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Introduction

Quantitative analysis of weak current rectification
in molecular tunnel junctions subject to
mechanical deformation reveals two different
rectification mechanisms for oligophenylene thiols
versus alkane thiols¥

Zuoti Xie, © *1*° |oan Baldea, © *1° Quyen Van Nguyen® and C. Daniel Frisbie @ *°

Metal-molecule-metal junctions based on alkane thiol (CnT) and oligophenylene thiol (OPTn) self-
assembled monolayers (SAMs) and Au electrodes are expected to exhibit similar electrical asymmetry, as
both junctions have one chemisorbed Au-S contact and one physisorbed, van der Waals contact.
Asymmetry is quantified by the current rectification ratio RR apparent in the current—voltage (/-V) charac-
teristics. Here we show that RR < 1 for CnT and RR > 1 for OPTn junctions, in contrast to expectation, and
further, that RR behaves very differently for CnT and OPTn junctions under mechanical extension using
the conducting probe atomic force microscopy (CP-AFM) testbed. The analysis presented in this paper,
which leverages results from the previously validated single level model and ab initio quantum chemical
calculations, allows us to explain the puzzling experimental findings for CnT and OPTn in terms of
different current rectification mechanisms. Specifically, in CnT-based junctions the Stark effect creates
the HOMO level shifting necessary for rectification, while for OPTn junctions the level shift arises from
position-dependent coupling of the HOMO wavefunction with the junction electrostatic potential profile.
On the basis of these mechanisms, our quantum chemical calculations allow quantitative description of
the impact of mechanical deformation on the measured current rectification. Additionally, our analysis,
matched to experiment, facilitates direct estimation of the impact of intramolecular electrostatic screen-
ing on the junction potential profile. Overall, our examination of current rectification in benchmark mole-
cular tunnel junctions illuminates key physical mechanisms at play in single step tunneling through mole-
cules, and demonstrates the quantitative agreement that can be obtained between experiment and
theory in these systems.

cation is an elementary electronic function relying on elec-
tronic asymmetry between two contacts that is not only achiev-

Inspired by the original imaginative proposal by Aviram and
Ratner in 1974," the design of molecular tunnel junctions that
rectify electrical current has been a central focus of molecular
electronics researchers for decades.?*° Indeed, current rectifi-
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able in molecular systems, but also highly desirable as a first
step, as rectifiers are foundational for much more sophisti-
cated behavior in conventional electronics. It is gratifying that
the molecular electronics field has made so much progress in
the last 10 years on molecular tunnel diodes. Numerous
researchers have reported rectification using a wide range
of molecules and molecular junction platforms.>*
Rectification ratios (RR) of several hundred are now fairly
common,'"**?17>%2% and record RRs of 10° were already
reported four years ago.>°

Understanding of rectification mechanisms in molecular
diodes has also progressed and in turn this has been respon-
sible for rational design strategies that boost performance.
However, it is still not fair to say that molecular rectification in
two-terminal molecular junctions is a “solved problem”,
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despite the tremendous recent progress. Certain core prin-
ciples have emerged, for example, the need for a frontier mole-
cular orbital to track the Fermi level shifts of one contact more
strongly than the other.*?*?°7® This electrostatic coupling can
be controlled by the spatial position of the frontier orbitals in
junctions,®*® or by manipulating the relative sizes of the
contacts.>***® Other workers, more focused on donor-accep-
tor architectures, invoke orbital cascades as key to current
rectification.>>***'733 still others have discussed the asymme-
try in the molecule-electrode electronic coupling, I, in the
context of current rectification.”***3® It seems there are
several possible mechanisms for current rectification, and
understanding these thoroughly and parsing which mecha-
nisms apply in a given situation represent crucial areas for
ongoing investigation.

There is also the issue of quantitative modeling. If mole-
cular electronics is to advance as a sub-field of chemistry, it
must become more quantitative. Many earlier papers on mole-
cular diodes do not offer a model that can quantitatively simu-
late the current-voltage (I-V) behavior. Others do offer quanti-
tative fits using the first principles Landauer-Buttiker formal-
ism.>” This description, which is foundational for molecular
electronics, presents the current as an integral over orbital-
assisted electron (or hole) transmission multiplied by the
difference in the occupied density of states between the two
(e.g., left and right) contacts. Unfortunately, nothing like the
analytical Shockley equation,®® so central to diode analysis in
conventional microelectronics, and also derivable from first
principles, has been widely accepted for molecular tunnel
diodes. Such an equation would predict the shape of the I-V
curves as a function of the basic elements of junction elec-
tronic structure, such as ¢ and I’ and the dimensionless
voltage shift factor y, Fig. 1A. Analytical formulas for the I-V
behavior of electronic devices naturally reflect the underlying
physics. For example, it is well known that the exponential
dependence of current on voltage predicted by the Shockley
equation is due to a built-in potential barrier at a p-n junction.
In molecular electronics, sweeping all the I-V behavior under
an integral as it were, can obscure some practical understand-
ing. Of course, there may be many circumstances where such
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numerical modeling is necessary. Also, deriving analytical for-
mulas will involve approximations. Nevertheless, there is merit
in identifying simple analytical formulas, derived from first prin-
ciples, which can predict the observed I~V behavior for different
types of molecular junctions and simultaneously return quanti-
tative values of key electronic structure parameters. Such a tool
can be convenient for experimentalists to compile systematic
trends in ¢, I', and y (Fig. 1A) based on molecular structure in
much the same way physical organic chemists compile kinetic
or thermodynamic data as a function of structure.

One of us has derived a simple analytical formula for off-
resonant tunneling in molecular tunnel junctions that can
account for rectification behavior due to asymmetric orbital
electrostatic coupling to the contacts.***° In collaboration, we
have found this analytical single level model (SLM), which is
derived from the Landauer picture under assumptions
recapped below, can beautifully capture the I-V behavior we
measure for simple symmetric and asymmetric molecular
tunnel junctions fabricated using the conducting probe
atomic force microscopy (CP-AFM) platform, Fig. 1B.**'™*3
Quantitative fitting of I-V characteristics with the analytical
SLM using values of ¢, for example, that are corroborated by
independent measurements (such as  photoelectron
spectroscopy),”®™** indicates that the SLM captures the right
physics for tunneling in many simple molecular junctions. We
believe it is a powerful approach that in principle should be
applicable to simple molecular tunnel junctions fabricated by
any method (for example ref. 45), but that generality has not
yet been demonstrated.

Here we consider the differences in the current rectification
behavior for molecular tunnel junctions based on self-
assembled monolayers (SAMs) of alkane thiols, CnT, and oligo-
phenylene thiols, OPTn, Fig. 1B and C. Rectification is
expected for CnT and OPTn junctions because the molecules
are asymmetric having a single - S functionality at one end
that is bonded to one electrode. Experimentally, the rectifica-
tion is observed to be weak, and indeed other authors have
reported weak rectification for CnT and OPT#n junctions using
different junction testbeds.”***®™*® In a prior publication, we
have explained both the direction and magnitude of current

C8T Hs’\/\/\/\
CIT HS "N
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oPT3 Hs— )~ ) /)

Fig. 1 (A) Typical junction electronic structure with key parameters: energy level offset ¢g (HOMO level relative to the Fermi level), molecule—elec-
trode coupling strength I, level shift coefficient y, and level shift Agg = eo(V # 0) — £o(V = 0). (B) Scheme of the CP-AFM molecular junction. An Au-
coated AFM tip is brought into contact with a SAM of (C) alkane thiol (CnT, n = 8, 9, 10) and oligophenylene thiol (OPTn, n = 1, 2, 3) of various

lengths on an Au coated substrate.
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rectification in CnT junctions, and we have shown that the
SLM is able to quantitatively describe the I~V
characteristics;»** the main results of that study will be briefly
recapped later. In this paper, our focus is on comparison of
weak rectification behavior in CnT vs. OPTn junctions precisely
because their rectification properties are notably different even
though they appear to have similar chemical asymmetries.
Further, because we examine rectification in molecular junc-
tions fabricated using the conducting probe atomic force
microscopy (CP-AFM) approach, we are able to stretch both
types of junctions while recording their I-V characteristics.
Again, we find that the junction behavior under stretching is
remarkably different.

Quantitative analysis of these differing behaviors turns out
to be very instructive. Using the analytical SLM and supporting
quantum chemical calculations, we are able to describe quan-
titatively the experimental electrical transport data for CnT and
OPTn junctions in both stretched and unstretched states. We
find two distinct, but very general rectification mechanisms
apply. In CnT junctions, the rectification is based on the Stark
effect®®*® (e.g., field-induced electron polarization leading to
an orbital energy shift; note that the nominal fields in junc-
tions are large, of order 10” V cm™'), whereas in OPTn junc-
tions the dominant mechanism involves spatially-dependent
electrostatic coupling of the transport orbital (more specifically
its “center of charge”) to the junction potential profile - this
has been referred to before as the potentiometer effect.’>°™>>
In both mechanisms, the energy of the principal transport
level (e.g., HOMO for CnT** and for OPTn*?) shifts as the junc-
tion voltage is swept. The HOMO level shifting in turn leads to
rectification. However, which type of coupling (field or poten-
tial) dominates in a given junction - the Stark shift or the
potentiometer shift - depends on the specific molecules in
question. In this sense, comparison of CnT and OPTxn junc-
tions is particularly judicious as the HOMOs of these mole-
cules have very different spatial characteristics and Stark shift
sensitivities, as will be shown. It is also the very different
spatial extents of the HOMOs for CnT and OPTn that lead to
the contrasting rectification behaviors on stretching.

In addition to clarifying the rectification mechanisms in
CnT and OPTn junctions, our analysis also allows quantitative
assessment of electrostatic screening and its impact on the
junction potential profiles. Significant potential is dropped at
the contacts because of screening, and quantitative prediction
of the potential drops is possible by comparison of experi-
mental results with an accurate physical model for the junc-
tion I-V behavior.

We emphasize that our motivations in this work are funda-
mental, and the simplicity of the junctions (i.e., their small
structural asymmetry) does not allow record-setting rectifica-
tion ratios to be obtained. However, we find that our combined
experimental and theoretical study provides substantial clarity
on rectification mechanisms in simple molecular tunnel junc-
tions and demonstrates that quantitative understanding of
single step tunneling in these systems is possible using
analytical theory supported by quantum chemical calculations.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Methods

Materials

Au nuggets (99.999% pure) were purchased from Mowry, Inc.
(St Paul, MN). Evaporation boats for Au and Cr evaporation
rods were purchased from R. D. Mathis (Long Beach, CA).
Silicon (100) wafers were purchased from WaferNet (San Jose,
CA). The alkane thiols (CnT) and oligophenylene thiols (OPTn)
used in this study were purchased from Sigma-Aldrich
Company. AFM probes (DNP 10 SiN probes) were purchased
from Bruker AFM Probes.

Conducting tip and sample preparation

Conductive AFM tips used for current measurements were pre-
pared by coating Au at a base pressure of 10”7 Torr using a
thermal evaporator placed in a N,-filled glove-box. Au was de-
posited to a thickness of 50 nm at a rate of 0.5-1.0 A s™* with a
~5 nm Cr adhesion layer. They were immediately transferred
to another N,-filled glove-box to carry out the I-V measure-
ments without exposure to air. The radius of the Au coated
AFM tip is expected to be ~50 nm.>® For template-stripped flat
Au substrates, 500 nm of Au was directly deposited onto clean
Si wafers in a high vacuum e-beam evaporator. We then glued
Si chips (~1 cm?) onto the metal surface using epoxy. The
epoxy layer was cured by placing the wafers in an oven at
120 °C for 1 h. The flat Au substrates were peeled off from the
silicon surface and immersed in an ethanol solution of mole-
cules at a concentration of ~1 mM for 20 h. Afterward, the
samples were rinsed with ethanol and dried with flowing N,.

Previously, we have characterized CnT and OPTn SAMs by
XPS, ellipsometry, AFM, Rutherford backscattering spec-
trometry, and nuclear reaction analysis to obtain the thickness,
tip-SAM adhesion force, and molecular coverage of SAMs
respectively.*>”” The Maugis-Dugdale (MD) model of contact
mechanics®® is employed to calculate the contact area and the
actual number of the molecules per junction.>*>’

'Il'ansport measurements

All the electrical measurements were performed in an N, filled
glove box with H,O and O, < 1 ppm. To form the CP-AFM junc-
tion, the SAM coated template-stripped flat Au substrate was first
mounted on the AFM sample stage, then an initial compressive
force (F = +1 nN) was applied to the Au-coated AFM tip to create
the contact with the SAM surface (Fig. 1B). After the contact was
established, the applied force was tuned (to negative values) by
changing the cantilever deflection setpoint. The value of the
rupture or pull-off force was found to be similar for both CnT
and for OPTn-based SAMs and independent of molecular size n.
Current-voltage measurements were collected at different
applied forces. Voltages were applied to the AFM tip with a
Keithley model 236 electrometer operated in “DC mode” with
the sample grounded. Positive biases (V = V, — V; > 0) corres-
pond to situations wherein the tip’s potentials V; are higher than
the substrate’s potentials V. Voltage spanned +1.5 V for CnT
junctions and +1.2 V for OPTn junctions. 50-200 I-V curves were
collected for each type of junction.
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Quantum chemical calculations

Geometry optimization for stretched OPTn molecules subject
to tensile (compressive) mechanical forces F < 0 (F > 0) was
accomplished by fixing the distance d = d(S, C) between the S
and C atoms at the two molecular ends at values gradually
increased (decreased) with respect to the value (13.24 A) at F =
0 at the B3LYP/6-311++G(D, P) level of theory. This framework
was also utilized to obtain the HOMO densities (Fig. 6) and
electric potential profiles (Fig. 7, S5-S8f). Computations to
obtain the HOMO energies of isolated OPTn and CnT mole-
cules in the presence of an applied bias (Fig. 5) were based on
the ab initio outer valence Green’s function (OVGF)
method.”®*® These quantum chemical calculations were
carried out with GAUSSIAN 16 °° on the bw-HPC platform,®" as
done earlier e.g. for alkane thiols in ref. 4, where more details
can be found.

Results and discussion
Theoretical methods for transport calculations

Measured transport data were processed within the single-level

model (SLM), which expresses the current as follows:**°
2
1= GV% (1)
[eo(V)]"—(ev/2)
Here, G is the low bias conductance and
£0(V) = Enomo(V) — Ep = —&p + 7€V (2)

is the HOMO energy offset relative to metal’s Fermi energy
Er (N.B.: £9(V = 0) = —e&, < 0) which is shifted by the applied
bias V with respect to the value £y(V = 0) = —¢}, in the unbiased
junction by an amount quantified by the dimensionless shift
parameter y. Eqn (1) enables one to express the HOMO-Fermi
energy offset e, (N.B.: ¢, > 0) and the bias-driven HOMO shift
parameter y in terms of the transition voltages Vi, and V,_ at
positive and negative bias polarity as follows™**°

eV Vi
en =2 | t+re | (3)
VVer2 + 10|V Ve | /3 + V2
1 Vi Vi
y = v+ W (4)

2 Ve 2 £ 10V Ve |3+ Vi 2

It is the nonvanishing value of y that makes the MO energy
offset at positive (+V on the tip) and negative (=V on the tip)
bias different. This, in turn, makes current magnitudes I(V)
and |I(-V)| different from each other, which implies current
rectification: RR(V)=I(V)/|[I(-V)| # 1.

Current-voltage characteristics of CnT and OPTn

As expected in view of their chemical asymmetry, our measure-
ments revealed that both CnT and OPTn junctions possess I-V
curves asymmetric with respect to the origin. Typical curves
measured for non-stretched CnT and OPTn junctions are
depicted in Fig. 2A and B. Although the chemical asymmetries
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of the CnT and OPTn junctions are similar (one chemical
contact to the substrate and one physical contact to the tip),
the two junctions exhibit opposite asymmetry in I-V curves.
The C8T junction currents for positive tip biases (sample is
grounded) are smaller than currents for negative biases, while
the contrary is true for OPT3 junctions. Consequently, as pre-
sented in Fig. 2C, the RR as a function of bias trends in oppo-
site directions for the two cases; RR(V) < 1 for C8T, while RR(V)
> 1 for OPT3. In the absence of stretching, we measured for
each CnT junction a rectification ratio at 1.5 V amounting to
about 0.7 (see Fig. 2D). This value agrees with those reported
in previous studies.®'* For OPTn junctions, we found an
average rectification ratio RR ~ 2-3 at 1.2 V (also shown in
Fig. 2D).

We have reported that mechanical stretching has an impact
on the low bias conductance G of CnT junctions that is
different from that on OPTn junctions.>” Here, we show that
RR is also affected by stretching in a qualitatively different way
for the two types of junctions. This is illustrated by the repre-
sentative curves depicted in Fig. 3. Within the entire range of
stretching forces (F > —10 nN) that can be sampled in the
experiment (rupture occurs at more negative tensile forces),
the asymmetry of the I-V curves recorded for C8T junctions
does not change, Fig. 3A and C; the rectification ratio RR is
independent of F, Fig. 3E. In contrast, RR is strongly affected
by tensile forces for OPTn junctions, as visible by inspecting
the blue traces in Fig. 3B and D. The different rectification be-
havior is summarized in Fig. 3E, which shows that the initially
larger RR for OPTn junctions becomes progressively smaller as
the magnitude of the tensile force increases; RR eventually dis-
appears (RR — 1) at the end of the stretching process. At first,
the rectification ratio RR decreases slowly with increasing
(more negative) tensile force, but the reduction in RR becomes
more rapid beyond F ~ —8 nN (Fig. 3E).

According to the SLM, current rectification is the result of
bias driven shifting of the HOMO, which is the dominant
transport channel both in CnT and in OPTn junctions.®**®”
Higher currents occur when the applied bias shifts the HOMO
energy closer to the Fermi level; lower currents occur when the
bias shifts the HOMO further away from the Fermi energy (this
will be discussed in detail in the Discussion). The dimension-
less (HO)MO level shift coefficient y quantifies the magnitude
and sign of the shift and thus the propensity for rectification
(eqn (2)). Crucially, y can be determined from the experimental
I-V curves by extracting the transition voltages at positive (Vi)
and negative (V,_) polarities and inserting these into eqn
(4).**>* From the values of V,, (see Fig. S1 in the ESI{) indi-
cated in Fig. 2A and B, the dependence of y on the stretching
force F is derived. The results are presented in Fig. 3F. As
observable there, for C8T junctions (which are representative
of all CnT junctions), y is negative and within error indepen-
dent of the tensile force (y # —0.03). For OPT3 junctions (OPT1
and OPT?2 junctions behave similarly), on the other hand, y is
positive and switches from a plateau regime (y ~ +0.06, RR ~
3) for forces up to F ~ —6 nN, to a sharply decreasing regime
beyond F ~ —8 nN, ending with y near zero, corresponding to

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Typical current—voltage characteristics measured for non-stretched (A) C8T and (B) OPT3 CP-AFM junctions with Au electrodes are asym-
metric with respect to the origin. The insets are the TVS spectra of C8T and OPT3 junctions. Fits to the SLM are shown in black. The three extracted
parameters for each junction are listed: low bias conductance G (1/R), the energy offset ¢, and energy level shift factor y. The calculated coupling
strengths I" (= en/G/NGg, where Gg = 2€?/h is the quantum conductance) are also provided. Note that G is determined by the (ohmic) low bias con-

ductance and ¢, and y are determined from TVS spectra and eqgn (3) and

(4). (C) Rectification ratio RR for non-stretched OPT3 and C8T junctions as

a function of bias and (D) RR of non-stretched OPTn (at V = 1.2 V) and CnT (at V = 1.5 V) as a function of n.

complete loss of the I-V asymmetry (y — 0, RR — 1) as the
contact rupture point (F ~ —10 nN) is approached. The beha-
viors of y for both C8T and OPT3 in Fig. 3F reflect the beha-
viors of RR in Fig. 3E because RR depends on y via eqn (1), (2)
and (4).

To end this section, we note that our basic theoretical
formula to analyze rectification, eqn (4), relies on the assump-
tion that the applied bias V causes a HOMO energy shift that
linearly depends on V, cf. eqn (2). To check the correctness of
this basic assumption against our transport data, we also
attempted to process our I-V measurements by means of eqn
(1) and (2) modified to include possible higher order contri-
butions (y,, 73, ...) to the bias-driven HOMO level shift, which
cannot be ruled out a priori. So, we replaced yV — yV + y, V* +
73 V°... in the right hand side of eqn (2) and incorporated this
modification into eqn (1). Our I-V data do support eqn (2) as
is, i.e. with y, 3,... = 0. For the analysis that follows, this is an
important finding; it validates a theoretical approach wherein,
for the entire bias range sampled in experiments, the impact
of V on the HOMO energy is accounted for within the first-
order perturbation theory. To avoid confusion, we emphasize
that the aforementioned refers to the (linear) V-dependence of
the HOMO energy and not to the current, whose nonlinear

This journal is © The Royal Society of Chemistry 2021

dependence on V was obviously accounted for (¢f Fig. 2 and
eqn (1)).

To analyze the two main differences between the CnT and
OPTn experimental findings presented above (i.e., opposite
current rectification direction and different impact of mechan-
ical deformation), we corroborate information extracted from
the charge transport data using the SLM analysis — which we
have validated earlier both for CnT** and OPT»** junctions -
with ab initio results of quantum chemical calculations.’®*?
Opposite direction of the current rectification in unstretched
CnT and OPTn junctions

As noted above, given the similar chemical asymmetry of the
CnT and OPTn molecules (one thiol group at one molecular
end only), the opposite direction of the current rectification —
currents for positive biases (sample is grounded) lower than
currents for negative biases in CnT junctions (RR < 1) but
higher in OPTn junctions (RR > 1) - seems surprising and
deserves explanation.

Within the SLM, current rectification is the consequence of
the fact that, as expressed by eqn (2), the applied bias V causes
an energy shift of the dominant transport channel (which is
the HOMO in both types of junctions****%*7%¢), As sketched in

Nanoscale, 2021,13,16755-16768 | 16759
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Fig. 3 Representative /-V curves, with current normalized per molecule (cf. ref. 57) for (A and C) C8T and (B and D) OPT3 junctions under applied
force F = 1 nN (small compression) and F = —10 nN (tension). Note that the absolute value of the current is shown at negative voltages to make sym-
metry and asymmetry more apparent. (E) Current rectification ratio (RR) for OPT3 (at V = 1.2 V) and C8T (at V = 1.5 V) junctions as a function of the
mechanical stretching force F. RR vs. F for OPT2, C9T, and C10T are shown in Fig. S2 in the ESI.{ (F) Dependence of the extracted shift parameter y
on the stretching force F. The black lines in panels E and F are a guide for the eye.

Fig. 4, the sign of y dictates the direction of the current rectifi-
cation. For y > 0, Fig. 4A, the HOMO energy offset at positive
bias polarity (+V on the tip) is smaller than at negative bias
polarity (—V on the tip). That is, at positive biases the HOMO is
closer to the Fermi level than at negative biases, which makes
currents at positive biases larger than currents at negative
biases and hence RR > 1. This situation is opposite for the
case y < 0, for which a similar argument yields RR < 1, Fig. 4B.
Whether y is positive or negative depends on the specific junc-

16760 | Nanoscale, 2021,13,16755-16768

tion in question. Loosely speaking, for a molecule embedded
in a junction, the HOMO energy shift can be disentangled into
a field-driven level shift due to the Stark effect and a potential-
driven level shift emerging from convolution of the orbital
position (its center of charge) and the potential profile across
the junction. The latter mechanism has been intuitively
referred to as the potentiometer rule.**°">> (Point of clarifica-
tion: it is common in solid-state theory to distinguish between
“voltage-driven” conduction processes, such as tunneling, and

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Understanding current rectification based on HOMO level shifts ¢, (V) and the potentiometer concept (voltage driven level shifts). (A) Bias
dependent level shift in the case where y > 0. The x-axis is tip bias V. In this case RR > 1 as indicated because a smaller offset ¢ (V) at +V yields more
tunneling current than at —V. (B) Bias dependent level shift in the case where y < 0. Now RR < 1. (C) lllustration of level shifting under the potentiometer
rule; note that the x-axis now corresponds to distance from the substrate, and the red line shows the simplest, often-assumed potential profile. Two
hypothetical HOMO orbitals are shown, one left of center of the junction, the other right of center. The two orbitals shift in opposite directions for the
same bias V < 0. The corresponding y values of the two orbitals are indicated, see text. (D) Same illustration as in (C), but with V > 0.

“field-driven” processes such as ohmic conduction. The termi-
nology refers to the distinction in primary driving force. Here
we use these descriptors to highlight the different physics of
the two level shifting effects.)

In the form utilized so far in the literature,**°> discussion
of the potentiometer rule is couched in terms of a point-like
(HO)MO and a linear (vacuum-like) potential profile, with the
potential at any point (Fig. S3t1) being an interpolation
between the potentials of the substrate and the tip (we will
comment below on deficiencies of this assumption). In such a
situation, the HOMO tracks the Fermi level of the closest elec-
trode, and this behavior determines the current rectification
and the sign of y. Then, simple geometrical considerations
(see ESIT and ref. 51 bearing in mind the sign convention in
eqn (2) (opposite to ref. 51) that positive bias corresponds to
positive voltage on the tip) allow us to express y simply in
terms of the junction’s length d and the HOMO location
Zrowmo Telative to junction’s center at z,

5€O(V):ewv:>y:m (5)
d d

In agreement with eqn (5), Fig. 4C illustrates the bias
driven level shifts for two cases, i.e., a HOMO orbital closer to
the substrate (left of center, zyomo < 2o) and a HOMO closer to
the tip (right of center, zyomo > 2o). As shown, when negative
bias is applied to the tip, the level shift is positive (up) for the
HOMO located closer to the tip and negative (down) for the

This journal is © The Royal Society of Chemistry 2021

HOMO located closer to the substrate. In other words,
the levels track the Fermi level of the closest electrodes,
respectively. Because Fig. 4C corresponds to V < 0, it follows
that y > 0 for the left case and y < 0 for the right case (see
eqn (2)). Fig. 4D illustrates the level shifts for the same
two hypothetical orbitals when V > 0. Note also that RR > 1
for the left-of-center situation and RR < 1 for the right-of-
center case. The scenarios in Fig. 4C and D are the
expected behavior when field-driven Stark effects are negligible
and the potentiometer rule (ie., a voltage driven shift)
dominates.

We return now to a comparison of CnT and OPT# junctions.
Although the HOMO of CnT is localized on the anchoring
thiol group (see wavefunction depicted in Fig. 5A) and hence
lies very close to the substrate, as already noted,* the charge
transport in CnT junctions is characterized by y < 0. This is at
odds with the predictions in Fig. 4C and D just discussed. This
counterintuitive behavior*®' - where the CnT HOMO appar-
ently tracks the more distant tip electrode (Fig. S4C and D) —
is the result of a strong Stark effect, which gives rise to an
opposite level shift* that prevails over the potentiometer rule
expectation. The OVGF computed Stark shift for the CnT
HOMO is shown in Fig. 5B. The shift is quite pronounced,
over 0.5 eV for fields of ~10” V. em™, at applied biases of +1 V.
As noted in the Introduction, we have described the CuT recti-
fication behavior without stretching previously,’ so below we
focus on the OPTn rectification.

Nanoscale, 2021,13,16755-16768 | 16761
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Fig. 5 (A) Molecular structures and HOMO spatial distributions for OPT3 and C8T. (B) Stark effect behavior is shown by the dependence of HOMO
energies on electric field E (and thus bias V) obtained from OVGF calculations. Notice the negligible dependence on E (and thus V) of the curves for
OPTn molecules which contrasts with the strong dependence exhibited by C8T shown here as representative for alkane thiols. Conversion between
E and V is obtained by E = V/L, where L is the S-to-terminal C molecular length.

One should first note that an OPTn HOMO shift due to a
field-driven Stark effect in the opposite direction to that in
CnT, in apparent agreement with the potentiometric rule
expectation, cannot a priori be excluded. Our OVGF calcu-
lations to check this possibility are presented in Fig. 5B and
reveal that the field-dependence of the OPTn HOMO energies
is very weak; whether upwards or downwards, these field-
driven shifts, of much smaller magnitude than in CnT, are too
small for Stark effects to come into play when quantitatively
analyzing rectification for OPTn. It is this altogether ineffective
Stark effect that makes the potentiometer rule trend dominant
for OPTn, resulting in positive values of y and current rectifica-
tion values RR > 1.

Still, the question that immediately arises is how can the
potentiometer rule hold for OPTn, given the fact that, in con-
trast to the high asymmetry of the CnT HOMO spatial distri-
bution (¢f Fig. 5A), the asymmetry of the OPTn HOMO is
much less pronounced. In fact, although it is not readily obser-
vable in the orbital spatial distribution for OPT3 depicted in
Fig. 5A, the asymmetry is apparent if one inspects the HOMO
density projected along the molecular axis z which is depicted
in Fig. 6.

J Promo (x,, z)dxdy (6)
J Promo (%, z)dxdydz
More quantitatively, quantum chemical calculations show

that HOMO’s center of charge location on OPT3’s molecular
axis

Promo (2) =

ZHoMo = <Z> — .[?pHOMO(xvyvz)dXdydz
JpHOMO(xvyvz)dXdydz

= JZPHOMO (z)dz  (7)

is closer to the S atom than to the C atom at the opposite
molecular end (zgomo — 2s = 4.46 A versus zc — Zyomo = 8.78 A,
respectively), Fig. 6A. If we now apply eqn (5) using these
values and associate the HOMO position with its center of

16762 | Nanoscale, 2021, 13,16755-16768

charge, based on the conventional potentiometer rule (PR) we
find a value ypr & +0.16. The positive sign of this quantity is in
agreement with the experimental rectification direction. Less
satisfactory is the magnitude, which is roughly three times
larger than the experimental value (yexpe & 0.06). At first
glance, it seems necessary to be resigned to this discrepancy
between theory and experiment, noting that deviations of pre-
vious theoretical y-estimates from experiment are much larger
(see discussion in ref. 40). Fortunately, however, it turns out
that full quantum chemical calculations can close the gap.

In its most general formulation, the potentiometer rule con-
volves the spatial location of an orbital density p(x,y,z) with the
potential profile v(x,y,2) across the junction (see section
“Notations and some useful relations” in the ESI{ for the
meaning of various notations utilized). This is schematically
depicted in Fig. 4C and D and expressed quantitatively in

eqn (8)

f/’HoMo X y’ z)v(x, Y, )dxdydz.y _ deo (V)
J Promo (%, Y, z)dxdydz 7 ev

680(‘/) = (8)

As discussed in more detail in the ESL,{ eqn (8) is a general
result of the first-order perturbation theory (that we have vali-
dated, see the last paragraph of Results section) that holds for
arbitrary HOMO spatial distributions ppomo(¥,),2) and poten-
tial profiles v(x,y,z). Computing the convolution in eqn (8)
requires state-of-the-art quantum chemical calculations in
which the electron distribution and the potential profile are
self-consistently solved at each applied bias (see ESIT). The
results of our self-consistent quantum chemical calculations
(i.e. solving the coupled system of Schrodinger and Poisson
equations) for 8¢y(V) obtained via eqn (8) are depicted by red
points in Fig. 7A. The (positive!) slope of the virtually perfect
straight line deduced via eqn (8) on which these points lie (cf:
eqn (2)) provides us with a theoretical estimate yeor & +0.05,
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which excellently agrees with the experimental value yeq,: ~
+0.06 (cf. Fig. 3F).

To obtain the bias-driven HOMO shift from eqn (8) we used
potential profiles v(z) obtained from self-consistent quantum
chemical calculations. As visible by inspecting eqn (S12)} and
the discussion related to it in the ESL ¥ v(z), a HOMO-dedicated
property, represents the average of the microscopic potential
v(x,,2) over the (x,y) transverse coordinates weighted with the
HOMO spatial density pyomo. Rather than the average over the
whole SAM, it is just what we need to quantify the bias-driven
HOMO shift; see eqn (8). Curves for v(z) are the solid black
lines shown in Fig. 7B and C as well as those depicted in
Fig. S5, S6, and S8 of the ESIL.T Apart from short-range irregula-
rities which reflect the discrete (atomistic) molecular structure,
the linear trend of the curves for v(z) in Fig. 7B and C is readily
recognizable; these are the red straight lines defining the
coarse grain average potential ¥(z) of Fig. 7B and C (the value V
=1.02 V (corresponding to E, = 15 u = 0.077 V A™") chosen in
Fig. 7B and C, which seems strange, is due to the fact that the
program utilized for quantum computations (Gaussian®’) only
accepts values of the electric field E expressed as integer
numbers of the (Gaussian) unit z = 10™* a.u. = 0.00514 VA™"))
The slope of v(z) allows us to define a coarse grain average
“internal” field Ejernai embodying intramolecular screening
effects which linearly scale with Eey: Einternal = Eext/k. The con-
stant of proportionality defines molecule’s dielectric constant
k, which also provides us with a relationship between the
(external) bias Vjunction = V applied to junction and the bias
Vinolecule F€Sponsible for HOMO level shift:

Vmolecule = Vjunction/K (9)

From the above remark on the average potential v(z), it
should be clear that k does account for the (screened) potential
felt by the HOMO; by no means should it be confused with the
dielectric constant of the SAM.

If we now correct the conventional potentiometer rule that
assumes an unscreened vacuum-like linear potential in the
light of eqn (9), that is, by replacing V = Vjynction in eqn (2) and
(5) and (S8)T with Vielecule Of €qn (9) we arrive at the following
form

eo(V) = —en + 8eo(V)
B EV(ZHOMO — Z()) (10)

= —é&p —ev(Z) = —¢
h ( ) h K(ZC — Zs)
This allows expression of y as follows
y = (Zo - ZHOMo) (11)

xd

Results for OPT3 obtained as indicated above are also pre-
sented in Fig. 7A (“corrected PR”, blue points). As visible there,
by correcting the potentiometer rule expressions to account for
intramolecular screening embodied in the value x = 3.4 com-
puted microscopically, the value y.orrpr & 0.048 is in very good
agreement with the “exact” theoretical estimate ycorrpr & 0.051
and the experimental value yeqe & 0.06. Of course, the dielec-
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tric screening effect is intrinsically accounted for when solving
eqn (8) self-consistently, which is why the exact calculation
produced excellent agreement with the experimental value of
y. Note also in Fig. 7A that the uncorrected (no screening)
potentiometer rule calculation using eqn (5) and (7) (black
points) over-predicts the voltage shift.

To summarize this part, the different current rectification
exhibited by CnT and OPTn junctions is the result of the inter-
play between the field-driven Stark effect and the potential-
driven shifts triggered by the potentiometer rule. The former
dominates in CnT and, counterintuitively (¢f. ref. 4) yields a
negative value of y (¢f. Fig. 2A). At the highest positive bias (V =
+1.5 V) used for the C8T junction of Fig. 2A, the HOMO level
lies 1.02 eV below the Fermi level (¢, = —1.02 €V, ¢f. eqn (2)).
So, it is more distant than the HOMO level at the opposite
polarity (V = —1.5 V), which lies only 0.93 eV below the Fermi
level (go— = —0.93 eV, cf. eqn (2)). This renders the current at
positive bias smaller than the current at negative polarity I, < |
I_|, and this translates into a rectification RR < 1 (specifically,
RR (+1.5 V) =~ 0.7, ¢f. Fig. 2C) whose direction is opposite to
the potentiometer rule. By contrast, the Stark effect is negli-
gible in OPTn, where the potentiometer rule dominates and
makes y positive. When appropriately corrected (x > 1), the
potentiometer rule can quantitatively reproduce (both the sign
and the magnitude of) the key parameter y quantifying the
experimental current rectification. As the bias gradually
increases from zero (bias on tip), this makes RR become larger
and larger than unity in OPTn junctions, opposite to CnT junc-
tions wherein RR becomes lower and lower than unity, Fig. 2C.
(We note here that RR (V — 0) — 1 (¢f: Fig. 2C) is a result that
holds for any transport mechanism by tunneling (see the
section of “Demonstration that RR (V — 0) = 1 holds for any
transport mechanism by tunneling” in the ESI})). To refer
again to a specific case (Fig. 2), at the highest positive bias (V =
+1.2 V) used for the OPT3 junction of Fig. 2B, the HOMO level
at 0.59 eV below the Fermi level (¢, = —0.59 €V, ¢f. eqn (2)) is
less distant than the HOMO level at negative polarity (V= —1.2
V) situated at 0.73 eV below the Fermi level (¢5_ = —0.73 eV, cf.
eqn (2)). This makes the current at positive polarity larger, I, >
|I_|, and yields an RR larger than unity (RR (1.5 V) = 3, ¢f.
Fig. 2C). To be sure, the above analysis makes it clear that the
asymmetric values of the HOMO coupling strengths to sub-
strate and tip (/s # I';) plays absolutely no role for the rectifica-
tion properties of our CnT and OPTn junctions. See ref. 35 for
a thorough discussion of this point.

Impact of mechanical stretching on the current rectification in
CnT and OPTn junctions

As noted in the Results section, the dependence of rectifica-
tion on stretching for CnT and OPTn junctions is very
different. The CnT junctions show essentially no dependence
of RR or y on stretching, whereas for OPTn RR - 1 and y — 0
on stretching. The explanation for these two very different
behaviors must lie with the different rectification mechanisms
at play.

This journal is © The Royal Society of Chemistry 2021
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As just discussed, rectification in CnT junctions is due to
the junction electric field causing Stark shifts in the energy of
the highly localized HOMO orbital near the substrate. This
Stark shift is insensitive to stretching of CnT because the
HOMO spatial distribution is so highly localized to the C-S
bond and the majority of the molecular elongation occurs in
the extended C-C backbone. We have reported previously that
mechanical stretching affects charge transport in CnT junc-
tions as if the carbon backbone is a structureless medium
merely described by its length;”” the length dependence of the
low bias conductance G of mechanically stretched CnT junc-
tions cannot be distinguished from the length dependence
obtained by adding -CH,— repeat units in the CnT homolo-
gous series (Fig. 3a of ref. 57). This prior result means that the
localized HOMO is not significantly perturbed by stretching.
The independence of RR and y on stretching is just another
manifestation of the same concept.

For OPTn, on the other hand, the HOMO is delocalized over
the whole molecule and low bias conductance G is very sensi-
tive to stretching.’” Therefore, it seems intuitively reasonable
that the strong impact of stretching on G should also manifest
in stretching dependence of RR and y for OPTn. Experimental
data confirm this expectation.

The mechanism discussed above for rectification in OPTn
junctions is the potentiometer mechanism, i.e., the convolu-
tion of the potential profile (field) and the spatial distribution
of the orbital. Specifically, according to eqn (8), rectification
can be affected by stretching via its impact on the HOMO dis-
tribution p(x,,2) and (or) on the potential profile v(x,y,z).

We first examined whether the shape of the potential
profile changes upon molecule stretching. The results of
quantum chemical calculations for the microscopic potential
v(z) as a function of z normalized to molecule’s length d
(which varies upon stretching) presented in Fig. S7 and S8t
reveal that this is not the case. The linear trend in the coarse
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grain average v(z) of compressed and stretched OPT3 (Fig. S7A
and S7B,f respectively) is similar to that in the absence of
mechanical deformation, Fig. 7B and C. The changes caused
by stretching manifest themselves in a weak dependence of «
on stretching. At the limits of compressive and tensile forces
sampled in experiment, we estimate x ~ 3.41 and « ~ 3.58,
respectively (¢f. Fig. S7t).

Having determined that the impact on the potential profile
shape is negligible, what remains is that the spatial distri-
bution of the delocalized HOMO in OPTn should be signifi-
cantly affected by stretching. If the distribution were to
become more symmetric with respect to the center of the junc-
tion, then this would cause y and RR to decrease. Our
quantum chemical calculations demonstrate that this is
indeed the case. They show that a compressive force displaces
the HOMO distribution towards the thiol end. In contrast, the
HOMO distribution of an elongated OPTxn molecule subject to
a tensile force is displaced in opposite direction and eventually
reaches the center, a situation wherein current rectification
disappears. Qualitatively, this is depicted in Fig. 6B and C,
respectively. Quantitatively, this can be seen in Fig. 8. The
black and red lines in Fig. 8A reveal, by elongating the
OPT3 molecule, the fractional HOMO charge position relative
to the thiol end (zyomo — 2s)/(zc — zs) increases with the conco-
mitant decrease of its position relative to the opposite end (z¢
= Zuomo)/(z¢ — zs)-

The impact of the OPT3 molecule elongation on y is shown
in Fig. 8B (see also Fig. S91), where curves for y computed
using the conventional and corrected potentiometer rule (eqn
(5) and (11), respectively) are depicted along with the “exact”
curve via eqn (8). As the case for nonstretched junctions, when
corrected to properly account for intramolecular screening (via
k), y-values based on the corrected potentiometer rule (yeorrpr)
agree very well with the exact ones. More to the point, the
trend exhibited by the theoretical curve for y of Fig. 8B

B o2
—Q—eqs.5+7
> 0.1 —9—eq.8
—Q—eqs.11+7
0.0 ] 1 1 1 1
-0.2 0.0 0.2 0.4 0.6
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Fig. 8 Impact of stretching on the HOMO of OPT3 and the corresponding potentiometer rule prediction of y. (A) A tensile mechanical force F
causing elongation of OPT3 shifts the HOMO location, which is closer to the thiol end at F = 0, towards the molecular center (0.5 on the y-axis is
the middle of the molecule). (B) Corresponding potentiometer rule prediction of y vs. elongation for OPT3 obtained by means of quantum chemical

calculations using equations indicated in the inset.

This journal is © The Royal Society of Chemistry 2021

Nanoscale, 2021,13,16755-16768 | 16765


https://doi.org/10.1039/d1nr04410a

Published on 27 September 2021. Downloaded by University of Minnesota - Twin Cities on 12/7/2021 3:56:11 PM.

Paper

— + + 4+ + + +

Eint =
Vz)=

View Article Online

Nanoscale

I

|
Eext/K V > 0
Viac(2)V/x

Fig. 9 Cartoon illustrating that the potential drop at interfaces arises due to screening effects regardless the fact that electrodes are ideal conduc-
tors or not and regardless whether the potential drops V| r at the interfaces are equal or not. The potential drops are depicted here equal (8V| =
8VR) as appropriate for a plane condenser with infinite parallel plates, but they are in general not equal for molecular junctions usually having elec-

trodes with asymmetric shapes.

deduced from quantum chemical calculations reproduces the
experimental behavior of y of Fig. 3F. Noteworthy is the slow
decrease in y in the beginning of the stretching process fol-
lowed by a considerably more rapid drop as the (rupture) point
is approached where rectification eventually disappears.

Dielectric screening and potential drop at the contacts

The computed potential profiles shown in Fig. 7 provide
important insight into the relationship between intra-
molecular screening and the potential drop at the contacts.
Due to intramolecular screening (x > 1), the molecules feel
merely a fraction of the applied bias V = Vjunction (Vmolecule =
Viunction/K, ¢f. eqn (9)), and this necessarily implies a potential
drop of 8V + 8V, = Viunction — Vimolecule = V(1 — 1/k) at the con-
tacts, Fig. 7B and C. It is important to note that this intra-
molecular screening effect by no means implies “bad” con-
tacts. This can be understood if one considers a classical ana-
logue depicted in Fig. 9. Potential drop at electrode-dielectric
interfaces arises not because metal electrodes are good or bad
conductors; rather, it is due to electron redistribution within
the (dielectric) medium which screens the external field. To be
sure, the analogy of the junction with the case in Fig. 9 should
be taken with a grain of salt: because the HOMO distribution
has a small tail penetrating into electrodes (which is neglected
here, as noted above), a certain dependence of x on the nature
of metals used as electrodes may exist. Still, based on the ana-
lysis of the preceding subsection, we do not expect this depen-
dence to be strong, unlike other transport properties (e.g., G,)
which do exhibit a strong dependence on metal.**!~*3:62:67:68
(RR can depend on metal because it also depends on &,.).
Notice that the present value x ~ 3.4 is comparable to
dielectric constants of common organic substances, and in
line with previous reported value for organothiolate SAMs.®* "
The fact that it is somewhat larger than, e.g, x ~ 2.27
(benzene) or k = 2.53 (biphenyl) may be understood: « ~ 3.4
quantifies screening effects within a single OPT3 molecule
(more precisely, exactly as these effects are felt by the HOMO,
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see above) and not a spatial average over the entire OPT3 SAM,
which includes molecules and intermolecular “vacuum”, as in
the case of bulk fluid benzene or solid biphenyl.

Conclusions

In summary, experimental transport measurements on CnT
and OPTn molecular junctions show that both types of junc-
tions are weakly rectifying but that the rectification directions
are opposite to each other. Furthermore, the changes in rectifi-
cation ratio RR upon mechanical stretching of the junctions
are very different: rectification for OPTn molecules collapses
on stretching, whereas rectification in CnT is essentially inde-
pendent of elongation. The rectification behavior for both
types of junctions in the stretched and unstretched states can
be quantitatively described by the single level model. The
energy level shift coefficient y extracted from the single level
analysis is the key parameter for describing the rectification
behavior in simple junctions with single step tunneling. We
find that for CnT junctions y < 0 while for OPTn junctions y >
0, which reflects the different rectification mechanisms operat-
ing in these two junctions. Using OVGF calculations we show
that the energy of the localized HOMO in isolated CnT mole-
cules exhibits a strong Stark effect that can account for y < 0 in
this system and thus the observed rectification. However,
similar OVGF calculations on isolated OPTn molecules show
no strong Stark effect and we conclude that in this system rec-
tification is due to spatial coupling of the HOMO center of
charge with the potential profile in the junction, ie., the
potentiometer formalism is the correct picture for rectification
in OPTn. Indeed, quantum chemical calculations of the convo-
lution of the HOMO charge with the screened potential profile
in the junctions yield a theoretical value of y that agrees extre-
mely well with the measured value. Such calculations also can
account for the observed collapse in y upon stretching OPTn
molecules. Finally, the quantum-chemically computed poten-
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tial profiles provide insight into dielectric screening effects in
OPTn junctions, and demonstrate that the fields felt by the
molecules are approximately one third of nominal value based
on the applied potential.

Overall, our combined experimental and theoretical ana-
lysis of rectification in CnT and OPT# molecular junctions pro-
vides new insight into the transport mechanisms operative in
these systems. Our analysis also demonstrates clearly that
quantitative description of the I-V behavior is achievable with
a compact analytical model supported by quantum chemical
calculations. We anticipate that these findings will aid
ongoing efforts in the community to design molecular systems
with functional I-V behavior.
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