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Single Molecule Electronic Devices

Hyunwook Song, Mark A. Reed,* and Takhee Lee*

Single molecule electronic devices in which individual molecules are utilized
as active electronic components constitute a promising approach for the ulti-
mate miniaturization and integration of electronic devices in nanotechnology
through the bottom-up strategy. Thus, the ability to understand, control,

and exploit charge transport at the level of single molecules has become a
long-standing desire of scientists and engineers from different disciplines
for various potential device applications. Indeed, a study on charge transport
through single molecules attached to metallic electrodes is a very challenging
task, but rapid advances have been made in recent years. This review article
focuses on experimental aspects of electronic devices made with single
molecules, with a primary focus on the characterization and manipulation of

charge transport in this regime.

1. Introduction

To overcome the increasing difficulties and fundamental limi-
tations that current complementary metal-oxide semiconductor
(CMOS) technology faces upon further downscaling in the
quest for higher performance, single molecules have been con-
sidered as potential building blocks for future nanoelectronic
systems. Since Aviram and Ratner initially proposed the molec-
ular rectifier in 1974 to predict the feasibility of constructing
a functional molecular device using single molecules as active
elements,[!! the field of molecular electronics has attracted sig-
nificant interest.?~?! The concept of making a functional device
based on the properties inherent in a single molecule offers,
in principle, unlimited possibilities for technological develop-
ment because the potentially diverse electronic functions of the
component molecules can be tailored by chemical design and
synthesis. Until now, a wide range of characteristic functions
illustrated by single molecules, including diodes,%12! transis-
tors, 13719 switches,'’-?] and memory,*'~?%l has been accord-
ingly designed and reported. All of these aspects render single
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molecules a promising candidate for the
next generation of electronics. There are
still many challenges that must be resolved
to make these novel electronics a viable
technology; however, the exploration of
charge transport through single or a few
molecules bridging macroscopic external
contacts has already led to the discovery of
many fundamental effects with the rapid
development of various measuring tech-
niques. Furthermore, single molecules
provide ideal systems to investigate charge
transport on the molecular scale, which is a
subject of intense current interest for both
practical applications and achieving a fun-
damental understanding of novel physical
phenomena that take place in molecular-
scale charge transport. This review article focuses primarily on
experimental aspects of a molecular junction, a basic building
block of single molecule electronic devices that consists of one
or very few molecules contacted between external electrodes, as
shown in Figure 1. In particular, we concentrate on the charac-
terization and manipulation of charge transport in this regime.

This review consists of five sections. Following the Introduc-
tion, Section 2 includes a brief description of the experimental
test beds that are most commonly adopted to analyze single
molecule electronic devices: 1) formation of nanometer-sized
gap electrodes (break junctions) and 2) scanning probe micro-
scopy techniques. We describe these two strategies, and in
succession, explain a few other methods that have been estab-
lished recently. Sections 3 and 4 constitute the central parts
of our review. In Section 3, “Molecular Transport Junctions:
Measurements and Techniques,” we highlight the specialized
characterization techniques of molecular junctions that have
evolved, including temperature- and length-variable trans-
port measurements, inelastic electron tunneling spectroscopy,
transition voltage spectroscopy, and thermoelectric and optical
measurements. Moreover, we also present a detailed review of
charge transport through molecular junctions. In Section 4,
“Controlling Transport Properties of Single Molecules,” the
ability to control the transport properties at the level of single
molecules is discussed. Active control of the electronic proper-
ties of the molecule is necessary to achieve functional molec-
ular devices, and the charge transport through single molecules
can be tuned by various methods. In this section, we address
molecular transistors, chemical modification of single molecule
conductivity, and molecular conductance switching. The con-
cluding section follows. Currently, “single molecule” electronics
(and devices) has become a very broad field that includes var-
ious aspects and topics. We do not intend to cover all of these
subjects comprehensively; instead, we present recent advances
and some vital issues in this area.
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Figure 1. lllustration of a single molecule attached to metallic electrodes
as a basic component in single molecule electronic devices.

2. Experimental Test Beds

The fabrication of single molecule electronic devices is a very
challenging task. Conventional lithography is still unable to
deliver resolution at the molecular scale and it is beyond the
capability of traditional microfabrication technologies. Neverthe-
less, a broad range of groups have devised a number of sophis-
ticated experimental techniques. For an extended discussion, we
refer the interested reader to the excellent reviews on various
experimental test beds of molecular electronic devices by Chen
et al., 24l Akkerman et al.,l®l McCreery et al.,l® and Li et al.?®! In
this section, we briefly describe the most widely used methods.
The common concept in all of these methods is the ability to
form nanometer-sized gap (nanogap) electrodes. Individual mol-
ecules can occasionally bridge a gap between electrodes, thus
creating reliable molecular junctions that allow charge transport
measurements through constituent single molecules.

2.1. Break Junctions

Break junctions can be categorized into two types: mechani-
cally controllable break junctions and electromigrated break
junctions. Mechanically controllable break junctions (MCB]Js)
were introduced by Moreland et al.l?l and Muller et al.?”] This
technique consists of a lithographically defined, metallic free-
suspended bridge or a notched wire above a gap etched in an
insulating (polymer or oxide) layer, fixed on the top of a bend-
able substrate.[?-*] The bendable substrate is most often made
from a phosphor-bronze sheet due to its superior mechanical
deformation properties. This substrate is put in a three-point
bending geometry, where it can be bent by moving a piezo-
controlled pushing rod, as illustrated in Figure 2. As the substrate
is bent, the metallic wire is elongated until finally the metallic
constriction breaks and two fresh electrode surfaces are created.
The molecules can be assembled between the separate gap elec-
trodes by different methods. For example, one can break the
electrodes while molecules are present either in solution*? or
in the gas phasel®”! or by adding a solution with the desired
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molecules after the breakage of the metallic wire.?33 The first
example of MCB]Js to make molecular junctions was illustrated
by Reed et al. (see Figures 2b,c) in 1997.132 In this study, a gold
wire was covered with a self-assembled monolayer (SAM) of
1,4-benzenedithiol (BDT), which is able to bind to two gold elec-
trodes through thiol groups. The gold wire was subsequently
elongated in the molecular solution until breakage. Once the
wire was broken, the solvent was evaporated and the wires
were brought together until the onset of a conductance value.

Adv. Mater. 2011, 23, 1583-1608
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Figure 2. a) Schematics of the MCB] principle with a liquid cell and a scanning electron microscopy (SEM) image of the central part of the microfab-
ricated Au junction. Po is a polymer insulating layer. Reproduced with permission.[?®l Copyright 2008, American Chemical Society. b) Schematic of the
measurement process. A: The gold wire of the break junction before breaking and tip formation. B: After addition of 1,4-benzenedithiol, SAMs form on
the gold wire surfaces. C: Mechanical breakage of the wire in solution produces two opposing gold contacts that are SAM-covered. D: After the solvent
is evaporated, the gold contacts are slowly moved together until the onset of conductance is achieved. Steps (C) and (D) (without solution) can be
repeated numerous times to test for reproducibility. Reproduced with permission.2 Copyright 1997, AAAS. c) A schematic of a 1,4-benzenedithiol SAM
between proximal gold electrodes formed in the MCB|. The thiolate is normally H-terminated after deposition; end groups denoted as X can be either
H or Au, with the Au potentially arising from a previous contact or retraction event. These molecules remain nearly perpendicular to the Au surface,
making other molecular orientations unlikely. Reproduced with permission.33 Copyright 1997, AAAS.

With the proper control experiments (which were performed
identically but without the molecules), the measured conduct-
ance value could be ascribed to a small number (ideally one) of
BDT molecules bridging the gap. One of the main advantages
of MCBJs is that the contact size can be continuously adjusted
under the precise control of a piezoelectric component without
polluting the junction. Furthermore, the ability to repeat back-
and-forth bending of the flexible substrates allows statistics
to be obtained using a large number of measurements of the
target molecule.3%31:37] Moreover, the mechanical stress can be
controlled after the target molecule is anchored between the
gap. Although the exact local configuration of the junctions is
unknown, it is evident from theoretical studies that the exact

Adv. Mater. 2011, 23, 1583-1608
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shape, configuration, and mechanical stress of the metal-mol-
ecule contacts are very important in influencing the result of
experiments on single molecules.[*0#3]

Electromigrated break junctions (EBJs) were first developed
by Park et al. in 1999.4 The controlled passage of a large den-
sity current or the application of a large direct current voltage
to the continuous thin metal wire predefined by electron beam
lithography causes the electromigration of metal atoms and the
eventual breakage of the metal wire (Figure 3a). If performed
properly, a separate electrode pair with distances of approxi-
mately 1-2 nm can be created so that the target molecule can
subsequently bridge the gap between the broken electrodes. To
incorporate the molecules into EBJs, two different approaches
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Figure 3. a) SEM image of the metallic electrodes fabricated by electron
beam lithography and the electromigrated break junction technique. The
image shows two gold electrodes separated by 1 nm above an aluminum
pad, which is covered with a 3-nm-thick layer of aluminum oxide. The
whole structure was defined on a silicon wafer. Reproduced with permis-
sion.] Copyright 2002, Nature Publishing Group. b) TEM images of a
typical electromigrated nanogap on SiN, membrane. Reproduced with
permission.’3l Copyright 2006, American Chemical Society.

can be taken. One approach is to either deposit the molecules
onto the electrode surface, after which the breaking process
proceeds, or to first break and then assemble the molecules
into the separate electrodes. Because a gate electrode can be
readily fabricated on the substrate before the breaking process
is performed by electromigration, the EBJs are especially advan-
tageous in making three-terminal device configurations (see
Figure 3a).#164] In contrast to MCBJs, the nanogap junctions
formed by electromigration cannot make a large repetitive col-
lection of measurements with the same junction. Thus, a large
number of devices must be fabricated to examine the statistical
behavior of the electromigration breaking process.***/] More-
over, the technique must be used with care. The local heating
of the junction during electromigration can increase the tem-
perature, resulting in large gaps,
the destruction of the molecules,
and the formation of gold islands

www.MaterlalsVIews.com

(CP-AFM) have been widely used to measure the charge trans-
port properties of a very small number of molecules (from sev-
eral tens of molecules to a single molecule). The strength of
STM lies in its combination of high-resolution imaging and
spatially resolved electrical spectroscopy (so-called scanning
tunneling spectroscopy, STS), providing the local density of
states with atomic spatial resolution.>>>”! In general, the elec-
trical contact is accomplished through the air gap (or vacuum
tunneling gap, in ultra-high vacuum STM) between the mol-
ecule or the molecular monolayer and the STM tip, which leads
to considerable difficulty in evaluating the true conductance of
single molecules. A significant improvement was demonstrated
by Xu et al.,’® who measured the conductance of a single
molecule by repeatedly forming several thousands of metal-
molecule-metal junctions. This technique is referred to as a
STM-controlled break junction (STM-BJ). In STM-BJs, molec-
ular junctions are repeatedly and quickly formed by moving the
STM tip into and out of contact with a metal electrode surface
in a solution containing the molecules of interest. Single or a
few molecules, bearing two anchoring groups at their ends, can
bridge the gap formed when moving the tip back from the sur-
face (Figure 4a). Because of the large number of measurements
possible, this technique provides robust statistical analysis
of the conductance data, and histograms of the conductance
evolution during breaking show evidence of the formation of
molecular junctions.’-68]

In CP-AFM,[%-7% the metal-coated tip, acting as the top
electrode, is gently brought into direct contact with the
molecules on a conducting substrate, acting as the bottom
electrode (this process is monitored by the feedback loop
of the AFM apparatus) while an external circuit is used to
measure the current-voltage characteristics (Figure 4b).
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Figure 4. a) A: Conductance of a gold contact formed between a gold STM tip and a gold substrate decreases
in quantum steps near multiples of Gy (= 2¢2/h, where ¢ is the charge on an electron and h is Planck’s con-
stant) as the tip is pulled away from the substrate. B: A corresponding conductance histogram constructed
from 1000 conductance curves as shown in (A) shows well-defined peaks near 1G,, 2G,, and 3G, due to con-

ductance quantization. C: When the contact shown in (A) is completely broken, corresponding to the collapse
of the last quantum step, a new series of conductance steps appears if molecules such as 4,4’-bipyridine are

2.2. Nondevice Junctions:
Scanning Probe Microscopy

present in the solution. These steps are due to the formation of the stable molecular junction between the tip
and the substrate electrodes. D: A conductance histogram obtained from 1000 measurements as shown in

(C) shows peaks near 1 %, 2 %, and 3 x 0.01G, that are ascribed to one, two, and three molecules, respectively.

Scanning  tunneling  micro-
scopy (STM) and conducting-
probe atomic force microscopy

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

E,F: In the absence of molecules, no such steps or peaks are observed within the same conductance range.
Reproduced with permission.8 Copyright 2003, AAAS. b) Formation of a molecular junction by contacting an
alkanethiol self-assembled monolayer with an Au-coated AFM tip. Reproduced with permission.®l Copyright
2000, American Chemical Society.
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This procedure eliminates the current reduction caused
by the extra tunneling gap in the STM setup. However, the
conducting probe tip of the CP-AFM coated with a metallic
layer is significantly larger than an atomically sharp STM
tip. This difference produces a higher uncertainty in the
number of molecules measured. Furthermore, one needs to
consider the roughness and morphology of the bottom elec-
trode substrate to estimate the number of molecules under
investigation. The critical requirement for CP-AFM measure-
ments is the very sensitive control of the tip-loading force to
avoid applying excessive pressure to the molecules.l””] Exces-
sive pressure may modify the molecular conformation and
thus its electronic properties. On the other hand, the ability
to apply a controlled mechanical pressure to a molecule to
change its conformation can be a powerful tool to investigate
the relationship between conformation and charge transport
in molecular junctions.l’7378]

2.3. Other Junction Embodiments

A number of groups have designed various other methods to
create two electrodes with a molecular-sized gap for electronic
transport experiments on molecular junctions. For example,
Morpurgo et al.”! proposed electrochemical deposition in
which the interelectrode distance can be tuned on the atomic
scale in an aqueous solution by depositing (or removing) atoms
at a low rate. Another method to control the interelectrode
distance on the molecular scale has been reported by Kubatkin
et al.Pl Using a shadow mask technique and evaporation at
variable angles in ultrahigh vacuum (UHV) conditions, they
obtained well-defined molecular devices under clean conditions
and at low temperatures. An alternative method to overcome the
mismatch between the resolution of lithographic methods and
the molecular size was described by Dadosh et al.B% using gold
nanoparticles with a typical diameter of 10 nm. The molecules
can be attached to the gold particles by thiol bonds such that
they form particle-molecule-

particle dumbbells from solu- A
tion. Recently, single-walled

oxygen plasma

www.advmat.de

showed a new method for the direct synthesis and growth of
end-to-end-linked gold nanorods using gold nanoparticle seeds
with a dithiol-functionalized poly(ethylene glycol) (SH-PEG-SH)
linker. This method results in a nanogap with a size of 1-2 nm
between two gold rods, which suggests the possibility of fabri-
cating nanogap electrodes incorporating a single molecule or
several molecules by bottom-up chemical assembly.

3. Molecular Transport Junctions: Measurements
and Techniques

A full understanding of the transport properties of a molecular
junction represents a key step towards the realization of single
molecule electronic devices and requires detailed microscopic
characterization of the active region of the junction. Indeed, a
hurdle in most single molecule electronic devices is demon-
strating unambiguously that the charge transport occurs only
through a single molecule of interest. For these reasons, the
analysis of the transport properties of the molecular junction
attracts much attention in the field, and a variety of experi-
mental techniques have been established in recent years. In
this section, we review recent advances in the characterization
methods and analytical techniques for investigating molecular
junctions.

3.1. Temperature- and Length-Variable Transport

The charge transport mechanism of a molecular junction can
be revealed by the characteristic temperaturel®%7 and length
dependences.®’-%% Therefore, the measurements of tempera-
ture- and length-variable transport for the molecular junction
are necessary to examine the charge transport mechanism. In
particular, two distinct transport mechanisms have been exten-
sively discussed in the literature:2>688-91 coherent transport
via tunneling or superexchange and incoherent thermally

functionalized point contacts
PMMA

carbon nanotubes (SWNTs) have
been used as electrodes sepa-
rated by a nanogap (less than

s

10 nm).BU The nanogap elec- T
trodes can be obtained by a
precise oxidation cutting of
the SWNT, and the two facing
SWNT ends that are termi-
nated by carboxylic acids are
covalently bridged by the mole-
cules of interest functionalized
with amine groups at both ends
(Figure 5). These functionalized
contacts can be used to fabricate
devices with a variety of mole-
cules, acting as pH sensors,
photogated ~ switches, B and
DNA hybridization sensors.[®’!
Very recently, Bjernholm et al.l4l

AuonCr

SWOCNT after cutting
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Figure 5. Formation of SWNT nanogap electrodes. A) Precise cutting of SWNTs with an oxygen plasma
introduced through an opening in a window of poly(methyl methacrylate) (PMMA) defined with electron
(81 beam lithography. B) Oxidative opening of a tube produces two point-contacts functionalized on their ends
with carboxylic acids and separated by as little as 2 nm. C) SEM image of a SWNT with Au on Cr leads that
had been cut using electron beam lithography and an oxygen plasma. D) AFM image of the gap cut into the
SWNT. (Inset) Height profile of the isolated tubes. The diameter of the SWNT is 1.6 nm, estimated from the
height profile. Reproduced with permission.B! Copyright 2006, AAAS.
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activated hopping. Coherent tunneling or superexchange domi-
nates through relatively short molecules and the conductance
value (G) decreases exponentially as the molecular length
increases, according to Equation (1):

G o exp(— Bd) M)

where d is the molecular length and f is the tunneling decay
coefficient (which varies between 0.7 and 0.9 A™' for alkyl
chains and between 0.2 and 0.5 A™! for m-conjugated mol-
ecules). In addition to the exponential decay of the conduct-
ance with molecular length, this coherent tunneling process
is characterized by temperature-independent transport. On the
other hand, incoherent hopping is known to be responsible for
charge transport along long-conjugated molecular wires, and
the conductance follows an Arrhenius relation given by

—E,
Gaexp(kBT) 2)

where kp is the Boltzmann constant, T is the temperature,
and E, represents the hopping activation energy. The inco-
herent charge hopping is also characterized by a weak length-
dependent transport that results in conductance that scales
linearly with the inverse of the molecular length.

From Ref. [87], Figure 6a shows a representative temperature-
variable current (I)—voltage (V) of 1,8-octanedithiol bridging the
Au nanogap electrodes broken by electromigration that are
described in the previous section. The I(V) curves were meas-
ured between 4.2 and 90 K, and no temperature dependence
was observed. The temperature-independent I(V) characteristic
is a clear manifestation of coherent tunneling transport and
eliminates many other potential mechanisms. In this study,®’!
the conductance of five different alkanedithiols having between
eight (DC8) and twelve (DC12) carbon atoms was also meas-
ured to examine the length-dependent conductance (Figure 6b).
In accordance with Equation (1), a semilog plot of the conduct-
ance versus the molecular length was linear. From the linear
fit (the solid line across data points) in Figure 6b, the 3 value
was found to be 0.88 (= 0.71 A~!) per carbon atom, assuming a
through-bond tunneling.®”] This f8 value is in good agreement
with the previously reported values of alkyl chains in the lit-
erature.”%% Thus far, a consistent picture has emerged for the
coherent tunneling mechanism of saturated alkyl chains and
short-length conjugated molecules.’%*192] The coherent tun-
neling transport can be reasonably expected when the Fermi
energy of the electrode lies within the large energy gap between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the short molecules.
Collectively, the correct exponential decrease of conductance
upon a molecular length increase, the temperature-independent
I(V) characteristics, and the agreement with decay coefficients
all point to the formation of a valid molecular junction.

Conjugated molecules made of repeating units with modu-
lated molecular length are ideal for understanding charge
transport mechanisms because these molecular systems permit
the investigation of not only coherent tunneling and incoherent
hopping but also the transition between two distinct trans-
port mechanisms by systematically changing the molecular
length.B8%91 This transition from tunneling to hopping has

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Semilog plot of temperature-variable /(V) characteristics for
Au-1,8-octanedithiol-Au junctions at selected temperatures (4.2, 30, 60,
and 90 K). b) Semilog plot of the conductance versus the number of
carbon atoms for five different length alkanedithiol nanogap junctions.
The decay coefficient () can be determined from the linear fit (the solid
line), yielding a B value of 0.88 (= 0.71 A™") per carbon atom. Inset shows
length-dependent I(V) curves in the low-bias linear regime, where a con-
ductance value is obtained from linear fits to the data. Reproduced with
permission.®”] Copyright 2010, American Chemical Society.

been observed by Frisbie and colleagues,® who synthesized oli-
gophenyleneimine (OPI) molecules of various lengths (ranging
from 1.5 to 7.3 nm) bonded to Au through a thiolate linkage.
The OPI molecular wires were grown on the Au substrate by
step-wise imination with alternating addition of benzene-1,
4-dicarboxaldehyde and benzene-1,4-diamine, as shown in
Figure 7a. The transport characteristics of the OPI wires were
then measured using CP-AFM. In the semilog plot of resistance
versus molecular length (Figure 7b), a clear transition of the
length dependence of the resistance was observed near 4 nm
(OPI 5), indicating that the transport mechanism is different
in short (OPI 1 to 4) and long (OPI 6 to 10) wires. In the short
wires, the linear fit in Figure 7b indicates that the data are well
described by Equation (1) for coherent non-resonant tunneling.

Adv. Mater. 2011, 23, 1583-1608



M

ADVANCED
MATERIALS

www.MaterlalsVIews.com

(@)

- 5O

OPI1p ‘ 3000 " orn
BOOL =0, meo
® l M- ot
[Au J"SO_ "@J }O @-s-@—u
OPIZp oPI 3
;
[Aul-s @(r@_’ q : [Aul-
0Pl{2n+1i-|: —“' OPI (2n+1)
“0dd”

f}s@(’@'" @) ) @—s@(

@—s—@—:f"@
e Y
O

ol 9™

www.advmat.de

OPI 10 display the strongly ther-
mally activated transport that is
characteristic of hopping. The
activation energies determined
from the slopes of the data were
identical at 0.28 eV for both OPI
6 and OPI 10.188

Hines et al.’¥ also reported
results that support a transition
between tunneling and hopping
in series of conjugated single
molecule junctions by carrying
out both length- and tempera-
ture-dependent measurements
of conductance using a STM-B]
method. These results provide
experimental support for a the-

00y

OPI (2n+2)-p —* OPI(2n+2) i ; o
“Even” “Even” n=04234 oretically predicted transition
from tunneling for short mole-
b ( C) cules to thermally activated hop-
( ) TH) ing for longer molecules.**%]
{oi 340 320 300 280 260 240 PIE & :
g=09nm'_____ ok ' ' ' ' Poot et al.’ showed the tem-
1010k i — OP! 10 perature dependence of gated
s B 0’5; :f’/eﬁsw ; three-terminal molecular junc-
E10°F 8= E Loh B By tions containing sulfur end-func-
Siel  ordy e tionalized  tercyclohexylidenes.
§ § 101 At low temperatures, they found
g0y e temperature-independent trans-
- OPl12 @ 100 port, and at temperatures above
" F opit 3 14 150 K, the current increased
Room Temperature OPl 4 . . . .
108 f igh o : I 1 exponentially with increasing
. Molaonlar lenpthtnm} p i P T T temperature (Figure 8). Over
10770 20 30 40 50 60 7.0 80 9.0 30 32 34 36 38 40 4z the entire temperature range
Molecular length (nm) 1000/T (K (10-300 K) and for different gate

Figure 7. a) Molecular structure and synthetic route to oligophenyleneimine wire precursors (OPI-p) and OPI
monolayers on gold substrates. b) Measurements of molecular wire resistance with CP-AFM. A gold-coated
tip was brought into contact with an OPl monolayer on a gold substrate. The /(V) traces were obtained over
1.5V for OPI3to 10 and £1.0 V for OPI 1 and 2 at a load of 2 nN on the tip contact. Semilog plot of resistance
versus molecular length for the gold—wire—gold junctions. Each data point is the average differential resist-
ance obtained from 10 (V) traces in the range —0.3 to +0.3 V. Error bars: 1 standard deviation (SD). Straight
lines are linear fits to the data according to Equation (1). Inset: A linear plot of resistance versus molecular

voltages, a simple model®” of
transport through a single level
well described the experimental
results, which indicates that the
temperature dependence arises
from the Fermi distribution in
the leads.P°!

length, demonstrating linear scaling of resistance with length for the long OPI wires. c) Arrhenius plot for OPI
4, OPI 6, and OPI 10. Each data point is the average differential resistance obtained at six different locations
on samples in the range —0.2 to +0.2 V. Error bars: 1 SD. Straight lines are linear fits to the data. Reproduced

with permission.®8 Copyright 2006, AAAS.

The f value is found to be 3 nm™, which is within the range of
B values of typical conjugated molecules.”®! For long OPI wires,
a much flatter resistance versus molecular length relation (8 =
0.9 nm™!) was shown. The extremely small  value suggests that
the principal transport mechanism is incoherent hopping.® A
plot of resistance versus molecular length for long OPI wires is
linear (see Figure 7b, inset), which is consistent with hopping
as described above and indicates that Equation (1) does not
apply for the long wires.[®® The change in transport mechanism
apparent in the length-dependent measurements was verified
by the temperature dependence. Figure 7c shows that the resist-
ance for OPI 4 is independent of temperature from 246 to 333 K,
as expected for tunneling. On the other hand, both OPI 6 and
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3.2. Inelastic Electron Tunneling
Spectroscopy

Inelastic electron tunneling spectroscopy (IETS), an all elec-
tronic spectroscopy due to localized molecular vibrational
modes, was discovered in 1966 by Jaklevic and Lambe.¥! This
pioneering work clearly showed the ability to detect the vibra-
tional features of molecules buried in the interface of a metal-
insulator-metal (MIM) device. To explain the principles of IETS
(see also Ref. [99]), Figure 9 shows the energy-band diagrams
(for elastic and inelastic tunneling paths) of a tunnel junction
and the corresponding I(V), dI/dV, and d?I/dV? plots. When
a negative bias (small with respect to the tunnel barrier) is
applied to the left metal electrode, the left Fermi level is lifted.
An electron from an occupied state on the left side tunnels into
an empty state on the right side, and its energy is conserved
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Figure 8. Current as a function of inverse temperature of the sulfur end-
functionalized tercyclohexylidene molecule (see inset) for four different
source-drain voltages (50, 100, 150, and 200 mV), plotted for gate voltage
of 1.0 V. Reproduced with permission.’®! Copyright 2000, American
Chemical Society.

(process a). This process is elastic tunneling. During this
process, the current increases linearly with the applied small
bias (less than the vibrational energy) (Figure 9b). However,
if there is a vibrational mode with a frequency of w localized
inside this barrier, then the electron can lose a quantum of
energy, hw, where h is Planck’s constant divided by 27, to excite
the vibrational mode and tunnel into another empty state when
the applied bias is large enough such that eV > ho (process
b).[100.1011 This process opens an inelastic tunneling channel for
the electron, and its overall tunneling probability is increased.
Thus, the total tunneling current has a kink that is a function
of the applied bias (Figure 9b). This kink becomes a step in the
differential conductance (d1/dV) plot and a peak in the d*I/dV?
plot. Typically, only a very small fraction of electrons tunnel ine-
lastically (the cross-section for such an excitation is very small
because the electron traversal time is much smaller than the
oscillator period), and thus the IETS conductance step is often
too small to be conveniently detected. In practice, investigators
use a phase-sensitive (“lock-in”) detection technique to directly
measure the peaks of the second derivative of I(V). The IETS
signal, which is proportional to the second derivative of I(V), is
usually measured by an AC modulation method. Theoretically,
the signal can also be determined by a mathematical differential
approach that computes the numerical derivatives of the directly
measured I(V) characteristics.l'%] However, this method is gen-
erally not feasible in practice due to insufficient signal-to-noise
ratios or bit resolutions of the instrumentation used to acquire
the data. IETS has an ultrahigh sensitivity, which makes it pos-
sible to obtain single molecule vibronic information. Addition-
ally, IETS is not subject to the selection rules of infrared or
Raman spectroscopy. There is orientation preference in IETS,
but there are no rigorous selection rules. Both infrared- and
Raman-active vibrational modes are able to appear in IETS
spectra. Collectively, IETS is a powerful and informative spec-
troscopic tool for probing molecular-scale charge transport.
IETS has recently become a primary characterization
technique to identify the component molecules present in
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Figure 9. a) Energy band diagram of a tunnel junction with a vibrational
mode of frequency w localized inside: “a” is the elastic tunneling process;
“b” is the inelastic tunneling process. b) Corresponding I(V), d//dV, and
d?1/dV? characteristics. Reproduced with permission.[®l Copyright 2008,
Elsevier.

molecular junctions (not an adlayer or impurity, but molecules
forming the active region of a junction),!%-1%l analogous to
infrared and Raman spectroscopy for macroscopic samples, for
the unambiguous determination of the molecular species in
the junction. An example of experimental IETS measurements
is shown in Figure 10,11 which shows the I(V) curve, the dif-
ferential conductance (dI/dV), and the IETS (d*I/d V?) spectrum
of Au-octanedithiol (ODT)-Au and Au-benzenedithiol (BDT)-
Au junctions measured at 4.2 K using an electromigrated break
junction. Although the I(V) characteristics seem to be linear
over the bias range measured, the plots of dI/dV and d?I/dV?
exhibit significant features corresponding to vibrational modes
of the molecules under investigation. Standard AC modulation
techniques with a lock-in amplifier are used to directly obtain
the first and second harmonic signals proportional to dI/dV
and d?I/dV?, respectively.l”®1%7] As explained above, a molecular
vibration coupled to tunneling charge carriers gives rise to an
increase in slope of the dI/dV curve owing to an inelastic tun-
neling process, which then appears as a step and peak in the
first (dI/dV) and second (d21/dV?) derivatives, respectively. The
plot of d2I/dV? versus Vis referred to as the IETS spectrum. The
observed spectral features were assigned to specific molecular
vibrations by comparison with previously reported infrared,
Raman, and I[ETS measurements and by density functional
theory calculations. For the ODT junction (Figure 10c), peaks
were reproducibly observed at 92, 119, 143, 161, 181, and 355 mV,
which correspond to Vv(C-S) stretching, 6,(CH,) rocking,
v(C-C) stretching, ¥,(CH,) wagging, 6,(CH,) scissoring, and
v(C-H) stretching modes, respectively. The absence of a promi-
nent peak corresponding to the v(S—-H) stretching mode at
319 mV (2575 cm™) suggests that the thiol (~SH) anchoring
group reacts with the Au electrode pairs broken during the
electromigration. In the IETS spectrum of the BDT junction
(Figure 10f), three prominent peaks reproducibly appeared at
96, 142, and 201 mV, corresponding to Y(C-H) aryl out-of-plane
bending, v(18a) stretching, and v(8a) stretching modes, respec-
tively. These modes originate from vibrations of the phenyl
ring. A theoretical study predicted that the v(18a) and v(8a) ring
modes should have strong vibronic coupling in phenylene mol-
ecules'%l and is consistent with these results. The dominance
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as selection rules!''®l and pathways,"”] illus-

2000 trating the power of IETS in characterizing

and understanding nanoscale junctions.
Wang et al. also reported an IETS study of
an alkanedithiol self-assembled monolayer
(SAM) using a nanometer-scale device (nano-
pore technique).'3l Remarkably, the authors

were able to verify that the observed spectra

didV (nAN)
didV (pAV)

o

were indeed valid IETS data by examining
the peak width as a function of temperature
and AC modulation voltage (refer to the fol-
lowing paragraph).'®! Recently, Hihath
et al.'"® reported IETS spectra of a single
1,3-propanedithiol molecule using an STM-B]

at cryogenic temperatures. In particular,

~15 =
i\g o
g 10 i
~
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these authors were able to observe simul-
taneous changes in the conductance and
vibrational modes of a single molecule as the
junction was stretched. This ability allowed
them to correlate the changes in the conduct-

o o

Figure 10. Transport properties of Au-ODT-Au (a—c) and Au-BDT-Au (d—f) junctions meas-
ured at 4.2 K. a,d) I(V) characteristics. The insets display the chemical structure of each mole-
cule. b,e) Differential conductance (d//dV) obtained from lock-in first harmonic signal. ¢,f) IETS
spectrum (d?//dV?) obtained from lock-in second harmonic signal. The peaks are labeled with
the assigned vibrational modes. Reproduced with permission.'% Copyright 2009, American

Institute of Physics.

of aromatic ring modes in IETS spectra has also been experi-
mentally observed for various conjugated molecules.[1%11 The
fully assigned IETS spectrum provides unambiguous experi-
mental evidence of the existence of the desired molecules in the
region of the junction and, in conjunction with the other char-
acteristics of the junction transport, leaves the IETS-identified
molecule as the only element in the junction through which
tunneling occurs.

The first observation of IETS in a single molecule was
obtained in STM.MY The possibility of performing IETS studies
using STM was discussed soon after its invention.'*2l However,
due to difficulties in achieving the extreme mechanical stability
that is necessary to observe small changes in tunneling con-
ductance, this technique has only recently been realized.''!] In
the STM implementation of IETS, the MIM tunnel junction is
replaced by a STM junction consisting of a sharp metallic tip, a
vacuum gap, and a surface with the adsorbed molecules. Using
STM-IETS, elegant imaging and probing can be performed
at the same time, and vibrational spectroscopy studies on a
single molecule can be achieved.''3] One of the most fruitful
techniques for IETS of molecular structures arose from the
pioneering work of Gregory™¥ in 1990, in which a junction
between two crossed wires was delicately made by a deflecting
Lorentz force. Kushmerick et al.'"! demonstrated that repro-
ducible molecular junctions could be formed with sufficient
stability and robustness for clear IETS signatures.['%] The ease
of electrode and molecular exchange has allowed elegant and
thorough investigations of structure—function relationships.
The technique has also enabled investigations into such areas

Adv. Mater. 2011, 23, 1583-1608
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ance with the changes in the configuration
of a single molecule junction. Moreover, the
authors were also able to conduct a statistical
analysis of the phonon spectra to identify
the most relevant modes. These vibrational
modes matched the IR and Raman spectra
well and have been described by a simple
one-dimensional model.l'’® Another useful
example of IETS for studying molecular junc-
tions was reported by Long et al.''™ This
study provides insight into changing transport characteristics
resulting from exposure to air. IETS spectra have shown that
molecular conduction could be significantly affected by rapid
hydration at the gold—sulphur contacts. The detrimental effects
of hydration on molecular conduction are important for under-
standing charge transport through gold-thiol molecular junc-
tions exposed to atmospheric conditions.

An important tool to verify that the obtained spectra are
indeed valid IETS data is to examine the vibrational peak width
broadening as a function of temperature and applied modula-
tion voltage. The width of a spectral peak includes a natural
intrinsic linewidth, W}, and two broadening effects: thermal
broadening (5.4kgT/e, where kg is Boltzmann's constant and T
denotes temperature) due to the breadth of the Fermi level and
modulation broadening (1.7V,,, where V,,, is the AC modula-
tion voltage) due to the dynamic detection technique used to
obtain the second harmonic signals.'%! The full width at half-
maximum (FWHM) of the d?I/dV? vibrational peak in IETS is
given by!107.11)

W= [(17Vm)2+(54kB T/3)2+(WI)2]1/2 (3)

Figure 11 illustrates a study of the linewidth broadening of a
vibrational peak in IETS measurements. Figure 11a shows the
modulation broadening of a representative IETS feature (from
Ref. [16], the v(C-H) stretching mode of ODT molecules in the
electromigrated break junction) at a constant temperature of
4.2 K. The data points show the FWHM of the experimental
peak. Considering the known thermal broadening and
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10k 4 20l of m-conjugated molecules decreases with an

(] increase in conjugation length.12% 1t is thus

« 42K 10 ) 7.6 mv reasonable to expect longer conjugated mole-
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Figure 11. FWHM of the peak corresponding to the v(C—H) stretching mode (=357 mV) as a
function of AC modulation voltage (a) and temperature (b). The circles indicate experimental
data, and the solid line (a) and squares (b) show theoretical values. The error bars are deter-
mined by the Gaussian fitting. Insets: successive IETS spectroscopy scans for the v(C—H)
mode under increasing AC modulation voltage (a) and increasing temperature (b), as indi-

cated. r.m.s., root mean squared. Reproduced with permission.[®l

modulation broadening, the intrinsic linewidth, Wj, can be
determined from a fit to the modulation broadening data
(Figure 11a, solid line), giving W; = 4.94 £ 0.89 meV (following
Equation (3)). Figure 11b shows the thermal broadening of the
same V(C-H) peak at a fixed modulation, demonstrating excel-
lent agreement between the experimental FWHM values (cir-
cles) and theoretical values (squares).

Over the last few years, IETS has evolved into an essen-
tial tool in the field of molecular electronics. Although IETS
requires cryogenic temperatures, it is the only available method
that provides both structural and electronic information about a
single molecule electronic device for a particular conformation
and contact geometry of the molecular junction at low tempera-
ture.®] From sophisticated comparisons between experiments
and theoretical computations, IETS can be more useful for
characterizing numerous aspects of molecular junctions, such
as the identification of the molecule, information on the nature
of the interfaces, the orientation of the molecule, and even elec-
tronic pathways.!!

3.3. Transition Voltage Spectroscopy

Transition voltage spectroscopy (TVS) is becoming an increas-
ingly popular spectroscopic tool for molecular junctions!1¢-120-124
and other diverse nanoelectronic systems.'?’! Specifically,
TVS is used to give insight into the energy offset between the
contact Fermi level and the nearest molecular level respon-
sible for charge transport in molecular junctions by meas-
uring the transition voltage (Vi.,s) required to generate the
inflection behavior of a Fowler-Nordheim (F-N) plot, i.e.,
the corresponding analysis of In(I/V?) against 1/V for (V)
characteristics.[120:121]

By combining TVS with ultraviolet photoelectron spectros-
copy (UPS), Beebe et al.'2% correlated the charge transport
properties of m-conjugated molecules with their effective band
lineup. In this study, CP-AFM and crossed-wire tunnel junction
measurements on molecular junctions revealed a characteristic
minimum in the F-N plot at a bias voltage, Vi.,, (Figure 12a),
which scaled linearly with the HOMO energy (which is the

Temperature (K)
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3 40 50 cules to exhibit a smaller value of V.., than
shorter conjugated molecules within a given
molecular series.'?!l Recently, TVS has also
facilitated the calibration of orbital energy
positions in molecular transistors.[®127]

At this stage, it would be worthwhile
to discuss some theoretical aspects for a
better understanding of the experimental
results of TVS. TVS was initially interpreted
by a simple barrier picture for charge tunneling in a junc-
tion.'20) Within this interpretation, the transition behavior
in the F-N plots corresponds to a change in the tunneling
mechanism from direct tunneling through a trapezoidal bar-
rier to F-N tunneling (or field emission) through a triangular
barrier (see the barrier shapes in Figure 12a).?% The transi-
tion voltage equals the barrier height, which is interpreted as
the energy gap from the metal electrode’s Fermi level to the
nearest molecular level. However, as pointed out by Huisman
et al.l'?%], the naive tunnel barrier model is inconsistent with
experimental data. On the other hand, the TVS experiments on
molecular junctions are more appropriately described by the
coherent Landauer approach with a single transport level.l'3]
Charge transport through such a junction is described by a
transmission function, which is assumed to have a Lorentzian
shape. Within the coherent Landauer transport picture, Vi ans
can be directly scaled with the barrier height (®g) in molecular
junctions, thus giving valid information on molecular energy
levels. Araidai et al.l'?®] theoretically investigated the origin of an
inflection behavior appearing in the F-N plot of I(V) character-
istics for molecular junctions. The results show that the inflec-
tion does not necessarily indicate the transition between the
two regimes of direct tunneling and F-N tunneling. Their close
examination of the relation between the behavior of the F-N
curve and the transmission function showed that the inflection
takes place when the molecular level responsible for the charge
transport approaches the edge of the electrode-bias window
(Figure 12¢).l'?8 Although the origin of the inflection behavior
drastically differs from the conventional model, the F-N plots
obtained from their calculations show very similar behavior
to those from the recent experiments.'?®l Recently, Chen
et al.1?% reported extensive ab initio calculations to simulate
TVS for a broad class of molecular junctions. The numerical
data closely follow the trend expected from an analytical model
with a Lorentzian-shaped transmission function. Interestingly,
the ratio of V., to the HOMO level position was found to vary
between 0.8 and 2.0 depending on the junction asymmetry (as
show in Figure 12d), which means that it is necessary to con-
sider the asymmetry of the molecular junction to use TVS as a
quantitative spectroscopic tool to probe the molecular levels.['?’]
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verification of the formation of a
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3.4. Thermoelectric
Measurements

The thermopower, also called

Figure 12. a) Solid circles represent the average of 100 /(V) curves for a Au—anthracenethiol-Au junction
measured by CP-AFM. The dashed line corresponds to the voltage at which the tunneling barrier transi-
tions from trapezoidal to triangular (Vy.ns). Also shown are representations of the barrier shape at various
values of applied bias. The inset shows current-voltage data on standard axes. b) V,.,,s (CP-AFM) versus Eg—
Evomo energy difference (UPS). Reproduced with permission.'?l Copyright 2006, American Physical Society.
c) Schematic of the theoretical modell'?® to qualitatively explain the inflection of F-N curve. Also shown are
representations of the barrier shape at various values of applied bias. The inset shows current-voltage data on
standard axes. Reproduced with permission.l'?®l Copyright 2010, American Physical Society. d) Ratio between
the HOMO energy (at zero bias) and the transition voltage, (denoted as V., in the figure), vs asymmetry
parameter, 1. Solid line is obtained from a Lorentzian transmission function and symbols are results of ab
initio finite bias calculations (see Ref. [129] for details). Reproduced with permission.['?’l Copyright 2010,

American Physical Society.

The interpretation of TVS, fulfilled by comparison of the
Simmons model and the coherent Landauer approach, sug-
gests that length-dependent TVS measurements for saturated
alkyl chains can provide a critical test to distinguish true mole-
cular junctions from a vacuum tunnel junction with no mole-
cules.'?3] The saturated alkyl molecular system constitutes an
important control series in molecular transport experiments
to corroborate valid molecular junctions because molecular
energy levels remain nearly unchanged with molecular length,
and the transport mechanism has been extensively established.
To this end, TVS on a series of alkanedithiol molecules having
different lengths (ranging from DC8 to DC12) was performed,
employing electromigrated break junctions.®”! V.. for a
series of alkanedithiol molecules is summarized graphically in
Figure 13a. The average value of V., represented by the solid
line in Figure 13a, falls within the standard deviation (within
two dashed lines) of measured values for each of the molecules,
thereby illustrating that V,,,, is invariant with molecular length
for alkanedithiols. This result is consistent with the fact that the
HOMO-LUMO gap of these molecules is virtually length inde-
pendent. Thus, this result agrees with the data of Beebe et al.'2!]
Similarly, UPS measurements have shown that the energy
offset between the HOMO and the electrode’s Fermi level for

Adv. Mater. 2011, 23, 1583-1608
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%% the Seebeck coefficient, S, of
a material, is a measure of the
magnitude of an induced ther-
moelectric voltage in response to
a temperature difference across
that material. Paulsson and Data
stressed in a theoretical paper
that thermoelectric measure-
ments can provide new insights
into charge transport in molec-
ular junctions.’®  Analogous
to the hot point probe meas-
urements commonly used to
establish the p- or n-type character of semiconductors,['**l the
thermoelectric voltage yields valuable information regarding
the location of the Fermi energy. Previous proposals have sug-
gested that the location of the Fermi energy can be deduced
from the asymmetry of the I(V) curve caused by asymmetric
contacts.*¥ However, this measurement is performed far
from equilibrium and requires detailed knowledge of the con-
tacts.132l In contrast, the thermoelectric voltage in molecular
junctions is large enough to be measured but is rather insensi-
tive to the detailed coupling to the contacts, and it gives valu-
able information about the position of the Fermi energy relative
to the molecular levels.'3 Interestingly, these thermoelectric
measurements suggest that a molecular junction could be the
basis for not only molecular electronics but also thermoelectric
energy conversion devices.!'**]

The first experiment on the thermoelectric measurement
in single molecule junctions was reported by Reddy et al
in 2007.'%! These authors used STM-BJs to trap molecules
between two gold electrodes with a temperature differential and
statistically measured the thermoelectric voltage of 1,4-benzen-
edithiol (BDT), 4,4-dibenzenedithiol (DBDT), and 4,4-triben-
zenedithiol (TBDT) in contact with gold at room temperature
(Figure 14a). These data were used to construct histograms
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Figure 13. a) V., as a function of molecular length for a series of alkanedithiols from DC8 to DC12. The
solid line represents the mean value of Vi, for five different length alkanedithiols, and two dashed lines
show the standard deviation for averaging. Error bars on each data point also denote the standard deviation
across individual measurements for different devices. Chemical structures for each molecule are displayed in
the inset. Reproduced with permission.”l Copyright 2010, American Chemical Society. b) Vi,,ns (denoted as
V,, in the figure) versus molecular length d. V,,,,s becomes length independent for d > 8 A. Reproduced with

permission.'?l Copyright 2010, American Chemical Society.

for each temperature differential (Figure 14b), which were
used to estimate the average and the variation in the junction
thermopower (or Seebeck coefficients), Sjunction- The relation
between Sjnction Of the Au-molecule-Au junction and the meas-
ured thermoelectric voltage, AV, is given byl!3]

AV
Sunctlon - SAu AT (4)
where S,, is the Seebeck coefficient of bulk Au, which is
1.94 uv K at 300 K.l In Figure 14b, AV, is plotted as a
function of AT, where AV, corresponds to AV at the peak of
the distribution in the histogram. From the slope AV, /AT and
Equation (4), it was found that Sy, ppr_ay =+ 8.7 £ 2.1 uV K7,
where the error is the FWHM.'®! Similar experiments
were also performed with DBDT and TBDT, and statistical
analysis revealed that Sy, ppproac = +12.9 * 2.2 uV K7! and
SAuTBDT-Au = +14.2 £ 3.2 uV K7! (Figure 14b).'] There seems
to be a linear dependence of the thermopower with molecular
length, which is in contrast to the exponential dependence of
electrical resistance that is generally attributed to tunneling
across the molecule. The relative position of the HOMO and
LUMO levels with respect to the Ep of the metal electrodes can
be related to the measured value of Sjyciion.!"*? The Landauer
formula™] is used to relate Sjy,cion to the transmission func-
tion, 7(E). It is shown that S;,ion can be obtained as!!]

7w2k3T dlIn(t(E
Sjunction == 3: % | E= EFl (5)

where kg is the Boltzmann constant. The transmission function
for the case of the Au-BDT-Au junction, which was derived using
the nonequilibrium Green's function formalism in conjunction
with the extended Huckel theory,*3? is shown in Figure 14c.
It is clear that 7(E) = 1 when the Ep aligns with either the
HOMO or the LUMO levels and decreases rapidly to below 0.01
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in between.['3 Using this trans-

mission function in Equation (5),
it was shown (Figure 14c) that,
depending on the position of
the Fermi energy with respect
to molecular levels, the ther-
mopower can be either positive
or negative. If Fr is closer to
the HOMO, the sign is positive,
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indicative of hole-dominated
transport. If, on the contrary,
the LUMO is closer to Ef, then
the thermopower is negative,
indicative of electron-dominated
transport. Sa,ppr.au 1S Ppositive
(p-type), and thus, as shown in
Figure 14c, Ep is closer to the
HOMO level (hole-dominated
transport).°l Using the meas-
ured value of Sy ppraw = +8.7
2.1 uV K! from Figure 14c, Ep
was also estimated to be 1.2 eV
from the HOMO level.['3°]

Baheti et al.l*® also performed thermopower measure-
ments to elucidate the effects of chemical structure on the
electronic structure and charge transport in molecular junc-
tions. Again, the authors used a STM-BJ technique to measure
the Seebeck coefficient of several benzene derivatives, where
1,4-benzenedithiol (BDT) was modified by the addition of
electron-withdrawing or electron-donating groups such as
fluorine, chlorine, and methyl on the benzene ring, and
the thiol end groups on BDT were replaced by cyanide end
groups.!'*8 For the substituted BDT molecules, it was observed
that the thermopower of the molecular junction decreases for
electron-withdrawing substituents (fluorine and chlorine) and
increases for electron-donating substituents (methyl).38 In
fact, this change in the measured thermopower is reasonably
predictable. Electron-withdrawing groups remove electron den-
sity from the oc-orbital of the benzene ring, allowing the ring’s
high-energy m system to stabilize. Because the HOMO has a
largely m character, its energy is therefore decreased, shifting it
further away from Ep. As discussed above, such a shift results
in a decrease of the thermopower. Alternatively, the addition of
electron-donating groups increases the c-orbital electron den-
sity in the benzene ring, leading to an increase in the energy of
the n-system and thereby shifting the HOMO closer to Eg. This
shift causes the enhancement of the thermopower in this case.
Moreover, the sign of the thermopower for cyanide end groups
were found to be negative, which indicates that charge trans-
port in 1,4-benzenedicyanide is dominated by the LUMO.['3]
Thus, these measurements show that it is possible to tune the
thermoelectric properties of molecular junctions in a control-
lable way by the addition of substituents.

10 20 30

d[Al

3.5. Optical Measurements

Combined optical and transport experiments on molecular
junctions can reveal a wealth of additional information beyond
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Figure 14. a) Schematic description of the experimental set up based on an STM break junction. Molecules of BDT, DBDT, or TBDT are trapped
between the Au STM tip kept at ambient temperature and a heated Au substrate kept at temperature T above the ambient. A voltage amplifier is
then used to measure the induced thermoelectric voltage, AV. b) Histograms obtained by analyzing approximately 1000 consecutive thermoelectric
voltage curves obtained in measurements of Au-BDT—Au junctions with tip-substrate temperature differential A: T=10K, B: T=20 K, and C: T=
30 K. a.u., arbitrary units. D: Plot of the peak values of the thermoelectric voltage in histograms as a function of the temperature differential. E: Plot
of measured junction Seebeck coefficient as a function of molecular length for BDT, DBDT, and TBDT. c) Relating the measured Seebeck coefficient of
Au—-BDT-Au junction to the position of Fermi level. A: Theoretical prediction of the transmission function of a Au-BDT-Au junction plotted as a function
of the relative position of the Fermi level of the Au electrodes with respect to the HOMO and LUMO levels. B: The predicted Seebeck coefficient of a
Au-BDT-Au junction as a function of the relative position of the Fermi level with respect to the HOMO and LUMO levels. Reproduced with

permission.'3% Copyright 2007, AAAS.

that available from purely electronic measurements.!'*]

Exciting recent works have demonstrated that simultaneous
single molecule optical spectroscopy and transport measure-
ment is possible.'3%1l These experiments are based on the
fact that the metallic nanogap electrodes used to create molec-
ular junctions are able to act as tremendously effective plas-
monic antennas, leading to dramatic surface-enhanced Raman
scattering in the junctions,!'*%1*! which thus makes it possible
to perform surface-enhanced Raman spectroscopy (SERS) of a
target molecule placed on the nanogaps (for a review of SERS,
see Ref. [142]).

Ward et al.ll39-141L143] have performed a series of optical
experiments on Au nanogap structures prepared with elec-
tromigration using a confocal Raman microscope. The initial
experiments examined nanogaps as a potential SERS sub-
strate,l'*)] with para-mercaptoaniline (pMA) as the molecule of
interest. Nanoconstrictions were placed in parallel to allow the
simultaneous electromigration of seven nanogaps at one time
(Figure 15a). Samples were characterized using a Raman micro-
scope via spatial maps and time spectra of the SERS response.
Prior to electromigration, no significant SERS response was
detected anywhere on the devices. Following electromigra-
tion, the authors observed a SERS response that was strongly
localized to the resulting gaps. Successive spectra measured
directly over the SERS hotspot revealed “blinking” and spec-
tral diffusion, phenomena often associated with single or
few-molecule Raman sensitivity.'*"! Blinking occurs when the
Raman spectrum rapidly changes on the second timescale, with
the amplitudes of different modes changing independently of
one another. Spectral shifts as large as +20 cm™! were observed,
making it difficult to directly compare SERS spectra with other
published results. Blinking and spectral shifts are attributed to
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the movement or rearrangement of the molecule relative to the
metallic substrate. It is unlikely that an ensemble of molecules
would experience the same rearrangements synchronously, and
thus the observation of blinking and wandering is expected only
in situations where a few molecules are probed.['*’]

In a subsequent experiment,1*!l the same group performed
simultaneous SERS and transport measurements, including
Raman microscope observations over the center of nanogap
devices during electromigration. Molecules of interest, pMA or a
fluorinated oligomer (FOPE), were assembled on the Au surface
prior to electromigration. Once the device resistance exceeded
approximately 1 kQ, SERS could be seen. This result indicates
that localized plasmon modes responsible for the large SERS
enhancements may now be excited. As the gap migrates further,
the SERS response scaled logarithmically with the device resist-
ance until the resistance reached approximately 1 MQ. In most
samples, the Raman response and conduction of the nanogap
become decoupled at this point, with the conduction typically
changing little while uncorrelated Raman blinking occurs. In
about 11% of 190 devices, however, the Raman response and
conduction showed very strong temporal correlations.!"*!] A typ-
ical correlated SERS time spectrum and conductance measure-
ment for a FOPE device are presented in Figure 15b. Because
the conduction in nanogaps is dominated by approximately a
single molecular volume, the observed correlations between
conductance and Raman measurements strongly indicate that
the nanogaps have single molecule Raman sensitivity. It is then
possible to confirm that electronic transport is taking place
through the molecule of interest from the characteristic Raman
spectrum. Data sets such as those shown in Figure 15b implic-
itly contain an enormous amount of information about the con-
figuration of the molecule in the junction.!3%]
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Figure 15. a) A: Full multi-bowtie structure, with seven nanoconstrictions. B: Close-up of an individual constriction after electromigration. Note that the
resulting nanoscale gap (<5 nm at closest separation, as inferred from closer images) is toward the right edge of the indicated red square. Reproduced
with permission.'* Copyright 2010, American Chemical Society. b) Waterfall plot of Raman spectrum (1 s integrations) and conduction measure-
ments for a pMA sample. The device experiences periods of correlation (regions B, D, E) and anticorrelation (region L) between Raman intensity and
conduction. Distinct changes in conduction are observed with every significant change in the Raman spectrum and are indicated by vertical red lines.
The modes near 1394 and 1522 cm™' show similar intensity fluctuations except at region B and the end of region L. The color scale (dark blue = 20

1596 wileyonlinelibrary.com

counts; dark red = 200 counts) has been set to make as many Raman modes visible as possible. This results in the saturation of the signal at region A

which would otherwise resolve into well-defined peaks. The 1522 cm™

permission. 141 Copyright 2010, American Chemical Society.

Let us mention other results for optical measurements in
molecular junctions. Tian et al.*%l reported a combined SERS
and MCBJ method to measure the SERS signals of molecules
located inside the nanogap between two electrodes on a Si chip.
They showed that the SERS signal depends critically on the
separation of the electrodes and the incident light polarization.
In particular, when the incident laser polarization was along
the two electrodes, the field in the nanogap was the strongest
because of the coupling to the localized surface plasmon
resonance of the two gold electrodes.* Moskovits and col-
leagues carried out SERS measurements on rhodamine-6G
(R6G) adsorbed in nanogaps produced in single Ag nanowire
by electromigration.'*! For gaps that divide the nanowire
uniformly across its width, the SERS intensity was maximum
when the electric vector was oriented parallel to the long axis
of the nanowire (i.e., across the gap). In the experiment of Ioffe
et al.,l1*0l SERS was also used as a tool to spectroscopically mon-
itor heating (and cooling) processes in conducting molecular
junctions, which involved measuring both the Stokes and anti-
Stokes components of the Raman scattering.

4. Controlling Transport Properties of Single
Molecules

Functional molecular devices require active control of the elec-
tronic properties of the molecule. Over recent years, it has been
shown that the charge transport through single molecules
can be tuned by various methods. In this section, we present
recent advances in controlling the transport properties of single
molecules. This section consists of three parts. In the first, we
discuss molecular transistors, in which a gate electrode is used
to tune the current through a molecular junction. In the second,
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mode has been shifted upward on the lower graph for clarity. Reproduced with

we address the control of charge transport in the molecular
junction by chemical modification. Finally, molecular conduct-
ance switching via a variety of external stimuli is discussed.

4.1. Molecular Transistors

4.1.1. Electrostatic Gate Control

Theoretical proposals have indicated that the field-effect gating
of a molecular junction is possible in a fashion similar to a con-
ventional field-effect transistor (FET).'*~151 Indeed, the experi-
mental demonstration of a true molecular transistor, one that
depends on the external modulation of molecular orbitals, has
been the outstanding challenge of the field of molecular elec-
tronics since soon after its inception.!]

We have recently presented the construction and characteri-
zation of molecular transistors,['®! where the transport current
is controlled by directly modulating the energy of the molecular
orbitals of a single molecule (based purely on electrostatic gate
control). As illustrated in Figure 16a,[°? individual molecules
are connected to source and drain electrodes with a bottom-
gate control electrode in a FET configuration. In such devices,
the energies of the molecular orbitals with respect to the Fermi
level of the electrodes can be directly tuned by adjusting the
gate voltage, V. We made such devices using the electromigra-
tion technique of fracturing a continuous gold wire (coated with
the desired molecules in vacuum at 4.2 K) that is placed over an
oxidized aluminum gate electrode.'#*>153] This arrangement
produces source and drain electrodes with a nanometer-scale
gap that are often bridged by single or very few molecules.

We verified that the charge transport properties were through
the inserted molecules using a combination of transport
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Figure 16. a) Schematic illustration of a molecular transistor. a: Each device consists of a fractured gold
nanowire overlaid on a strip of oxidized aluminum. b: Side-on, close-up view of a device. The broken ends of
the nanowire form the source and drain electrodes of the transistor, and the oxidized aluminum forms the
gate electrode. Aluminum oxide on the surface of the gate electrode provides a necessary layer of insulating
material known as the gate dielectric. A single molecule (here, an aromatic dithiol) connects the source and
drain electrodes. The components of the device are not drawn to scale. Reproduced with permission.l'*2 Copy-
right 2010, Nature Publishing Group. b) Linear scaling of Vi, in terms of V, for 1,8-octanedithiol. Inset: the
schematic of the energy band for HOMO-mediated hole tunneling, where eV . describes the actual amount
of molecular orbital shift produced by gating. c) Linear scaling of V,.,s in terms of V; for 1,4-benzenedithiol.
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relationship exists between the
gate voltages and molecular
orbital energy in their devices
(Figures 16b,c), as expected for
molecular transistors.l'?’]  The
slope in the linear relationship,
0 = AVins/A Vg, is the gate effi-
ciency factor, which describes the
effectiveness of molecular orbital
gating. The actual amount of
molecular orbital shift produced
by the applied gate voltage can
also be determined in terms of an
effective molecular orbital gating
energy, eVger = |0feVs. In a
three-terminal device, a negative
or positive gate voltage would,
respectively, raise or lower the
orbital energies in the molecules
relative to Ep[4814] Therefore,
a positive value of o indicates
HOMO-mediated hole tunneling
(p-type-like, where the HOMO is
the nearest orbital; Figure 16D,
inset). Conversely, o is negative
for LUMO-mediated electron
tunneling (n-type-like, where the
LUMO is the nearest orbital). By
extrapolating the y-intercept from
the linear fit in Figure 16b, we
obtained the zero-gate transition
voltage, Vianso = 1.93 £ 0.06 V
for Au-octanedithiol (ODT)-Au

Reproduced with permission.['¢l

techniques that gives a self-consistent characterization of the
molecular junction.[*®! Inelastic electron tunneling spectroscopy
(IETS) was used to measure the interactions between the tun-
neling charge carriers and the vibrational modes of the mole-
cules in the devices (see Section 3.2.). This technique provides
definitive proof that the measured currents actually pass through
the molecules in molecular transistors. We tested two types of
transistor, each with a different molecule in the junction: either
an alkanedithiol (containing two SH groups connected by a
saturated hydrocarbon chain) or an aromatic dithiol (containing
two SH groups connected by a benzene ring). Because each
dithiol has its own vibrational fingerprint (see Figure 17), the
IETS spectra of the devices provide unambiguous identification
of the component molecules in the junctions.

Transition voltage spectroscopy (TVS), which measures
the transition voltage (Vians) required to generate inflection
behavior in a Fowler-Nordheim plot (see Section 3.3.), was also
used. It has previously been shown!'?%121l that V,,,. is propor-
tional to the difference in energy between the gating orbital of
the molecular junction (the orbital that modulates charge trans-
port) and the Fermi levels of the source and drain electrodes,
where the Fermi level is the highest possible energy for a con-
ducting electron in an electrode. By measuring Vi, using TVS
at different applied gate voltages, we demonstrated that a linear
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junctions, which provides an

estimate of the original position
(at Vg = 0 V) of the HOMO level relative to Ep. For Au-ben-
zenedithiol (BDT)-Au junctions, the positive sign of o explicitly
indicates that HOMO-mediated tunneling is the dominant trans-
port channel (Figure 16c¢). It was found to be Vi = 1.14 +
0.04 V for the BDT junction, which is much less than the value
for the ODT junction owing to the n-conjugated BDT molecule
having a smaller HOMO-LUMO gap.

We further examined the dependence of the IETS spectra
on molecular orbital gating.'®! The IETS spectra of the tran-
sistors that incorporate alkanedithiol (ODT) were essentially
unaffected by the gate voltage (Figure 17a). This finding indi-
cates that charge transport through the device is non-resonant;
that is, there is a large energy difference between the dithi-
ol's HOMO and the electrode’s Fermi level. Conversely, we
observed that the applied gate voltage strongly modulates the
IETS spectra of transistors that incorporate an aromatic dithiol
(BDT) (Figure 17Db).1% Specifically, when a negative gate voltage
is applied (which brings the energy of the molecular junction’s
HOMO closer to that of the electrode’s Fermi level), the signal
intensities of the spectra increase greatly and the shapes of the
vibrational peaks change. The change in peak shape is a clear
indication of increased coupling between the tunneling charge
carriers and the molecular vibrations, owing to a near reso-
nance between the HOMO and the Fermi level [154153]
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quantum dot in a molecular
junction, leading to an increase
of the conductance at low bias.
For example, a Coulomb
blockade was observed for mole-
cules such as fullerene (Cgg)?!
and p-phenylenevinylene oli-
gomers, [’ which have five ben-
zene rings connected through
four double bonds (OPV5)
weakly coupled to the source-
drain electrodes. Park et al.lll
prepared a single-Cg, transistor
by depositing a dilute toluene
solution of Cg, onto a =1 nm
gap between gold electrodes cre-
ated by electromigration. The
entire structure was defined on
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Figure 17. a) IETS spectra for a Au-ODT-Au junction measured at 4.2 K for different values of eV o with
vibration modes assigned. b) IETS spectra for a Au-BDT-Au junction measured at 4.2 K for different values
of eV e with vibration modes assigned. The left-hand y-axis corresponds to the grey shaded region of the
spectra, and the various right-hand y-axes (with different scales) correspond to the related (color-coded)
spectra in the nonshaded region. The vertical dotted line corresponds to V = 45 mV (363 cm™'). Significant
modification in the spectral intensity and line shape for the benzene ring modes, v(C-H),
was observed for different values of eV ., as indicated. Insets: energy diagrams illustrating inelastic tun-
neling as the position of the HOMO resonance shifts as a result of gating. Reproduced with permission.['®l

Collectively, these results demonstrate direct gate modulation of
molecular orbitals in molecular transistors. The IETS spectra reveal
which orbitals are resonantly enhanced, and dramatic differences
are seen in the comparison between near-resonant and far-from-
resonant systems. These observations validate the concept of orbit-
al-modulated carrier transport and elucidate both charge transport
mechanisms and the electronic structure of molecular junctions.

Subsequently, Cao et al.'>® reported electrode structures with
a controllable molecular-scale gap between source and drain
electrodes and a third terminal of a buried gate using photo-
lithography and molecular lithography with self-assembled
mono or multiple-molecule layer(s) as a resist. The synthesized
thiolated phthalocyanine-derivative molecules were assembled
between the tailored molecular gap of the fabricated FET elec-
trode structures in solution via Au-S bonding, forming stable
contacts between the electrodes and the molecules.!'>®l The elec-
trical measurements at room temperature show that the device
has transport characteristics of a typical p-type FET device with
large gate modulation.'>® In addition, the transistor effect has
been also observed at a monolayer level, e.g., for alkanethiol*’]
and various conjugated molecules.[1>8-16%

4.1.2. Molecular Quantum Dots: Coulomb Blockade and Kondo Effect

Solid-state molecular transistors have been used to study two
mechanisms in single molecule quantum dots:[13-1>#-47.153]
Coulomb blockades, in which the flow of electrons is controlled
by the sequential charging of a molecule due to electron—
electron Coulomb repulsion, and the Kondo effect, in which
conducting electrons interact with the local spin (intrinsic
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a SiO, insulating layer on top
of a degenerately doped silicon
wafer, which served as a gate
electrode that modulated the
electrostatic potential of the Cg,
molecule. The devices exhibited
strongly suppressed conduct-
ance near zero bias voltage fol-
lowed by step-like current jumps
at higher voltages. These trans-
port features clearly indicate that the conduction in this device
is dominated by the Coulomb blockade effect. From the anal-
ysis of the stability diagram in Figure 18a (conductance plots
as a function of the bias voltage and the gate voltage), Park
et al.l'¥l showed that the charging energy of the Cg, molecule
can exceed 150 meV. This value is much larger than in semi-
conductor quantum dots. Notice that in the stability diagrams
of Figure 18a, there are running lines (marked by arrows) that
intersect the main diamonds or conductance gap regions, indi-
cating the presence of internal excitations of the Cg, molecules.
The energies of these excitations (of a few meV) are too small
to correspond to electronic excitations. The authors of Ref.[13]
suggested that these lines could correspond to the vibrational
excitation of the center-of-mass oscillation of Cg, within the
confinement potential that binds it to the gold surface. In the
case of OPV5, Kubatkin et al.l®! observed up to eight succes-
sive charge states of the molecule, as shown in Figure 18b.
This result suggests that the transport experiment had access to
many different charge or redox states. While the spectroscopic
HOMO-LUMO gap for this molecule is of the order of 2.5 eV,
the extracted gap from the stability diagram in Figure 18D is
one order of magnitude smaller (0.2 eV). The authors argued
that this discrepancy is due to the fact that the intrinsic elec-
tronic levels of the molecules are significantly altered in the
metallic contacts. In particular, they suggested that the image
charges generated in the source and drain electrodes by the
charges on the molecule are probably the origin of this effect.
With organometallic molecules bearing a transition metal, such
as the cobalt terpiridynil complex and divanadium complex,
Kondo resonance has been observed in addition to Coulomb

v(18a), and v(8a),
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Figure 18. a) Different conductance plots as a function of the bias voltage and the gate voltage obtained from
four different devices. The dark triangular regions correspond to the conductance gap and the bright lines rep-
resent peaks in the differential conductance. The arrows mark the point where the conductance lines intercept
the conductance gap. Reproduced with permission.['3l Copyright 2000, Nature Publishing Group. b) Measure-
ments of the differential conductance for OPV5 as a function of the bias voltage and the gate voltage. All red
lines and all blue lines have identical slopes. The full solid line at the top of the figure shows a representative
I(V) trace. Reproduced with permission.['] Copyright 2003, Nature Publishing Group.

blockades.'***! Kondo resonance is observed when increasing
the coupling between the molecule and the electrodes (e.g., by
changing the length of the insulating tethers between the metal
ion and the electrodes).' van der Zant et al. and Natelson
et al. have achieved much in this field, such as transport meas-
urements through single molecular magnets,['°!l including the
observation of the Kondo effect in gold break junctions with the
presence of magnetic impurities,'°? inelastic tunneling features
via molecular vibrations in the Kondo regime,l'®}l and funda-
mental scaling laws that govern the non-equilibrium transport
in the Kondo regime.['* We recommend the following reviews
on this subject: Refs. [46,47,165-167].

4.1.3. Electrochemical Gate Control

Several groups have also demonstrated the FET-like behavior
of redox molecules using an electrochemical gate.8-17% This
method has the advantage that the potential at the molecule
is well-defined because the potential drop at each electrode
is maintained by a double layer established with respect to
a reference electrode.’! Because the gate voltage falls across
the double layers at the electrode—electrolyte interfaces, the
effective gate thickness is on the order of a few solvated ions,
which results in a large gate field. This large field allows the
reversible switching of redox molecules between oxidized
and reduced states. For example, a study of perylene tetracar-
boxylic diimide (PTCDI), a redox molecule, found that the
current through the molecule can be reversibly varied over
nearly three orders of magnitude.l'®” In terms of the energy
diagram, decreasing the gate voltage shifts the LUMO of the
PTCDI redox molecule towards the Fermi levels of the elec-
trodes, causing a large increase in the current through the
molecules (i.e., n-type FET-like behavior). Recently, Diez-
Perez et al.l'’7! synthesized two coronene derivatives, each
consisting of 13 aromatic rings arranged into a well-defined
honeycomb structure. Using the STM-B] method, they
studied charge transport in single coronene molecules as a
function of the electrochemical gate voltage and observed
pronounced n-type gating effects in these single coronene
devices.[17!]
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4.2. Chemical Modification of
Single Molecule Conductivity

It is obvious that the charge
transport through a molecular
junction crucially depends on
the position of the frontier
orbitals (HOMO or LUMO) of
the molecule with respect to the
electrode’s Fermi energy and on
its character (degree of delocali-
zation). In principle, side-groups
or substituents can control the
conformation of a molecule,
which in turn determines the
degree of conjugation (i.e.,
delocalization of the molecular
orbitals), and they can adjust the
position of the frontier orbitals
(i.e., the intrinsic electronic
structure of a molecule). All of these effects have a strong influ-
ence on the conductance of the molecular junction. Thus, the
transport characteristics can be chemically tuned and designed,
to a certain extent, with the inclusion of appropriate side-groups
or substituents.

Venkataraman et al.l'’?l measured the low-bias conductance
values of a series of very short conjugated molecules (substi-
tuted 1,4-diaminobenzenes) using a STM-BJ technique in a
solution of the molecules. Transport through these substituted
benzenes was confirmed using coherent non-resonant tun-
neling or superexchange, with the molecular junction conduct-
ance depending on the alignment of the metal Fermi level to
the nearest molecular level. Electron-donating substituents,
which increase the energy of the occupied molecular orbitals,
increase the junction conductance, while electron-withdrawing
substituents have the opposite effect. In detail, the HOMO in
1,4-diaminobenzene is best described as a combination of the
lone pairs on each of the N atoms and some component of p—7
density on each of the two C atoms to which the N atoms are
bonded. As electron-donating substituents replace H atoms
on the ring, the energy of the HOMO increases. When a H
atom is replaced by a methoxy group (OCHj), the O(2pm) lone
pair delocalizes into the benzene 7 space, thereby raising the
HOMO energy. On the contrary, when electron-withdrawing
substituents replace H atoms, the energy of the HOMO is
lowered. When H is replaced by Cl, the more electronegative
Cl removes electron density from the o space of the benzene,
thereby deshielding the 7 space and lowering the HOMO
energy. These shifts in the isolated molecule are measured
as changes in the ionization potential (IP): electron-donating
substituents decrease the IP, while electron-withdrawing sub-
stituents increase the IP. Thus, for the measured molecular
series of the substituted 1,4-diaminobenzenes, the conductance
values vary inversely with the calculated ionization potential of
the molecules. These results reveal that the HOMO is closest to
the gold Fermi energy, which is consistent with hole transport
(i.e., transport dominated by the HOMO of the molecules).['”?!
Interestingly, this study is consistent with the results reported
by Baheti et al.l'® in which the thermopower of molecular

Vg V)

wileyonlinelibrary.com

1599




ADVANCED
MATERIALS

M

www.advmat.de

junctions based on several 1,4-benzenedithiol (BDT) derivatives
was investigated. The thermopower of the measured molecules
was modified in the same way by the addition of electron-with-
drawing or -donating groups such as fluorine, chlorine, and
methyl on the benzene ring (see Section 3.4).

As shown in the example above, chemical modification via
side-groups or substituents can be used to control the align-
ment between the molecular levels and the Fermi energy of
the metallic electrodes. In other words, one can use chemical
substituents to “dope” molecular junctions. Another example
of modulating conductance via chemical substituents was
described in Ref. [173], in which the authors examined the low-
bias conductance of 1,4-bis-(6-thiahexyl)-benzene derivatives to
study the correlation between the low-bias conductance and the
position of the frontier orbitals. For this purpose, these authors
theoretically determined the position of these orbitals using
density functional theory (DFT) calculations. It was shown that
the more electron-rich benzene rings (with a higher HOMO)
have higher conductances, which is also consistent with hole
transport (i.e., via the benzene HOMO). These results stress
that the actual position of the frontier orbitals of the molecule
in the junction are the true determinants of the conductance,
which in principle may differ from the corresponding frontier
orbitals in the gas phase. Thus, it would be highly desirable to
obtain information about the molecular-level alignment with
the electrode Fermi energy in molecular junctions. It is still
rather challenging to show this fundamental effect in a system-
atic manner.

The fact that the molecular conformation must have a major
impact on the conduction through a molecular junction has
been reasonably predicted.l'’* Some experiments have veri-
fied this effect,’”®! but the most illustrative example has been
reported by Venkataraman et al.®!! In the simple case of a
biphenyl, a molecule with two phenyl rings linked by a single
C-C bond, the conductance is expected to change with the rel-
ative twist angle between the two rings, with the planar con-
formation having the highest conductance. The authors used
amine linking groups to form single molecule junctions with
a series of biphenyl molecules with different ring substitutions

www.MaterlalsVIews.com

that alter the twist angle of the molecules. The two benzene
rings of a biphenyl can rotate relative to each other. For such a
molecule, as the twist angle (6) between the two rings increases
and the degree of m-conjugation between them simultaneously
decreases, the junction conductance is expected to decrease
because molecular electron transfer rates scale as the square of
the m-overlap.”#176l When neglecting the contribution of tun-
neling transport through the c-orbitals, the theory predicts a
cos?@ relation.l'””] The authors of Ref. [91] illustrated that the
conductance for the biphenyl series decreases with increasing
twist angle, consistent with the cosine-squared relation pre-
dicted for transport through 7-conjugated biphenyl systems.[”’]
Specifically, Figure 19b shows the measured conductance
histograms for the biphenyl molecules in Figure 19a. For the
flat molecule (2), the histogram peak yields an average junc-
tion conductance value of 1.5 x 103G, (G, = 2¢*/h, where €
is the charge on an electron and h is Planck’s constant). For
4,4’-diaminobiphenyl (4) with an equal molecular length but
a twist angle 6 of 34°, the conductance histogram shows a
peak occurring at a lower conductance of 1.1 X 103G, As the
angle between the two aromatic rings is increased to 52° in
4,4’-diaminooctafluorobiphenyl (6), the conductance value also
drops further to 4.9 x 107*G,. When all four hydrogen atoms on
the proximal carbons of this molecule are replaced with methyl
groups to give 2,6,2’,6’-tetramethyl-4,4’-diaminobiphenyl (8)
with a twist angle 6 of 88°, most counts in the histogram occur
for low junction conductance values. Figure 19¢ shows a plot of
the peak conductance value measured for the seven molecules
against cos?6, and the data are fitted with a cos?6 curve (dashed
line in Figure 19c). The good quality of the fit indicates that
the electronic effects of the substituents do not significantly
alter the simple picture in which junction conductance may be
adjusted by simply decreasing the m-overlap between phenyl
rings within the bridging molecule. However, the role of the
geometric and electronic effects of the substituents is still being
actively discussed.['73179]

Recently, Wandlowski and co-workers investigated the con-
ductance of a family of biphenyl-dithiol derivatives with confor-
mationally fixed torsion angles using the STM-B] method.[8"!
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Figure 19. Biphenyl junction conductance as a function of molecular twist angle. a) Structures of a subset of the biphenyl series studied, shown in order
of increasing twist angle or decreasing conjugation. b) Conductance histograms obtained from measurements using molecule 2 (purple; constructed
from 15 000 traces and scaled by 1/15), 4 (cyan; constructed from 7000 traces and scaled by 1/7), 6 (pink; constructed from 11 000 traces and scaled
by 1/11) and & (blue; constructed from 5000 traces and scaled by 1/5). Also shown is the control histogram obtained from measurements without
molecules between the contacts (yellow; constructed from 6000 traces and scaled by 1/6). Arrows point to the peak conductance values obtained from
Lorentzian fits (solid black curves). All data were taken at a bias voltage of 25 mV. c) Position of the peaks for all the molecules studied plotted against
cos?0. Error bars are determined from the standard deviation of the peak locations determined from the fits to histograms of 1000 traces. Reproduced
with permission.’l Copyright 2006, Nature Publishing Group.
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They found that the measured conductance value depends
on the torsion angle 6 between two phenyl rings; twisting the
biphenyl system from flat (6 = 0°) to perpendicular (6 = 90°)
decreased the conductance by a factor of 30. Detailed calcula-
tions of transport based on DFT and a two-level model sup-
ported the experimentally obtained cos?6 correlation between
the junction conductance and the torsion angle.

In fact, the role of conjugation in the conduction through
molecular systems has been clearly illustrated by the compar-
ison of the conductance through alkanes to that through conju-
gated molecules with extended m-electron states (e.g., oligophe-
nyleneethynylene (OPE) and oligophenylenevinylene (OPV)).
The m-conjugated molecules show substantially higher conduct-
ance than the alkanes, consistent with a rational dependence on
the HOMO-LUMO gap.P%181l

The strength of the metal-molecule coupling can be also
chemically tuned using appropriate anchoring groups to bind
a molecule to metallic electrodes. Tao and co-workers have
systematically studied the effect of anchoring groups on the
conductance of single molecules using alkanes terminated
with dithiol, diamine, and dicarboxylic-acid groups as a model
system.[1®# The conductance values of these molecules were
found to be independent of temperature, indicating coherent
tunneling. For each anchoring group, the authors reported an
exponential decay of the conductance with the molecular length,
given by G = Aexp(—fd), which also suggests the tunneling
mechanism. They observed differences in 3 between different
anchoring groups with the trend f (dithiol) > 3 (diamine) >f3
(dicarboxyl acid). The B values, ranging between 0.8 and
1.0 per ~CH, unit or between 0.6 and 0.8 A~!, were close to
the values reported in the literature.’3) The differences in
B are small for the three anchoring groups, but this small differ-
ence can significantly affect long-distance electron transport in
the molecules due to the exponential dependence of the conduct-
ance on length. Both experimental evidence!'®}l and theoretical
calculations!8*185] indicate that 8 depends on the alignment of
the molecular energy levels relative to the Fermi energy level of
the electrodes. Based on these considerations, the observed dif-
ferences in f may be attributed to the differences in the energy
alighments.['®¥2l The prefactor of the exponential function, A,
which is a measure of contact resistance, is highly sensitive
to the type of the anchoring group and varies in the order of
Au-S > Au-NH, > Au—-COOH. This large dependence was attrib-
uted to the different coupling strengths provided by the different
anchoring groups between the alkane and the electrodes.[132]

Other important factors are the stability of the contact and
the variability of the bonding between anchoring groups and
metallic electrodes, which can play an important role in the
reproducibility of the experimental results. For example, Venka-
taraman and co-workers in Ref. [64] suggested the use of amine
(NH,) groups to obtain well-defined values of the conductance
of molecular junctions. In this work, the conductance of amine-
terminated molecules was measured by breaking Au point con-
tacts in a molecular solution at room temperature. It was found
that the variability of the observed conductance for the diamine
molecule—Au junctions is much less than the variability for
diisonitrile—Au and dithiol-Au junctions. This narrow distribu-
tion in the measured conductance values enables unambiguous
conductance measurements of single molecules. For an alkane
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diamine series with 2-8 carbon atoms in the hydrocarbon
chain, the results of Venkataraman et al. showed a systematic
trend in the conductance from which a tunneling decay con-
stant of 0.91 £ 0.03 per methylene group was found.[* The
authors hypothesized that the diamine link binds preferentially
to undercoordinated Au atoms in the junction. This theory is
supported by DFT calculations that show the amine binding to
a gold adatom with sufficient angular flexibility for easy junc-
tion formation and well-defined electronic coupling of the N
lone pair to the Au. Therefore, the amine linkage leads to well-
defined conductance measurements of a single molecule junc-
tion in a statistical study.

On the other hand, with respect to the spread of the peaks
in the conductance histograms, there were no significant dif-
ferences between thiols and amines in the work of Tao and co-
workers.['82] Similar findings have also been reported by Martin
et al.l'8] Using the MCB] method, these authors measured the
conductance histogram for benzenediamine. In contrast to
Ref. [91], they did not find a pronounced peak structure.
According to these authors, this difference may be due to the
absence of a solvent in their experiment and to the fast rupture
of the metal-molecule bond that must have reduced the prob-
ability of forming stable molecular junctions.

In addition, Park et al.l'8”l compared the low bias conductance
of a series of alkanes terminated on various ends with dimethyl
phosphines, methyl sulfides, and amines and found that junc-
tions formed with dimethyl phosphine-terminated alkanes have
the highest conductance. In this work, they observed a clear
conductance signature with these linker groups, indicating that
the binding is well-defined and electronically selective. Martin
et al.l'®] designed and synthesized a linear and rigid Cgp-capped
molecule, 1,4-bis(fullero[c]pyrrolidin-1-yl) benzene (BDCg), and
compared its electrical characteristics to those of 1,4-benzenedi-
amine (BDA) and 1,4-benzenedithiol (BDT) using lithographic
MCB]Js. The main conclusion of this work is the suitability of
fullerene anchoring for single molecule electronic measure-
ments. In particular, the fullerene-anchoring leads to a consid-
erably lower spread in low-bias conductance compared to thiols
due to its higher junction stability, which minimizes fluctua-
tions due to atomic details at the anchoring site.

Finally, the exact position of anchoring group is also crit-
ical. Mayor et al.l'®% showed that the conductance of a thiol-
terminated rod-like conjugated molecule crucially depends on
the position of the thiol group. They showed that by placing
the thiol group in the meta position of the last phenyl ring, the
conjugation is partially interrupted and the current decreases
significantly compared to the case in which the thiol group is in
the para position.

4.3. Molecular Conductance Switching

The key idea behind molecular electronics is that novel func-
tional devices can be created using intelligently designed mole-
cules. One of the simplest examples is a molecular junction that
exhibits conductance switching. For example, a two-terminal
device in which the conductance can be switched reversibly
between two states with an applied voltage is useful for mole-
cular memory and logic devices.’! An important contribution
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related to such devices was presented by Blum et al.l' in 2005.
These authors demonstrated that voltage-triggered switching
is a molecular phenomenon by studying the same molecule
using three different experimental configurations on isolated
molecules and monolayers of bipyridyl-dinitro oligophenylene-
ethynylene dithiol (BPDN): scanning tunneling microscopy,
crossed-wire junction, and magnetic-bead junction (Figure 20).
This study also showed that voltage-triggered switching is dis-
tinctly different from stochastic switching, essentially a tran-
sient (time-dependent) phenomenon that is independent of the
applied voltage. Random statistical switching, also known as
stochastic switching, has been attributed either to changes in
the molecular conformation or to fluctuations in the gold—sulfur
bond, which seems to be independent of the applied voltage.'*"!
Because the two types of switching phenomena (i.e., voltage-
triggered and stochastic switching) have been observed for
different molecular systems and under different experimental
conditions, it remains an open question as to whether voltage-
driven conductance changes and stochastic switching constitute
the same phenomenon. This distinction is crucial for the devel-
opment of molecular electronic devices because in contrast to
stochastic switching, which appears to be independent of the
material, voltage-driven switching is essentially derived from
the material (molecular) aspect and enables device optimiza-
tion. Although the rapid jump in conductance in Figure 20 is
observed to occur at slightly different threshold bias voltages, all
three methods of I(V) characterization used here encounter the
same fundamental nonlinear activity in BPDN, which demon-
strates that the observed voltage-triggered switching behavior is
intrinsic to the molecule and is independent of the measuring
technique.' Furthermore, although the switching voltages
differ from one experimental method to another, the switching
voltage within each setup is highly reproducible, regardless
of the number of times the molecule is switched. In MCB]J
experiments at low temperature, Lortscher et al.2!] also showed
that stochastic switching of BPDN is suppressed, and they
could control and reversibly switch BPDN molecules between
two conductance states. In addition, they demonstrated that
the controlled switching behavior can be used to write, read,
and erase bits by simple voltage pulses; thus, they employed
a single BPDN molecule as a memory element. As a control
experiment, a related molecule without the nitro group, bipy-
ridyl oligophenylene-ethynylene dithiol, was examined and did
not show any switching behavior. Although this result indicates
the importance of the nitro groups for molecular switching,
the exact mechanism for BPDN has not been identified. Elec-
trostatic charging, conformational changes, or voltage-induced
breaking of the bonds of the tethered molecules at the surface
have all been proposed.l?1:190:191]

Trouwborst et al.l's showed controlled conductance switching
in Au-H,-Au break junctions at low temperature. The current—
voltage characteristics of Au—H,—Au junctions exhibit intriguing
steps around a characteristic voltage of approximately 40 mV.
They showed that a stable hysteresis loop in the I(V) curves
arises by stretching an Au-H,—Au junction. Using this hyster-
esis as a basis, a controllable and stable conductance switch
could be demonstrated. These authors also proposed that the
hysteresis results from a difference in the hydrogen phonon
energy for the two configurations involved: the vibrational
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energy is lower for the second, metastable configuration.['2 This
research was built on earlier work by Thijssen and Halbritter
et al., who reported fast two-level conductance fluctuations
in Au-H,-Au junctions when a bias of 40 mV or more was
applied.'?! Similar features were also observed and analyzed
in Ag-Cgo—Ag junctions, though at different biases.!'*

Quek et al.¥ reported reversible binary switching in a single
molecule junction by controlling the metal-molecule contact
geometry mechanically. The conductance was measured by
repeatedly forming and breaking gold point contacts with a
modified STM in a solution of molecules at room temperature.
The current was recorded at a fixed bias while the junction was
elongated to generate conductance traces. They showed that
4,4’-bipyridine-gold single molecule junctions can be switched
reversibly between two conductance states through repeated
junction elongation and compression. Using first-principles
calculations, the different measured conductance states were
attributed to distinct contact geometries at the flexible but
stable nitrogen—gold bond: conductance is low when the N-Au
bond is perpendicular to the conducting m-system and high
otherwise.['®]

An interesting example of structural isomerization is given
by molecular switching in naphthalocyanine induced by a
hydrogen tautomerization reaction.l'! This refers to the migra-
tion of hydrogen atoms within the molecule, which results in
two different configurations (tautomers) with different conduct-
ances. Most molecular switches are based on drastic conforma-
tional changes in the molecule, which is not compatible with
the aim of controlling the coupling between the molecules. The
development of molecular logic devices also requires single
molecule switches that can be coupled without compromising
their function and that do not involve changes in the molecular
frame. The authors of Ref. [195] presented a single molecule
switch based on hydrogen tautomerization that meets these
requirements. They operated and characterized the switch by
low-temperature STM. The LUMO of a free-base naphthalo-
cyanine can have two orientations that are determined based
on the position of the two inner hydrogens in the central cavity
of the molecule. By increasing the bias voltage between the tip
and the sample, a hydrogen tautomerization reaction can be
induced by the tunneling electrons in the STM junction. This
change is formally equivalent to rotating the molecule by 90°
and causes a substantial change in the tunneling current meas-
ured at the STM tip positioned over the molecule. Because the
switching is well-defined, highly localized, reversible, intrinsic
to the molecule, and does not involve changes in the molecular
frame, this class of molecules can be used as a building block
for more complex molecular devices such as logic gates.

Azobenzenes have been investigated extensively for their
unique photoisomerization behavior.'%620U Tt is well-known
that these molecules undergo a transition from a more ther-
modynamically stable trans configuration to a cis configura-
tion upon exposure to UV light (360 nm) and a reversible
isomerization under blue light (480 nm). The properties of
azobenzenes in solution (e.g., robust reversible photoisomeri-
zation, long living states, fast switching) make them promising
building blocks for molecular electronic devices. However, it is
not clear a priori that the same processes will occur after con-
necting the molecules to a metal. The presence of substrate or
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Figure 20. a) Diagram of STM I(V) experiment. The tip is positioned over the gold nanoparticle to measure
the properties of an individual BPDN molecule inserted into the C11 alkane matrix. b) /(V) measurement
of an isolated BPDN molecule from the STM experiment. c) Diagram of crossed-wire tunneling junction.
d) I(V) measurement on a SAM of BPDN molecules using the crossed-wire experiment. e) Schematic
diagram of the magnetic bead junction. f) (V) measurement of a SAM of BPDN molecules in the mag-
netic bead junction. BPDN molecules probed in all three test beds behave qualitatively the same. In all
experiments, the blue curve, scanned from 0 to 2 V, shows a discontinuity where the molecules switch
into the high conductance state. The red curve shows the high conductance state, measured as the bias is
scanned from 2 to O V. In all three test beds, near 0 V the molecule switches back into the low conductance
state. Once the molecule is in the high conductance state, it remains in that state until the bias is scanned
to within 50 mV of 0 V. Reproduced with permission.'*? Copyright 2005, Nature Publishing Group.
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metallic electrodes can significantly
affect the photoswitching process.
It is obvious that photoisomeris-
able molecules need to be electroni-
cally decoupled from the metal sur-
face to properly work, that is, to
reversibly switch between the two
isomers. Thus, for instance, STM
experiments on a single azobenzene
molecule physisorbed on a gold sub-
strate have indicated that reversible
switching is only observed when
tert-butyl legs lift the molecule.!”)
In several works using SAMs, the
photoisomerizable molecules were
chemically attached to the substrate
using various spacers: short alkyl
chains (2-6 carbon atoms),[1961%]
ethylene bond,!'®! or phenyl or thi-
ophene moieties.[?9-2921 The role of
this linker is crucial to achieve decou-
pling from the metal surface. More-
over, switching azobenzene within a
two terminal metal-molecule-metal
device seems to be non-trivial. Once
a switching molecule is contacted, in
principle, the distance between the
two electrodes is fixed. Therefore, a
large change in the effective length
of the molecule upon switching, as
exhibited by azobenzenes, is not
easily accommodated. On the other
hand, a scanning probe method has
the freedom to adapt to the state of
the molecule. For this reason, most
of the work on azobenzenes has been
performed by SPM techniques.

Del Valle et al.?%] calculated the
conductance change for azobenzenes
contacted by two carbon nanotubes.
Not only did they find a considerable
on—off conductance ratio, they also
predicted that this ratio depends on
the exact chirality of the nanotubes
used. However, until now, few experi-
ments on the conductance switching
of the azobenzene derivatives have
been reported. Mativetsky et al.l20
used a conducting AFM technique
to create a molecular junction (gold
substrate-azobenzene ~SAM-metal-
coated tip) with sufficient flexibility
to adapt to the anticipated height
change of the azobenzene SAM.
Their study focused on UV-induced
switching from the trans- to the cis-
state. After irradiation, they observed
an increase of the conductance by a
factor of 25-30, which was explained
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to first order by the corre-
sponding decrease in tunnel
barrier length (i.e., the SAM
thickness). A similar result was
obtained using an Hg droplet
top electrode. In this case, the
authors observed reversible con-
ductance switching with a ratio |
around  25.2%0  Interestingly, '
upon switching from the cis- to
the trans-form, the azobenzene
molecules were able to lift the
Hg droplet. Recently, Smaali
et al.?% reported the synthesis s
and electrical properties of a
molecular switch in which the
azobenzene moiety is linked to
a bithiophene spacer and a short
(4 carbon atoms) alkanethiol.
This design is expected to com-
bine the benefits of a rather long
spacer while preserving a suffi-
ciently high level of current due
to the presence of an electron-
rich bithiophene unit (compared
to a fully saturated spacer with
the same length). A record on—off
ratio up to 7 x 103 between the
cis (“on’) and trans (“off”) con-
figurations was demonstrated. The analysis of these results
using first principles DFT calculations indicates that this high
photoinduced on-off ratio results from a synergistic combina-
tion of SAM thickness variation and modification of the energy
offset between the LUMO and the electrode Fermi energy.
Choi et al.?% also utilized a single azobenzene molecule as a
molecular switch that can be triggered by transmitting electrons
with specific bias in the STM geometry. The effect is explained
by an electron impact trans—cis conformational change of the
isolated azobenzene molecules. In this work, the molecular
electronic states of both isomers were measured with spatially
resolved STM or spectroscopy, which indicates the transition
pathways of the electron-induced isomerization.

Diarylethenes have various properties that make them
attractive as molecular switches. These molecules can be con-
verted from a conjugated on state to a non-conjugated off state
upon illumination with visible light (see Figure 21a). The
reverse process is possible with UV light. The photoisomeriza-
tion reaction does not have significant side reactions, and thus,
photodegradation is not as serious a problem as it is for many
other photochromic switches.?®! Furthermore, their length
change upon isomerization is negligible, which makes them
more suitable for two-terminal molecular devices. The first
study that focused on conductance switching of diarylethenes
contacted by a metal was presented by Dulic et al.’% They
examined diarylethenes with thiophene end groups contacted
to gold through the Au—S bond. They used two experimental
techniques: the lithographic MCBJ technique to measure elec-
tronic transport, and UV-vis spectroscopy to measure absorp-
tion. It was observed that the molecules can be switched from
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Figure 21. a) Photochromic molecular switch between two Au contacts in closed state (a) and open state
(b). Reproduced with permission.l Copyright 2003, American Physical Society. b) Independent confirmation
of molecular switching by optical absorption spectroscopy. A nanoparticle network device with dithiolated
diarylethene bridges is used. a: Conductance switching as a result of UV and visible (vis) illumination. The
black areas indicate the intervals during which the sample was in the dark. At the end of such a period (dots),
a UV-vis optical absorption spectrum was taken (see inset for the first three curves). Upon switching the
" (higher permittivity) to “off” (lower permittivity), the gold surface plasmon peak first
shifts to lower wavelengths. b: Position of the surface plasmon peak taken from the sequential absorption
measurements. There is a direct correlation between conductance values and optical spectra. Reproduced
with permission.2% Copyright 2009, American Chemical Society.

the conducting state to the insulating state when illuminated
with visible light (A = 546 nm) (Figure 21a), in spite of the
gold surface plasmon absorption present around this wave-
length. However, they failed to observe the reverse process
which should occur upon illumination with UV light (A =
313 nm). This failure is attributed to quenching of the excited
state of the molecule in the open form by the presence of gold.
A somewhat different approach was taken by van der Molen
et al.?%] They inserted dithiolated diarylethenes as bridges into
a regular monolayer of gold nanoparticles with a diameter of
10 nm. They established reversible conductance switching in
these percolative structures. Nevertheless, photodegradation
under UV light was also observed, leading to device deteriora-
tion after typically 10 switching cycles. A very important advan-
tage of molecule-nanoparticle networks is that they allow for
optical control experiments. In Figure 21D, it is shown how the
surface plasmon resonance of the gold nanoparticles toggles
between two positions as the molecules are switched between
two conductance states. The resonance shift is due to the dif-
ference in dielectric constant of the two isomers. Figure 21b
establishes a direct connection between conductance values
and the surface plasmon resonance position, providing two
independent experiments in parallel. In addition, we refer
the interested reader to a recent in-depth review!'”! on charge
transport through molecular switches.

5. Conclusions and Outlook

It seems unlikely that molecular-based electronics will ever
replace the silicon-based electronics of today. However, there
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are convincing reasons to believe that they can complement
silicon devices by providing, for example, novel function-
alities beyond the scope of conventional solid-state devices
because the small dimensions of the molecule with a variety
of electronic, optical, mechanical, and thermoelectric prop-
erties are able to lead to valuable new physical phenomena.
As described in this review, much has already been learned
about the fundamental charge transport in single molecules,
which plays a key role in both basic science and techno-
logical applications. Although it is still difficult to fabricate
reliable electronic devices made with single molecules and
many of the remaining challenges are still formidable, some
concepts and techniques are now well-established and dis-
cussed in this review. It is certain that this emerging field
has advanced considerably in recent years, and such research
efforts will help us to incorporate molecular components
into traditional microelectronic devices. As a concluding
remark, this review has not dealt with the use of a semi-
conducting electrode in single molecule electronic devices.
Notice that several STM studies on charge transport through
organic monolayers and isolated molecules on the semicon-
ducting electrode (e.g., silicon) have shown the fascinating
results,[297209 and that Vilan et al. recently reviewed silicon-
based molecular junctions. 2!’
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