they present are not at all in agreement with this
model. We show that a coherent molecular transport model, however, does jus-
tify their approach. Additionally we perform measurements on vacuum tunnel
junctions to validate our predictions experimentally. Finally we critically eval-
uate this technique as a spectroscopic tool.

To introduce TVS, we initially follow the approach by Beebe et al.. They
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make the analogy between molecular charge transport and electron tunneling
through a rectangular barrier, as described by Simmons (see figure 4.1A-D) [12,
13]. Within this framework, the height of the tunnel barrier, φ, equals the en-
ergy offset between EF and the nearest molecular orbital. For thiol-terminated
molecules, the nearest level is commonly the highest occupied molecular or-
bital (HOMO, with energy EHOMO), so that φ = EF −EHOMO (hole transport)
[5, 6, 14]. The barrier width, d, is set equal to the length of the molecule. Sim-
mons showed that for bias voltages V < φ/e with e the electron charge, the
effective tunnel barrier is lowered to φ− eV /2 (see figure 4.1C). However, for
high biases, V >φ/e, the barrier shape becomes triangular and part of the bar-
rier becomes classically available. This case is generally referred to as Fowler-
Nordheim tunnelling (FN) or field emission [15]. Figure 4.1D illustrates the
transition between both regimes, at V = φ/e. In the FN-regime, I is related
to V by I ∝ V 2exp(c/V ), where c < 0 depends on the thickness and height of
the barrier. Hence, plots of ln(I/V 2) versus 1/V (FN-plots) yield a straight line
with a negative slope, provided V > φ/e. Beebe et al. took the approach to ex-
tend this way of plotting I-V data to low V. Interestingly, such FN-plots yield a
well-defined minimum, at a voltage Vm. Intuitively, the existence of this min-
imum is easily understood. Since I ∝ V at low biases (V ¿ φ/e), an FN-plot
of ln(I/V 2) ∝ ln(1/V ) vs 1/V must yield a positive slope at low V (high 1/V ).
At high biases, in the field emission regime, the slope is negative and thus a
minimum appears in between. In fact, any I(V)-curve that evolves from linear
to more than quadratic will have a minimum in a FN plot. Actually this is true
for all the representations of the I-V characteristics of the form: ln(I/Vα) vs 1/V
with α > 1 [16]. Indeed for every α a minimum can be found, nevertheless we
will concentrate in this chapter on the α= 2 case.

Referring to the Simmons model, Beebe et al. suggest that: (i) Vm scales
linearly with φ= EF −EHOMO (or ELUMO −EF , whichever level is closest); (ii)
Vm is independent of molecular length d for constant φ; (iii) Vm equals the volt-
age at which there is a transition to the FN regime (hence ’transition voltage’,
see figure 4.1D) [5, 6]. Their striking experimental results substantiate these
propositions. Measurements on self-assembled monolayers (SAMs) of a variety
of conjugated molecules show that Vm ∝ EF −EHOMO, where the latter differ-
ence is determined by photoelectron spectroscopy. Furthermore, they find Vm
to be independent of molecular length, d, for alkanethiols. This is consistent
with the fact that the HOMO-LUMO gap of these molecules is virtually length
independent [6]. All these important observations make a strong case for TVS
to become a general technique in molecular electronics.

We therefore start our study by investigating the Simmons model, put for-
ward by Beebe et al., in detail. Surprisingly, we find that it is in strong dis-
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FIGURE 4.1: Modeling a molecular junction. A Molecular junction (thiol bonds). B-D Simmons
model. Here, a molecule is depicted as a tunnel barrier of height φ and length d (B, for clarity
we picture electron tunnelling only). Upon applying a bias voltage, the barrier is tilted (C). When
eV≥ φ, the barrier becomes triangular and electrons tunnel by field emission (D). E-G: resonant
molecular model. Here, the molecular levels are broadened by the interaction with the electrodes
(E). At elevated biases, the left and right chemical potentials open a window for transport of size
eV (F). The current increases dramatically when a level is within the bias window (G, resonant
tunnelling).
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agreement with the experimental data in Refs. [5, 6]. To demonstrate this, we
first make use of a simple, but rather accurate analytical model for tunnelling.
This has the advantage that we can obtain a simple analytical expression for
Vm. Subsequently, we confirm this result by using the full Simmons model nu-
merically.

4.2 THE SIMMONS MODEL

To describe electron tunnelling in an elegant manner, we use a reformulation
of Stratton’s formula for direct tunnelling [17, 18]. This gives I(V)-curves of

the form:
I ∝ sinh(

eVτ
ħ ) (4.1)

Here, τ= d
√

m/2φ is the tunnel traversal time and m is the electron mass. Pre-
viously, a comparison between Simmons and Stratton was made by Hartman
[19]. Due to the simple form of eq. 4.1, it is straightforward to determine an
analytical expression for Vm. To find Vm, we put the derivative in a Fowler-
Nordheim plot to zero. Substituting y= 1/V , we require:

dln(I/V 2)
d1/V

= d
d y

(ln(sinh(
eτ
yħ ))+2ln(y)) (4.2)

= 2
y
− eτ

ħ
1
y2 coth(

eτ
ħy

)= 0. (4.3)

Thus:

ym = eτ
2ħ coth(

eτ
ħym

) (4.4)

By re-substituting ym = 1/Vm, equation 4.5 is obtained.

1
Vm

= eτ
2ħ coth(

eVmτ

ħ ) (4.5)

It is very instructive to discuss an approximate solution to eq. 4.5. For this, let
us assume that eVm >>ħ/τ, such that coth(eVmτ/ħ)= 1. Then:

Vm ≈ 2ħ
eτ

= 2ħ
e
p

m

√
2φ
d

(4.6)

Before we discuss eq. 4.6, we check its validity by substituting it back into
eq. 4.5. This yields coth(eτVm/ħ) = coth(2) = 1.037, so that eq. 4.6 is accurate
within a few per cent.
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Equation 4.6 is remarkably different from the results Beebe et al. obtained: (i)
Vm is not proportional to the barrier height, but to its square root; (ii) Vm is
not independent of the molecular length d, but inversely proportional to it; (iii)
there is no general correspondence between Vm and the transition voltage at
which a tunnel barrier becomes triangular (depicted in figure 4.1D). The latter
voltage equals φ/e, independent of d, whereas eq. 4.6 yields Vm ∝ 1/d.
Clearly, the Stratton approach is only an approximation. Nevertheless, eq. 4.6
turns out to have more general validity. To show this, we turn to the actual Sim-
mons model. In our calculations, we include the integrals that are neglected in
Ref. [12] itself. This prevents unphysical results for short and low barriers, a
common problem in tunneling analysis (see appendix B). We proceed our dis-
cussion in the light of the most elaborate and convincing result Beebe et al.
present. They perform TVS on a series of alkanethiol molecules with lengths
ranging from 9 to 24 Å and find Vm = 1.2 V, almost independent of molecu-
lar length. Since alkanes have become a benchmark system in experimental
transport studies, they form a perfect test bed for our present study as well
[2, 3, 6, 13, 14, 20–24]. There is general agreement that φ = EF − EHOMO
hardly changes with alkane length. However, for its precise value different
numbers can be found in literature, even in the well-studied case of Au-S cou-
pling [3, 13, 14]. In the following, we use φ= 4 eV [13]. For generality, however,
all calculations presented below have also been performed for values, φ = 2.14
eV, taken from Ref. [14], and φ = 3 eV (see appendix B). The inset of Fig. 4.2a
shows an I(V)-curve for a rectangular barrier with φ = 4 eV and d=10 Å, com-
puted by the Simmons expression for the intermediate regime (eV < φ). The
corresponding FN-plot (main panel in figure 4.2a), exhibits a clear minimum
around Vm = 1.5 V< φ/e. Thus, we have the tools at hand to test eq. 4.6 for
the Simmons model. In figure 4.2b, we show Vm vs.

√
φ for a virtual series of

φ-values, assuming constant length d = 10 Å. As anticipated above, we see that
Vm ∝ √

φ. Next, we plot Vm for a series of lengths d, with φ = 4 eV (see Fig.
4.2-C, blue line). Indeed, we find that Vm ∝ 1/d. In fact, the Simmons result
deviates very little from the line obtained using the Stratton approach (black
in figure 4.2-C). We conclude that eq. 4.6 approximately holds for the Simmons
model as well. Most importantly, however, these calculations confirm that there
is a large discrepancy between data and model, as presented for TVS thus far
[5, 6]. Hence, a new interpretation of TVS is due. Two different approaches can
be considered for this. The first is to extend the Simmons model to include the
image potential. The influence of the latter is that the effective barrier height φ
decreases considerably [12, 13]. Since this effect is larger for shorter molecules,
this may locally cancel the length dependence in eq. 4.6. Alternatively, we
will consider a coherent transport picture based on molecular levels, Lorentz-
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broadened by coupling to the leads. In that case, the voltage is assumed to drop
fully at both metal-molecule contacts. This is in strong contrast with any type
of tunnelling model, where the voltage drops evenly over the junction (see fig-
ure 4.1).
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FIGURE 4.2: Calculations on the length dependence of Vm according to Simmons.A:
Fowler-Nordheim plot for a barrier with φ=4eV and d= 10 Å, as predicted by the Simmons model.
Vm is determined from the minimum of the graph. Inset: corresponding I(V)-curve on a linear
scale. B: Vm versus

√
φ for the Simmons model (d=10 Å). The linear relation is consistent with

eq. 4.6. C: Vm versus 1/d for φ = 4 eV, using various tunnel models. Black: Stratton model (eq.
4.6). Light-gray: full Simmons model without image potential. Open circles: full Simmons model
including image potential (εr = 2.1). Clearly, Vm depends strongly on d in all cases.

For the calculations including the image potential, we used the full formu-
lation of Simmons and eq. 35 of reference [12] with the correction of ref. [25] to
calculate φ̄:

φ̄ = 1
∆s

∫ s2

s1

{φ0 − eV x
s

− 1.15λs2

x(s− x)
}dx. (4.7)

Here, λ = e2ln2/8πεrs. For the local dielectric constant, we take εr = 2.1
[26, 27]. s1 and s2 are the positions where the barrier is equal to the Fermi
energy of the metal and were found numerically. Figure 4.2-C shows Vm as a
function of 1/d (red line). For large d (small 1/d), this result deviates little from
the bare Simmons result. For smaller d, however, it differs considerably. In fact,
a maximum in Vm(d) is seen for larger values of 1/d than shown in figure 4.2-
C, which indeed results from a decrease of the barrier height as the electrodes
come closer to each other. Nevertheless, for the length scales that Beebe et al.
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investigated (9 to 24 Å), Vm is still strongly dependent on d. Hence, we cannot
explain the experimental data by including the image potential in a Simmons
model. We note here that the Simmons model only presents a limited picture of
tunnel barriers as pointed out in reference [28]. Besides we elaborated on the
Simmons model to follow the reasoning of Beebe et al. and conclude that the
model they present does not match their experimental results at all.

4.3 A COHERENT, MOLECULAR LEVEL MODEL

Let us therefore consider a more common picture of a molecular junction,
as sketched in Fig. 4.1-E-G [29–33]. The molecular levels are located below

(occupied) and above (empty) the Fermi energy of the metal contacts. Within the
coherent Landauer approach, transport through such a junction is described by
a transmission function T(E) that depends explicitly on energy. This function is
peaked around the molecular levels. In fact, it has been extensively shown that
a Lorentzian provides a good description for the transmission around a single
molecular level [29, 30, 33]. Resonant tunneling can be achieved by applying
the proper gate voltage in three-terminal junctions. In two-terminal devices,
however, resonant tunneling is only possible by opening a voltage window eV
high enough for the molecular level to fall in between the left and right chemical
potentials (see figure 4.1-G). As discussed above, a device typically breaks down
before this point is reached. Here, we will assume that one molecular level
(HOMO) dominates transport, as is often the case in molecular junctions [5, 6,
14]. Thus our model captures the most relevant physics needed for an analysis
of TVS. For T(E), this yields:

T(E)= η(1−η)Γ2

Γ2/4+ (E−ε)2 (4.8)

where ε = EHOMO (we set EF = 0). Furthermore, Γ = Γ1 +Γ2 denotes the total
energy broadening due to the coupling between metal and electrodes. Specifi-
cally, Γ1 = ηΓ and Γ2 = (1−η)Γ describe the overlap between the molecule and
the left and right electrode, respectively. The parameter η denotes the asym-
metry of the coupling. Symmetric coupling corresponds to η= 0.5. In that case,
an applied voltage drops symmetrically at the left and right contacts (compare
figures 4.1-D and 4.1-G). The I(V)-relationship can be calculated from the Lan-
dauer formula:

I = 2e
h

∫ ∞

−∞
T(E)[ f1(E)− f2(E)]dE (4.9)

Here, f1,2(E)= (exp((E−µ1,2)/kT)+1)−1 is the Fermi function for a temperature
T, at the left (µ1 = eV /2) and right (µ2 =−eV /2) electrode, respectively.
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There is overwhelming experimental evidence that the zero-bias conductance
of alkanes, as well as of many conjugated molecules, decreases exponentially
with molecular length d. In general, one finds dI/dV (V = 0)∝ exp(−βd) where
the decay constant β depends on the molecular series considered; β is high-
est for saturated molecules [1, 3, 34]. Interestingly, this result implies that
also T(E = EF ) ∝ exp(−βd) (see eq.4.9). Indeed, several theory groups have
confirmed such a relationship, using tight binding models in combination with
(non-equilibrium) Green’s function methods [31–33]. In our model, two free
parameters exist, Γ and ε. In principle, both can depend on d. However, for
longer alkanes, ε is known to be basically independent of d [13, 35]. Therefore,
the length dependence must be in Γ. This has the immediate consequence that
Γ(d) ≈ (EF−ε)p

η(1−η)
exp(−βd/2), using the fact that EF − ε >> Γ for longer alkanes.

This relationship is consistent with extensive calculations by Samanta et al. for
a series of oligophenyl molecules [33]. We note furthermore that Malen et al.
applied a similar expression for Γ(d) to successfully describe their experimental
data [34]. Upon substituting Γ(d) in eq. 4.8, a length dependent transmission
function is obtained:

T(E,d)= 1
1

4η(1−η) + ( E−ε
EF−ε )2exp(βd)

(4.10)

Combining eqs. 4.9 and 4.10, we can calculate I(V)-curves for a series of molec-
ular lengths and determine Vm. To compare to experimental data on alkanethi-
ols, we take T= 300 K, ε = −4 eV and β = 0.74 Å−1 from extended literature
[3]. Figure 4.3-A shows T(E) for several alkane lengths, whereas the inset of
Fig. 4.3-B displays the corresponding FN plots. The length dependence of Vm is
given in the main panel of Fig. 4.3-B. Remarkably, Vm is independent of molec-
ular length for d > 8 Å. This is fully in agreement with the data of Beebe et al.,
who find Vm to be independent of length for alkanes longer than 9 Å [6]. We
note in addition that we find Vm ∝ φ for a range of realistic values of φ (see
figure 4.4).

We come to the important conclusion that TVS does indeed give us direct in-
formation on the molecular levels, as Beebe et al. have suggested. However, the
interpretation of TVS only works within the framework of a coherent molecular
transport model. Simmons-like pictures are inconsistent with experiments on
molecular junctions.

4.4 TUNNEL BARRIER OR MOLECULAR LEVELS?

Before we discuss further consequences of this conclusion, we take a criti-
cal look at figure 4.3. Despite the qualitative agreement, the value of Vm
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molecular length d. Vm becomes length independent for d > 8 Å, consistent with the experiments
by Beebe et al. [5, 6]. Inset: FN plots for the junctions in A.

A B

V
m

 (
V

)

d (Å)

V
s
a

t 
(V

)

|EHOMO| (eV)

FIGURE 4.4: Calculations on the length dependence of Vm for different EHOMO values.A
Vm calculated using our coherent level model for several positions of the HOMO. For d > 9Å, Vm
saturates to a value Vsat B Plot demonstrating that Vsat scales linearly with the position of the
molecular HOMO level.
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predicted by the model is much higher than found in experiment (though much
lower than the resonant value V = 2φ/e). This can have several reasons. First,
EF −EHOMO may be considerably smaller than 4 eV. As discussed above, there
is quite some spread in the literature. Furthermore, the influence of image
charges on molecular energy levels needs to be considered again. Just like in
the Simmons case, the image force may yield a much lower level spacing for
doubly contacted molecules as compared to free molecules. This phenomenon
has recently attracted considerable theoretical attention [36–39]. Finally, al-
though our Lorentzian model does capture the basic physics behind molecular
transport, more detailed transport calculations will be needed to fully interpret
TVS. Such studies should include the geometrical and electronic details of the
molecular junction. For example, it was shown that the exact adsorption geom-
etry of the molecule on the electrode has a pronounced effect on the shape of
the transmission spectrum [14]. Recently, Mirjani et al. as well as Chen et al.
presented in ref. [16, 40] a more detailed theoretical approach to the problem.
Through their extended calculations they show, among other things, that our
simple approach captures the essential physics involved. We will discuss this
work in more details below.

To finalize our discussion, let us return to Figures 4.2 and 4.3. Clearly,
the results for a coherent molecular model are radically different from those
obtained for various Simmons models. There are two reasons for this. First,
of course, the mathematics behind both models is not the same. Second, and
perhaps more fundamental, the voltage profile is radically different. In the
Simmons model, the potential decreases linearly with distance, whereas in the
’molecular’ model, the voltage drops at the contacts only (see figure 4.1). It is
easily visualized that the latter will result in a negligible length dependence
of the shape of the I(V)-curves and thus in Vm being virtually independent of
d. Interestingly, the very different properties of both models provide a fasci-
nating perspective: TVS may allow us to distinguish molecular junctions (Vm
independent of d) from tunnel junctions without molecules (Vm ∝ 1

d ). Perhaps
surprisingly, such a tool is still generally lacking in (two-terminal) molecular
transport. As shown above, the data by Beebe et al. can only be understood
within a ’molecular’ model. Inversely, this can also be seen as evidence for the
fact that they did indeed probe a molecular system. We note that such a dis-
tinction is not possible within the framework Beebe et al. present. If TVS in
molecular junctions is explained by the Simmons model, there is no difference
in the length dependence between a molecular junction with EF−EHOMO = 4 eV
and a vacuum barrier with φ= 4 eV, except in the image force via εr. Clearly, a
tunnel junction without molecules will obey Simmons characteristics, resulting
in Vm(d,φ) relations like in figure 4.2. To test this proposition, we performed a
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series of experiments to consistently compare molecular junctions with tunnel
junction for various lengths.

4.5 EXPERIMENTS ON VACUUM TUNNEL JUNCTIONS
AND ORGANIC MOLECULES

Here we present extensive TVS measurements on: i) metal-vacuum-metal
junctions1 and ii) molecular junctions (more details in chapter 5) to test

experimentally the propositions made above. Moreover we also include the re-
sults on molecular junctions from the literature.
In order to reveal the basic properties of TVS we need the possibility to accu-
rately vary the tunnel gap between the electrodes. For a full characterization
of TVS on a metal-vacuum-metal junction, voltages up to 3 V are to be applied
over vacuum gaps as small as ≈0.3 nm. Such high electric fields (and high
field gradients) may cause instabilities in the tunnel junctions. Hence, junc-
tions are needed which are stable in time and kept in a clean environment. For
this reason we used notched-wire mechanically controllable break junctions in
cryogenic vacuum (T≈ 5 K) [41]. The electrodes are made of gold, the archetyp-
ical electrode metal for molecular junctions. In addition, the junctions were
first optimized by a "training" procedure, i.e. by repeatedly opening and clos-
ing the electrodes [42]. We expect that this organizes the apex atoms into their
strongest bond configuration and enhances their stability in high electric fields.
The high stability and repeatability of the conductance evolution is illustrated
by the tunnel curve in figure 4.5-A. Upon closing, the tunnel current increases
exponentially until the electrodes snap to contact [42, 43]. Note that the con-
ductance jumps to a value close to 1 G0 (1G0 = 2e2/h), indicating a clean single-
atom contact. After the training procedure, the electrodes are separated such
that a vacuum gap is created with a zero bias conductance of ≈0.01 G0. This is
the starting point for the TVS measurements. Subsequently, the vacuum gap is
increased stepwise, and an I-V curve over the range ±2-3 V is recorded for each
position.

A typical example of such an I-V curve is plotted in figure 4.5-B. Clearly,
the current displays a transition from a linear dependence at low voltages to a
strongly nonlinear behavior for voltages > 1.5V . As stated earlier, this transi-
tion can be quantified by scaling the data in a Fowler-Nordheim representation.
This is shown in figure 4.5-C, here for positive bias voltage only. Let us first dis-
cuss the upper curve. This curve is measured for a small tunnel gap with a

1The MCBJ vacuum tunnelling experiments have been performed by Marius Trouwborst and Tim
Baart
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A
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D

FIGURE 4.5: Electrical characteristics of clean gold junctions at T≈ 5 K. A Conductance
versus width of the vacuum gap of a trained junction at a bias voltage of V = 100 mV. From the
exponential decay at large distance, an apparent barrier height is deduced of 4.2±1.0 eV (eq. 4.1)
[44, 45]. B Typical I-V curve in the tunneling regime. Here, Vm is -1.99 V for negative voltage
and 1.84 V for positive voltage (black dots), as obtained from: C Fowler-Nordheim plot of the I-V
characteristics for 34 different positions. After each curve the electrode separation is increased by
0.02 nm, resulting in a lower current (no offset is used). The black dots represent the minima,
or Vm. Remarkably, Vm decreases with distance for wide tunnel barriers while it increases for
short tunnel barriers. D Vm versus zero bias conductance for different contacts, measured on 3
different samples. Note the break in the scale between -1.2 V and +1.2V. The two curves marked by
triangles and stars are measured on the same sample, but the latter was obtained after modifying
the electrodes. The same holds for the two curves marked by squares and hexagons. For each
contact, the apparent barrier height was measured and its value is given next to the data points (±
1 eV).
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zero bias conductance of ≈0.02 G0. It has a well-defined minimum at 1.64 V
that determines Vm. In total, 34 curves are plotted, corresponding to 34 differ-
ent electrode separations (equally spaced by ≈0.02 nm). When we increase the
electrode separation, a shift in Vm can be observed. The transition voltage first
increases with distance and is at a maximum after stretching by ≈0.1 nm (fifth
curve). Vm has now increased to 1.9 V. For even larger gaps Vm decreases again
to a value of 1.55 V after stretching by ≈0.6 nm. In order to directly compare
our measurements to the predictions of eq. 4.6, we need to plot the data as a
function of 1/d. For this purpose, the origin in the position (d = 0) was defined
by extrapolating the exponential part of figure 4.5-A (dashed line) to a conduc-
tance of 2e2/h. The crossing point is then set as the origin. As a result we obtain
figure 4.6. There is a striking difference when comparing the experimental data
and the straight line expected from eq. 4.6: our data are not proportional to 1/d.
Instead, only a modest variation with d is found, with a maximum at ≈ 3 nm−1.
Clearly, the square barrier model (with a constant height φ) does not give an
accurate description of the data. Qualitatively, the curves are very similar to
the Simmons curves with image potential included, as shown in figure 4.2-C.
However, we have to be careful not to apply this model quantitatively, since
experimentally, we have atomically sharp electrodes. The Simmons model as-
sumes two parallel plates. Let us first discuss the implications of our data for

1/d (nm-1)

V
m

 (
V

)

FIGURE 4.6: Variation of the transition voltage with electrode distance. Filled symbols:
measurements of Vm vs 1/d for 3 different gold samples in vacuum. "×" and "+": data from large-
area molecular junctions as reported by Beebe et al. "×": Alkane series, C18-SH, C16-SH, C12-SH,
C10-SH, C8-SH, and C6-SH. "+": phenyl series, TP-SH, BP-SH, and Ph-SH [6]. "o": data presented
in chapter 5 for OPEs of different length (OPE2DT, OPE3DT and OPE4DT) measured with C-AFM.

the interpretation of TVS. As described before, we want to make a comparison
between the distance dependence of Vm for vacuum junctions and molecular
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junctions. For this purpose, we also include three data sets measured by Beebe
et al. and in chapter 5 in figure 4.6 [6]. The upper data set ("×"), corresponding
to alkanethiols of different lengths, has a negligible variation in Vm. This was
ascribed to an almost constant HOMO-LUMO gap for different alkane lengths.
The lower data set ("+" and "o") corresponds to π−conjugated phenylene (from
reference [6]) and phenylethynylene molecules (chapter 5) respectively. Com-
pared to the alkanethiols, these molecules have a stronger dependence of Vm
on d. This was attributed to a variation in the HOMO-LUMO gap, which is
expected to decrease with increasing molecule length. Let us now compare the
measurements. The two types of data (molecular junctions and vacuum junc-
tions) have been measured at slightly different distances. In contrast to our
MCBJ measurements, the experiments of Beebe et al. were carried out on large-
area junctions, in which many molecules are probed in parallel. In addition, the
distance between the Fermi level and the nearest molecular level is lower than
the work function of the electrodes. As a result, the conductance is larger for
the large-area molecular junctions which makes it possible to measure at larger
distances or smaller values of 1/d, respectively. Nevertheless, we find that the
distance dependence of Vm for the molecular data does not differ significantly
from that observed in our vacuum measurements. This is an important conclu-
sion of this chapter. Taking into account (i) the measurement accuracy of the
molecular data of approximately ±100 mV and (ii) the limited variation of Vm
with d for the vacuum data, it is not possible to distinguish molecular junc-
tions from vacuum junctions just by measuring the distance dependence of Vm.
However, considering the absolute values of Vm for conjugated molecules there
is a clear difference with the vacuum data. For conjugated molecules, the re-
ported values for Vm are much lower (0.6 V to 1 V) than the values found for
the vacuum junctions (> 1.4 V) [16].

4.6 DOES TVS HAVE A FUTURE?

We mentioned in this chapter the possibility to use the distance dependence
of Vm to discern molecular junctions from empty tunnel barrier junctions.

Indeed we predict a 1/d dependence for a tunnel junction and a much shallower
dependence for organic molecules. In contrast we show in our measurements
on a tunnel barrier with a varying size, a length dependence that is strongly
deviating from the predicted 1/d relation. The relation between Vm and the
electrode separation d is somewhat similar for a tunnel barrier and a molecular
junction. Hence it is difficult to make a distinction between those two types
of junctions based on Vm(d). What is striking here is the lack of agreement
to describe a simple tunnel junction, although on the nanometer scale, with
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standard models for tunnel barriers. Although, the Simmons model including
images charges can describe the observed relation (Vm(d)) qualitatively, its in-
tended use is for tunneling between two parallel plates and not for two sharp
atomic sized electrodes. Here lies still a challenge for theoreticians.
In this chapter we identified several possible applications for TVS. Its original
purpose is to access molecular levels without the need for the high voltages re-
quired for resonant tunneling. We show in this chapter that first of all TVS
for molecular junctions can not be described by a tunnel barrier model like the
Simmons model, as originally proposed by Beebe et al.. Nonetheless we can
qualitatively reproduce the experimental results from reference [6] based on
a simple resonant transport model. In this case it appears that indeed Vm is
proportional to the position of the molecular level (HOMO or LUMO). Although
this is confirmed by more elaborated calculations [16, 46, 47], this is the specific
case of alkanethiols, where the HOMO/LUMO position is independent on the
molecular length [3, 13, 14]. Unfortunately this approach is too simplistic for
π-conjugated molecules, where the HOMO-LUMO gap decreases with molecu-
lar length [31, 33, 47]. So, to make a quantitative analysis of the molecular
level positions, we need to take into account more parameters like the junction
(a)symmetry, the number of levels involved and most importantly the potential
profile of the junction[16, 47]. In our simple Lorentzian model we place the volt-
age drop at the contacts only and thus no voltage drop over the molecule itself is
taking place, logically resulting in the distance independence observed. Mirjani
et al. demonstrate with a more elaborated model [40] that the voltage drop over
the molecule is crucial [47]. Their main result is presented in figure 4.7 where
the value χ = |EF −E level | /Vm is plotted as a function of molecular length for
the voltage dropping over the molecule and no voltage drop at all. The param-
eter χ is better suited than Vm to appreciate the performance of TVS. Indeed
EF −E level is dependent on the molecular length, χ circumvents this depen-
dence. Here, in figure 4.7, we consider the two extreme cases, in reality the
voltage drop is lying somewhere in between. i) When no voltage is dropping
over the molecule, χ is rather constant. ii) When the voltage is dropping en-
tirely over the molecule, we observe a clear dependence of χ on d. Though this
is theoretically easily tuned, experimentally determining the exact potential
profile over such a junction is quite challenging.

Moreover in order to explore the HOMO or LUMO level with TVS one must
consider two unknowns, χ and the (a)symmetry [16, 47, 48]. The (a)symmetry
can be determined experimentally out of the I(V) characteristics (see chapter
5). However χ remains experimentally difficult to access. Hence, TVS alone is
not enough to explore the molecular energy levels without extra knowledge on
the studied junction.
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FIGURE 4.7: χ = ∣∣EF −Elevel
∣∣ /Vm versus the length of the molecule. The calculations are

done for the case where the voltage drop is only at the contacts (black squares) like schematically
depicted in the higher inset and for the case the voltage drop is entirely over the molecule (circles)
like shown in the lower inset. Taken from reference [47].

4.7 CONCLUSIONS

In this chapter we discussed a novel method for the analysis of current-voltage
characteristics. Indeed transition voltage spectroscopy (TVS) held the promise

of accessing molecular levels without the high voltages required just by replot-
ting the I(V) curves as ln(I/V 2) vs 1/V that will yield a minimum Vm. So Vm
indicates the transition from a linear I(V) relation to a more than quadratic one,
reducing the I(V) to a single number Vm.

We showed in this chapter that it is experimentally very challenging to ex-
tract information on the position of the molecular levels from TVS measure-
ments. Indeed exact knowledge of both the junction symmetry and its potential
profile are needed to relate the value of Vm to the energy of the HOMO (or
LUMO). Experimentally we can deduce the symmetry of the junction from the
I(V) curves, whereas determining the potential profile over a junction is still
a challenge. At best a qualitative study of the molecular levels can be accom-
plished with TVS.

Moreover we demonstrated experimentally that Vm for a nanometer scale
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tunnel junction behaves similarly to Vm for a molecular junction when varying
the length of the junction. Nonetheless, the absolute value of Vm is lower for
lower barriers or conjugated molecules. So it is not possible to unambiguously
decide whether a junction is empty or populated by molecules, based on the
value of Vm or its behaviour with length Vm(d).

All in all, despite the appealing promises, TVS appears not to be an eas-
ily applicable tool for molecular electronics. Nonetheless it is still a potential
system to test more advanced tunnel barrier models [28].
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