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ABSTRACT: Odd—even effects in molecular junctions with self-assembled mono-
layers (SAMs) of n-alkanethiolates have been rarely observed. It is challenging to
pinpoint the origin of odd—even effects and address the following question: are the
odd—even effects an interface effect, caused by the intrinsic properties of the SAMs, or a
combination of both? This paper describes the odd—even effects in SAM-based tunnel
junctions of the form Ag*'®-SC,//GaO,/EGaln junctions with a large range of
molecular lengths (n = 2 to 18) that are characterized by both AC and DC methods
along with a detailed statistical analysis of the data. This combination of techniques
allowed us to separate interface effects from the contributions of the SAMs and to show
that the odd—even effect observed in the value of ] obtained by DC-methods are caused
by the intrinsic properties of the SAMs. Impedance spectroscopy (an AC technique)
allowed us to analyze the SAM resistance (Rgay), SAM capacitance (Cgay), and contact
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resistance, within the junctions separately. We found clear odd—even effects in the values of both Ry and Cgpyy, but the odd—
even effect in contact resistance is very weak (and not responsible for the observed odd—even effect in the current densities
obtained by J(V) measurements). Therefore, the odd—even effects in Ag**-SC,//Ga0,/EGaln junctions are attributed to the

properties of the SAMs and SAM—electrode interactions which both determine the shape of the tunneling barrier.

B INTRODUCTION

Controlling and understanding charge transport at the
nanoscale via chemical modification of interfaces is important
in disciplines ranging from electrochemistry,' ™ catalysis,™
biochemistry,”® to nanoelectronics.”~"" One of the objectives
of molecular electronics is to control the flow of charges across
electrode—molecule—electrode structures (which consist of
either a single molecule or a self-assembled monolayer; SAM)
by modification of the chemical and supramolecular structure of
the molecular component.'”~>* Physical—organic studies of
charge transport are still difficult to perform, especially in two-
terminal junctions, because usually only the total current
response is measured as a function of applied bias. Such J(V)
measurements do not make it possible to separate the
contributions from the molecule—electrode interfaces and the
molecular component from each other in a straightforward
manner.'”>*7

An attractive method to study how the electrical properties of
the junctions depend on subtle changes in the SAM structure is
to study so-called “odd—even” effects.”*>*'~>* Here only the
number of a repeat unit of the molecular structure is changed
while leaving all other components of the junction (the
electrode materials and the nature of SAM—electrode
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contacts) unchanged. We, and others, studied odd—even effects
in SAM-based junctions with SAMs of the form S(CH,),_,CH,
(for short, SC,),**** and SAMs in which the terminal CH,
group was replaced by a ferrocenyl (Ec)* or phenyl (Ph)*’
moiety. In these examples the number of CH, units (ie., the
value of n) was changed. The odd—even effects in junctions
with SAMs with Fc (with Ag bottom electrodes and EGaln top
electrodes; see below) or Ph (with Si bottom electrodes and Pb
top electrodes) were related to the odd—even effect in the tilt
angle of the terminal group, which, in turn, impacted the
rectification ratio of a molecular diode or the tunneling barrier
height, respectively. The origin of the odd—even effects in
junctions with SC, SAMs (so far only studied in junctions with
Ag or Au bottom electrodes and EGaln top contacts) remains
unclear.’>**

In this work we address the following question: is the odd—
even effect a molecular effect, an interface effect, or a
combination of both, in junctions of the form Ag*™-SC,/
GaO,/EGaln (Figure 1)? Previous studies relied solely on J(V)
measurements where J is the total current (in A/cm?*) that flows
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Figure 1. Schematic illustrations of odd-numbered and even-numbered n-alkanethiolate SAM based junction (A) and the equivalent circuit for these
junctions (B). The arrows indicate the odd—even effect in the orientation of the terminal CH; moiety. The GaO,/EGaln is a noninvasive top

electrode based on a liquid-metal alloy of eutectic Ga and In passivated with a highly conductive 0.7 nm thick layer of GaO,.

29,44,45

The ¥ is the chain

twist angle of the molecule, and odds and evens have opposite signs as indicated by the arrows™® (for clarity, we kept the sign of the tilt angle of the
SAM fixed and defined y with respect to this tilt angle). The SAM-top contact resistance (R.,) is roughly 2 orders of magnitude larger than the SAM-
bottom contact resistance (R.},), so the contact resistance (R.) is dominated by the SAM-top contact resistance (R.,).

across the junction as a function of bias V. The value of |
(which is impeded by all components of the junction) is usually
interpreted using a simple tunnel equation (eq 1) where ], (in
A/cm?) is a pre-exponential factor, d (in units of n¢) is the
thickness of the SAM, and f (in nc™') is the tunneling decay
coefficient. However, this approach does not make it possible to
separate molecular effects from interface effects, and the
physical meaning of the values of both J, (often associated with
the contact resistance) and f (often related to the shape/height
of the tunneling barrier) is unclear.”*”

J= g™ 1)

The electrical response of a junction is affected by the
properties of the SAM, the top and bottom electrodes, a
protective layer (if present), and the SAM-—electrode
interfaces.'»*”**7~* Figure 1 shows a schematic of the
Ag™-SC,//Ga0,/EGaln junction along with the equivalent
circuit of that junction. As indicated, it is expected that the
orientation of the terminal CH; group with respect to the top
electrode follows an odd—even effect resulting in an odd—even
effect in SAM—top electrode interaction. Initial studies
hypothesized that (i) if this odd—even effect in the orientation
of the CHj; terminal group results in an odd—even effect in the
contact resistance, it would cause an odd—even effect in the
value of J, and (ii) if this odd—even effect in the orientation of
the CH; terminal group results in an odd—even effect in the
shape of the tunneling barrier, it would cause an odd—even
effect in the value of 5.

Thuo et al’” reported that the tunneling rates across
junctions of the form Ag™-SC,//GaO,/EGaln (n = 9—18)
follow odd—even effects (where Ag™ is a template-stripped Ag
electrode™”). A rigorous statistical analysis concluded that both
Jo and S contribute to the odd—even effect or, in other words,
both the interfaces and the SAM contribute to the odd—even
effect.”® Baghbanzadeh et al.** followed-up on the study by
Thuo et al. using a broad range of values of n = 5-—18.
Remarkably, in this study the odd—even effects of junctions
with Ag™ electrodes could not be reproduced which may have
been caused by a change in the fabrication method of the
EGaln tip and formation of the junctions (the authors used
“flattened” tips and large junction sizes;"” how these changes in
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the tip and contact formation affect the junctions are not clear).
The authors concluded that the odd—even effect is caused by
the SAM//GaO,, interfaces in junctions with Au™S electrodes
based on an odd—even effect in the value of ], and the absence
of an odd—even effect in the value of . More precisely, the
authors suggested the odd—even effect effectively changes the
SAM//GaO, interface.

Recently we reported how impedance spectroscopy can be
used to measure the contribution of each component that
impedes charge transfer directly (i.e., separate interface effects
from molecular effects) using the equivalent circuit shown in
Figure 1B.”” In these junctions the native GaO, layer does not
impede charge transfer significantly and assuming that R_ = R,
(R, is the contact resistance of the noncovalent SAM—top
electrode contact) only introduces an error of ~2% in the
analysis of the data. To address the question of whether the
odd—even effect is an interface or a molecular effect (see for
definitions in the Background section), we determined the
contribution of the molecule—electrode contact resistance
(R.), and the resistance (Rgay) and capacitance (Cgyy) of the
SAMs, directly with impedance spectroscopy.

Here, we used top electrodes of GaO,/EGaln stabilized in a
fluidic device made of PDMS (polydimethylsiloxane)* and
cone-shaped GaO,/EGaln tips to form contacts to SC, SAMs
on Ag™™ and characterized the junctions by both DC and AC
methods. (The Ag*™ surfaces were prepared using an
annealing step before template-stripping to remove small grains
to yield ultrasmooth Ag surfaces that only consist of large grains
and therefore have only a small fraction of exposed grain
boundaries.””*') To minimize the error associated with the
extrapolation of the DC data to n = 0, we used a large range of
n values (n = 2—18). To rule out uncertainties in the
preparation and formation of the top contacts, we used two
types of EGaln electrodes. We found that the odd—even effect
in the value of ] obtained by DC methods originates from an
odd—even effect in the SAM resistance (Rgyy;) and that the
SAM—electrode contact resistance (R.) only contributes
marginally (too small to be measurable by DC methods) to
the device characteristics. The value of Rgyy depends on both
the SAM—electrode interaction and the SAM packing which
determine the tunneling barrier height. Thus, both “molecular
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effects” and “interface effects” (see Background for definitions)
determine the shape of the tunneling barrier but the contact
resistance (as defined below in eq 2) does not affect J(V)
measurements. Interestingly, the odd—even effect in the
capacitance (Cguy) of the SAMs is remarkably large which
suggests that SAMs are épromising candidates for high-
. . 52-5
performance dielectrics.

B BACKGROUND

Molecular vs Interface Effects. Although the terms
“molecular effects” and “interface effects” have been frequently
used in the context of SAM-based junctions to pinpoint which
part of the junction dominates the electrical characteristics of
the junctions, these terms are usually not well-defined. From a
theoretical point of view such a distinction is not straightfor-
ward, and why that is can be easily explained using the
Landauer formalism for instance. Equation 2 shows the
conductance across a two-terminal junction for coherent
tunneling assuming ohmic molecule—metal contacts where h
= Planck’s constant, e = the charge of an electron, T = the
transmission probability, and M = the number of conduction
channels (the transverse modes).”” For the case of an ideal
point contact, the contact resistance is the inverse of the
universal quantum conductance G, (= 2¢*/h for M = 1). In eq 2
G¢ denotes the resistance at the molecule—electrode interface
which does not depend on T (even when T = 1, as is the case
for a ballistic conductor, the resistance across the junction will
be 1/G,). In EGaln junctions the contacts are unlikely to be
ideal point contacts*’ and hence we expect G¢ to be < G, The
Ggam denotes the conductance from one lead to the other
which depends on T which is the probability for an electron to
traverse the “conductor”—the reflection is given by (1 — T).

2°M | 2°M T
Gjunction =
h h 1-T )

The values of T and M depend on many factors including the
molecular properties of the SAM and the Fermi-level of the
electrode materials, and the properties of the SAM—electrode
contacts. The molecule—electrode coupling I is a contributing
factor to the value of T. The value of I depends on the binding
energy between the SAM and the electrodes (the metal—S
bond or van der Waal contacts in our case) and on the
intramolecular coupling between the electrodes and the
molecular frontier orbital. Therefore, a large value of I'
indicates strong molecule—electrode coupling and I" relates to
T as given by the Breit—Wigner formula>’

FLFR
(E- By + (0 + )

= G¢ + Ggum

T(E) =

©)

where E is the applied bias, Ey is the energy of the molecular
frontier orbital involved in conduction relative to the Fermi
levels of the electrodes, and I'; and I'y are the coupling
parameters of the molecules to the left and right electrodes,
respectively. Hence, in this context one cannot distinguish
between “molecular effects” and “interface effects”, as both
determine the shape of the tunneling barrier and observables
including the value of # and J;.

Usefulness of “f-Plots”. A convenient method to describe
the charge transport properties of junctions determined by two-
terminal DC measurements is to measure J(V) curves as a
function of molecular length and plotting J vs d for a given,
usually low, bias to yield the so-called “f-plot”. A fit to eq 1
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yields the values of J, and f which are associated with the
“molecule—electrode interface” and “the shape of the tunneling
barrier”, respectively. Such a distinction is not straightforward,
as explained above, because both ], and  depend on T and M
(eqs 2—3). In addition, in this simple “f-plot” analysis J; is also
bias dependent complicating the interpretation, and compar-
ison across test beds, of J, even more. Equation 1 relates to eq 2
as T o e Therefore, eq 1 can be best seen as a general
tunneling equation with J, simply being a convenient fitting
parameter.

Discussing the values of ], is still useful because the value of
Jo can be easily determined and compared across different types
of junctions by treating J, as an “effective contact resistance”.
Such comparisons help to explain the vast difference in
electronic properties observed across different types of
junctions for a given molecular system. For instance, we used
the value of ], to guide discussions regarding the role of defects
in junctions,?’5 and Whitesides et al, to establish effective
contact areas,”” or to identify which kind of functional groups
affect the tunneling rates.'”*>’

Experimental Studies of Odd—Even Effects in SAM-
Based Junctions. Odd—even effects have been only rarely
studied in molecular junctions. Besides junctions with SAMs of
SC,, large odd—even effects have been observed in two types of
junctions with SAMs with large terminal groups.”””’ In
junctions of the form Ag™-SC,Fc//GaO,/EGaln the tilt
angle of the Fc is 5° smaller for ny4q than e, This small
tilt angle resulted in small steric repulsions between the Fc
groups and better packed SAMs than for those SAMs with large
tilt angles. The SAM:s that packed well were more robust during
the fabrication of the top electrodes resulting in junctions with
smaller leakage currents and higher rectification ratios (by a
factor of 10) and thus higher yields in nonshorting junctions
(of 10%) with higher reproducibility (by a factor of 3) than
those junctions with 1.,.>> (In a separate study we will report
how this odd—even effect influences the work function, surface
dipole, and the tunneling barrier height.)60 Cahen et al.*
reported an odd—even effect in the tilt angle of 20° of the Ph
group in junctions of the form Si—C,Ph//Pb. This difference in
the tilt caused an odd—even effect in the 7—x interactions
between the molecules and consequently in the barrier height.

Theoretical Studies of Odd—Even Effects in SAM-
Based Junctions. To the best of our knowledge, so far only
two theoretical studies have been reported on odd—even effects
in SAM-based junctions. Dubi® studied how molecule—
molecule interactions in the SAM affect the charge transport
properties across junctions and found that coupling of charge
carriers to phonons associated with the SAM (resulting in a loss
of phase/coherence) could cause an odd—even effect. In this
mechanism, the magnitude of the odd—even effect depends on
both coherent transport along the backbone of the molecule
and incoherent transport between molecules.”’ The odd—even
effect decreases with increasing value of n and offset energies
between the molecular frontier orbitals and the Fermi levels of
the electrodes.

Zhang et al.”® offered an alternative explanation and
suggested that an odd—even effect in the twist angle ¥ could
be important (see Figure 1) in agreement with the experimental
observation of a change of the sign of y (ie., clockwise vs
counterclockwise orientation) reported by Laibinis et al.*’
Zhang et al. showed that the value of y determines how the
distal hydrogen interacts with the top electrode; this difference
in the interaction results in an odd—even effect in the shape of
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Figure 2. Schematic illustrations of the top (A) and side views (B) of the junctions. Channel 2 in the PDMS mold is filled with the EGaln and is
forced into the through-hole by applying a vacuum to channel 1. Channel 1 is small enough so that the EGaln cannot fill it because of its high surface
tension. The top electrode can be placed in contact with the SAM and removed again once the measurements are completed, and reused again for
typically 20—2S times. (C) Photograph of a complete device. Inset shows an optical micrograph of the footprint of the GaO,/EGaln stabilized in the
through-hole in contact with a transparent electrode (ITO) viewed through the ITO. (D) Atomic force microscopy (AFM) image of the template-
stripped Ag surface (Ag*™) that was annealed prior to template-stripping.

the tunneling barrier and, consequently, in the measured value
of J. The authors noted that the odd—even effect manifested via
this mechanism would be pronounced for 10 < n < 19 (the
regime of well-ordered solid-like SAMs).%

B RESULTS AND DISCUSSION

Fabrication of the Junctions. We fabricated the junctions
using a previously reported method (see Supporting
Information for more details).”>*° Figure 2 shows schematic
illustrations and a photograph of the junctions. The GaO,/
EGaln top electrode is stabilized in a through-hole in PDMS
(polydimethylsiloxane) which is placed in contact with the
SAMs immobilized on annealed template-stripped Ag (Ag"™)
bottom electrodes (the preparation of the Agh™ surfaces has
been reported elsewhere”"). Unlike template-stripped surfaces
that have not been annealed prior to template-stripping, the
Ag*™ only consists of large grains because the annealing step
effectively removes the small grains that are usually present
between the large grains.”>”® The atomic force micrograph
(AFM; Figure 2D) shows that the surface Ag*™ surface only
consists of large grains (close to 1 ym* on average) and has a
root-mean-square (rms) roughness of 0.6 nm over S X § um>,
We note that we only used freshly template-stripped surfaces
and purified the n-alkanethiols as previously described before
we used them (see Supporting Information).

Here we used a geometrical junction area (A,,) of 9.6 X 10
um? because our previous study showed that the value of |
scales with area when A,,, < 9.6 X 10* um? (indicating that
leakage currents flowing across defects are not important),”
but the A, is large enough so that the capacitance of the
junctions can be reliably determined for junctions with a broad
range of values of n = 6—18. The electrical characteristics for
junctions with n = 2—5 were measured using cone-shaped
ttipszs’33"63”64 of GaO,/EGaln because this method gave a higher
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yield (60—90%) in nonshorting junctions than the method with
the EGaln stabilized in microchannels in this range of values of
n. We do not know the reason for this difference in the yield in
nonshorting junctions between the two methods at low values
of n, but it seems that the approach speed of the top electrode
to the SAMs, and contact formation with the SAMs, can be
better controlled with the cone-shaped tip method than with
the PDMS-stabilized EGaln top electrodes.

J(V) Measurements. We measured J(V) curves of n-
alkanethiolate (n = 2—18) based SAMs over the bias range of
+0.5 V. We collected 300—350 J(V) curves (one curve includes
trace and retrace) for each type of junction (see Table S1). The
electrical characteristics (number of junctions, yields, and
standard deviations) of the junctions are summarized in Table
S1. The yield in stable junctions (junctions that did not short
during the measurement or changed current abruptly by more
than 2 orders of magnitude) was on average 81%, and for each
type of junction we recorded 20 J(V) traces (300 in traces in
total obtained from 1S junctions) on stable junctions. We
plotted all values of ] measured for each bias in histograms to
which we fitted Gaussians to determine the Gaussian mean of
the log-average of ] ({logylJl}¢) and the log-standard deviation
(Giog)- The details of this statistical analysis have been published
before*® (see Supporting Information for details).

Figure 3 shows the histograms of logylJl for an applied bias
of —0.50 V with the Gaussian fits to these histograms. This was
repeated for each applied bias, and from these Gaussian fits the
(logyolJl)g and 6},; were determined from which the log-average
J(V) curves were constructed. Figure 3A and 3C show the log-
average J(V) curves and indicate that the error bars (99%
confidence levels) are not overlapping (the log-standard
deviations (alog) were low and ranged from 0.12 to 0.57;
Table S1). The statistically large numbers of J(V) data and the
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Figure 3. Plots of (log,|Jl) vs applied bias for junctions with n,,, (A)
and nyy4 (C). Histograms of loglJl at —0.50 V with Gaussian fits to
these histograms for junctions with n,., (B) and ny4 (D).

small errors result in good 99% confidence levels in the log-
average values of (log,ol]l)¢, log,olJol, and S.

The Odd Effect. Figure 4 shows the values of (log;lJl)¢
determined at —0.50 V as a function of n for even-numbered
(red) and odd-numbered (black) n-alkanethiolate based SAMs.
We used two methods to extract the values of # and ], from the
data: (i) by fitting eq 1 to a plot of (log;ylJl}g determined at
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Figure 4. (A) The values of (log(lJl)g (determined at —0.5 V) plotted
against n with fits (solid lines) to eq 1 obtained using method 1 (as
explained in the text) along with the 99% confidence levels. (B) All
values of log;l/l at —0.5 V with a fit to eq 1 obtained by method 2
(solid lines). Insets show the extrapolation to n = 0 in more detail.

—0.50 V as a function of # by minimizing the square of the
errors and assuming that the data follow normal distributions
(Figure 4A; method 1) or (ii) by fitting eq 1 to all data by
minimizing the absolute values of the error (least absolute
deviation fitting, LAD) without making any assumptions
regarding the t}gpe of distribution the data follow (Figure 4B;
method 2).*>***° The magnified plots of the extrapolation of n
back to 0 show that the 99% confidence bands overlap using
method 1 (inset of Figure 4A), but not for method 2 (inset of
Figure 4B). The 99% confidence bands denote the region that
contains the true fit of the data. The nonoverlapping confidence
bands in LAD fitting show that the LAD fitting is more precise
than the Gaussian fitting (and see below for a brief
explanation).

Using method 1, we obtain for junctions with SAM,,, log,|
Joleven = 2.70 + 023 A/cm? and feye, = 1.05 + 0.04 nc™", and
for junctions with SAM, 44 log;olfoloaq = 2.54 + 0.17 A/cm” and
Poga = 1.13 + 0.03 nc'. (The error bars represent 99%
confidence levels fitted from values of (loglJl)g). Using
method 2, we obtained log,olJy| wen = 2.72 + 0.03 A/cm” and 3
even = 1.0S & 0.01 ™", and logyglJoloag = 2.53 + 0.03 A/cm? and
Poga = 1.12 £ 0.01 nc™" (here the error represents the 99%
confidence levels; Table 1). We calculated the probability (p
values) by student Z-test to determine the statistical
significance of the odd—even effects in the values of J; and
£.** The null hypothesis that loggl/oloaq = 10g10lJol cven and Boga
= Peyen is rejected (p < 0.01) for method 2, but not for method
1. The p values are consistent with the overlapping confidence
band in Gaussian (Figure 4A, inset) and nonoverlapping
confidence band in LAD fitting (Figure 4B, inset). The LAD
fitting procedure is more precise in determining the odd—even
effect, as in this analysis all data are taken into consideration;
ie, eq 1 is fitted to all data (N, = 2700 and N_4q = 2400),
while, in method 1, eq 1 is only fitted to the values of (log
T The number of data points is only N, = 9 or Nygq = 8. As
argued by Reus et al,,** both statistical methods give reasonably
precise values of log,ylJ,l and f, but method 2 is about an order
of magnitude more precise than method 1. See ref 46 for a
more detailed discussion regarding the differences in precision
and accuracy of both methods.

Origin of the Odd—Even Effect. In the previous section
we showed that the odd—even effect manifests itself in both the
values of log;lJyl and f, but as mentioned in the introduction,
DC methods only measure the total currents impeded by all
components of the junctions. To determine how the different
components of the junctions impede the flow of charges across
the junctions, and how each of these components is influenced
by odd—even effects quantitatively, we studied the junctions by
impedance spectroscopy using junctions that had their J(V)
characteristics within one log-standard deviation of the log-
mean value of J. We measured the frequency response to a
sinusoidal perturbation with an amplitude of 30 mV around
zero bias with a frequency ranging from 1 Hz to 1 MHz.

Figure S shows the Bode and phase plots of Ag"™*-SC,//
GaO,/EGaln junctions with n = 6 to 18. The Nyquist plots
(Figure S1) show one semicircle for all junctions indicating the
presence of only one capacitor. The modulus of complex
impedance |1Zl is constant at low frequencies and is dominated
by the Rgy (Figure SA and C). The IZl starts to decrease with
increasing frequency for frequencies higher than the so-called
transition frequency (fr), which is defined as the frequen(?r
when the 1Z| drops 10%, when capacitive effects dominate.®”
The fr decreases with the Rgay and was not accurately

DOI: 10.1021/jacs.5b05761
J. Am. Chem. Soc. 2015, 137, 10659—10667


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b05761/suppl_file/ja5b05761_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b05761

Journal of the American Chemical Society

Table 1. Electrical Properties of Ag*"5-8C,//Ga0,/EGaln Junctions in DC and AC Measurements

DC (Gaussian) DC (LAD) AC
surfaces logl Jol (A/em?) B (nc™) logl Jol (A/em?) B (nc™) Ry (Q-em?) B (nc™)
odd 2.54 + 0.17 L13 + 003 253 + 0.03 1.12 + 0.01 (4.04 + 020) x 1073 1.02 + 0.06
even 270 + 023 1.05 + 0.04 272 + 0.03 1.05 + 0.01 (946 + 0.13) x 107 1.04 + 0.03
(A, = scch, (B)
10
o SCCH, 1001
A SCCH,
10° + SC CH, 804
® SC,CH,
-~ ® SC,.CH, 60
E 2
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c 3 40
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Figure 5. Bode (A, C) and phase (B, D) plots for the Ag*"5-SC,//Ga0,/EGaln junctions with n = 6, 8, 10, 12, 14, 16, or 18 (A, B),and n =7, 9, 11,

13, 15, or 17 (C, D), respectively.

measurable for junctions with n < 6. As mentioned above, the
junction size (the geometrical contact area Ageo Was 9.6 X 107
um?) was chosen such that the capacitance could be measured
reliably (the instrumental limit is ~1 pF) without affecting the
quality of the junctions (very large contact areas, Ay, > 9.6 X
10% um?, result in leakage currents).” These observations are
consistent with an equivalent circuit shown in Figure 1b. The
value of R, is dominated by the SAM//GaO, resistance (R.,),
and we reported before that the contact resistances of the
contact probes with the electrodes, the low resistance of the
GaO, layer (3.3-5.8 X 107* Q-cm?),”* or the Ag-thiolate
interface only adds about 2% to the measured value R.*’
Therefore, we assume in the discussion below that R. ~ R_,.

The physical meaning of the circuit elements can be
understood by the Landauer formalism that includes the
contact resistance given in eq 2 as described elsewhere® (see
Background). The first term of this equation shows that the
value of R, should equal to 1/G, (assuming M = 1 and ideal
point contact), but in our junctions R, is typically 107> to 107°
Gy which implies that the SAM—electrode contact is, as
expected, not ideal and that scattering (reflections) across the
interfaces (including the GaO, layer) is important. The Rgyy
values are on the same order as those measured in Au-SC,//Au
where the top electrode is a conductive probe AFM tip.”* The
value of Rgyy is determined by the properties of the SAM and
the electrode materials and the SAM—electrode interactions as
given by the second term of eq 2.
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Before we analyzed the data, we used the Kramers—Kronig
(KK) test to validate the linearity and stability of our data.
Figure S3 shows the KK plots, and the low y* values (6 X
107* to 2 X 107% Table S3) confirm the stability and linearity
of our system with acceptable signal-to-noise ratios. To extract
the values of Rgap, Csany and R, the complex impedance was
modeled using the equivalent circuit shown in Figure 1B for
which Z is given bgf eq 4 where w (= 2xf) is the varying
frequency in rad/s.’” The residual plots for nonlinear least-
squares fitting of the equivalent circuit to the data are shown in
Figure S4. The y;” values are similar in value to the y* values
(Table S3) from which we conclude that the data fitted well
within the experimental error.

)

4)

Figure 6A shows the value of Rgyy and R, as a function of n¢
(the fitting results are listed in Table S4). The error bars
represent the standard deviations of three different junctions on
different substrates. The odd—even effect in the value of R_ is
small but significant (inset of Figure 6A). The values of Rguy
also follow an odd—even effect, and the absolute values of Rgyy
are orders of magnitude larger than the values of R.
Extrapolation of the data implies that R. could only, if ever,
dominate over Rguy for junctions with n < 2. These results
show that the odd—even effect observed in DC measurements

2
@ CspamRsam
252 2

1 + o R mCoam

Rsam
1+ szS%AMCS?AM

z=(Rc+
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Figure 6. (A) Semilog plots of the SAM resistance (Rgay; the solid
lines are fits to eqs S and 6) and SAM—top contact resistance (R,)
against n (inset: R_ as a function of n with linear scales). (B) The SAM
capacitance (Cguyg the solid lines are fits to eqs 7 and 8) as a function
of n. The dashed lines are guides to the eye.

cannot be caused by the SAM—electrode interfaces because
Ry > Ry

The general tunnel equation can be rewritten in terms of
Rgpy to give

_ Baad
Rsamodd = Rsam,odd,0€ (5)

fo! (6)

We plotted Ry as a function of n¢ to which we fitted eqs 5
and 6 (Figure 6A) and obtained f,44 = 1.02 + 0.06 n:~"' and
Roanoddo = (404 &+ 0.20) X 107 Q-cm? and f,,., = 1.04 +
0.03 nc ' and Rguyeveno = (946 = 0.13) X 107* Q-cm? (the
error represents the 99% confidence levels; Table 1). These
values of .44 and P, are statistically indistinguishable (very
similar to the f 44 and .., extracted from the DC data
described above), but the odd—even effect in Rgy,y, is obvious
and statistically significant. From these observations we
conclude odd SAMs impede charge transport more than even
SAMs. This odd—even effect is also reflected in the fitting
parameter Rgayo (Rsamodqo = is a factor of ~S larger than

RSAM, even — RSAM, even,Oe

RSAM,even,O)‘

Figure 6B shows the odd—even effect in Cgyy as a function
of 1/nc. The capacitance of a parallel plate capacitor is
proportional to the geometrical contact area and inversely
proportional to the distance dgyy; between the two parts and is
given by eqs 7 and 8 with & as the permittivity of free space (&
8.854 X 1072 F/m), €,sam as the dielectric constant of the
SAMs, and Ay, as the geometric contact area of junctions.

CSAM,odd = gogr,oddAgeo/dSAM (7)

CSAM,even = EOEr,evenAgeo/ dSAM (8)

By fitting eqs 7 and 8 to the plots of Cguy vs 1/dgpy, we
obtained the values of & ¢4y We found a value of €, .., of 3.52
+ 0.20, and for junctions with n.44, the value of &, .44 is 3.11 £
0.12 (the error bars represent the standard deviations of three
individual experiments). These values are comparable to
previously reported data.””*® Based on the effective thickness
of the SAMs, d,, estimated using CPK models and the small
tilt angle for SAMs of Ag of 11° (Table SS), only a weak odd—
even effect was observed when we plotted the estimated Cgyy
using the experimentally determined €, 5y values and eqs 7 and
8 (Figure S2). We argue that the small odd—even effect in the
effective thickness of the SAM cannot explain the exper-
imentally observed large odd—even effects in Cguy (0r Rganp)-
Therefore, we believe that the odd—even effect in the value of
Csam originates from the intrinsic properties of the SAMs. Our
results also imply that the parallel plate approximation is limited
and is useful in qualitative discussions, but an improved theory
is required to understand all details (see for example recent
work by Ratner et al.*®) which is outside the scope of the
present work.

Bl CONCLUSIONS

The odd—even effect is a property of the junctions.
We examined the origin of the odd—even effect in the value of |
observed in DC measurements across Ag*'-SC,_,CH,//
Ga0,/EGaln junctions. We used a statistically robust J(V) data
set (a large number of J(V) curves (N, = $100) and a broad
range of n values of 2—18) to confirm that the odd—even
effects in the values of J, and f§ (obtained by a simplified version
of the Simmons equation) are statistically significant (p <
107°). Although the values of J, and f3 are often related to the
SAM—electrode interfaces and the molecular component of
the junctions, respectively, their physical meaning is not clear.
To address the question whether the odd—even effect is an
interface effect (i.e., the contact resistance as defined in eq 2) or
not, we investigated the electrical properties of the junctions by
impedance spectroscopy. This method allowed us to investigate
the components of the junctions that impede charge transport
directly (the SAM resistance (Rgsy), the SAM capacitance
(Cam), and the SAM—top electrode contact resistance (R.)).
Odd—even effects are apparent in each component.

Origins of the Odd—Even Effects. Our results indicate
that (at least) three different types of odd—even effects (in the
values of Rgyy;, Csany and R.) cause the odd—even effect in the
measured values of J in J(V) measurements. To explain the
origin(s) of these odd even effects, we note that SAM-based
junctions have to be treated as a single physical organic system
composed to two molecule—electrode interfaces and the SAM:
a change in one of these components will affect all other
components. For instance, a change in the molecule—electrode
binding will cause a change in the tunneling barrier height and
the transmission probability T (note: without necessarily
changing the contact resistance provided, the number of
transverse modes M remains constant; eq 2). Therefore,
distinguishing interface effects from molecular effects is not
useful, as the junction should be treated as a single physical—
organic system, but one can distinguish between the contact
resistance and the resistance of the tunnel junction as defined in
eq 2.
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Origin of the Odd—Even Effect in the Contact Resistance.
Since Rgpy > R, the odd—even effect in the values of |
determined by DC methods (i.e., J(V) measurements) does not
originate from the SAM—electrode contact resistances. The
odd—even effect in R_ is small but significant when measured by
impedance spectroscopy. The reason for this odd—even effect
could be that the number of transverse mode M changes (as the
shape of the tunneling barrier changes; see below) or that
scattering effects change (perhaps as a result of an odd—even
effect in the wetting behavior of GaO,/EGaln with the SAM).

Origin of the Odd—Even Effect in the SAM Resistance and
Capacitance. Although our study reveals that the odd—even
effects originate from the SAMs, it does not explain why
charges are more impeded by odd SAMs than even SAMs.
Dubi®' proposed that odd—even effects arise from molecule—
molecule coupling inside the SAMs and predicted the
magnitude of the odd—even effect would decrease with
increasing n. Zhang et al”* showed theoretically an odd—
even effect in the hybridization of the molecular orbitals with
the top electrode resulting in an odd—even effect in the shape
of the tunneling barrier and predicted that the odd—even effect
would be prominent for 10 < n < 19.

Our data show that the odd—even effect is apparent for n =
2—18 and that the odd—even effect in the magnitude ]
(determined by J(V)) measurements increases with increasing
n. This observation is against the prediction by Dubi and
indicates that molecule—molecule interactions play a minor role
as, perhaps, can be expected from the relative small change in
the van der Waals packing energy.”’ Cahen et al.”* suggested
that molecule—molecule interactions are important in the odd—
even effect in J observed in Si-SC,Ph//Pd junctions. In these
junctions 77—z interactions between the Ph groups follow an
odd—even effect which, in turn, causes a change in the
tunneling barrier height and hence seems to agree with the
prediction by Dubi.

Laibinis et al.***** showed that odd and even SAMs pack
differently and have different twist angles y which were taken
into consideration in the calculations by Zhang et al.”> These
authors showed that the interaction of the distal hydrogen with
the top electrode follows an odd—even effect because of an
odd—even effect in y. The authors found that the evens interact
with the top electrode more strongly than odds which lowers
the tunneling barrier height and increases the tunneling rate.
We favor this explanation for two reasons. (i) The odd—even
effect in the orientation in the terminal CH,CHj group is on Ag
likely too small to cause a measurable odd—even effect due to
the small tilt angle of the SAM. (ii) The odd—even effect in the
dielectric constant of the SAM is large (&, oy = 3.52 + 0.20 and
€:0dd = 3.11 & 0.12) which indicates that these odd and even
SAMs pack differently which is in agreement with the odd—
even effect in y.

Factors That Are Unlikely to Contribute to the Odd—
Even Effect. We believe that the following three factors that
could potentially cause odd—even effects in the measured J(V)
data across Ag'*-SC,//GaO,/EGaln junctions are not
important. (i) Considering the very weak dipole moments
associated with the alkyl chains (in all of our junctions the
surface dipole is dominated by the Ag—S contact), we do not
believe that an odd—even effect in dipole is important unlike in
junctions with, for instance, SAMs with phenyl head groups.”
(ii) Differences in the effective barrier width of the SC, SAMs
(as a result of an odd—even effect in the effective length of the
SAM) or barrier height (as a result of an odd—even effect in the

SAM packing energies) are too small to cause a measurable
odd—even effect unlike in junctions with, with, for instance,
SAMs with large terminal Fc groups.”® (iii) Odd—even effects
in the wetting of SC, SAMs by water have been reported
before,””"”* but we rule out the potential difference in wetting
behavior of the GaO,/EGaln with the SAM as a cause of the
odd—even effect observed in DC measurements (though it
could be the cause of the small odd—even effect in the SAM—
electrode contact resistance observed by AC measurements).

We believe that the results described here will help guide
future experimental and theoretical investigations to address the
question why odds impede charge transfer more than evens in
these junctions, in more detail. In addition, Ratner et al®¢
showed theoretically that SAMs are promising for applications
in high-capacitance dielectrics and that subtle changes in the
structure of the SAMs may have a profound effect in the
dielectric properties of the SAMs. Our experimental results
show that, indeed, the odd—even effects in the dielectric
properties of the junctions are induced by the SAMs and that it
is possible to tune the dielectric properties of SAM-based
junctions at the molecular level.
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