Rethinking Transition Voltage

Spectroscopy within a Generic Taylor
Expansion View
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ABSTRACT Transition voltage spectroscopy (TVS) has become an accepted quantification tool
for molecular transport characteristics, due to its simplicity and reproducibility. Alternatively, the
Taylor expansion view, TyEx, of transport by tunneling suggests that conductance—voltage curves
have approximately a generic parabolic shape, regardless of whether the tunneling model is derived
from an average medium view (e.g., WKB) or from a scattering view (e.g., Landauer). Comparing TVS

and TyEx approaches reveals that TVS is closely related to a bias-scaling factor, Vg, which is directly

derived from the third coefficient of TyEx, namely, the second derivative of the conductance with
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respect to bias at 0 V. This interpretation of TVS leads to simple expressions that can be compared easily across primarily different tunneling models.

Because the basic curve shape is mostly generic, the quality of model fitting is not informative on the actual tunneling model. However internal correlation

between the conductance near 0 V and V/, (TVS) provides genuine indication on fundamental tunneling features. Furthermore, we show that the prevailing

concept that V; is proportional to the barrier height holds only in the case of resonant tunneling, while for off-resonant or deep tunneling, Vy is proportional

to the ratio of barrier height to barrier width. Finally, considering TVS as a measure of conductance nonlinearity, rather than as an indicator for energy level

spectroscopy, explains the very low TVS values observed with a semiconducting (instead of metal) electrode, where transport is highly nonlinear due to the

relatively small, bias-dependent density of states of the semiconducting electrode.
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uantification of electronic transport
across molecules is often hampered
by rather featureless current—
voltage traces, which can be fitted to a
variety of tunneling models. Uncertainties
in the exact nanoscale geometry add con-
siderable difficulty to comparing experi-
mental data to results. In practice, most of
the reported current—voltage (J—V) data
can be fitted over a considerable bias range
to a generic parabola."? This flexibility in
fitting of a given J—V trace to vastly different
tunneling models severely undermines the
credibility of quantification of such elec-
tronic transport data. The method of “tran-
sition voltage spectroscopy” (TVS)® has
emerged as an attractive approach, due
to its clear merits of reproducibility®® even
when the conductance varies by 2 orders of
magnitude,® and because of experimen-
tally demonstrated correlations between
TVS values and molecular energy levels*
or applied gate bias.”
Originally, TVS was derived from the
Fowler—Nordheim description of charge
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transport by field-emission tunneling,® where
the function FN should be linear with 1/V:

FN = InU/V?) (1)

Beebe et al. were the first to observe
that a minimum in an FN(1/V) plot is highly
reproducible for molecular junctions and,
thus, may serve as a a molecular finger-
print.3 They termed this min(FN) as “TVS”
and assumed that because FN itself is mono-
tonic (linear with 1/V), a minimum in FN must
imply a transition from deep-tunneling into
field-emission transport. Such a transition is
expected (see Sl eq S12) when the applied
bias equals the energy difference between
the electrode's Fermi level and the nearest mo-
lecular energy level, or the barrier height (¢)
The idea that an experimentally accessible
and reproducible TVS is directly related
to the barrier height for charge transport
made it extremely appealing. An observed
correlation between TVS and energy levels
of a set of conjugated molecules supported
the use of TVS as a genuine characteristic of
molecular transport.*
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Figure 1. Schemes of different tunneling models for two
extreme cases of potential profiles: (a) step-like profile for a
case where the bridge is much more conducting than the
contacts and (b) trapezoidal for a case where the bridge is
the main resistance of the junction. The two left panels are
the low-bias case, and the two right panels describe a high-
bias case. L and R are the left and right electrodes, with
Fermi energy marked by a thick black line, and C stands for
contact. Dotted line illustrates the potential profile, while
the thick blue line marks the molecular level, which could
be either broadened (varying tone in a) or a sequence of
localized states (broken line in a). Field emission (b, right
side) is characterized by a tunneling distance (green arrow)
that is shorter than the full electrodes’ separation.

These merits of TVS made it an important bridge
between experiments and theory, but the concept of
field emission cannot be reconciled with the notion of
a molecular wire. An important issue is the potential
profile. A transition in transport mechanism into field
emission implies that the bias falls on the insulating
medium (“bridge”) to form a trapezoidal potential
profile (Figure 1b). In contrast, most molecular models
assume the contacts to be the least conducting link,
with a potential jump across them and a flat potential
along the rather conductive bridge (Figure 1a; see,
however, refs 9, 10 for theoretical works that consider a
trapezoidal potential). This has led to a large theoretical
effort to predict a minimum in the FN presentation of
current—voltage characteristics within the Landauer
formalism.°~'* These studies have generally shown
that not only is TVS related to the barrier height but
it is also sensitive to other factors such as the asym-
metry of the junction,’®'®*' coupling to the elec-
trodes,’® molecular length (tunneling distance or
width of the barrier),'® and potential profile across
the junctions.'® Thus, it has become accepted that
TVS marks the bias at which the tail of the peak of
the molecular transmission function comes into reso-
nance with the electrode's Fermi level.?

We promote a different view, namely, that of TVS as a
scaling factor for the applied bias or as a measure of the
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strength of the nonlinearity of the conductance with
respect to bias. Namely, TVS is an intrinsic characteristic
of transport by tunneling at any bias, regardless of any
onset or transition in transport mechanism. Viewing
TVS as a bias scaling factor not only substantiates the
use of TVS as a genuine tunneling characteristic rather
than a mathematical artifact'® but also stresses that
TVS expresses the combined effect of several possible
junction characteristics and does not necessarily reflect
spectroscopic details.

Our interpretation of TVS is based on performing
a Taylor expansion, TyEx, of the conductance G(V)
around V = 0. This procedure can be applied to
basically any tunneling model. A three-term TyEx of
conductance—voltage (G—V) relation was the prevailing
approach in the 1960s and 1970s for WKB-based tunnel-
ing models,'®'” and observing a parabolic G—V curve
was even included in the list of criteria for identifying
tunneling.'®'® We show that TVS is directly related to the
third TyEx coefficient or the second derivative of con-
ductance with respect to bias at 0 V. This TyEx coefficient
is best considered as a bias-scaling factor, V;, (in V). Earlier
we defined a parameter called “shape factor” (p, in 1/V),'
which is approximately the reciprocal of V. Here we
prefer to use V; over p in analogy with TVS.

Since such expansion is only an approximation, TVS
should be generally viewed as a bias-dependent per-
turbation of V;, leading to TVS values that are up to
50% smaller than V. This report focuses primarily on
the conceptual view of TVS and does not aim at
replacing detailed TVS interpretations.”'%'%132°

An important advantage of V, over TVS is its simple
mathematical expression that allows evaluating the
relevance of different tunneling models to experimen-
tal data. In this report we provide a few analytical
expressions for V, (<TVS), based on TyEx of different
accepted tunneling models, assuming either trapezoi-
dal (Figure 1b) or step-like potential (Figure 1a) profiles,
with either resonant or off-resonant tunneling, or
based on a solid-state view (effective mass) or molec-
ular view (coupling). The results show that the assumed
correlation between TVS and barrier height is correct
only for the specific case of resonant tunneling.'® For
off-resonant, TVS is generally proportional to the ratio
between the barrier height and barrier width, as we
observe experimentally for junctions made of alkyl-phos-
phonate monolayer on oxidized Al contacted by Hg.
Finally, we consider TVS for nonmetallic electrodes, such
as Si. We show that even in cases of heavily doped Si and
symmetric J—V curves, the Si electrode dictates much of
the shape of the G—V curves due to its limited density of
states at the Fermi level. Therefore, for nonmetallic elec-
trodes, TVS is a complicated function of both molecular
and electrode parameters and is not very informative.

The following section considers the mathematics
behind TVS. On the basis of simulated J—V curves we
show that no transition in transport occurs at TVS.
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We then compare between TVS and TyEx results and show
that TVS ™2 ~ (d°G/dV?)|,—o and derive TyEx coefficients
for different tunneling models and specifically consider
the issue of length-dependent TVS. The next section
illustrates how the correlation between bias scaling
(Vo or TVS) and conductance scaling can be used to
extract tunneling information from experimental data,
and finally we show the inapplicability of TVS to systems
with nonmetallic electrodes, such as heavily doped Si.

TVS Is Not Transition-Related. The clear minimum in

TVS plots (FN vs 1/V) gives the impression of a drastic
change, originating in, for example, entrance into a
resonant window of allowed energy levels.” The first
message we wish to convey is that, in general, both the
current density, J, and its first derivative with respect to
bias, the conductance, G, are smooth and continuous as
the applied bias is scanned across the TVS value.® The
observed minimum has a different origin than an actual
change in transport mechanism. To demonstrate this,
we simulated four J—V curves using vastly different
tunneling models, but with the parameters for each
model chosen in such a way that all curves have an
identical TVS value of 1.5 V. We note that the choice of
tunneling parameters that gives a specific TVS value is
not obvious and is based on the TyEx as described later.
Variations in net conductance were ignored, and there-
fore all curves have G(0) = 1. While there are significant
differences between the models below, all are versions
of coherent tunneling. The models were as follows:

() Simmons model® with a genuine transition
into field emission at TVS. The Simmons model
describes what is called deep tunneling. The model
originates from a solid-state view of transport, ie,
delocalized energy levels and free-charge carriers
with an effective mass. According to this model, a
transition into field emission would occur when the
applied bias equals the energy barrier height.

(1) Simmons model® with a false minimum, i.e,, the
minimum of the FN function (eq 1) occurs at a
bias voltage that is lower than the voltage (i.e.,
the barrier height) at which the actual transition
into field emission occurs.

(1) Off-resonant sequential tunneling. In this model,
derived by Mujica and Ratner,?! there is no direct
coupling between the two electrodes, but rather a
sequential coupling along the bridge sites. This
model should not be confused with hopping,
because the transport is coherent and the electron
does not occupy the bridge states as in hopping.?'

(IV) Tail-broadening resonant tunneling as derived
by Huisman et al."" where the two electrodes
are directly coupled. The coupling strength
and, thus, the level broadening decay expo-
nentially with the tunneling distance.

In the Supporting Information we provide the math-
ematical equations for each model. Complications such
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as asymmetry are deliberately ignored here. The justifica-
tion to consider the WKB-based Simmons model® is first
because the TVS concept originally emerged from this
model, which is still widely used. Second, the Simmons
model represents the case where the potential drops on
the bridge rather than on the contacts, also known as
trapezoidal potential profile (Figure 1b). DFT computa-
tions indicate that the potential profile has a drastic effect
on TVS values.®'® However, the “trapezoidal” profile,
where most of the bias falls on the bridge, is rarely
considered in recent analytical models, which mostly
assume the “step” profile, where the potential changes
mainly at the contacts. At the other extreme is the
tail-resonant model, derived by Huisman et al,''
which represents a variety of recent Landauer-based
models.®'%'32° We preferred this model because of its
relative simplicity. Finally, off-resonant, sequential tun-
neling, derived by Mujica and Ratner,?’ represents an
intermediate case, where the bridge is equipotential
(step potential profile) as in the resonant-tunneling
model, but assumes a sequence of localized bridge
states without direct coupling between left and right
electrodes, i.e., with a pronounced bridge effect, similar
to WKB models.

Figure 2a shows that only for a genuine transition
into Fowler—Nordheim transport (curve |, black) is
there an observed change in current at V=TVS (1.5 V,
vertical dotted line), which is further observed as a
sharp jump in the G—V curve presentation (Figure 2c).
A genuine transition to field emission (curve I, red) or
onset of resonance with maximal transmittance (curve IV,
light blue) could be also observed but at a much
larger voltage than TVS. Nevertheless, all data show
a clear minimum in a Fowler—Nordheim presenta-
tion (Figure 2b, eq 1), where the genuine Fowler—
Nordheim curve (curve |, black) differs only in its strong
asymmetry and linear behavior for V > TVS. Moreover,
fixing TVS at a given value (1.5 V) made the four curves
almost overlap each other over a large bias range (after
scaling the current magnitudes; curves in all panels of
Figure 2 are vertically shifted; otherwise they would be
almost indistinguishable). We conclude that TVS does
not mark a change in transport mechanism; on the
contrary, TVS is a genuine expression of transport by
tunneling over a wide bias range. Therefore, a TVS
minimum is not a mathematical artifact,’ because it
contains key information on the shape of the G—V (or
J—V) curves. Thus, similar to the commonly used decay
length, 3, TVS should be used as an empirical param-
eter that can be highly characteristic for a given junc-
tion, even though it can be interpreted in various ways,
as will be discussed next.

TVS Reflects the Nonlinearity of the Transport. If TVS
occurs in a perfectly smooth region of the G—V curve,
it must originate in a mathematical minimum of the FN
curve, which is directly derived from differentiating
the Fowler—Nordheim presentation, FN (eq 1), with
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Figure 2. Different presentations of simulated current—voltage curves, showing (a) the simulated current over a wide bias
range; (b) “Fowler—Nordheim” presentation of the same curves (eq 1); (c) conductance plots, i.e., the first derivative of (a); and
(d) log—log plots of (a) at high bias. Tangential, dotted lines in (d) show J = AV2 lines for arbitrary A values. In all panels current
values were arbitrarily scaled and shifted for clarity. The transport parameters were chosen to give TVS = 1.5 V, marked by a
vertical dotted line in all panels. Each of the four curves in each panel represents a different model as detailed in the text:
(1) Simmons with a real transition into field emission (5L = 8, £ = 1.5 eV); (Il) Simmons with false transition (5L =16, ¢ =3.15 eV);

() off-resonant sequential bridge states (N = 4, ¢ = 3.63 eV); and (IV) tail-broadening resonant (¢ = 1.3 eV, 5L = 10).

respect to an arbitrary abscissa V¥ (where k = —1 is the
standard TVS form). This leads to

dFN G 2\V' kK
e (7_V> K0 @

where G = dI/dV is the conductance. Thus eq 2 shows
that TVS or a minimum in the Fowler—Nordheim plot
occurs at a specific bias, where?®

o

Equation 2 shows that TVS is observed regardless of
whether we plot FN (eq 1) against V (k = 1), against 1/V
(k=—1), or, for that matter, any other power of V.° Note
that eq 2a suggests an alternative practical means to
extract TVS. If the conductance is measured directly or
computed numerically, the function G — 2J/V is easily
computed and the bias where it nulls is identical to TVS
values extracted from minimizing eq 1. Searching for
the null of G — 2J/V has a numerical advantage: it is
more robust to noise compared to a process of a
minimum search. Moreover, it can also be extrapolated
in cases where no min(FN) is observed within the mea-
sured bias window, to get an approximation for TVS.

Equation 2 also explains the mathematical meaning
of TVS. Equation 2a is actually a form of a differential

I
o

(2a)

V=TvS
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equation (y' = 2y/x) with a solution J =< V2 This qua-
dratic solution is applicable only for V ~ TVS, and a
“superquadratic” dependence is required for obser-
ving a minimum in FN. For example, if the transport
relations would behave as J = aV + bV?, the FN function
(eq 1) would give a monotonic line (FN = In(b + a/V)),
without any minimum. The TVS point marks the bias
where the power law, n, of J < V" changes from n < 2
to n > 2,°2% or the bias where the J—V dependence
becomes “superquadratic”. This is demonstrated in
Figure 2d for the same set of simulated J—V data. The
tangential lines have a slope of n =2, and it is clear that
the transport curves are tangential to J o< V2 lines at
V = TVS (1.5 V). In other words, TVS is basically a
measure of how fast the J—V curve deviates from the

“ohmic” approximation

23-25

or how strong the devia-

tion of G(V) from a constant value is, which is com-

monly used to describe the low-bias transport.

23-25

Naturally, for cases where the bias dependence is
stronger than polynomial, e.g., J o e”, as in semicon-
ducting electrodes (see below), the deviation from

J o< V> will occur at very low biases.

26—-28

TVS within the Taylor Expansion. Our analysis so far
suggests that TVS is basically an indirect way to
measure how nonlinear a given G—V curve is. A much

more direct way is to fit G—V curves to generic para-
bolic relations. Such fitting is an accepted criterion
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for identification of tunneling-governed transport
through inorganic thin insulators'®'® and is also
clear for the simulated G—V curves of Figure 2c.
The three-term Taylor approximation works well for
inorganic insulators because it grasps the funda-
mental physics of back and forth fluxes, which are
much larger than the net observed current. The fact
that most G—V curves are parabolic within the
accessible bias window (see, e.g., ref 5) also explains
why the fitting of molecular J—V curves is so decep-
tive: most tunneling models lead to practically the
same generic G—V shape at low to moderate bias
range, as shown in Figure 2c.

The coefficients of a generic parabolic fit can be
related to the physics of the tunneling process using
the Taylor expansion of a detailed tunneling model:
V2 d"Gg

> +...+dvn

&6
dv?

dG
— v
G = G(0)+ VO

vn
n!
0

(3)

0

The basic Taylor expansion (eq 3) can be rewritten
as the scaled relations?

v V\?2 v\?
1425 —+3A(— | +A;(—
a7 2<V0) " 3(V0>

V4
Asl —
+ 4<V0> +

The two scaling parameters are the bias scaling, Vj,
and the conductance scaling Geq, which is the equilib-
rium conductance (i.e,, the conductance at V — 0). Gq
is widely accepted in analysis of molecular charge
transport and commonly expressed as resistance
(1/ Geg).> % Gegq is easily determined experimentally,
independent of the shape of the G—V curve, which is
expressed by the term within the square brackets in
eq 4.

Because of the symmetry of back and forth tun-
neling currents, all odd TyEx coefficients (S, As, As, ...)
vanish for symmetric G—V curves. Thus, S measures
the asymmetry in the transport and is generally small
compared to the coefficient of the third term in the
expansion. The As and higher coefficients will be
generally ignored here (marked as higher order
terms, “0"). Thus the shape of the G—V curve is
mostly dominated by the third term, which also
serves to experimentally extract V,. The “2” and “3”
prefactors in the scaled conductance expansion
(eq 4) are added for convenience, because they

G = Gegq

@

disappear in the Taylor expansion of the current
density:

v V\?2 v\"
= GegV | 14+5—+A [ — —
J = Geq ( +SV0+ Z(Vo) +O(VO) > (5

Substituting TyEx expressions for both conduc-
tance (eq 4) and current (eq 5) into eq 2a leads to the
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following condition for TVS:
=0
vs

J A% v\"
G _2VEGeq< —1 +A2<V_O) +O<V—O> )
(6)

Note that eq 6 eliminates the main asymmetry
contribution S, and as a result it gives a simple relation
between TVS and V:

Vs = Voy/[1 —O(TVS/Vo)"] /A ~ Vo (6a)

The prefactor A, equals 1 for symmetric junctions
and weakly varies with asymmetry (see Table S1). Thus,
the identification TVS = Vj is valid for nearly symmetric
junctions and assumes that the higher order terms can
be ignored. Equation 6a implies that TVS is a perturba-
tion of the scaling factor of the applied bias, V. Clearly,
this is quite a simplification, and higher order terms
add corrections to this result.

The validity of the claim that TVS ~ V, can be
experimentally tested by comparing extracted TVS
and V; values. We used J—V data sets, experimentally
measured across monolayers of alkyl-phosphonic acids
(APA) made on ultrasmooth oxidized Al (as electrode)?®
and contacted by liquid Hg from the top, as reported
elsewhere.® The alkyl chains were 8, 10, 12, 14, and 16
carbons long. The bottom Al contact was covered by an
inevitable ~3 nm thick Al oxide, but we showed that this
nonstoichiometric oxide adds only a minor barrier to
transport.3° The results are shown in Figure 3.

Figure 3a shows the fair linear dependence of G/G¢q
on V% namely, the parabolic approximation eq 4 is
reasonable and the asymmetry contribution is negli-
gible. V; is extracted from the slope/intercept ratio of a
linear fit to such plot, assuming A, = 1. Figure 3b shows
the extracted TVS values as a function of extracted V,
values. The TVS values are smaller than V, by up to 20%,
a deviation that increases for shorter chains. We attri-
bute this difference to the higher order terms (“0")
neglected in eq 6a. Overall, Figure 3b suggests that the
identification of TVS with V, is conceptually justified,
though not accurate. A qualitative correlation between
TVS and the curvature of G—V plots can be inferred also
from the work of Guo et al., who compared biphenyl to
alkyl dithiol and found that the first has both steeper
G—V curves and about half the TVS of the latter.’

Finally, Figure 3b shows a clear variation of TVS with
molecular length, opposite of what was predicted
originally® and commonly experimentally observed
for Au-contacted alkyl dithiols.*3*? The high end of
TVS values in Figure 3b (~1.2 V) is similar to what
was reported by Beebe et al. for alkyl dithiols,* but
lower than TVS ~ 1.9 V reported later for the same
molecules.>? Guo et al. reported that TVS of alkyl
dithiols changes from 1.1 to 1.4 V for low- and high-
conductance break-junctions (i.e,, different distribution
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Figure 3. Comparison of Parabolic fit (eq 4) and TVS for
transport across monolayers of alkyl-phosphonic acids,
showing (a) parabolic fit to selected G—V? curves; (b)
comparison of TVS (Y-axis) and V, (X-axis) for all measured
junctions. The solid line in (b) represents TVS = V,. Junctions
are comprised of an ultrasmooth Al bottom electrode
(30 nm thick on Si),%° covered with native oxide (3 nm)
and a monolayer of alkyl-phosphonic acids. Top contact is
made by Hg (~0.3 mm in diameter). See ref 30 for full
details. Bias was scanned up to 1 V; thus TVS > 1 was
extracted by nulling eq 6, rather than minimizing eq 1. V,
was extracted from the slope of the linear fit to G/G.q — V2
curves (as in panel a, see eq 4).

bands within thousands of repeated junctions).
Length-independent TVS values were considered as a
genuine signature of molecular-dominated transport
in contrast to, for example, transport across defects.
More recent DFT calculations predict TVS to be inver-
sely proportional to length for a trapezoidal potential
profile,’® as we indeed observe in Figure 3b. To track
the origin of this length dependence, we have to return
to specific tunneling models to give a physical mean-
ing to the generic form of egs 4 and 6, which we do
next.

Taylor Coefficients for Different Tunneling Models. A Tay-
lor's series expansion (TyEx) of WKB-based tunneling
was done long ago by Simmons'® and by Brinkman,
Dynes, and Rowell.'”” More recently we followed
this approach within the context of molecular junctions
for both the WKB-based model' and off-resonant,
sequential tunneling.? Here we extend the TyEx meth-
od to the Landauer formalism of the general form''
J = z—qf:e T(E)[7 . — FgldE, where Tis the transmis-
sion probability as a function of energy and &7, g is the
Fermi function at the left and right electrodes. Since we
are interested in the bias range near 0V, i.e., far from
resonance, the temperature effect can be safely ignored’®
(see also SI), and the zero temperature conductance is

VILAN ET AL.

given by (see Sl for derivation)

2

Gon = %[(1 —ATE) + 1+ T ()

where o is the asymmetry factor, which could vary
from —1 to +1 and is 0 for the symmetric case,** and
uLr==E(1F a)/2)qVis the position of the Fermi level of
the left (grounded) and right (biased) electrodes with
respect to the Fermi level at 0 V. Equation 7 is general
to any transmission function T(u g) with a step-like
potential profile, under the assumption that the tem-
perature effect is negligible, and the density of states is
similar at the two electrodes. We comment that con-
sidering conductance rather than current does not
involve loss of information because the current at 0 V
is zero by definition. On the other hand, avoiding one
integration step commonly simplifies the mathemati-
cal expressions.

Following Huisman et al. we use a simple form of
the transmission function, that of a single, Lorentzian-
shaped level, located ¢ eV away from the Fermi
energy:'’

2
b+ (E — E)
€

where fL is the exponential tunneling decay, replac-
ing here the coupling term. The factor b in eq 8 is
b = (exp(—AL)/(1 — o) and is negligible for AL > ~5
compared to the other denominator term (— 1, for
E < ¢). The use of E — ¢ in the denominator of eq 8
implies that transport via the LUMO is assumed, while
E + & describes HOMO-mediated transport.2%>> How-
ever, in terms of G—V these two options are completely
symmetric. The sign convention for a is also arbitrary,
and for LUMO-mediated transport, a > 0 implies less
current under positive bias and vice versa.

Substituting eq 8 into eq 7, differentiating with
respect to voltage once and twice, and then setting V=0
(see Sl for full derivation) provides the coefficients for
the TyEx, as listed in Table 1. The table also gives a
summary of TyEx coefficients for other relevant tunnel-
ing models.

The rightmost column of Table 1 shows that TVS
and V, are actually not identical. Still, the identifica-
tion of TVS with V, is useful, because it removes the
complicated dependence of TVS on uncertain tunnel-
ing details. The basic reason for this difference is the
fact that TyEx holds near 0 V, while TVS is extracted at
quite large bias. The intrinsic energy scale here is the
bias scale, V,. For example, simulations show that
parabolic fitting over a bias range limited to <0.1V,
yielded V, as expected according to Table 1, but
parabolic fitting over a wider bias range leads to
increasing deviation. Because TVS o< V,, by definition
TVS will occur outside the region where the three-term
TyEx is adequate. In principle, this discrepancy could be
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TABLE 1. Parabolic Coefficients for eq 4 for Different Models for Charge Transport across Molecules®

model Geq

Simmons/BDR GolAp/8ril)e

off-resonant, sequential tunnelingd ZGO(AD/I)Z(e/t)’ZN

tail-broadening resonant tunneling® [G/(1 + b)]e’/ﬂ

A s Vy/TVS?
9.8¢/pL —Aele/d9 ~13
245¢/N —a/12 ~14
2¢(1 + b) -0 ~18

? & (eV) is the barrier height; 3L (dimensionless) is the product of length L and tunneling decay coefficient /3 (for off-resonant tunneling it replaced by N, the number of sites
along the bridge); ot (dimensionless) is the bias asymmetry; and G, = 2g%/h is the quantum conductance. See SI for higher coefficients. * This ratio is similar to 2y, where
5 = &/MVS;" "> values extracted from the simulation of Figure 2; generally they were similar for a wide range of parameters. ¢ A is the area; A is the difference between the left
and right barrier heights where ¢ is the average barrier, according to Brinkman, Dynes, and Rowell (BDR); see ref 17. Similar derivation of TyEx coefficients appears also in refs
1,2, and 16. ¢ Conductance per molecule; N is the number of bridge sites, ¢ is the hopping integral between sites (~1 eV), and A, is the spectral density of the electrodes
(~1eV), based on eqs 8 and 9 of ref 21. TyEx derivation appears in ref 2 and in the SI. © Based on eqs 5 and 6 of ref 11. Full derivation appears in the SI. Note that 5— 0 and can

be generally ignored.

made smaller by Taylor expanding around an arbitrary,
nonzero bias. However, this leads to rather compli-
cated expressions (cf. Table 1) because only at V =0
do the forward and backward current terms, typical of
transport by tunneling, effectively cancel. A better option
for keeping the validity of the simple TVS ~ V,, identifica-
tion is to shift the TVS minima to lower bias values, which
is possible by using a modified TVS function (min(In(J/V'"),
1<n < 2)."?This reduces the bias where TVS,, is observed:
TVS, ~ Vol(n — 1)/(3 — n)/A;1"?, ignoring asymmetry
and higher order perturbations. Thus using n values
approaching 1 will give lower TVS,, values that are closer
to TyEx-predicted V.?° This is beneficial also experi-
mentally since often junctions become unstable at
high fields,”> and then the applied bias range is not
large enough to include the TVS minimum.

In summary, TVS and V, are conceptually the same
and show the same trends with respect to junction
parameters, though extracted values could differ
by ~50%. TVS is probably simpler to extract technically,
while V, has a clearer mathematical interpretation.

Length Dependence of TVS or V. Table 1 compares
three tunneling scenarios, and it can be easily
extended to any analytical tunneling J—V relations (see,
e.g., Table S2 in the SI). Table 1 shows that while both
TVS and parabolic fitting are generic, their interpreta-
tion is strongly model-dependent. For example, an
“insulator” view, where the bias falls on the bridge
(Simmons, first row), leads to a V, expression that
includes a large prefactor (~10) when compared to a
“conductor” view, where the bias falls on the contacts
(both second and third rows of Table 1) and the
prefactor is ~2. In addition, Table 1 shows that for
off-resonant tunneling (first and second rows) V,
should be inversely proportional to the bridge length
(BL or N), in contrast to the resonant case (third row),
where the tunneling distance has no effect on the
shape of the G—V curve,'® and distance affects only the
net conductance (Geg).

In accordance with Table 1, Figure 3 shows a clear
dependence of V, or TVS on alkyl-chain length, indi-
cated by different color symbols. The clear length
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effect of Figure 3 and Table 1 is in contrast to an
observed length-independent TVS for alkyl dithiols.*>2
Since both systems are based on an alkyl monolayer,
this seems to be a major contradiction. The explanation
is that the nature of the contact dictates different
tunneling regimes for the two systems.'® The reason
for this lies in the fact that for alkyl-dithiols the trans-
port orbital is located mainly on the S—Au bond'® due
to its large density of states (DOS).>® This effectively
screens the wire’ and localizes the bias drop to the
contacts.'® On the other hand, for the Al/AIOX-APA/Hg
junctions reported here, there is a very small interface
DOS because of binding to the oxide on one side and
lack of any chemical contact on the Hg side. Thus the
observed TVS is inversely proportional to the molecules'
length, as predicted for off-resonant tunneling."

One merit of the TyEx view of TVS is the ease at
which different tunneling models are compared. Thus
Table 1 allows a simple way to choose ¢ and L (or N)
values for different tunneling models (e.g., the simu-
lated curves of Figure 2) such that they will all give the
same TVS value. Similarly, the TyEx expressions for V,
readily explain how the same Simmons model® leads to
either a genuine transition or a nontransition minimum
in a Fowler—Nordheim presentation (e.g., Figure 2,
curves | and I, respectively). Within the Simmons
model,? a transition into field emission would occur
at V = g thus, the nature of the observed TVS will
depend on which is the smaller value, ¢ or V,. The
expression for V, within the Simmons model (see
Table 1) indicates that TVS would mark a real transi-
tion into field emission only if SL < 9.8 (i.e., either very
short or highly conjugated molecules). For such low
PL values it is also reasonable to assume that less
potential drops on the wire, and therefore the low L
condition for length-independent TVS, fits qualitatively
with the potential profile argument of Mirjani et al."®

Extracting Tunneling Information. Figure 2 clarifies that
curve fitting is largely generic and cannot provide
much information on specific transport behavior. In
this regard TVS or V, is merely an effective quantifica-
tion parameter, like the length-decay coefficient, j3,
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without a unique physical interpretation. One of the
difficulties in translating these effective tunneling
parameters (e.g., 5, TVS, or V) into fundamental phy-
sical properties, such as barrier height (g), coupling to
the electrodes (I') and along the chain (t), or effective
mass (WKB view), is that the experimentally observed
parameters depend on different combinations of the
physical quantities. An important advantage of the
TyEx approach compared to free-fitting is that it forces
a separation between the bias scaling, V, (or TVS), and
the current scaling, Geq. The last can be experimentally
determined either from the slope of J vs V or by
averaging directly measured G values near 0 V. The
conductance scaling, G, is expected to be dominated
by the coupling to the electrodes and the number
of transmission channels (or area) in contrast to
the bias scaling, V,, which would be mostly affected
by the energy alignment and be insensitive to the
coupling.?®*” The major exception is the length (AL
or N), that contributes to both Geq and V; in the off-
resonant case but only to Geq in the case of resonant-
tunneling. Table 1 suggests, therefore, that comparing
independently extracted G.q and V, values could
provide further insight into the specific tunneling
model>**’ that cannot be gained from G—V fitting
alone.

Table 1 shows that both In(Geq) and 1/V, depend
linearly on N or fL, for off-resonant or Simmons
tunneling, respectively.? In these cases a plot of IN(Geg)
vs 1/V, is expected to have a negative slope propor-
tional to the barrier height.? In contrast, for resonant
tunneling V is predicted to be independent of 8L, and
thus In(Geg) vs 1/V, should be a vertical line.

Figure 4 shows plots of the conductance and bias
scaling parameters of the APA junctions (same as in
Figure 3), which show a clear exponential decay, as
predicted for off-resonant or Simmons tunneling.
Figure 4 suggests that the transport behavior is different
for short APAs (C8—C12) and long ones (C14—C16), as
was also reported previously.> Fitting only the short
APAs (dashed line) or the full data (solid line) changed
the exponential decay from 8.4 to 4.4. Within the off-
resonant, sequential tunneling view (second entry in
Table 1) and using t = 1.68 eV'® these slope values
translate to ¢ = 3.0 and 2.4 eV, respectively. Using the
Simmons model leads to a lower barrier (¢ = 0.86 and
0.45 eV, respectively) because of the much larger
prefactor (9.8, cf. 2.45) in the V, definition (Table 1).
Although there is quite a spread, all these values are
reasonable, considering the ~1.6 eV LUMO—Fermi
difference, derived from UPS and gap data*® (setting
t = 0.92 eV recovers the expected & =1.6 eV). Thus
Figure 4 indicates a good qualitative agreement
between scaling parameters of APA junctions and either
Simmons or off-resonant tunneling models, although
we stress that the specific values of the extracted
barrier height are rather meaningless in our treatment.
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Figure 4. Correlation of G.q and 1/V, values extracted for
Al/APA/Hg junctions of varying alkyl chain length. V,, values
were extracted from the slope of linear fits of G/Ggq vs V>
(see eq 4 and Figure 3a). G, values were extracted by
averaging the G values in the bias range of 0 to 50 mV.
Symbols are experimentally extracted values; lines are
exponential fits of G.q vs 1/V, over full data range (solid
gray line, Goq = 0.008-exp(—4.4/V,)) or limited to “short”
APAs (C8—C12, dotted line, G.q = 0.63 - exp(—8.4/V)). Inset:
Log—log plot of Gq vs Vy; fitted line shows Geq o< Vo*®.

For the sake of generality, the inset in Figure 4
shows the same Gq vs V, data but on a log—log plot,
which gives even better correlation than the exponential-
decay plot (main panel), with an apparent power law
of ~7. We are not aware of any tunneling model that
predicts such relation, but we note that Baldea sug-
gested that G.q is inversely proportional to TVS?
(i.e., a power law of —2).3” Obviously this model does
not hold for APA junctions, though it appears to
adequately describe tunneling across alkane dithiol®’
and conjugated molecules.'

The long APAs (C14, C16) had a rather large spread
in their V values, while the G distribution was much
narrower, with a weak dependence on length (C14, cf.
C16). Indeed, if V, is independent of length, there
should be no correlation between V, and log(Geg).
Qualitatively, this can be explained if the tunneling
across long APAs is dominated by the contacts rather
than by the bridge (i.e., closer to the resonant-tunnel-
ing model; see Table 1). While this conclusion might
seem strange because the bridge is actually longer,
detailed structural characterizations® indicate that the
long APAs form much denser monolayers than short
ones, and as a result, long APAs are more rigid with a
solid-like structure than the short APAs, which are more
fluid-like. A distinct change between short and long
APAs (same raw data as used for Figures 2 and 3) was
also observed in the variation of the exponential length
decay coefficient, 8, as a function of applied bias.3%>°
Although the HOMO—-LUMO gap of isolated alkyl
chains is hardly affected by increasing the alkyl length,
the f—V analysis suggests that the energy barrier is
lower for longer APAs than for shorter APAs. We
attributed this observation to considerably more scat-
tering in the constantly fluctuating short APAs compared
to a better coherence across the more “frozen” long
APAs.3%%° Thus, the considerable bridge scattering along
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short APAs leads to a clear correlation between log(Geg)
and Vj, while for the more ordered long APAs this
correlation is weaker.

Although the V; values for C14 and C16 in Figure 4
appear to be poorly reproducible, their standard devia-
tion (0.15 V) is lower than that reported for TVS values
of alkyl dithiol break-junctions (0.25 V). However, the
spread in In(G.) of alkyl dithiols was even larger than
in TVS,” while for APAs In(Ge) showed much better
reproducibility than V, (see Figure 4). A partial explana-
tion could be that transport across a wide area junc-
tion is already area-averaged, while single-molecule
experiments reveal the real distribution.® It is, however,
unclear why this narrowing effect is much more pro-
nounced for the conductance scaling (Gg) than for the
bias scaling (Vo). Physically, this implies a larger variance in
& than in the coupling strength. Baldea has suggested that
a large variance in € could be due to fluctuations in short-
range Coulomb interactions at molecule—electrode con-
tacts.2® This is reasonable for APAs, where the charging
state of the phosphonate binding group varies with
increasing coordination to the substrate.® Furthermore,
the ill-controlled amount of hydroxyls on the surface could
also affect the exact surface potential.

Nonmetallic Electrodes Lead to Major Artifacts in Voltage
Analysis. This last section is concerned with an impor-
tant consequence of the understanding that TVS is
not transition-related but a curvature gauge, namely,
the bias effect with nonmetallic electrodes. Nonmetal-
lic contacts are often used in molecular electronics,
mostly for large-area junctions. Prominent examples
include semiconducting electrodes (e.g., 52672840742,
conductive polymers (e.g., PEDOT:PSS*>43*%), pyro-
lyzed photoresist films,*> and oxidized metals such
as AP%*® or InGa.”’ The motivation for using these
electrodes varies from softness (PEDOT), to lack of
chemical interaction (InGa), favorable binding chemis-
try (Al, carbon), or useful band structure (Si*?). While
such electrodes are commonly sufficiently conducting,
to observe a clear molecular effect (e.g., length effect,**
IETS?®), they still often dominate the net bias effect on
transport. The reason is that transport is dictated by a
product of both probability of charge to cross the
molecule and probability to find empty/filled states
on the leads. Often the bias effect on the population of
the leads' DOS is overlooked. While this is justified for
metals where the DOS is approximately constant near
the Fermi energy, for nonmetallic contacts such an
approximation could lead to misinterpretations.

This effect is demonstrated in Figure 5a, showing
J—V curves for Hg/C16—Si(111) junctions, with n-Si
(black line) and p-Si (red line) both heavily doped
(doping level 10" cm ™). Data are taken from ref 42,
and further experimental details are given there.
Despite the nearly degenerately doped Si, the current
density of n-Siis 10- to 100-fold smaller than that with
p-Si. We explained this by residual band bending in the Si,
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Figure 5. TVS for heavily doped Si electrodes, showing
(@) J—V curves for Hg/C16—Si(111), doped to ~10"° either
n or p (data taken from ref 42); (b) variation of TVS with
temperature for different experimentally measured heavi-
ly doped Si junctions (see legend, data taken from ref 40);
and (c) variation of TVS with metal WF and tempera-
ture for simulated J—V curves, 10" doped p-Si, 15 A thick
insulator. The transport across the insulator was com-
puted from a two-band transport model, with barriers of
2.4 eV between the molecular LUMO and Si conduction
band and 3.6 eV between valence band and HOMO. These
values are taken from a UPS/IPES study.’ The effective
mass was set to 0.55 to bring the maximal TVSto 1V, and
the rest of the simulation details and parameters are
given in ref 49.

which increases the effective tunneling distance in
heavily doped n- compared to p-5i.** This additional
barrier is not observed in the shape of the J—V curve
that is more symmetric for lower current (n-Si) than for
high current (p-Si). This difference in transport asym-
metry is explained by “Esaki-like” diode behavior®® with
LUMO-dominated transport.** Thus for nonmetallic
electrodes, even if a clear molecular signature is
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observed (e.g., length attenuation), there is some bias
drop on the nonmetallic lead to maintain the required
supply of charge carriers.*'**

Therefore, we suggest that the reported very low
TVS values (<0.2 V) for Au—S—alkyl—Si (n** or p™*
doped) junctions®®*~2® are due to the bias-varying DOS
in the Si. The exact bias partition between the Si and the
molecules requires a detailed numerical solution.*'*
However, for illustrative purposes we consider here the
simplest mechanism of current across a thin metal—
insulator—semiconductor (MIS) junction by thermionic
emission, where the semiconductor is in depletion,*®

Jws = Joe P exp (LV - 1) 9)

nkT

where n is an ideality factor that varies in principle
between 1 and 2 and in practice is often larger. Trans-
port using heavily doped Si, as in Figure 5, has a much
more complicated form than eq 9. Nevertheless, the
exponential dependence on bias appears in most semi-
conductor transport relations. Considering that TVS
does not mark a real transition, but rather measures
how steep the J—V curve is, it is clear that exponential
J(V) dependence will reach the condition of eq 2
(“superquadratic”) already at low biases. Differentiating
eq 9 leads to Gys = Jwis(g/(nkT)), and substituting into
the minimum definition of eq 2a we get the following
prediction for TVS of simplified MIS junctions:

kT
TVSyis = 2n; (9a)

Thus TVS for MIS junctions should depend posi-
tively on the temperature. This is tested in Figure 5b,
showing experimentally extracted TVS values (negative
bias on Hg) as a function of temperature for a
Hg/C18—Si junction made with both heavily doped
n** and p™* Si. TVS data for an Hg junction with the
same p* ™ Si but with a native oxide rather than alkyl
monolayer are also shown (J—V—T data taken from
ref 40; see therein for experimental details). They show
rather low TVS values, in accordance with former
findings®® ™28 that monotonically increase with tem-
perature, in qualitative agreement with eq 9a. The
slope for pt" Si—C18is 6 x 10™*, which translates into
an ideality factor of 3.5, which is reasonable, consider-
ing that heavily doped Si is not expected to follow
thermionic emission (eq 9). We suggest that observing
atemperature effect on TVS is a clear indication that for
these junctions the bias effect is not solely dominated
by the molecules, and any interpretation of the curve's
shape is much more complicated than simple models
such as a TVS or TyEx parabola.

Within the accepted “spectroscopy” view of TVS, it
was assumed that such low TVS values must originate
in some density of surface states,®® an explanation
that we cannot fully rule out for our experimental
junctions.**" In order to give further support to the
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interpretation that low TVS values on the Si electrode
originate in a bias drop on the Si, we simulated p*"
Si-alkyl/metal junctions, with varying work function of
the top metal contact. These simulations*® are free of
surface states. The resulting TVS values (negative bias
on metal) are shown in Figure 5c. The simulation clearly
shows a strong dependence of TVS on both metal work
function (WF) and temperature. Increasing the work
function reduces the built-in potential for p-Si (ioniza-
tion potential was set to 4.9 eV, including a dipole
effect of the monolayer), starting from strong inversion
(WF = 3.5 eV) and up to full accumulation (WF =5.5 eV).
The simulations show that even for heavily doped Si,
only a top metal contact that ensures charge accumu-
lation in the Si enables a full expression of molecular
TVS (the “5.5" curve of Figure 5c), and even then, there
remains a temperature effect on the TVS.

We conclude that for semiconducting electrodes,
even heavily doped ones, TVS includes substrate con-
tributions. This is true for any other simplistic quantifi-
cation of bias effect on molecular transport, where at
least one of the electrodes is not metallic. Somewhat
similarly, it was reported for a PEDOT:PSS top contact
that while transport is length-attenuated by the mol-
ecules, the PEDOT:PSS film controls the bias effect.**
Also for the oxidized Al electrode presented in Figure 3,
a slight asymmetry could be observed in the G—V
plots, which we attribute to possible charging of the
thin AlO, layer. However, the AlIO, was sufficiently
conducting not to dominate the bias effect.>>3" While
there are many advantages to the use of nonmetallic
substrates, transport is a product of molecular and
electrode attenuations, and the last is often bias-
dependent.

SUMMARY

In contrast to the original view of TVS as a marker for
transition between different transport regimes, we
have established the interpretation of TVS as a genuine
characteristic of tunneling over the full bias range. In
this regard, TVS is a bias-dependent perturbation of Vj,
the bias scaling factor. This bias dependence compli-
cates the interpretation of TVS compared to V, and
does not add much information. Thus, practically
TVS ~ V, and the choice of extracting TVS from a
minimum of a logarithmic function or from a polyno-
mial fit is a technical consideration.

Molecular transport models, either resonant or off-
resonant, lead to generic parabolic G—V relations,
which are practically indistinguishable from WKB-
derived relations. As a parabola, only three parameters
can be experimentally extracted from tunneling G—V
relations (cf. eq 4): (i) the equilibrium conductance,
Geq, Which scales the conductance; (ii) Vo or TVS,
which scales the applied bias; and (iii) the degree of
asymmetry factor, which is measured by S (position of
parabola minimum).
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This generic parabolic shape of molecular G—V curves
is conceptually equivalent to the “diode equation” that
provides an effective description of vastly different inter-
faces and transport regimes. As such, it facilitates data
comparison across different experimental test beds and
different molecular moieties (conjugated and saturated
ones; molecules with or without chemi-contacts/spacers).
The strength of the scaled parabolic view over detailed
fitting is that it separates experimental observables (G,
Vo, S) and model-dependent, interpreted parameters
(barrier height, coupling, potential profile).

The TyEx-derived coefficients are the bridge between
detailed theoretical predictions and the experimental

METHODS

Experimental current—voltage data are taken from ref 30
(Figures 3, 4); ref 42 (Figure 5a), and ref 40 (Figure 5b). See
therein details for monolayer preparation and transport measure-
ments. MatLab R2010b was used for simulated data of Figure 2 and
Figure 5¢; the last is based on a model described in ref 49.
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