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ABSTRACT We report the results of an extensive investigation

[y

of metal —molecule—metal tunnel junctions based on oligopheny-

lene dithiols (OPDs) bound to several types of electrodes
(M1—S—(C6H4),,—S—M2, with1 <n < 4 and M1,2 = Ag, Au, Pt)
to examine the impact of molecular length (n) and metal work

.
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function (P) on junction properties. Our investigation includes (1)
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measurements by scanning Kelvin probe microscopy of electrode

.0
work function changes (A® = D¢y — D) caused by chemisorp- Tip bias (V)

n=1,2,3,4
tion of OPD self-assembled monolayers (SAMs), (2) measurements of

junction current—voltage (/—V) characteristics by conducting probe atomic force microscopy in the linear and nonlinear bias ranges, and (3) direct
quantitative analysis of the full /—V curves. Further, we employ transition voltage spectroscopy (TVS) to estimate the energetic alignment e, = Er — Eqomo
of the dominant molecular orbital (HOMO) relative to the Fermi energy E; of the junction. Where photoelectron spectroscopy data are available, the &,
values agree very well with those determined by TVS. Using a single-level model, which we justify via ab initio quantum chemical calculations at post-
density functional theory level and additional UV—visible absorption measurements, we are able to quantitatively reproduce the /—V measurements in
the whole bias range investigated (~1.0—1.5 V) and to understand the behavior of &, and I" (contact coupling strength) extracted from experiment. We
find that Fermi level pinning induced by the strong dipole of the metal—S bond causes a significant shift of the HOMO energy of an adsorbed molecule,
resulting in &, exhibiting a weak dependence with the work function ®. Both of these parameters play a key role in determining the tunneling attenuation
factor (3) and junction resistance (R). Correlation among ®, AD, R, transition voltage (V;), and &, and accurate simulation provide a remarkably complete

picture of tunneling transport in these prototypical molecular junctions.
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olecular electronics research is driv-
en by the potential for molecular-
level engineering of electronic

function in new nanodevices and by a desire
for better understanding of charge transport
mechanisms in molecular systems.' 2" Over
the past 15 years, one of the main challenges
in molecular electronics, at least from the
experimentalist's viewpoint, has been the
lack of easily accessible quantitative models
for the current—voltage (/—V) characteristics
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of molecular tunnel junctions. Conventional
density functional theory (DFT) calculations,
which represent the vast majority of the theo-
retical studies on molecular transport,' 92233
are able to provide important information, for
example, on molecular conformation and
contact topology. However, these calcula-
tions cannot be implemented by the non-
expert. On the other hand, simple analytical
theories such as the Simmons model for
“square barrier” tunneling,** while relatively
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simple to understand, have been shown repeatedly to
be a poor description for molecular junctions, largely
because the chemical nature of the constituent mol-
ecules is not accounted for.>*~>° Indeed, the Simmons
picture, if it applied, would be a rather uninteresting
model for molecular electronics because the details of
molecular structure are lumped into an aggregate
barrier, providing no real insight into how tunnel
currents can be manipulated precisely by chem-
istry.>>373? (In addition, the Simmons model as applied
to charge transport is based on a defective mathema-
tical approximation, as shown recently.*%) The field has
needed a more accurate analytical model, accessible to
experimentalists and justifiable microscopically, in
which quantitative fits to the transport data allow
convenient extraction of parameters such as the highest
occupied molecular orbital (HOMO) (or LUMO, lowest
unoccupied molecular orbital) position, the transmis-
sion efficiency, and the strength of electronic coupling
to the contacts. This information can then be employed
in the design of new systems with rationally tuned
transport characteristics.

The model we employ here to analyze our transport
data is based on a single-level (Newns—Anderson®')
description. As discussed in detail below (see Figure 2
and the section Remarks on the Theoretical Modeling
in the Supporting Information (SI)), the fact that a single
molecular orbital (namely, the HOMO) dominates the
charge transport through the present junctions is justi-
fied microscopically (i) via equation-of-motion coupled-
cluster singles and doubles calculations of the lowest
jonization potentials (EOM-IP-CCSD)**** at post-DFT
level, which represent the state-of-the-art of quantum
chemistry for the molecular sizes considered; (ii) by
additional UV—visible absorption experiments; and, last
but not least, (iii) by direct comparison with UPS data,**
in cases where the latter are available (cf. Table 2). Thus,
the simple one-level model we employ here is not
merely a convenient picture among many other off-
resonant tunneling mechanisms,'® but it is a logical
choice, and we demonstrate below that it provides an
excellent overall quantitative description of a variety of
experiments.

Within this single-level model, a series of simple
analytical formulas have been deduced recently,*
which are useful to describe the off-resonant, coherent
tunneling typical of the vast majority of molecular
junctions. Besides the zero-bias resistance R, ¢, = E¢
— Exomo (the HOMO position with respect to the Fermi
level Ef) is a basic quantity of this approach.*’ In a
nonresonant situation (which turned out to be the case
for all of our junctions), ¢, can be found straightfor-
wardly from the minimum V = V; in a Fowler—
Nordheim (F—N) plot of the same -V characteristic.
The transition voltage V; is a characteristic voltage
evident by inspection of the F—N plot that can be
related analytically to &, (see egs 4 and S2 and
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Figure 1. Schematic representation of the conducting
probe atomic force microscopy setup. A metal-coated (Ag,
Au, Pt) AFM tip is brought into contact with a SAM of
oligophenylene dithiols of various lengths on a metal-
coated substrate. The tip—SAM contact area is ~40 nm?.

transition voltage spectroscopy (TVS)>#4495), This, in
turn, means that, in cases (and all junctions investi-
gated in this study belong to this category) where
biases (at least slightly) above V, can be accessed
experimentally, &, is not needed as an adjustable
parameter in the fit of the full /—V characteristics.
Rather, it is determined from the F—N plot and then
I’ (width parameter related to molecule—electrode
couplings, cf. section Basic Working Equations) is ad-
justed to provide the complete fit. Agreement be-
tween theory and experiment is very good in the
handful of cases addressed so far,"* *®°' and the
overall approach is appealing because it is easy to im-
plement and yields important molecule and contact-
specific electronic structure information.

In this paper, we describe an extensive experimental
and theoretical investigation of a benchmark molecu-
lar electronics system, namely, oligophenylene dithiols
(OPDs) between metals, as a function of molecular
length (up to four phenylene rings) and contact
work function (Figure 1). This work builds on previous
studies by our research group of oligoacene thiols and
dithiols***? and alkanethiols and dithiols,*>**">° as
well as on work done by other groups on various
molecules."”2%%7%5 To our knowledge, the effect of
the contact work function and the related Fermi level
pinning has not been addressed before for OPD junc-
tions. Such studies, following earlier work on bond
polarization at metal surfaces,”®® are important for
OPD-based junctions; the OPD molecules have a de-
gree of aromaticity significantly different from that of
the oligoacene molecules studied in our group,** and
the degree of pinning can vary from one molecule—
electrode pair to another.

Another key difference here from our earlier work is
that we are able to understand the full /—V behavior of
the junctions quantitatively (up to 1.5 V). Using the
simple analytical model mentioned above and de-
scribed in more detail below, we are able to extract
e, and I" of molecular junctions based on four different
OPDs and different combinations of Ag, Au, and Pt
contacts, a total of 12 distinct metal—molecule—metal
junctions. The theory agrees with experiment in all
cases. Our investigation (1) adds to the growing body
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Figure 2. Microscopic justification of the single-level (“only
HOMO") model used to interpret the present transport data.
The diagram presents the energies of relevant molecular
orbitals for Pt/OPDn/Pt junctions. The alignment of the
HOMOs with respect to the metallic Fermi level are given
by the ¢, values of Table 1. The energy differences between
HOMO and HOMO-1 (equal to the differences between the
green and red lines of Figure 8A) have been obtained via
EOM-IP-CCSD quantum chemical calculations, and optical
gaps extracted from UV—visible absorption data (Figure S5)
have been utilized as estimations for the LUMO positions.

of evidence that molecular junction transport charac-
teristics can be accurately modeled by an analytical
theory; (2) provides the most comprehensive analysis
yet of the OPD system; (3) confirms the important role
of Fermi level pinning on the transport and electronic
characteristics of molecular junctions with metal—
thiolate contacts; and (4) solidifies the utility of TVS for
quantitative /—V analysis. In the most general sense, we
believe that the present work is an example of both the
high-quality data that can be obtained for molecular
tunnel junctions and the ability of theory to accurately
model the results and return key transport parameters.

RESULTS AND DISCUSSION

As shown below, like in other cases, 346485169 the

single-level model with Lorentzian transmission (also
known as the Newns—Anderson model*7°~"?) pro-
vides an appropriate framework for analyzing all the
experimental data on the transport through conducting
probe atomic force microscopy (CP-AFM) molecular
junctions based on oligophenylene dithiols reported in
this study. As already noted in the introduction, we
adopt this model not because of its simplicity but rather
because, for these junctions, it has a solid microscopic
justification; the dominant role of the HOMO is visualized
in Figure 2, which depicts the LUMOs much more distant
from the Fermi energy and the (HOMO—1) orbitals are
also sufficiently far away. Thus, the charge transport is
described as a specific off-resonant coherent tunneling
process (see also the section Remarks on the Theoretical
Modeling in the SI for further details) mediated by the
dominant molecular orbital, which is characterized by an
energy offset ¢, = Er — Ejomo relative to the electrodes'
equilibrium (i.e., zero-bias V = 0) Fermi energy Er. Below
we describe the key equations.

Basic Working Equations. In cases (like the present
and other cases®**~*8), where the energy offset ¢, is
sufficiently larger than the contact coupling strengths
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(also referred to as level width parameters) I's, deter-
mined by the molecular coupling to the substrate (s)
and tip (t) [more precisely to order O(I',I'y/e,%)] and for
biases V not too high (say, e|V| < 1.5¢,), particularly
simple analytical formulas have been deduced.*” The
current / through a single molecule can be expressed

2
I = GV— N

en? — (eV/2)? M

where the zero-bias conductance of a single molecule
is given by

[T
£h2

G1 = Go )
with Gy = 2e*/h = 77.48 uS being the conductance
quantum. In general, an applied bias can shift the
molecular orbital energy

en — en(V) = en —yeV (3)

A nonvanishing voltage division factor y*””* yields an

asymmetric /—V curve [I(V) # —I(—V)], and transition
voltages depend on polarity bias (V;, # —V,_). Because
this asymmetry is insignificant for the /—V curves mea-
sured by us (see Figure 5, Figure 9, and Sl Figures S8 and
S10—-S512, and the V.. values of Table 1), analytical
formulas have been derived wherein y = 0 can be used
safely, that is, for the transition voltage V; = V;, =
_Vt745'47 and

th = 28h/\/§ (4)

To obtain the ¢, estimates (given in Table 1) more
accurately, we employed, in fact, eq S2, which gener-
alizes eq 4 for asymmetric cases, but y was always found
to be very small.

Equations 1, 2, and 4 refer to the transport through a
single molecule of a given type (i.e., containing a given
number of phenyl rings n; the label n will be sup-
pressed in this subsection for simplicity). If all mol-
ecules (=1, 2, .., N with N ~ 100)** in the bundle that
constitutes a CP-AFM junction are characterized by the
same HOMO energy offset ¢, eq 4 still holds, while
eqgs 1 and 2 should be multiplied by N (I = NI;, G = NG;,
as done in eqgs 5 and 7). The current reads

N &h j2
=V G 5
j; w2 — (V)27 ®

&h,j = &h 8h2

V—————— 6
en? — (eV/2)? (6)

The zero-bias conductance G of the CP-AFM junction is
given by

N 2
T,y enj=en Ty
G =Gy 4 ———NG 7
oj; o 0opr )
1 N
v = N z Fs,jrt,j (8)

j=1

Here I',, stands for an average width level.
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TABLE 1. Summary of the Main Results for OPD CP-AFM Junctions?

electrode quantity OPD1
Ag/Ag RIRy 6.48
B =156 Vip &+ OViy 115 £0.14
Ve £ V| 115£ 015
& 1.00
T 393
AD + 5(AD) —0.06 % 0.006
Au/Au RIRy 0.47
B =158 Vip £ OViy 1.0 £ 0.07
Ve £ V| 1.02 £ 0.07
& 0.87
T 126.9
AD + 5(AD) —0.9 £ 0.005
Pt/Pt RIRy 0.0697
p =152 Vip £ OViy 0.88 + 0.05
Ve £ V| 0.86 £ 0.06
& 0.75
T 284.1
AD + 5(AD) —1.62 £ 0.013

0PD2 0PD3 0PD4
25.05 145.26 794.74
0.99 & 0.07 0.85 & 0.06 0.71 & 0.07
1.01 £ 0.07 0.83 = 0.08 0.69 £ 0.06
0.87 0.73 0.61
174 6.1 2.2
—0.12 £ 0.010 —0.12 £ 0.011 —0.15 £ 0.012
2.08 11.66 49.51
0.85 £ 0.06 0.65 £ 0.08 0.55 £ 0.06
0.83 & 0.07 0.64 & 0.07 0.54 & 0.06
0.73 0.56 0.47
50.6 16.4 6.7
—0.85 & 0.005 —0.9 £ 0.007 —0.84 & 0.009
0.412 1.859 8.09
0.73 £ 0.06 0.58 £ 0.07 0.44 £ 0.08
0.73 & 0.07 0.55 + 0.04 0.42 £+ 0.12
0.63 0.49 037
98.2 359 13.0
—1.48 £ 0.009 —1.41 £ 0.007 —1.53 £ 0.011

“The resistance of the junctions [Ry = h/(2¢%) = 12.9 kQ], transition voltages V.. in V, energies (e, = —&o, AD) in eV, T',, (meV) obtained from eq 7 by assuming

N =100. The /3 values are given per phenylene ring.

As we will show, the model presented here com-
bined with our experimental measurements can be
employed to obtain a comprehensive set of transport
parameters for OPD junctions. Table 1 presents a
summary of our main results. We will refer to this table
often in the following sections, which systematically
address a spectrum of issues for OPD junctions includ-
ing work function effects, low-bias and high-bias trans-
port regimes, contact resistance, Fermi level pinning,
HOMO offset, and molecule-electrode coupling.

Change in Electrode Work Function (Ad) Due to Adsorbed
SAMs. Measured changes in the work function A® due
to adsorbed OPD SAMs are collected in Table 1 and
Figure 3. As can be seen in Figure 3A,B, work function
changes exhibit only a very weak dependence on the
molecular length. On the other hand, A® strongly
depends on the metal; the average changes (A®)
for Ag, Au, and Pt substrates are —0.11, —0.87, and
—1.51 eV, respectively. These changes yield the work
functions of the ®sap-coated Ag, Au, and Pt substrates
pinned to similar values. The average ®say values are
4.14 eV (Ag), 433 eV (Au), and 4.14 eV (Pt), to be com-
pared with the metal intrinsic ® values of 4.25 eV (Ag),
5.20 eV (Au), and 5.65 eV (Pt). The strong dependence
of A® on the type of metal is also reflected in the
strong correlation between A® and ® revealed by our
data, as shown in Figure 3C, which displays a linear
dependence of A® on &, with a slope of —0.97 and a
correlation coefficient of 0.95.

The dependence of A® on the type of metal is in
agreement with DFT calculations,”*”> which indicate
that the magnitude of the metal—thiol bond dipole
strongly depends on the metal. This suggests that the
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change in the work function A® is caused by
metal—S bond dipoles, and that the magnitude of
the metal—S bond dipole scales almost proportio-
nately with @, a finding similar to that reported
earlier for oligoacene thiols.** The negative sign of
the A® values measured here for OPDs is also similar
to the case of oligoacenes™ and reveals a net
electron donation to the metal. This again supports
the picture emerging from DFT calculations,””>
showing that the adsorption of aromatic thiolate
yields a decrease in the electron density of the
aromatic C—S bond with a concomitant increase of
the electron density of the metal—S bond. So, from
this analysis, we conclude that the metal—S bond
dipoles are mainly responsible for A®. This picture is
consistent not only with previous findings on the
local origin of A®** by photoelectron spectroscopy
(suggesting that dipole layers at organic—metal
interfaces could be formed within a few angstroms
from the surface’®’”) but also with a standard Helm-
holtz description and our quantum chemical calcula-
tions, which we present next.

Within the usual picture,”® chemisorbed OPD SAMs
are modeled as two effective dipole sheets: a layer
characterized by the dipole moment of the adsorbate
(OPD) and another layer characterized by the dipole
moment of the metal—sulfur unit (normal components
Uspon and uii_s). The change in the work function
obtained within this picture based on classical electro-
statics is”®

AD — _ﬂi @_,_@ (9)
A &\ Kopon  Km-s
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Figure 3. (A)Change in the work function (A®,, = Py, — D),
due to OPD (n =1, 2, 3, and 4) SAM adsorption. (B) Work
function ®spp,, of metallic (Ag, Au, and Pt) surfaces with
adsorbed OPD SAMs. (C) AD,, = (Psam,n — P) versus bulk
metal work function ®.

Here ¢, is the vacuum permittivity, kopp, and ky_s are
the corresponding effective dielectric constants, and
N/ A denotes the number of molecules per unit area.
Due to their C; symmetry, the dipole moment of the
isolated OPD1 and OPD3 molecules vanishes. The
isolated OPD2 and OPD4 molecules possess nonvan-
ishing dipole moments. Our DFT calculations yielded
nearly equal values uopp, = 1.65 D and uopps = 1.64 D.
However, due to their C; symmetry, their dipole mo-
ments are perpendicular to the molecular axis. Because
the molecular axis is almost normal to electrodes'
surface (USppn = toppn SiN @ = 0, cf. Figure S2B and
the small ¢ values given in Sl), the first term in the
parentheses entering eq 9 (practically) vanishes. The
fact that this term is negligible explains why the
experimental A® values do not notably depend on
the molecular size n (cf. Table 1 and Figure 3A) and
supports the idea that A® primarily originates from
dipoles localized at the metal—S contacts rather than
from the intrinsic molecular dipoles. The fact that the
magnitude and even the sign of A® substantially
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depend on the type of metal traces back to specific
character of the charge transfer between the sulfur
atom and the contacting metal.

Charge Transport: Low-Bias Range (V up to £0.1 V). We
switch now to the transport results. Detailed separate
analysis and discussion of the low- and high-voltage
ranges follow below. Our results for the low-bias
resistance are presented in Figure 4. In discussing these
results, we will separately consider the impact of the
backbone (the molecular size n) and the contacts. The
low-bias resistance R, = Roppn = R will be analyzed by
resorting to the factorization scheme3>44°3>4

R, = Rcexp(fn) (10)

which is convenient because it disentangles the length
(exponential) dependence from the effective contact
contribution R.. It is a general feature of nonresonant
tunneling, which characterizes all our junctions. It is
worth noting that our transport data exhibit neither
(Arrhenius) temperature dependence nor crossover
to an R, linearly dependent on n; a crossover from
(nonresonant) tunneling to conduction via hopping
can only be expected at larger sizes.>"'>7*~®' From the
slope of the semilogarithmic plot of R = R, versus
molecular size n, one can determine the tunneling
attenuation factor 3, and its intercept at n = 0 gives
the effective contact resistance R..

Tunneling Attenuation Factor, . Figure 4A displays a
semilog plot of resistance versus number of phenyl
rings for OPD junctions. Resistances were calculated
from the average of about 150—250 /—V traces within
40.1 V. The linear relationships in this figure indicate
that the data are well explained within the nonreso-
nant tunneling picture underlying eq 10. Within ex-
perimental uncertainties, the 5 values found here are
independent of metal work functions, as reported
previously.>***8283 Thjs implies that the difference
of the HOMO energy offsets (“barriers” for charge
transport) caused by the different contact metals is
not significant enough to vary the f values. Indeed, the
pinning effect that appears in other conjugated
oligoacenes™ is also found in this case, as will be
clarified below. The average value determined from
the slopes of the semilog plots of Figure 4Ais 3 = 1.58/
ring = 0.37 A~". Previous studies of CP-AFM junctions
based on oligophenylene monothiols and metallic
electrodes found values of 5 = 0.41-0.61 A~'368*
The present result for 5 is in line with the fact that,
unlike in the case of saturated (e.g., alkane) backbones
(B values for alkane mono- and dithiols do not differ®),
p values for CP-AFM junctions based on conjugated
backbones with two thiol anchoring groups are smaller
than those of monothiols. For the higher conju-
gated oligoacenes, the 3 values are 0.2 and 0.5 A™'
for dithiols and monothiols, respectively.** So, the
present finding indicates that, for molecules with
delocalized electrons, 8 is not only a backbone
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Figure 4. (A) Semilog plot of low-bias resistance versus number of phenyl rings (n). The inset shows the coated tip/substrate
metals and the respective 3 values of each junction. (B) Semilog plot of molecular resistance (Roppn, 1 = 1, 2, 3, and 4) and
contact resistance (R.) versus the sum of the work functions of the two electrodes.

property, as it also depends on the number of thiol
contacting groups.**

Contact Resistance versus Metal Work Function. The con-
tact resistance R, determined from the zero length
intercept clearly indicates the important role of the
type of electrodes. As shown in Table S2 and Figure 4B,
the bare electrode work function @ has a dramatic
effect on the contact resistance R, (and implicitly on
Roppn)- For the electrodes studied (Ag, Au, and Pt), ®
increases by 1.4 eV, and this manifests itself in (contact)
resistance decreasing by a factor of ~70. As noted
earlier, the opposite variations in ® and R reveal a hole
(p-type, HOMO-mediated) conduction. This dramatic
decrease in R with @ for oligophenylene dithiol junc-
tions is comparable to that of our previous studies on
alkane dithiol- and oligoacene dithiol-based CP-AFM
junctions.>*** For monothiol-based junctions of al-
kanes or oligoacenes and the same electrodes as those
used here, the decrease in R. is even larger (by about 3
orders of magnitude)3>**>> However, no significant
B value changes were found in those previous results.
This indicates that the 3 values are much less sensitive
to the level alignment than the effective contact resis-
tance in those junctions.

General /—V Behavior. Figure 5 and Figure S8 display
representative [—V characteristics of our CP-AFM junc-
tions based on OPDs and various metallic electrodes
(s, t = Ag, Au, or Pt). |-V traces are nearly symmetric
with respect to the origin and exhibit a nonlinearity
that becomes more pronounced at higher biases. For a
given bias, the current decreases exponentially with
the length. The currents for junctions based on a given
molecular species (OPD) increase as the electrodes'
work function increases. These attributes indicate hole
(HOMO-mediated) conduction and a nonresonant tun-
neling mechanism. As evidence of the unipolar con-
duction (mediated by HOMO and negligible LUMO
contribution, Figure 2), we refer to the UV—visible
absorption measurements (Figure S5). Indeed, the
values found for the optical gap (3.5—3.9 eV) and the
HOMO energy offsets ¢, (at most 1 eV below the Fermi
level, cf. Table 1) yield a LUMO located substantially
higher above the Fermi level. It is worth emphasizing
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here that the LUMO positions depicted in Figure 2 are
rather crude estimations; nevertheless, they illustrate
the fact that the LUMOs are significantly more distant
from the Fermi level than the HOMOs, in agreement
with the various consistency tests done across the
paper, which support the p-type conduction in our
OPD junctions. One should still note that, as shown
recently, because the exciton binding energy is sub-
stantial at the molecular sizes considered,® the trans-
port HOMO—LUMO gap is larger than the optical
HOMO—LUMO gap; that is, the relevant LUMO ener-
gies are even higher than that shown in Figures 2
and S7.

Nonlinear Bias Range (JV] > 0.1 V): TVS and Analysis of the
HOMO Energy Offset. In the analysis of the nonlinear
transport, we pay special attention to the transition
voltage V, that our group proposed a few years ago.*’
V; is the key quantity of so-called TVS. Due to its
simplicity and reproducibility, a series of groups have
utilized TVS as a tool for quantifying the molecular
orbital energy offset relative to the electrodes' Fermi
energy,>3%47:48:3036-38,6986-92 The transition voltage,
defined as the bias at the minimum of the Fowler—
Nordheim quantity In(//V®,* quantifies the -V
nonlinearity: it corresponds to the point where the
differential conductance is 2 times larger than the
pseudo-ohmic conductance.”

al
av

/
= 2-

4
V=V

(1

V=W

Typical TVS spectra of the oligophenylene dithiol junc-
tions are obtained by recasting the measured /—V
curves of Figure 5A,CE in F—N coordinates In(l/V?)
versus 1/V, as depicted in Figure 5B,D,F. These F—N
plots exhibit well-defined minima, which are
(practically) symmetric with respect to the bias polarity
(Vi=Vi, = —V,_).Based on eq S1, the V; symmetry with
respect to bias polarity reversal indicates thaty ~0and
via eq 3 that the applied voltage does not notably shift
the HOMO energy.

The experimental results for V, are collected in
Table 1 and visualized in Figure 6. The values of the
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Figure 6. Transition voltages V.. of metal M—OPDn—M junctions (M = Ag, Au, Pt) as a function of (A) molecular length and (B)

bare electrode work function.

HOMO energy offset ¢, deduced from the experimen-
tal V, data via TVS (eq 4) are also included in Table 1 and
Figure 7. The fact that the theoretical model employed,
which underlines eq 4, is able to reproduce the mea-
sured /—V curves (see below) makes us confident of the
TVS-based estimates for ¢, (see also the discussion of
section Remarks on the Theoretical Modeling of Trans-
portin the Sl). As further support, itis worth noting that,

XIE ET AL.

for all M—OPD1—M junctions investigated here (M =
Ag, Au, Pt), the present TVS-based estimates agree very
well with the values directly measured by UPS* (see
Table 2). Because the UPS and CP-AFM setups are not
equivalent (one metallic contact vs two metallic con-
tacts, respectively), a difference between the corre-
sponding &y, values may exist. To check whether this dif-
ference is significant, we have performed EOM-IP-CCSD
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Figure 7. HOMO energy offset ¢, = E4omo — Er deduced via TVS for OPD molecules embedded in metal CP-AFM junctions as a
function of (A) molecular length and (B) electrode work function ®.

TABLE 2. Values (in eV) of HOMO Energy Offsets ¢}, = E —
Enomo of OPD1 and Different Metals Deduced in the
Present Work via TVS and Direct UPS Data“”

method Ag Au Pt
VS 1.0 +0.13 0.88 + 0.05 0.75 + 0.04
UPS 1.1 0.9 0.8

“ Compare Table 1 of ref 44, noting that OPD1 is denoted as Ph(SH), there.

calculations for an OPD1 molecule having gold atoms
covalently bonded to one (Au—OPD1) or two (Au—
OPD1—Au) thiol groups; the lowest ionization energies
were found to differ only by 80 meV.

Based on @y, (scanning Kelvin probe microscopy,
SKPM), the optical band gap (UV—uvisible), and g,
obtained from eq 4, the energy-level alignments
for OPD SAMs on Ag, Au, and Pt are well-defined
(see Figure S7), which is essential for understanding
the charge transport properties in molecular junc-
tions.

As already encountered for other aromatic mole-
cules,>#4308687 \va found that V, decreases with in-
creasing number of phenyl rings n (see Figure 6A). This
implies via eq 4 a HOMO closer to the Fermi level with
increasing n, as depicted in Figure 7A. This is related to
the decrease in the optical gap observed in UV—visible
absorption and is also typical of other aromatic
systems.>**”® As shown in Figure S5, UV—visible ab-
sorption measurements for OPDn confirm the de-
crease of the optical gap with increasing size n. The
fact that absolute values of V; and ¢, decrease as the
electrode work function ® increases (cf. Figure 6B and
Figure 7B) is of course another indication that the
charge transport through OPDn is mediated by the
HOMO. For electromigrated benzene dithiol (OPD1)
junctions, the p-type HOMO-mediated conduction has
been demonstrated by electrostatic gating.>® Because
of the linear correlation between A® and ®, we are
able to plot the linear correlations of In R, V;, and &,
versus A® (Figure S9).

To end this section, we briefly compare our present
results for Au—OPD—Au junctions with existing reports
in the literature.>®~%° Here, it is important to distinguish
between the magnitude of the currents (conductances)

XIE ET AL.

and the transition voltages. The currents measured
by us are up to 2 orders of magnitude larger than
those found for electromigrated junctions®® and STM
junctions.>” ¢ Basically, this difference reflects the
larger number of molecules (~100 in our CP-AFM junc-
tions). By contrast, the present values of V; are consistent
with those deduced for electromigrated BDT = OPD1
(V; = 1.14 £ 0.04 V)>® and STM biphenyl = OPD2 (V, =
091 + 0.031 V).>® These values agree well with the
corresponding values V; = 1.02 £ 0.07 Vand V;=0.84 +
0.07 V of Table 1. On this basis, we can reiterate a
statement made earlier:***® much more than the (low-
bias) conductance, the transition voltage does represent
a molecular signature.

Let us further elaborate on this point. We have just
mentioned that, in contrast to the similar values of the
transition voltage V; (which are indistinguishable with-
in experimental errors), the low-bias conductance ex-
hibits a significant dependence on the experimental
platform (CP-AFM, STM, electromigration). The inter-
pretation of this behavior, which fits the present
theoretical framework, follows. The (HOMO) widths T’
are setup-dependent (they are determined by the
molecule—electrode couplings, cf. eq 13), and this
makes the low-bias conductance G platform-dependent
(cf. egs 2 and 7). However, as long as I' remains
smaller than the HOMO offset ¢, (i.e.,, nonresonant
tunneling limit), T' does not affect V,, which is only
determined by ¢, as expressed by eq 4. (Remember
that eq 4 and Sl eqgs S1 and S2 are deduced just by
assuming I' < g, cf. ref 47.) So, similar V; values imply
that, at least for OPD junctions, the level alignment g, is
weakly affected by the experimental platform. (Notice
that Table 1 shows that condition " < g, holds for the
CP-AFM platform, despite G being larger than for the
other two aforementioned platforms.) In fact, this is an
important reason why charge transport across differ-
ent molecular platforms can be very similar, as ex-
pressed by the universal behavior (“law of corre-
sponding states”) recently reported by our group;”
irrespective of the experimental platform, in many
junctions, charge tunneling is mediated by a single
off-resonant level. Deviations from this universality
(hence also platform dependence) may occur in
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HOMO,n = —Ehn + 1Mis independent of the molecular size n within errors. The lines are a guide for the eye.

situations close to resonance, which violate the condi-
tion I' < g, which underlines eq 4.

Fermi Level Pinning. Pinning of the Fermi level in
molecular junctions is still somewhat underappre-
ciated, although it was previously discussed in organic
electronics®® and in molecular electronics in earlier
Work5.28'29'44'66'97

The slope of 0.18 obtained from a linear fit to the
data in Figure 7B indicates the strong pinning of the
HOMO level with respect to the metal; that is, the
HOMO—Fermi offset could be tuned by the work
function of the electrodes; however, this tuning is very
weak; there is a 0.27 eV change in g, upon a 1.4 eV span
in work function of the bare metals. This is consistent
with our previous findings by UPS on other oligoacene
molecules.** We ascribe this strong effect to the Fermi
level pinning that was observed in our previous me-
tal—molecule—metal junctions.**

To further quantify the effect of the electrodes, we
next consider the difference between the HOMO en-
ergy of an OPD molecule embedded in a junction
Evomon = Er — &nn and the HOMO energy of the
isolated molecule Eﬁ.omo’n. The results of the quantum
chemical calculations (see also the Methods sec-
tion and the Supporting Information) presented in
Figure 8A demonstrate that Eﬂo,\,.o,,, = —[7 exhibits
across the molecular series the same trend as the
energy offset ¢y, deduced via TVS for the molecules
embedded into CP-AFM junctions. The difference be-
tween lowest ionization potential [’ = Eﬁ.omoln of the
smallest (OPD1) and the largest (OPD4) isolated mol-
ecules is Al = [],=1 — 1§14 = 041 eV. This value
agrees with the corresponding differences of the
HOMO energy offset Aep, = ép|n=1 — &n|n=gq cOmputed
via TVS by means of eq 4; the latter values deduced
from Table 1 for the electrodes utilized are Aep|ag =
0.39 eV, Agp|au = 0.40 eV, and Agy|py = 0.38 eV. More
quantitatively, Figure 8B shows that the quantity —e, ,
— Eﬂ.ow‘o,n does not depend on n within V; errors for all
the three types of the metal we have used. The metal
contact does not influence the molecular orbital trends
with length. We can interpret this as the Fermi level
pinning effect being primarily induced by the dipoles

XIE ET AL.

localized at the metal—S contacts rather than from
the intrinsic molecular dipoles. This metal—S bond
dipole is also independent of the length of the mole-
cule (Figure 3B). Thus, we can conclude that the nature
of the Fermi level pinning effect is reflected in two
aspects: the HOMO—Fermi offset of the molecule
weakly varies with the work function of the contact
metals, and the molecular orbital trends with length
are not changed by a fixed metal contact.

Contact Coupling Strength. With the values of G, =
1/(RN) and &, from Table 1, we have determined the
average level width (cf. eq 7)

rav = Vrsrt = Sh\/G1/Go (12)

by using a value N = 100 estimated via contact
mechanics, similar to earlier studies.>* The numerical
values of I',, — I,y for all molecular sizes n and metals
considered are also included in Table 1.

In microscopic terms underlying our transport
model, the coupling strengths can be expressed as*®

l—‘S,t;n = pslt(EF)tS,t;n2 (13)

where p;+(E¢) is the electrodes’ density of states at the
Fermi energy and t; ., are transfer (also called hopping
or resonance) integrals. The latter quantify the effi-
ciency of charge transfer between electrodes and the
OPDn's HOMO. The exponential falloff of I'y, with
increasing n visible in Figure 9A (as well as Figure 4A,
cf.eqs 7,12, 13, and 10) traces back to the exponential
falloff of the transfer integrals with distance (x), which is
familiar from molecular physics®® (27 ~ f3)

Xs+Xe=n 5
ts,tn — b, tn(Xs, 1) o< exp( —TXs, 1) Tavin

= T'&xp( —2zn) (14)

Junctions with higher contact resistance have smaller
coupling strengths (R, o< T'.™2), that is, weaker HOMO—
electrode couplings. The higher the work function, the
closer the HOMO is to the Fermi level and the stronger
the molecule—electrodes couplings (cf. Figure 9B).
Simulation of /—V Curves. As often emphasized in
recent Work,5'32'47_50'56_58'79'80'86'89'90'100_103 studies

beyond the linear bias range are required for
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understanding the microscopic model of charge trans-
port through molecular devices. As is usually the case,
all the I—V curves measured for OPD junctions exhib-
ited the well-known shape, practically linear at low
biases and gradually more nonlinear at higher vol-
tages; see Figure 5.

We have checked that, maybe with one exception
(shown in Figure S12 and discussed below), eq 6
reproduces very well the individual /—V curves mea-
sured for our CP-AFM junctions based on OPDs. Ex-
amples are shown in Figure 10 and SI Figures S10 and
S11, where the theoretical curves are depicted in
green. The parameters G and ¢, entering eq 6 can be
determined in two ways: (i) by considering them as
fitting parameters to reproduce the measured |-V
curves or (ii) by extracting G; from the slope of the
linear low-bias part of the experimental /I—V curve (|V| <
0.1 V) and using eq 4 (which is a direct consequence of
eq 1)*” to compute &, from the transition voltage V;

XIE ET AL.

directly extracted from the minimum of the F—N
quantity In(//V?) by using the measured /—V data. We
did not find notable differences between these two
procedures.

The agreement between theory and experiment for
the I-V curves demonstrates that the HOMO energy
offsets &, of the bundle of molecules forming a CP-AFM
junction of a given molecular species do not notably
fluctuate. If the contrary were true, and eq 5 rather than
eq 6 would apply, a substantial dispersion in &, ; values
would certainly deteriorate the agreement between
the measurements and eq 6.

A Possible Special Case: Pt—OPD4—Pt. Although not
dramatically large, we found certain systematic differ-
ences between eq 6 and the /—V curves measured for
OPD4-based junctions and Pt electrodes; representa-
tive examples are shown in Figure S12. The fact that the

relative V, dispersion for these junctions, with the

concomitantly larger spread in g, values, is somewhat
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larger than for the other junctions (cf. Table 1) may
indicate that, rather than eq 6, eq 5 applies in this case.
Another conceivable source of these “discrepancies” is
suggested by Figure 2 and Figure 8A. As the molecular
size n becomes larger, the second ionization energy
(I? ~ —FPomo-1,,) decreases with n faster than the first
ionization energy (I ~ —E}omo,») and becomes closer
to it. For OPD4, the energy separation between these
two ionization energies becomes comparable to the
HOMO energy offset, and so one can expect an extra
contribution to the charge transport from HOMO—1,
which acts as a correction not included in the single
(HOMO) level in the Newns—Anderson model under-
lying eq 6. Finally, we also mention possible reorgani-
zation effects; OPD4 is a molecule with three floppy
vibrational degrees of freedom related to the three
twisting angles of the relative rotations of the phenyl
units. Studying the impact of reorganization of these
floppy modes may be of interest, as revealed by the
recent studies on bipyridine,””"7? although that
molecule possesses only one floppy mode.

CONCLUSION

In this paper, we have reported the results of an
extensive investigation into transport and transport-
related properties of oligophenylene dithiol molecules
embedded in CP-AFM metal—molecule—metal junc-
tions. Utilizing molecular species with up to n = 4
phenyl rings and electrodes of metals (Ag, Au, and
Pt) having work functions ® varying across a broad
range of ~1.4 eV, we were able to study the impact of
n and @ on relevant junction properties.

Charge transport occurs via nonresonant tunneling,
as indicated by the exponential increase with n of the
low-bias resistance R, the property most strongly af-
fected by the molecular length. The impact of n on the
change in metal work functions (A®) due to adsorbed

METHODS

Materials. Gold nuggets (99.999% pure) were purchased
from Mowrey, Inc. (St. Paul, MN). Silver pellets (99.99% pure)
were purchased from Kurt J. Lesker Company. Evaporation
boats and chromium evaporation rods were purchased from
R.D. Mathis (Long Beach, CA). Platinum and titanium for e-beam
evaporation were purchased from Kamis, Inc. (Mahopac Falls,
NY). Silicon (100) wafers were obtained from WaferNet (San
Jose, CA). Contact mode AFM tips (DNP 10 silicon nitride probes)
were purchased from Bruker AFM Probes. The benzene-1,4-
dithiol (OPD1) 99% and p-terphenyl-4,4”-dithiol (OPD3) 96%
used in this study were purchased from Sigma-Aldrich Com-
pany, and biphenyl-4,4'-dithiol (OPD2) 95% was purchased
from TCI America. Details of the synthesis of OPD4 are provided
in Supporting Information (Figure S1). Throughout, label S for
equations, figures, and tables refers to the SI.

Conducting Tip and Substrate Preparation. Contact mode AFM
tips were coated by Au or Ag at base pressure (<10~® Torr) using
a home-built thermal evaporator placed in a N,-filled glovebox
(H,0, O3 < 0.1 ppm). Films were deposited to a thickness of
500 A at a rate of 0.5—1.0 A/s atop a 50 A Cr adhesion layer.

XIE ET AL.

SAMs is negligible. More strongly affected by n are
optical gaps, transition voltages V; = V,, = —V,_, and
HOMO energy offsets g, which exhibit a roughly linear
decrease also characteristic of other aromatic species.
Accurate ab initio quantum chemical calculations
allowed us to demonstrate that &, deduced via TVS
(cf. eq 4) is correlated with the lowest ionization energy
of isolated OPD molecules. This is evidence for a hole
(HOMO-mediated) mode of conduction.

We find that 8 is independent of @ due to the
dominance of Fermi level pinning to the molecular
HOMO levels by metal—S bond polarization. Except for
the tunneling attenuation factor (5, we found a pro-
nounced impact of ® on all the other properties in-
vestigated. While the molecular resistance Ropp, and
contact resistances R, which are most affected, exhibit
an exponential ® dependence, the chemisorption-
induced work function change (A®), transition vol-
tages Vi, and HOMO energy offsets ¢, are linearly
correlated with ®. The fact that increasing @ yields a
decrease in R. and Vi(e<gy) is further evidence for
HOMO-mediated conduction.

The relation ¢, «< V; follows from eq 4, a result
deduced within the Newns—Anderson model. By com-
parison of our results to appropriate UPS data available
in the literature, we showed remarkably good agree-
ment of the HOMO position with the TVS-based &,
estimates. Furthermore, using the estimated ¢, via TVS
and measured low-bias resistance, we were able to
reproduce all the /I—V curves from CP-AFM measure-
ments. This quantitative description of charge trans-
port in CP-AFM junctions allowed us to extract a broad
spectrum of valuable molecular information, and eqs 4
and 6, which underlie this method and solidify the
Newns—Anderson-based TVS approach, appear to be a
valuable framework for quantitative analysis in molec-
ular electronics.

They were immediately transferred without exposure to air to
another glovebox containing the CP-AFM to carry out the I-V
measurements. Pt films (300 A thick) were deposited with an
e-beam evaporator with a 50 A Ti adhesion layer and immedi-
ately transferred to the measurement glovebox in a few min-
utes. The radius of the tip is expected to be ~50 nm after metal
coating. No significant change in the spring constant of the tip
was found after the metal coating. Template-stripped flat metal
substrates were used to grow high-quality SAMs for sample
characterization and reproducible electrical measurements. The
preparation of the Ag, Au, and Pt template-stripped flat sub-
strates was described earlier.**

Monolayer Growth and Characterization. SAMs were formed by
immersing clean template-stripped flat metal substrates in
ethanol solution of molecules at a concentration of ~0.05 mM
for 20 h. The SAMs on Ag substrates were prepared in a N,-filled
glovebox. We characterized the SAMs using spectroscopic AFM,
ellipsometry, and X-ray photoelectron spectroscopy (XPS). The
roughness of the OPDs on template-stripped flat substrates is
about 0.5 nm. Ellipsometry measurements were carried outon a
VASE spectroscopic ellipsometer (J.A. Woolam Co., Inc.). The
thickness of OPD monolayers on Ag, Au, and Pt obtained from
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ellipsometry is shown in Figure S3. Since OPD4 was synthesized
in our group, XPS was carried out to verify the adsorption of
OPD4 on Ag, Au, and Pt and, the S 2p core-level data are shown
in the Supporting Information (Figure S4). UV—uvisible absorp-
tion spectra were acquired to determine the optical HOMO
—LUMO gap on OPDs in ethanol solution (Figure S5).

Work Function Measurements. SKPM measurements were used
to determine the work function without (®) and with a SAM
adsorbed on the metal surface (Psay = ® + AP). SKPM
measurements to acquire the surface potential of the samples
were carried out using the same instrument that was employed
for I-V characterization. The AFM instrument is placed in an Ar-
filled glovebox (H,0, 0, < 0.1 ppm). The typical surface potential
image and histogram are shown in Figure S6. The work func-
tions of the samples were referenced to the UPS value of OPD1
on a Au substrate.**

Transport Measurements. The experimental setup for elec-
tronic transport (tunneling) measurements was similar to that
described in ref 35. The measurements (Figure 1) were com-
pleted by mounting the substrates in the AFM and bringing the
metal-coated tip into contact with the SAM under ~1 nN of
applied compressive load. Voltages were applied to the tip with
a Keithley model 236 electrometer operated in “DC mode”.
Voltage was swept at the tip, the sample was grounded, and
current—voltage characteristics were recorded; V > 0 means
positive voltage on the tip. All measured /—V curves gradually
switch from practically linear at low biases to gradually more
nonlinear at higher biases. The inverse of the slope of the linear
portion of the /—V characteristic was used to define a junction
(low-bias) resistance R. The tunneling efficiency parameter 3
and contact resistance R, could be extracted reproducibly from
plots of the low-bias resistance versus molecule length. We
measured the low-bias resistance between £0.1 V in this study,
and sweeps to £1—2 V were applied to determine the transition
voltage V; and to observe the pronounced nonlinear (I-V)
behavior.

Quantum Chemical Calculations. To understand the experimen-
tal results reported in this paper, we performed accurate ab
initio quantum chemical calculations for all oligophenylene
dithiol molecules employed (OPD1—OPD4) to fabricate the
CP-AFM junctions investigated here. To treat all these molecular
species at the same level of theory, we employed aug-cc-pVDZ
basis sets for the C, S, and H atoms and the cc-pVDZ-PP basis
set'% for metal atoms. DFT/B3LYP calculations using Gaussian
09'% have been carried out for geometry optimization. loniza-
tion energies have been computed within the equation-of-
motion coupled-cluster singles and doubles (EOM-IP-CCSD)
method,*>** which represents the state-of-the-art of quantum
chemistry for the molecular sizes considered. As an important
technical remark, it is worth emphasizing that, although we
have performed many-body EOM-IP-CCSD quantum chemical
calculations at a high level of accuracy that go substantially
beyond single-particle (Hartree—Fock or DFT) descriptions and
used the corresponding (accurate) values of the first ionization
energy, to facilitate understanding, we refer to this quantity as
the HOMO energy with reversed sign. The quantum chemical
calculations performed here have enabled us to microscopically
validate the Newns—Anderson model that forms the basis of
the present description. This contrasts to other phenomeno-
logical models of nonresonant tunneling, that could not be
justified microscopically and failed to describe the data in OPD-
based junctions (cf. ref 106).
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