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7.1 INTRODUCTION AND SCOPE

A core concept in electrochemistry is activated electron transfer (ET) between an electrode, usually
a conducting solid, and a redox system in the nearby solution. The vast literature on ET kinetics
describes the importance of ET to chemical and biological processes, and the underlying phenom-
enon of coupling a chemical reaction to the flow of current is the basis of >$300 billion of annual
gross national product. Chapter 1 in this volume describes ET in nanoscale systems, mainly at an
interface between an electrode and an electrolyte solution. A widely studied example of ET kinet-
ics of relevance to the current chapter deals with ET occurring through a self-assembled monolayer
(SAM) to a redox molecule (e.g., ferrocene) bonded to the SAM at the solution interface,' as shown
in Figure 7.1a. Such experiments stimulated a large research effort to understand the relationship
between ET from a solid to a redox system through a nonredox active SAM and the thoroughly
investigated dependence of ET within molecules, such as occur in biological metabolism and pho-
tosynthesis. An important conclusion about ET at electrodes as well as between two molecules in
solution is the fact that the electrode and redox center (or the two redox centers in solution) need
not be in direct contact to transfer electrons. It is possible, and quite common, for electrons to trans-
fer through a SAM or intervening spacer (even a vacuum) by quantum mechanical tunneling, as
described in Chapters 1 and 6 and in Section 7.3. For ET at both electrodes in solution and between
redox centers within molecules, the ET rate depends on the driving force in terms of free energy
and on the composition of the intervening solution or molecular structure. In addition to tunneling,
ET in such systems may occur by other mechanisms, such as redox exchange, superexchange, and a
sequence of ETs between distinct redox centers.*

The current chapter deals with ET in solid-state devices, which lack a solution but may involve
electron transport, activated redox reactions, and/or ion motion. Extensive past investigations of
transport in organic semiconductors, conducting polymers, and redox polymers provide important
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FIGURE 7.1 (a) Schematic of ET between ferrocene (Fc) bonded to Au and a SAM. (b) Two-terminal MJ
with a conducting carbon substrate and Cu top contact. (c) Three-terminal molecular memory device with
read (R) and W/E circuits shown.

precedents, in that they all involve electron transport across organic (usually) materials over dis-
tances of a few nanometer up to several micrometer. Organic electronics is focused mainly on
organic films capable of electron transport, with commercial applications in organic light-emitting
diodes (OLEDs) and organic field-effect transistors (OFETs). An active area of electrochemistry of
the 1980s and 1990s considered ET through polymers such as poly(vinylferrocene) by a series of
redox exchange reactions between ferrocene centers in the polymer.>-® Such experiments involved
variants of the molecular junction (MJ) shown in Figure 7.1b, consisting of an organic film between
two conducting contacts, with little or no solvent present. ET through a 100—1000 nm thick molecu-
lar layer was measured as a current between the two contacts and in some cases was accompanied
by ion motion. Starting in the late 1990s, ET in MJs with thicknesses of <10 nm was investigated,
and such studies comprise the rapidly growing area of molecular electronics (ME).°-'> In many
cases, the molecular layer is a single molecule suspended between two contacts, with one contact
being an STM or AFM probe.!6-!8 The important distinction between organic and molecular elec-
tronics is one of scale, with the latter involving transport distances of a few nanometer. As summa-
rized in Table 7.1, the >100 nm transport distance common to organic electronics dictates transport
consisting of a series of steps, usually activated redox exchange.

The carrier mobility is governed in part by the reorganization energy of the radical ions required
for hopping, and transport generally has a positive temperature dependence. The low mobility
common to organic semiconductors compared to silicon has been a serious drawback of organic
electronics, as has low stability resulting from carriers consisting of radical ions. Reduction of
the transport distance to <10 nm enables other ET mechanisms such as tunneling and may avoid
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TABLE 7.1
Comparison of Organic and Molecular Electronics Highlighting Differences in
Distance Scale, Mechanism, and Electric Fields across the Molecules

Transport ~ Temperature Dependence Electric Fields
Distance (6 =Conductivity) Transport Mechanism (V.cm™)
Organic 0.1-100 pm do/dt >0 Redox exchange 103-10*
electronics variable range hopping
Molecular 1-10 nm 7 Tunneling, off 10°-107
electronics resonance injection, 7?7

formation of reactive intermediates. Furthermore, the electric fields in MJs may be much higher
than those in OLEDs and OTFTs, often exceeding 10° V cm~.!13 As noted in Section 7.3, these high
fields can have major consequences to the ET mechanism.

In addition to ET across short distances in MJs, this chapter also considers memory devices in
which a redox reaction results in a large change in conductance in a device with the geometry shown
in Figure 7.1c. Although its arrangement is similar to that of an OFET, its operation is fundamentally
different, as described in Section 7.4. Solid-state nonvolatile memory (NVM) has enabled portable
electronics, with broad applications in cell phones and portable music players, and replaced disk
drives in laptop computers.'*?® The large demand for NVM has driven an extensive research effort
on alternatives to existing dynamic random access memory (DRAM) and flash memory based on
the silicon floating gate structure. Flash memory is a successful example of NVM based on the
silicon floating gate field-effect transistor (FET), widely used in portable consumer electronics such
as smartphones and USB drives.?! Flash memory has retention times exceeding 10 years; can be
very dense, for example, >10 GB cm™2; and is inexpensive enough for widespread use. Flash uses a
relatively high-voltage pulse (~10 V) to inject electrons into a floating gate of silicon on silicon oxide
insulator. The resulting field from the trapped charge then modulates the conductance of a FET,
and the low and high conductance states can be read nondestructively to provide a bit of informa-
tion storage. However, the high-voltage requirement leads to relatively high energy requirements
for write/erase (W/E) operations, and fatigue of the SiOx gate oxide leads to limited cycle life.?! In
addition, flash is subject to cross talk between adjacent cells, which ultimately limits its information
density. Furthermore, flash is much slower than DRAM based on charge storage on a capacitor, and
its limited cycle life prevents many applications where long retention is desirable.

Many alternative NVM devices involve redox processes of both organic?®2?23 and inorganic®*-?’
materials, although none of these have penetrated the commercial market. An example of redox-
based memory where commercialization was attempted is a dynamic memory element in which
charge is stored in a porphyrin redox center instead of a capacitor. The porphyrin device had poten-
tially higher density, lower cost, and longer retention time than currently very common DRAM.?3-28
A single bit of the porphyrin-based memory is essentially a very small battery having two redox
systems and mobile ions, with significantly higher charge density than possible with a capacitor of
similar size. An important but fairly obvious aspect of redox-based memory devices is that redox
reactions are difficult or impossible in silicon, and the active memory element nearly always involves
addition of a metal, metal oxide, or organic redox element.

An additional important feature of more recently developed memory devices, including flash,
is their readout based on resistance?-3 rather than electronic charge or magnetism. The charge-
storage mechanism used in DRAM limits retention time due to leakage from a very small capacitor,
limits density to a minimum readable charge on the capacitor, and also increases cost due to the
need for a high aspect ratio trench capacitor.?? The long retention, nondestructive readout, and high
bit density of flash are the main reasons for its widespread use, but the cycle life of ~10* W/E cycles
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constrains its use to applications with relatively low duty cycle. Some of the newer NVM alterna-
tives based on redox processes, including that shown in Figure 7.1c, also involve resistance readout
to exploit its advantages, but seek to increase lifetime and reduce energy consumption. As an indica-
tion of the breadth of the research effort into alternative NVM, a SciFinder search yielded >14,000
citations for either of the terms resistance memory and conductance switching. There is a wide
range of mechanisms for achieving a persistent change in conductance, which can then be read by
an electronic circuit. However, there is also a significant uncertainty about the mechanism operative
in particular devices, with the result that improving performance is not straightforward.?>?* For the
case of redox-based memory devices, electrochemical concepts and techniques should be invaluable
for understanding and improving performance.

In the context of nanoelectrochemistry, this chapter describes the relationship between some
familiar electrochemical concepts and solid-state devices of potential interest in microelectronics.
Specifically, what charge transport mechanisms are operative when the transport distance decreases
below the ~100 nm typical of organic electronic devices and redox polymers? Do the electrified
interfaces or high electric fields in molecular layers with 1-20 nm thicknesses result in redox events?
Can redox-based resistance memory exhibit improved performance over commonly used commer-
cial devices? What electrochemical processes control such memory devices and what are the fun-
damental limits to performance? Section 7.2 describes fabrication of MJs of both the two-terminal
(Figure 7.1b) and three-terminal (Figure 7.1c) configurations. Section 7.3 describes electron trans-
port across two-terminal devices with thickness in the range of 4—22 nm, with emphasis on trans-
port mechanism and electronic behavior. Section 7.4 describes resistance memory devices based
on redox reactions in conducting polymers and their potential applications as alternative NVM.
Finally, Section 7.5 considers future prospects for nanometric molecular electronic devices, both in
fundamental science and commercial applications.

7.2 FABRICATION OF MOLECULAR ELECTRONIC DEVICES

As already noted in Figure 7.1, an MJ is derived from the modified electrodes in common use
in solution phase electrochemistry. Some additional comments are appropriate when considering
modified surfaces in the context of possible microelectronic applications. Obviously, many existing
components of today’s microelectronics are also two- or three-terminal, and their functions depend
strongly on which configuration is employed. The two-terminal geometry shown in Figure 7.1b is
equivalent to a modified electrode with the solution replaced by a conductor and is intended to lack
ions and solvent and usually mass transport. As will be discussed in Section 7.4, the three-terminal
geometry of Figure 7.1c provides a control electrode (denoted as “G” in the figure) and can also have
some of the properties of an electrochemical cell. There have been many variations on fabrication
of both two- and three-terminal molecular devices, usually classified by the type of surface bond-
ing between the molecular component and the conducting substrate.!3-1334-36 These many variations
will not be reviewed here, but some special concerns about the structures shown in Figure 7.1 will
be considered, in order to illustrate the transition from modified electrodes (Figure 7.1a) to molecu-
lar electronic devices (Figure 7.1b and c¢), namely, substrate patterning and flatness, molecular layer
bonding and formation, and top contact deposition.

7.2.1  FaBRICATION OF TWO-TERMINAL MOLECULAR JUNCTIONS

Most applications of ME will likely involve the wafer-scale, massively parallel processing currently
employed in the microelectronics industry. Therefore, MJ fabrication must be compatible with pho-
tolithography and reasonable temperature excursions during processing and operation. In addition,
the substrate must be very flat, so that its root-mean-square (RMS) roughness is significantly less
than the thickness of the molecular layer. Our approach to addressing these issues is the use of
the unique properties of carbon—carbon bonding possible by diazonium reduction on sp? carbon
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FIGURE 7.2 (a) Substrate pattern for two-terminal MJs, starting with four stripes of PPF on an insulating
Si/SiO, chip and then a magnified image of the finished MJ (b). (c) The three-electrode schematic that corrects
for ohmic potential error in the PPF.

surfaces.'*3738 Pyrolyzed photoresist film (PPF) is a form of glassy carbon made by pyrolysis of
commercial photoresist resins (mainly novolac), which can be patterned by conventional photoli-
thography.*-* Heat treatment in 5% H, in N, (i.e., forming gas) provides a reducing atmosphere
that produces a very flat (<0.5 nm RMS by AFM) sp? hybridized carbon surface in the same pattern
as the original photoresist.** PPF has electronic, electrochemical, and structural properties similar
to glassy carbon, and its surface presumably consists of a random array of basal and edge regions
of the sp? carbon. Figure 7.2a shows the pattern used for many laboratory devices, in which a given
sample has 4—12 MIJs, consisting of a 200-500 pm wide PPF strip with a 100-250 um wide top
contact, in this case Cu and Au.

An image of an MJ is shown in Figure 7.2b, and contact is made with probes (usually tungsten)
positioned on the MJ as shown in Figure 7.2c. Notice that the three-wire measurement geometry
shown in Figure 7.2c is analogous to that used in electrochemistry and provides compensation of
the ohmic potential drop in the PPF lead.** Microfabrication of MJs at the level of a 100 mm diam-
eter wafer is shown in Figure 7.3, starting with a mask (panel a) followed by pyrolysis to generate a
wafer of PPF patterns (panel b), which are then diced into individual samples and modified further
(panels ¢ and d).**

Diazonium reduction to form C—C bonds on sp? surfaces has been studied extensively*—° and
is well suited to MJ fabrication for several reasons. First, the C—C bond is thermally stable, at
least up to >500°C, and is formed mainly at the edges of graphitic sheets on the PPF surface.>>
Second, surface modification is mediated by a phenyl radical, which aggressively patches pinholes
on the PPF surface, leading to high coverage. Although the radical mechanism can also produce
multilayers, the layer is covalent and conjugated, and its thickness can be verified by AFM scratch-
ing.> Third, the conjugated phenyl-phenyl bond between the molecular layer and the PPF may
have special electronic consequences, as it represents an example of strong electronic coupling, as
discussed in Section 7.3. The molecular layer is usually deposited electrochemically, by immersing
the PPF stripes shown in Figure 7.2a or the microfabricated chip of 7.3 in an electrolyte solution
containing the appropriate diazonium reagent. Repeated negative voltammetric scans are then
used to build up a molecular layer with thickness in the range of 2-25 nm. The RMS roughness
of the modified layer matches that of the substrate (<0.5 nm) for molecular layers up to ~6 nm
and increases slightly to <1 nm for 22 nm films.>* An example of the statistical analysis currently
used to determine layer thickness is shown in Figure 7.4, with the 10.3+0.9 nm result reflecting
the combined (quadrature) standard deviation of both the PPF substrate and the molecular layer,
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FIGURE 7.3 Photolithography mask (a) and photograph (b) for a PPF pattern on a 100 mm diameter wafer.
Pattern includes 40 sample substrates (c) with 32 junctions each, and top contact is applied through a shadow
mask to yield finished devices (d).
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FIGURE 7.4 (a) A modified PPF surface showing a scratch made with contact mode AFM with sufficient
force to remove the molecular layer. (b) Statistical analysis of the heights determined with tapping mode in the
area of the white rectangle. (Used from supporting information of Yan, H. et al., Proc. Nat. Acad. Sci. U. S. A.,
110, 5326, 2013. With permission.)

determined at many positions inside and outside an AFM scratch made with the contact mode but
analyzed with the tapping mode.>*

In most cases, the thickness determination is performed directly on the sample studied electroni-
cally, on the exposed PPF/molecule region adjacent to one of the junctions.

Application of a top contact to complete the MJ has been a very active and often controversial
topic, with no consensus emerging yet regarding the best method. The main concern is that common
methods based on metal sputtering or vapor deposition can damage and/or penetrate the molecular
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FIGURE 7.5 (a) JV response for MJs made from a 4.1 nm thick layer of NAB on PPF after deposition of
various top contacts. The vertical line results from direct deposition of 15 nm of Au on the molecular layer
and from deposition of 1 nm of e-C followed by 15 nm of Au. The remaining curves result from deposition of
15 nm of Au on top of the indicated thicknesses of e-C. (b) Overlay of JV curves from 32 NAB junctions on
four separate chips (red curves) compared to one with the molecule absent. (Used from Yan, H. et al., J. Am.
Chem. Soc., 133, 19168, 2011. With permission.)

layer, often with the formation of shorts, that is, direct electrical contact between the substrate and
top electrodes.”->” We reviewed these methods!* and their associated pitfalls, including the impor-
tance of structural characterization of completed MJs with optical spectroscopy.*»*-%> The high
coverage and thermal stability of diazonium-derived PPF/molecule layers enable them to tolerate
electron beam deposition of Cu, Ag, and Au with minimal effects on the Raman spectrum of the
molecular layer. However, deposition of Ti or Pt on the same substrates results in significant changes
to the Raman spectrum as well as shorts, indicating serious alteration of molecular layer structure.>®
Although Au does not change the Raman spectrum of the molecular layer, it does penetrate the film
and results in a short circuit, as shown in Figure 7.5a.

Similar problems with Au deposition on SAMs and Langmuir—Blodgett films have been reported
extensively, as has layer damage by Ti.>»7% An alternative cold deposition method based on diffu-
sion of metal atoms to contact the molecular layer yields very similar current-voltage response for
PPF/molecule/Au MJs, indicating that direct metal deposition does not alter electronic behavior.®¢-¢7
Microscopy images of the MJs depicted in Figure 7.4d at progressively higher magnification are
shown in Figure 7.6, starting with a close-up of the junction region in panel a.

A recent alternative to direct metal deposition uses electron beam—deposited carbon (e-C) as
the initial top contact, followed by a layer of 15 nm of Au to permit electrical contact.®* Figure 7.5a
shows that a 2 nm thick layer of e-C prevents penetration of subsequently deposited Au, and the final
MJ shows response comparable to a similar junction with a Cu/Au top contact.

Although e-C has a higher resistivity than PPF, its thickness may be increased to 30 nm without
significant effects on the observed current density. Raman spectra before and after deposition of
e-C and Au showed no change in peak positions or relative intensities of the bands of nitroazo-
benzene (NAB), implying minimal changes to the molecular layer structure. Reproducibility of
devices made with e-C (10 nm) and Au (15 nm) top contacts is shown in Figure 7.5b for 32 MJs
from four separate samples with eight junctions on each. The 100% yield and rsd of 10%-20%
for the current density indicate reliable fabrication and good consistency for finished devices. The
e-C/Au top contact also permits a higher range of applied bias and fabrication of thicker MJs, up
to at least 22 nm.>*%4
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FIGURE?7.6 Micrographsof microfabricated MJs at progressively higher magnifications: (a) Photomicrograph
of two junctions and their contact pads. (b) SEM cross section of a junction cleaved at the dotted line in
panel A. (c) Magnified SEM of one edge of the MJ showing the metal top contact layer. (d) TEM of molecular
layer between silicon and copper, with silicon replacing PPF to provide contrast. (Images a, b, and ¢ used from
Ru, J. et al., ACS Appl. Mater. Inter., 2, 3693, 2010. With permission.)

7.2.2  FABRICATION OF THREE-TERMINAL MOLECULAR MEMORY DEVICES

Since the early experimental work on ME in the late 1990s, memory devices have been prominent,
due to the large commercial incentive to make solid-state memory that is more dense and faster
or requires less power than current technology. Many of these devices were two-terminal, often a
crossbar arrangement, and were in principle scalable to very small device size, with possibly even
a single molecule representing one bit.>%° As noted in Section 7.1, a wide range of devices has been
reported for both organic and inorganic memory devices with both two- and three-terminal geom-
etry having mechanisms involving distinct physical phenomena. We investigated a two-terminal
device based on conductance changes in a layer of TiO, adjacent to a molecular layer of NAB or
polypyrrole (PPy). Although these devices showed initial promise, they proved to be unreliable due
in part to the requirement that the two contacts must perform both W/E and read (R) operations. As
described in Section 7.4, we then adopted the configuration of Figure 7.1c, consisting of a conduct-
ing polymer (poly(3,3’-didodecylquaterthiophene) [PQT] in the case shown) and a third electrode
(labeled “G” by analogy to the gate of a FET). Note that the W/E and R circuits are now separated,
so these operations can be controlled independently. In addition, the read process is nondestruc-
tive and in principle very fast. We use the “S,” “D,” “G” labeling from FET technology due to their
familiarity, but the operation of the memory device differs fundamentally from that of a FET.
Fabrication of three-terminal memory devices is derived in part from the lithography and spin
coating methods common to the very active OFET literature, but with some special requirements
dictated by the need for mobile ions and redox-based conductance changes. A research test sub-
strate for a one-bit memory device is shown in Figure 7.7a, with a 20 pm gap between the S and D
electrodes. The pattern on the substrate includes S and D electrodes, onto which the polymer layers
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FIGURE 7.7 (a) Top view of three-terminal substrate showing S and D electrodes (upper) and the location of
the G electrode (lower). (b) Side view schematic of redox-gated memory device. (c) Mask for microfabricated
devices shown enlarged in panel (d) and wire bonded in a package in E.

are spin coated. Regioregular PQT is a polythiophene derivative made by Xerox Research Centre
of Canada for application in OFETs and printable electronics,®®7° and it is first applied to the SD
substrate by spin coating. The EV-PEO layer is then either drop cast or spin coated on top of the
PQT layer, to build up the structure shown from a side view in Figure 7.7b.

Finally, an e-C (15 nm) and Au (15 nm) are applied by e-beam deposition through a shadow
mask to complete the device. Most of our research on redox-gated memory devices to date was
done with the laboratory substrate of Figure 7.7a,347-73 but the entire process can be adapted to
parallel fabrication using the substrate shown in Figure 7.7c through 7.7e. Each unit in a pattern on
a 100 mm wafer (8C) has 16 test cells (8D) onto which polymers can be applied. The test chip can
then be mounted in commercial packaging by wire bonding (Figure 7.7e) to permit environmental
and lifetime testing.

7.3 ELECTRON TRANSPORT ACROSS NANOMETER-SCALE
MOLECULAR LAYERS

As noted in Section 7.1, electron transport in MJs has important similarities to ET through mono-
layers on modified electrodes. Transport by tunneling in both cases is shown in Figure 7.8 for a
conducting carbon electrode. The density of electronic states in a conductor is high, and the distri-
bution of electrons in these states is dictated by the Fermi function, which defines the Fermi level as
the energy level that is half filled with electrons. The wave nature of electrons dictates that there is
finite electron density outside the carbon electrode that extends into space or into a solution with an
exponentially decreasing zail, as shown in Figure 7.8a.

Stated differently, an electron has finite probability of being located outside the electrode itself,
with the probability dictated by both distance and the nature of the material adjacent to the electrode.
A reducible compound such as anthracene (AN) in solution approaching the electrode surface will
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FIGURE 7.8 (a) Schematic of electron density vs. distance for a modified electrode reducing a redox system
in solution. (b) Same schematic for a MJ with Cu replacing the solution. (c) Energy levels for the process of
panel (a), with shaded area representing filled states in the electrode and an electron tunneling through the
molecular layer. (d) Energy levels for an MJ, with HOMO and LUMO representing the highest occupied and
lowest unoccupied molecular orbitals of the molecular layer. ®_ and ®, indicate the electron and hole tunnel-
ing barriers, respectively.

first encounter the fail of electrons, and an electron may transfer to the electrode even though the AN
is not actually in direct contact with the electrode surface. The rate of ET through the monolayer is
strongly dependent on the nature of the monolayer, as well as the usual parameters related to reorgani-
zation energy, transfer coefficient, etc.'"*™ A wealth of experimental and theoretical results supports
an exponential dependence of ET on the thickness of the monolayer (d), according to Equation 7.1:

k°(obs)=k°(d=0) exp (—fd) (7.1

where
k°(obs) is the observed heterogeneous ET rate constant
k° (d=0) is the rate constant with the monolayer absent
B is the attenuation parameter, with units of A~! or nm~! (nm~! will be used here for consistency
with the figures)

Therefore, a B equal to 1.0 nm™" indicates that the ET rate decreases by 1/e (or 63%) for every
nanometer of monolayer thickness. Equation 7.1 has been applied to a variety of ET reactions in
electrochemistry as well as intramolecular and intermolecular ET occurring in homogeneous solu-
tions. This literature is extensive, but relevant benchmark f values include 89 nm~! for ET through
alkane chains; 3-5 nm™! for conjugated, aromatic molecules; and as low as 1-2 nm™" for the conju-
gated backbone of polyolefins.'* § for a vacuum depends on the electrode work function, but is high,
typically ~25 nm~!. So although an electron can tunnel through a vacuum, the range of distances
is very short, with the probability of ET decreasing to less than 1% with a vacuum gap less than
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FIGURE 7.9 Prediction of probability of finding an electron at some distance from an electrode as a simple
function of exp(—fd) for the indicated values of . A 1.3 nm NAB molecule is shown for scale.

2 A thick. Figure 7.9 shows the probability distribution for electrons with distance from a surface
for various p values, along with a typical molecule (NAB) to indicate the scale.

An MJ can be considered a modified electrode with the solution replaced by a conductor, as
shown in Figure 7.8b. This case is the classical metal/insulator/metal (MIM) device that was first
treated theoretically in the 19608777 to describe tunneling in metal or silicon oxides. A redox reac-
tion need not be involved, and the observed current follows the empirical relationship of Equation
7.2. The absence of a redox reaction

J (A cm™) = B(A cm™) exp (—pd) (7.2)

simplifies the process significantly, since there is no mass transport, reorganization energy, or reac-
tion kinetics. The common depiction of energy levels in the MIM system is shown in Figure 7.8d
for a vacuum gap and an MJ. The levels in the conductors are shown as a continuum, with a con-
stant density of electronic states usually assumed for simplicity. The shaded areas represent filled
electronic states, up to a Fermi level that may differ for various conductors. For a vacuum gap, the
tunneling barrier equals the work function of the contact material, since removal of an electron from
the contact produces a free electron in vacuum. Adding a molecular layer between the two contacts
to make the MJ shown in Figure 7.10d introduces HOMO and LUMO (highest occupied and lowest
unoccupied molecular orbitals) levels into the gap, and these are generally assumed to straddle the
contact Fermi levels, as shown. If the HOMO occurred at a higher energy than the Fermi level (or
the LUMO at lower energy), there would be spontaneous ET between the molecule and the contact
and the energies of both phases would change, leading to an entirely different situation. Note that
the simple picture of Figure 7.10d ignores charge transfer and energy level realignment when the
molecule and contacts are brought together, an assumption often referred to as the Mott—Schottky
limit in the semiconductor literature.”®-8% As described later, this assumption can often be violated,
with significant consequences to device behavior.

The tunneling barriers predicted in the Mott—Schottky limit are shown in Figure 7.8d, for both
electron and hole tunneling. For the case of equal Fermi levels of the two contacts, the electron
tunneling barrier @, equals E, ;0 — Ep, with both referenced to the vacuum level. This barrier
may be significantly lower than the contact work function; hence, tunneling through a molecu-
lar layer may be much more efficient than through a vacuum. Hole tunneling is less intuitive but
occurs when @, =E — E,;o\01s smaller than ®,. The only particle actually moving is an electron,
of course, but hole tunneling may be viewed as starting with transport of an electron in the HOMO
level rather than the contact and may become quite efficient if the HOMO level is close to Eg.
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FIGURE 7.10 (a) JV responses of PPF/NAB/Cu MJs with varying NAB layer thickness between 2.2 and
5.2 nm. (b) Plot of In J(0.1 V) vs. layer thickness for experimental results for alkane and NAB devices and pre-
dicted lines for a metal and vacuum. (Alkane data from Bonifas, A.P. and McCreery, R.L., Nat. Nanotechnol.,
5, 612, 2010.)

Extensive theoretical treatments of tunneling in MIM devices are based either on the Simmons
model, which assumes a continuous insulator layer with an average barrier height,”773! or the
Landauer approach, which is based on predicting the probability of tunneling through a single
molecule between the contacts.!?#233 These models will not be discussed here in any detail, but they
both are consistent with the observed thickness dependence, that is, Equation 7.2. Although both
approaches lead to similar predictions of the tunneling rate based on molecule and contact energy
levels, the Simmons approach is more readily applied to junctions containing a large number of
molecules, while the Landauer treatment is often used for single-molecule devices.!?

Many types of MJs have been fabricated in order to determine electron transport mechanisms,
and many of those have been analyzed in the context of Equation 7.2, to determine if tunneling is
the major contributor to the current. We have reviewed the various paradigms for studying conduc-
tion in single molecules and large area MIJs, including some advantages and problems with each
approach.'3-153 Chapter 6 in this volume describes many experiments on single molecules, includ-
ing factors that determine electron transport in single-molecule junctions. The results discussed in
the current section are based on carbon/molecule/metal devices described in Section 7.2, which
illustrate several important factors affecting device conduction. Figure 7.5a shows the current den-
sity vs. voltage (JV) response for PPE/NAB(4.5)/e-C(10)/Au(15) MJs, compared to the same device
with the molecular layer absent.®* As indicated in Figure 7.5b, such MJs are quite reproducible,
with JV curves that differ dramatically from that of a direct PPF/e-C/Au short circuit. A In(J) vs.
V plot is linear above about 0.3 V, indicating that the current increases exponentially with applied
bias37647® and can exceed 400 A cm without degradation.** The response is weakly dependent
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on temperature, with an apparent Arrhenius barrier of <0.2 meV for the range of 5-250 K and
<100 meV for the 260-450 K range.’” The <100 meV activation can be attributed to broadening of
the Fermi function in the contact, implying that ET is not dependent on molecular reorganization or
nuclear motion over the entire 5-450 K temperature range.’” The JV response was independent of
scan rate between 0.1 and 1000 V s7!, and scans to £1 A cm™ could be repeated for at least 10° cycles
without observable changes in response. Similar PPF/NAB/Cu devices were tolerant of processing
temperatures up to 350°C, as well as a complete photolithography cycle (spin coating, UV exposure,
and developing) performed directly on a finished MJ.38

Figure 7.10a shows the dependence of JV response on molecular layer thickness (d) for NAB
multilayers in the range of 2.2-5.2 nm, with the thicknesses verified with AFM scratching.>® The
strong variation of current density with thickness is not expected if the molecules were behaving
like resistors, which should yield a 1/d dependence. Figure 7.10b shows a plot of In J (0.1 V) vs.
d for the curves of Figure 7.10a, demonstrating an exponential dependence of J on thickness, as
predicted from Equation 7.2. The attenuation coefficient p is 2.5 nm~! for NAB, corresponding to
a decrease of J by a factor of 1/e or 0.082 for each nm of molecular layer thickness. Also shown
in Figure 7.10b are results for alkane junctions made by bonding alkyl amines to PPF by oxidation,
which exhibited a p=8.8 nm~1.% f for the alkane MJs compares favorably with that noted earlier
for ET through molecules in solution, and ET across SAMs on electrodes, implying that similar
effects control transport rate. Furthermore, the weak temperature dependence over a 5-450 K
range is consistent with a tunneling mechanism, presumably controlled by barriers defined by
either the molecular HOMO or LUMO, as depicted in Figure 7.8d. The P observed for NAB is
similar to that reported for ET through similar aromatic layers on glassy carbon electrodes in solu-
tion™ and also with the 2-5 nm™ reported for aromatic SAMs? and single aromatic molecules in
break junctions.'?

The consistently lower p observed for aromatic compared to aliphatic molecules in MJs implies
either a HOMO or LUMO that is closer to the contact Fermi level and also indicates an important
variable for using molecular structure to fune the electronic properties of the MJ. Analysis of JV
curves such as Figure 7.10a with the Simmons equations incorporating effective mass and image
charge effects yielded tunneling barriers of 1.07-1.25 eV for NAB in the range of d=2.8-5.2 nm,
implying that the main transport mode is hole tunneling mediated by the HOMO level.?” An inde-
pendent determination of energy levels using photocurrents yielded a Ey;\o — Er offset of 1.1 eV for
an aromatic MJ and 1.7 eV for an aliphatic MJ,** completely consistent with the attenuation plots of
Figure 7.10b.

The prospect of controlling junction conductance by changes in molecular structure is quite
attractive, since there are many molecules available, and rational design of MJs with useful elec-
tronic behaviors may be possible. The approach of Figure 7.10 was extended to a series of seven
aromatic molecules, chosen to have a range of 2.3 eV for both the LUMO energies and HOMO ener-
gies of the free molecules.”® PPF/molecule/Cu MJs were constructed from the seven molecules with
various molecular layer thicknesses, for a total of >400 junctions, and then JV curves were obtained
at room temperature. The range of molecular energy levels should have resulted in a similar range
of tunneling barriers for either electrons or holes if the free molecule energies did not change sig-
nificantly upon formation of the MJ. As shown in Figure 7.11, the aromatic junctions differed little
from NAB, with an average p} value of 2.7+0.6 nm~'. While the difference between the aromatic
and aliphatic devices was clearly statistically significant, those for the aromatic junctions were not,
counter to the expectation from the free molecule HOMO or LUMO energies.”

Not only did the aromatic molecules have similar slopes for the InJ vs. d plots, their current
magnitudes were also similar and statistically indistinguishable. The reason for this similarity was
revealed by independent measurements of the work functions and HOMO levels using ultraviolet
photoelectron spectroscopy (UPS)” and photocurrent measurements.3* Strong electronic coupling
between the PPF substrate and the bonded, aromatic molecule resulted in charge exchange between
the PPF and the molecule, leading to a leveling effect that resulted in similar tunneling barriers of
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FIGURE 7.11 Attenuation plots from >400 MlJs with the indicated molecules plus bromophenyl, ethynyl
benzene, anthraquinone, and nitrophenyl molecular layers. (Adapted from Sayed, S.Y. et al., Proc. Natl. Acad.
Sci. U. S. A., 109, 11498, 2012. With permission.)

1.3+£0.2 eV for all seven aromatic molecules. In effect, the addition of electron donating or with-
drawing groups to the aromatic molecule caused shifts in both the apparent PPF work function and
the molecular HOMO level, which compressed the tunneling barriers expected for the free mol-
ecules to a common value of ~1.3 eV, as shown schematically in Figure 7.12. In the semiconductor
literature, charge transfer between two materials placed into contact causes similar shifts in energy
levels and is known as a violation of the Mott—Schottky assumption that the two phases maintain
their free energy levels when in contact.

The phenomenon has been discussed extensively for interfaces between metals and organic semi-
conductors and often has major consequences to the device behavior.3+8-37 In the case of molecular
tunnel junctions such as PPF/molecule/Cu, it results in significantly diminished ability to vary the
tunneling barrier by varying substituents on a strongly coupled aromatic molecule. As apparent
from the clear difference between aromatic and aliphatic MJs shown in Figure 7.11, the electronic
properties of the molecule can still have a major effect on transport, but the electronic properties of
the system, consisting of both contacts and molecules, must be considered.”

The MJs considered thus far were limited to thicknesses below 6 nm, due mainly to experi-
mental limitations on molecular layer growth and top contact deposition. A different MJ structure
using e-C as a top contact® permitted a wider range of thicknesses (4.5-22 nm) in order to inves-
tigate transport mechanisms beyond the tunneling limit of ~5 nm. Figure 7.13a shows JV curves
for bis-thienyl benzene (BTB) of the type PPF/BTB/e-C/Au, where e-C represents a 10 nm thick
layer of e-C. For d < 5 nm, such junctions are quite similar electronically to the analogous PPF/
molecule/Cu devices, but are more stable at higher bias.®* Note that significant current densities
(J >1 A cm™) are achieved for d=22 nm, where tunneling should be negligible. Figure 7.14 shows
the attenuation plot for V=+1 V and a range of temperatures from 6 to 300 K. For d < 8 nm, the
slope of 3.0 nm™ is similar to that observed previously (Figure 7.11) and is independent of tem-
perature. For d >15 nm, p = 0 at 300 K, but the current is temperature dependent with an Arrhenius
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FIGURE 7.13 (a) JV curves for PPF/BTB/e-C/Au MJs with molecular layer thickness from 4.5 to 22 nm.
(b) In(J/E) vs. EV2 plots for selected thickness. Temperature was 300 K in all cases shown. E is the electric field
across the molecular layer, assumed to be linear across the device.

slope of 160 meV. For d=10-16 nm, =1 nm™" and is weakly temperature dependent. Note also
that the low-temperature behavior for d=22 nm is close to the =1 nm™' line observed for all
temperatures and d < 16 nm.

A detailed analysis of JV curve shape and temperature dependence resulted in the proposal that
three mechanisms were active over the 4.5-22 nm thickness range.* For d < 8 nm, transport is
dominated by tunneling, and extrapolation of the =3 nm™' line to greater distances indicates that
tunneling will decrease below the detection limit at ~12 nm. For d=22 nm, transport is consistent
with thermally activated hopping with an activation energy of 160 meV, with a decrease at low
temperature to the same =1 nm™' line observed for d=12-16 nm. Reported activation energies
for transport in bulk polythiophene are in the range of 130-280 meV, so transport in structurally
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FIGURE7.14 Attenuation plots for BTB junctions at five temperatures, all obtained with a 1 V bias. Statistics
indicate f values for fixed thickness ranges, across several samples and temperatures, as described in Ref. [54].

similar BTB films with d=22 nm is consistent with redox exchange commonly encountered in
organic semiconductors. It is quite likely that the 4.5-22 nm distances shown in Figures 7.14 and
7.15 bridge the gap between tunneling transport at short distances and redox exchange operative for
bulk organic semiconductors.>*

The nature of transport in the intermediate region with f=1 nm™"is at least partially revealed by
a plot of In(J/E) vs. EV? where E is the electric field, assumed to be V/d for a given MJ. Such plots are
expected to be linear for Schottky and Poole—Frenkel transport, with the unusual E"> dependence
resulting from the effect of electric field on transport barriers.®® Figure 7.13b shows this plot for
four thicknesses of BTB at room temperature, which leads to two important observations. First, the
curves coalesce at high E for d=8, 10.5, and 22 nm, indicating that transport is field dependent over
a wide range of thickness, completely inconsistent with tunneling. Second, In(J/E) vs. E2 is nearly
linear for these thicknesses and high field and is very linear for d=22 nm and T=6 K (R?=0.9899
over eight orders of magnitude of J/E).”* These results are consistent with Schottky and Poole—
Frenkel transport in one respect; that is, there is a transport barrier that varies with E'2. However,
both these mechanisms are based on thermal activation of a carrier over such a barrier, and the
=1 nm™! mechanism clearly is effective even at 6 K. Therefore, whatever mechanism is proposed
for this intermediate region should be activationless and effective over a wide range of electric field
and temperature. We recently proposed that the intermediate mechanism is based on field ionization
of molecular HOMO levels in the molecular layer,>* conceptually similar to the ionization of elec-
trons in traps that is the basis of the Poole—Frenkel mechanism. For d=10 nm, and a bias of 1 V, the
average electric field across the molecule is 10° V cm™ and much higher than that present in typical
organic electronic devices with thicknesses in the 100 nm—10 pm range. Given that the HOMO level
of BTB is predicted to be 0.7-1.2 eV below the system Fermi level, Poole—Frenkel theory predicts
that ionization of an electron trapped in the HOMO may occur when E exceeds 10° V cm™!, which
is the point where the curves coalesce in Figure 7.13b.

As outlined in Section 7.5, there is much remaining to be learned about electron transport through
nanometric molecular layers, but the current results in addition to those from the literature clearly
demonstrate that molecules can act as circuit components and have unusual transport properties.'?
In all of the cases described thus far, transport occurs without conventional redox reactions and
is generally weakly activated. We now turn to an approach to molecular memory in which redox
reactions are both intentional and essential to the intended application of the molecular electronic
device.
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7.4 REDOX-MEDIATED SOLID-STATE MOLECULAR MEMORY DEVICES

As noted in Section 7.1, redox reactions have been associated with memory functions in a variety of
microelectronic devices, based on both inorganic materials such as TiO, and metal filaments** and
organic materials, notably organic semiconductors.?? An example of a two-terminal memory device
based on resistance switching is shown in Figure 7.15a, consisting of thin layers of PPy and TiO,
between conducting contacts.

The conductivity of PPy increases by a factor of ~10% when it is oxidized by one electron, while
that of TiO, increases a comparable amount when it is reduced from Ti'V to Ti'! oxide.’® When the
PPF electrode shown in Figure 7.15a is biased with the PPF positive, an electron can move in the
external circuit from the PPy to the TiO,, resulting in a major decrease in the resistance between
the PPF and Au electrodes. As shown in Figure 7.15c¢, the resistance may be read by standard
voltammetry, and the device may be switched repeatedly between the low and high conductance
states. Although the electronic characteristics of the PPy/TiO, device such as speed, retention, and
cycle life were attractive, the mechanism proved complex. Solid-state spectroelectrochemistry of
a partially transparent device is shown in Figure 7.15d, demonstrating reversible oxidation of the
PPy.%° However, it was also determined that H,O was a critical reagent in the process, possibly
due to its involvement in redox reactions at one or both electrodes. A detailed examination of TiO,
revealed a water-mediated reduction and conductance change in TiO, alone, without PPy present.?¢
These redox events may be involved in any nominally solid-state device containing TiO,, particu-
larly if they are studied in ambient air. TiO, and its bias-induced conductance changes are the basis
of significant recent activity on inorganic memory devices dubbed memristors, but have not yet
been realized commercially.?>27:91-93

In addition to the complexity associated with TiO,, the two-terminal geometry of Figure 7.15a is
subject to more fundamental problems with retention and readout. While it has some properties of
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FIGURE 7.15 (a) Two-terminal memory device containing PPy and TiO,, in its initial low conductance state.
(b) The same device after an external voltage causes the conductivity of both layers to increase. (c) IV response
of the device following write and erase pulses. (d) Solid-state spectroelectrochemistry of a PPy/Al,O, device,
plotted as the change in absorbance in response to the indicated voltages. (From Bonifas, A.P. and McCreery,
R.L., Anal. Chem., 84, 2459, 2012.)
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a conventional battery with two redox systems, the redox systems are not physically separated and
are subject to recombination reactions at their common interface. Batteries require a separator to
prevent such reactions, but introducing a separator into the two-terminal geometry would produce
high dc resistance and mask the conductance changes required for memory operation. These recom-
bination reactions will discharge the conducting states of the PPy and TiO, until the conductance of
the device reverts to its initial low value. As long as the two redox systems are in physical contact,
retention time will be limited by recombination, and attempts to introduce a separator will unavoid-
ably introduce unacceptably high dc resistance.

In order to avoid both the recombination problem and the complex redox chemistry of TiO,, we
adopted the three-terminal geometry of Figure 7.1c. Initially, the polymer was poly(3-hexyl thio-
phene) (P3HT), which has a conductivity of <107 S cm™ in its native form and > S cm~' when
oxidized by one electron. The configuration of Figure 7.16 was studied with Raman spectroscopy
to monitor the oxidation of PQT and correlate it with conductance.”>’* The conductivity of P3HT is
<1077 S cm™ in its native form, which increases to >1 S cm™' when oxidized to its conducting polaron.

Although the SiO,/Pt “G” contact does not include an intentional redox system, it was possible to
demonstrate oxidation of the P3HT by changes in its Raman spectrum. Figure 7.16b shows Raman
spectra of P3HT in the three-terminal P3HT/SiO, device during progressive application of a +4 V
bias to the S electrode relative to G. The shift in the prominent Raman band at ~1460 cm™! to lower
energy and the appearance of a new band at ~1400 cm™" are the same changes that accompany P3HT
oxidation in solution, providing direct evidence for the formation of P3HT polaron.’> The change
in conductance between the S and D electrodes accompanying the spectroscopy experiments is
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FIGURE 7.16  (a) Schematic of a three-terminal P3HT/SiO, memory device showing the incident and Raman
scattered light from the source region. (b) Raman spectra of the source region when a +4 V write voltage was
applied for the times indicated. (c) Repeated changes in SD current in response to write (+3 V) and erase
(-3 V) pulses. (Used from Shoute, L.C.T. et al., Electrochim. Acta, 110, 437, 2013. With permission.)
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indicated in Figure 7.16¢, which is the SD current at a constant applied bias of 0.1 V. Therefore, the
P3HT/SiO, memory device provides a direct correlation between spectroscopic changes indicating
polaron formation and the resulting change in polymer conductivity.

Although the P3HT/SiO, device is not suitable for practical application due to its slow W/E
times, it does illustrate some merits of the three-terminal geometry and also requirements for use-
ful redox-based memory operation. First, the resistance readout is nondestructive and does not sig-
nificantly perturb the redox state of the polythiophene. Second, direct spectroscopic monitoring of
device operation is possible, which was extended to the spatially resolved experiments described
below. Third, the complementary redox reaction accompanying the oxidation of PQT was identi-
fied as the reduction of H,O at the platinum counter electrode (G), and memory operation ceased
in a vacuum. While dependence on trace water is undesirable for several reasons, it does illus-
trate that the redox counterreaction can be spatially separated from the polymer redox events. At
least in principle, this situation is required to reduce recombination and extend the retention time.
Fourth, the polythiophene active layer avoids the proton transfer reactions of PPy, as well as the
complex chemistry of TiO,. Fifth, the dependence on the presence of water may result from either
water’s redox reactions or its ability to solvate ions and increase ionic mobility, even in a nominally
solid-state device. These considerations derived in part from the P3HT/SiO, three-terminal example
resulted in important design changes intended to improve performance.

It is informative to consider the design introduced in Figure 7.16a as a simple battery, as it
illustrates some of the requirements on redox-gated memory devices. Suppose that the two redox
systems are a polythiophene on top of the S and D electrodes, and an acceptor layer that contains
a viologen derivative, as shown in Figure 7.17a. If the S and D electrodes were one continuous
conducting layer, the device is a battery lacking a separator between the anodic and cathodic reac-
tions. It would be possible to charge or discharge the battery, but there would also be a parasitic
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FIGURE 7.17  (a) Three-terminal PQT/viologen memory device, showing EV acceptor in PEO and the PQT
structure. (b) Position of incident laser for sampling different regions of the devices. (c) Raman spectra in
CHCI, solution. PEO =polyethylene oxide, EV =ethyl viologen diperchlorate.
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recombination reaction at the polythiophene—viologen interface. Separation of the bottom elec-
trode into S and D provides a means to measure the conductance of the polythiophene layer
during the charge/discharge process. If a separator were placed between the polythiophene and
viologen layers, charging and discharging could still occur, provided the separator permitted ion
transport but not electronic conduction. As is well known to electrochemists, a good separator is
required in commercial batteries to prevent chemical short circuits and is essential to providing
long shelf life and long duration of the charged state. By analogy, the three-terminal redox-gated
memory configuration is conceptually similar to a conventional battery, with the addition of a
second electrode at one contact to permit measurement of conductivity of one of the redox phases.
In principle, the speed of such memory devices should depend on the rate of the redox reactions
and their associated ion motion, and the retention should depend directly on the properties of the
separator.

A design that incorporates all of these design considerations except the separator is shown in
Figure 7.17a.3*"" The polythiophene is regioregular PQT, which was developed for OFETs%-70 and
is chemically and electronically similar to P3HT. Its attractive spin coating properties and higher
stability to air oxidation make it amenable to possible commercial applications. The second redox
system was ethyl viologen (EV) diperchlorate, an electron acceptor and also a source of mobile
ClIO,™ ions. As noted in Section 7.2.2, PQT was spin coated onto a substrate containing the S and
D electrodes, and then a mixture of polyethylene oxide (PEO) and EV(CIO,), was drop cast onto
the PQT layer to cover the gap between the S and D electrodes. The write operation of the intended
memory device is indicated by the arrow in Figure 7.18a, consisting of a positive pulse that oxidizes
PQT to its conducting polaron and reduces EV* to EV*, thus producing a large increase in conduc-
tivity in the PQT layer. As is well known, the resulting space charge generated in the PQT and EV
layers by the redox reaction must be compensated by ion motion, in this case Cl1O,~ ion moving from
the EV/PEO layer into the PQT. Formation of a PQT* CIO,~ ion pair in the PQT layer stabilizes the
polaron charge to permit a persistent conducting state. As was the case with the P3HT/SiO, devices,
the top contact is thin enough to permit Raman spectroscopy directly in the gap region between
S and D, as well as other locations on the device, as shown in Figure 7.17b. The Raman spectra
of PQT and PQT* in chloroform are shown in Figure 7.17d, with the polaron formed by chemical
oxidation with FeCl,.

Figure 7.18a shows the solid-state voltammetry of the PQT/EV-PEO memory cell when the
voltage between the S and G electrodes is scanned, with the S electrode considered positive by
convention. Note that unlike conventional voltammetry, there is no reference electrode, and one
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FIGURE 7.18 (a) Voltammetry for three-terminal memory device when Vg is scanned at 50 mV s~ in the
presence and absence of EV in the PEO layer, as indicated. (b) SD current when the SD voltage was scanned
before and after the indicated write (blue) and erase (red) voltages were applied. (Used from Kumar, R. et al.,
J. Am. Chem. Soc., 134, 14869, 2012. With permission.)
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FIGURE 7.19 (a) Ten R/W/E/R cycles for a PQT/EV-PEO memory device in vacuum. Arrows indicate the
timing of a typical write voltage (+4 V) and erase voltage (-4 V) for two cycles. (b) Effect of vacuum treat-
ment and return to air on memory cycles. (Used from Kumar, R. et al., J. Am. Chem. Soc., 134, 14869, 2012.
With permission.)

redox system (PQT) is immobile, while the other (EV) is expected to diffuse very slowly in PEO.
With EV absent and just the PQT and PEO layers present, the voltammetric current between S and
G is very small, as shown by the horizontal black line in Figure 7.18a, indicating that no observable
Faradaic reactions occur.

With EV present, Iy increases when the voltage applied between the S and G electrodes
exceeds ~1.5 V, with the polarity indicating ET from the S electrode to G in the external SG cir-
cuit. The standard potentials (E°) values for PQT/PQT* and EV?*/* are 0.76 and —0.45 V vs. NHE
in solution, so we expect that 1.5 V is sufficient to charge the PQT/EV cell, thereby generating
PQT* and reducing EV?* to EV™™, Since the conductivity of PQT* is much higher than that of the
initial PQT, we expect an increase in the SD conductance to accompany the generation of PQT*
indicated by the positive I; current. Figure 7.19b shows the voltammetric response of the SD
circuit obtained before and after successive Vg pulses lasting 1 s each. Initially (black curve),
the SD current is very small, since the PQT is in its low conductivity state. After Vgo=+2 V for
1 s, the SD current increases by several orders of magnitude and is approximately linear with
voltage, as expected for a partially doped conducting polymer.”! Reversing the polarity of the Vg
pulse to =2 V reduces most of the PQT* back to PQT, and the low conductance state is nearly
completely restored.

The voltammetric results of Figure 7.18 illustrate the memory cycle depicted in Figure 7.17a,
with the SG circuit used for W/E operations and the SD circuit for readout. Consider a constant
Vgp readout voltage of 0.5 V, imposed during various W/E operations and indicated by “R” in
Figure 7.17a. The I, current in response to this fixed Vg, would then indicate a “1” or ON state
when it exceeds 100 nA in this case or a “0” or OFF state when it is less than 20 nA. The read-
out process is nondestructive and potentially very fast, since it only requires a transient current
measurement. The ON/OFF ratio is often quoted for memory devices and indicates the magnitude
of the conductance change between the two states. The Vg;=+2 V pulse is considered the write
process, while Vig=-2 V is erase. In addition to the ON/OFF ratio, important performance indi-
cators for memory devices are the write and erase speed, indicated by the length of the W and E
pulses required to yield the desired ON and OFF currents, and retention indicated by the stabil-
ity of the ON and OFF states when the device is left at rest. Endurance is a measure of cycle life
and indicates the number of W/R/E/R cycles possible before the device fails, with some measure
of error rate included in the specification. To provide some context for these parameters, today’s
DRAM has W/E speeds of 10’s of ns and endurance of >10" cycles, but short retention (<100 ms)
and destructive readout. Flash memory has W speeds of a few ps, ~ms E speeds, and >10 year
retention, but limited cycle life (10°~10* W/E cycles). These properties determine the applications
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of each memory type in finished products, since flash is excellent for long-term data storage, but
would rapidly fail if used in processors, while DRAM has excellent speed, but needs to refresh
frequently due to short retention.

Repeated W/R/E/R cycles for the PQT/PEO-EV memory cell are shown in Figure 7.19a, for
V4p=0.5 V and W/E pulses of +4/-4 V for 2 s each. Note the logarithmic scale of the Iy, readout
current and the observed ON/OFF ratio of >10*.

As noted earlier, related P3HT/SiO, memory devices ceased operation completely in a vacuum,
due mainly to the lack of a redox counterreaction to accompany polythiophene oxidation. When EV
is provided to accept electrons as well as provide mobile ClO,~ ions, memory operation continues
after 12 h exposure to vacuum. As shown in Figure 7.19b, the magnitudes of the currents are dimin-
ished in vacuum, but the ON/OFF ratio is not significantly affected.”! Figure 7.20 shows 200 and
2000 W/R/E/R memory cycles performed in vacuum using the same parameters.>*

Although the magnitudes of the ON and OFF currents decrease with repeated operations, the
ON/OFF ratio remains above 50 after 2000 complete cycles. Examination of repeated readout
currents in the ON state shows a decrease with time, indicating limited retention, at least for the
ON state. This decay is partly due to the recombination reactions of EV!* with PQT*, resulting in
reduction of the conducting polaron state to the initial low conductance neutral form. A separator
between the EV and PQT layers that conducts ions but not electrons should greatly reduce or elimi-
nate recombination and extend retention.

Raman spectroscopy provides a means to confirm the memory mechanism, by monitoring the
spectrum before and after W/E pulses. The solution spectra of Figure 7.17d show the shift in the
prominent band for polythiophene from 1460 to 1405 cm' when PQT is oxidized to the polaron
form, and PQT scattering is sufficiently intense to monitor using a 780 nm laser and commer-
cial spectrometer. As shown in Figure 7.17b, laser illumination could be localized to the S or D
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FIGURE 7.20 High (ON) and low (OFF) currents for Vi, =0.5 V from a PQT/EV-PEO memory device dur-
ing repetitive R/W/R/E cycles in vacuum for a total of 200 (a) and 2000 (b) cycles. (Used from Das, B.C. et al.,
ACS Appl. Mater. Inter. 5, 11052, 2013. With permission.)
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FIGURE 7.21 Raman spectra of a PQT/PEO-EV memory device during operation, over the source and
drain regions, as described in the text. (Used from Kumar, R. et al., J. Am. Chem. Soc., 134, 14869, 2012. With
permission.)

regions adjacent to the G electrode, or sampling could occur through a G electrode that was partially
transparent.

The spectra of Figure 7.21 were obtained at the S and D positions, before and after W and E
pulses, with initial designating a fresh device not exposed to any bias voltages.”" Spectra (a) and
(d) were obtained at the source and drain electrodes, respectively, for the initial device and show
the prominent 1460 cm™" band of the neutral PQT in addition to some small bands related to EV.
Spectrum (b) was obtained over the S electrode with Vgy=42 V and demonstrates a shift of the
1460 band to 1405 cm™!, indicating formation of the PQT* polaron at the source. The Raman spec-
tra independently confirm the expected formation of PQT* by a W pulse, consistent with the pro-
posed memory mechanism and associated voltammetry. A similar shift was also observed over the
D electrode (spectrum e), which was not expected since the D electrode was not in the SG circuit
and could not itself generate PQT".

Since Raman sampling may occur at various positions on the memory cell structure, it is pos-
sible to determine the spatial distribution of structural changes during operation. The main question
in the case of the PQT/EV device is the distribution of the conducting PQT* polaron, particularly
over the channel. Since the gap region between the S and D electrodes determines the conductance
for the read process, it is important to know how fast the channel is oxidized. For this purpose, the
Raman laser passed through a microscope objective to generate a 3 um diameter spot, which could
be incrementally moved along the path indicated by the dashed white line in Figure 7.22a. A Raman
spectrum was obtained at 15 points along the white line, covering S, D, and gap regions, with the
results displayed as false color images in Figure 7.22.7!

Panel B shows the initial image, with Raman shift along the abscissa, position on the ordinate and
intensity as false color (with red most intense and dark blue weakest). The red spots show the main
PQT band at 1460 cm™!, where it is not attenuated by the gate electrode. Since the gate is e-carbon
and Au, it attenuates both the incident laser and the Raman scattering, significantly reducing the
apparent Raman intensity. However, it is clear that the PQT is distributed vertically over the S—-G-D
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FIGURE 7.22 Spatially resolved Raman images of a PQT/EV-PEO memory device compiled from 15 indi-
vidual spectra obtained along the line between the S and D electrodes, as shown by the dashed white line in
panel (a). Each image shows Raman shift along the abscissa and position on the ordinate, with Raman intensity
in false color (red highest). (b) is the initial image, (c) is with Viq=+2 V, and (d) is with Vi;=-2 V. (Used from
Kumar, R. et al., J. Am. Chem. Soc., 134, 14869, 2012. With permission.)

regions in its neutral, initial form, as expected for an unperturbed device. Figure 7.22c shows an
identical scan performed after imposing Vy;=+2 V. Within the sampling time of the Raman system
(a few seconds), the PQT band shifts from 1460 to 1405 cm™' over the S and D electrodes, both the
exposed regions and those under the gate. Recall that the D electrode is not part of the SG circuit
and has no bias applied during the entire experiment. Figure 7.22d shows a third scan after V5 was
set to —2 'V, showing nearly complete return to the initial PQT spectrum. Although the 1 um wide
gap between S and D is not well resolved by the 3 um Raman sampling region, it is clear that the
entire region under the gate and on the D electrode is undergoing oxidation to the conducting PQT*
polaron, even though the gap and D electrode are not electrically connected to the external circuit.

A mechanism that accounts for the unexpected oxidation of PQT over the D electrode is shown
in Figure 7.23 and depends on the fact that PQT becomes a conductor when it is oxidized to PQT*.
Figure 7.23a shows the device shortly after initiation of the write pulse, with “N” designating neu-
tral PQT, EV?* the initial oxidized form of EV, and A~ the perchlorate anion. Application of a suf-
ficiently positive V¢ bias generates PQT* polaron (P*) at the S electrode, which is accompanied
by migration of the perchlorate anion into the PQT layer to compensate the polaron charge. Since
PQT is both a redox polymer and a conducting polymer (in the PQT* state), it is possible for ET to
occur from a nearby neutral molecule to one of the polarons generated at the S electrode, as shown
in Figure 7.23b.
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FIGURE 7.23  Schematic of the write process, with N=neutral PQT, P*=PQT* polaron, EV =ethyl viologen,
and A-=perchlorate ion. (a) Immediately after initiation of the write pulse, (b) during polaron propagation
across the SD gap, and (c) after complete oxidation of PQT. See text for details.

Such redox exchange reactions occurring in bulk redox polymers have been investigated intensely,
and the redox process can extend through micrometer-thick films between two electrodes.>® For the
PQT/EV memory device, propagation of the polaron extends into the gap between S and D, and oxi-
dation of the neutral polymer continues until the entire channel and Drain regions are fully oxidized
to a conducting film. In effect, the S electrode is increasing in size, as it generates a conducting front
in the polymer that continues to oxidize PQT to form polarons. Perchlorate ions continue to enter
the PQT film from PEO as PQT is oxidized, and such transport may occur anywhere along the axis
between the S and D electrodes. As shown in Figure 7.23¢, PQT oxidation is accompanied by EV?*
reduction, with the end result being a charged battery with laterally homogeneous layers and an
electronically conducting region between the S and D electrodes. Although the erase process with
S polarized negatively follows the reverse process to regenerate the initial PQT and EV?* layers, the
reduction is less complete due to the loss of conductivity of the PQT* film as it is reduced.

We refer to the memory mechanism just described as redox-gated organic memory, to highlight
the control of SD conductance by an electrochemical reaction. It is clearly an example of solid-state
electrochemistry, with the added feature of a second circuit to measure changes in the conductivity
of one of the phases. The similarity in geometry to an OFET can be misleading, since the mecha-
nism of operation is fundamentally different in the two devices. The gate bias in an OFET gener-
ates charge carriers electrostatically by charging the capacitance between the gate and the S-D
electrodes. There is no intentional motion of ions, and the conductance change vanishes as soon as
the gate bias is removed. This process is often called electrostatic doping, and it may generate the
same conducting polarons as the electrochemical analog. But electrostatic doping is not useful for
memory devices, since the conductance change induced electrostatically reverts to its initial state
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immediately upon removal of the gate bias. Related OFET devices include electrolyte-gated FETs,
in which mobile ions are used to enhance electrostatic generation of carriers (such as polarons).”>-%
Such devices do not include a redox counterreaction, and the conductance is modified only when
the gate bias is present. In redox-gated memory devices, ion motion and a redox counterreaction
stabilize the conducting form, resulting in retention of the conductance change for ~30 min after a
1 s write pulse for the devices shown in Figure 7.23. For redox gating, the W/E speed depends on
the rate of the redox reactions and the motion of counterions, and retention is determined by recom-
bination reactions between the oxidized and reduced products of the write reactions. The motion
of ions and the associated stabilization of the conducting polaron is the main distinction between a
redox-gated memory device and an electrolyte-gated OFET.

Several basic concepts from electrochemistry are relevant to the performance of redox-gated
memory devices and provide guidance for improving speed and retention. The EV?* electron accep-
tor is essential, since without it, the PQT cannot be oxidized. As was the case with SiO, devices,
adventitious H,O can act as a receptor, but replacement of EV-PEO with PEO containing LiCIlO,
and residual H,O causes memory operation to cease completely in a vacuum. As shown in Figure
7.24, the active polymer must be both redox active and have high and low conductivity states, since
replacement of PQT with poly(vinyl-ferrocene) (PVFc) results in an ON/OFF ratio four orders of
magnitude lower than that of PQT or P3HT.

The small conductance change observed with PVFc is likely due to redox exchange current
between the S and D electrodes>® and is much smaller than the dc conduction through the PQT
polaron. Not surprisingly, replacement of the PQT with polystyrene that is neither redox active nor
conducting results in a very small observable conductance change.

The dynamics of the write operation were monitored with the circuit shown in Figure 7.25a,
which amounts to a bipotentiostat familiar to electrochemists. The S electrode is biased by the write
voltage, and the S and D currents are monitored independently and simultaneously. Control of the
D voltage permits different bias values for Vg, and Vg, and the entire experiment is conducted by a
data acquisition system with LabVIEW software. The SG current for PQT and PVFc devices, both
containing PEO-EV, is shown in Figure 7.25b for a Vi;=+3 V write pulse lasting 2 s.3*

The current magnitudes are comparable for PQT and PVFc, since in both cases, the SG current is
oxidizing the polymers and there is little or no dc conduction. The increase in the PQT response with
time is likely due to the propagation of polaron away from the S electrode. The SD current response
accompanying the PQT write pulse for a constant Vg, of 0.5 V is shown in Figure 7.25c, overlaid
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FIGURE 7.24 Ten R/W/R/E memory cycles for polymer/EV-PEO devices that are identical except for the
active polymer layer, as indicated. W/E pulses were +4 V and 1 s long in all cases. PS=polystyrene and
PVFEc=poly(vinyl ferrocene). (Used from Das, B.C. et al., ACS Appl. Mater. Inter., 5, 11052, 2013. With
permission.)
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FIGURE 7.25 (a) Schematic for dual pulse experiment permitting simultaneous monitoring of SG and SD
circuits. SR570=Stanford Research current amplifier, NI 6111 =National Instruments data acquisition board.
(b) SG current in response to Vg5=3 V write pulse for polymer/PEO-EV devices containing different poly-
mers, as indicated. (c) SD and SG currents for PQT/PEO-EV device obtained simultaneously during a 3 V
write pulse. Not large difference in current scales. (b and c used from Das, B.C. et al., ACS Appl. Mater. Inter.,
5, 11052, 2013. With permission.)

with the SG current recorded simultaneously. Note that the current scales are very different in panel
(c), with the SD current increasing to >3 mA, while the SG current remains below 3 pA. There is an
effectively large gain in the devices, since a small SG current can produce a large SD response due
to formation of the conducting PQT* layer between S and D. This effect is similar to that observed
in electrochemical transistors made from conducting polymers in electrolyte solution,® except that
the present devices are all solid state. The dual pulse experiment of Figure 7.25 provides direct
information about the write speed of the memory device, as judged by the time required to reach
some threshold I, value. Obviously, a write speed of hundreds of milliseconds is not competitive
with commercial memory devices, so the factors controlling write speed need to be determined.

An important clue is provided by the magnitude of the Iy; response of Figure 7.25b, which
directly indicates the rate of polaron generation at the S electrode and then propagation into the SD
gap. A ~ 1 pA SG current is predicted to completely oxidize the PQT between the S and G elec-
trodes in a few 100 ms, approximately the time required to produce a significant Ig, response. This
inference implies that the rate of polaron formation is simply too slow to rapidly fill the SG or SD
regions and must be increased to improve wrife speed. Figure 7.26 shows the strong effect of local
atmosphere on device speed, for a single device that was first run in air, then after 12 h in vacuum
(<1 x 1073 torr), and then after admitting acetonitrile vapor into the vacuum chamber. Note that the
vacuum removes most of the water from the device, which should not only prevent its possible redox
reactions but also reduce ionic conductivity.

An acetonitrile atmosphere with no added water vapor shows much faster write speed, and
much higher Iy, indicating more rapid formation of polarons. These results are consistent with
device speed controlled by ion transport, which must accompany PQT* formation. Both water
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FIGURE 7.26 Effect of atmosphere on (a) SG and (b) SD current responses for a PQT/PEO-EV memory
device during a Viq=+3 V pulse, initially in air, then after 12 h in vacuum, and then again after 10 min in ace-
tonitrile vapor in the same vacuum chamber. Duration of the Vg in panel B due to the varying device response
speeds. (Used from Das, B.C. et al., ACS Appl. Mater. Inter., 5, 11052, 2013. With permission.)

and acetonitrile can stabilize mobile ions in the PEO (and presumably in PQT), thus reducing the
ohmic losses in the cell during write operations.** These losses can be partially overcome with an
increased Vg and can be used to advantage. Figure 7.27 shows not only that increased Vg causes
higher conductance for a given write time, but also that different conductance states are possible
and repeatable.3* The prospect of multistate memory increases the effective data density and has
been considered for many solid-state devices but never achieved commercially. Control of con-
ductance by write voltage is at least a conceivable mechanism for increasing storage capacity in
redox-gated memory devices.

The PQT/EV memory devices are currently deficient in both W/E speed and retention, but appre-
ciation of the mechanism provides a road map for improvement, as well as quantitative indications
of what performance is ultimately possible. The conductivity of C10j is approximately 107 S cm™" in
PEO, determined from the PQT/EV devices. Solid-state electrolytes vary greatly in ionic conductiv-
ity, but many examples have conductivities above 0.01 S cm~!. Implementation of one of these elec-
trolytes to conduct anions could decrease write time by up to five orders of magnitude. Furthermore,
incorporation of acetonitrile in solid-state electronic devices is not impractical, given the wide use
of carbonate solvents in lithium batteries. As already noted, a second parameter of direct interest to
practical applications is retention time, which must be much greater than that of DRAM (<100 ms)
and approach today’s flash (>10 years). The redox-gated devices described here lack separators, so
recombination is expected and responsible for the short retention time of several minutes. But add-
ing an ionic conductor that is electronically insulating between the PQT and EV layers should in
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FIGURE 7.27 Demonstration of five distinct conductance states for a single PQT/PEO-EV memory in
response to random application of four different Vg pulses. Vg, was 0.5 V in all cases. (Used from Das, B.C.
etal., ACS Appl. Mater. Inter., 5, 11052, 2013. With permission.)

principle extend retention indefinitely by preventing recombination. Mechanistically, retention is
analogous to shelf life in common batteries, and those can easily exceed 10 years. The potentially
low W/E energy requirement of redox gating combined with better cycle life than current flash
memory provides the incentive for further improvements in performance of redox-gated devices.

7.5 CONCLUSIONS AND FUTURE PROSPECTS

This chapter explored relationships between electrochemical phenomena and the behavior of nano-
scopic layers of molecules in microelectronic devices. Some useful generalizations about ME are
available, which will likely continue to be significant as the field develops. First, a modified electrode
or a MJ must be considered as one electronic system, with properties quite different from those of
the isolated electrode material and unbound molecules. The strong electronic coupling discussed in
Section 7.3 significantly affects electronic properties such as transport and tunneling barriers and must
be considered when designing molecular electronic devices. A visual demonstration of electronic cou-
pling is provided in Figure 7.28, which shows the molecular orbitals for a NAB molecule bonded to
a nine-ring graphene molecule (G9). G9 is used to model the sp? lattice in the PPF electrode and the
entire system is optimized, yielding a low-energy dihedral angle between the G9 and NAB of 37°.

The HOMO is localized on G9, while the next highest occupied orbital (HOMO-1) has electron
density on both the G9 and NAB. One consequence of the sharing of electrons between the G9 and
NAB is the leveling effect noted in Figure 7.12, and strong coupling is clearly an important factor in
choosing molecules and surface bonding schemes for MJs.!3" It is likely that theoretical methods
such as density functional theory will be critical for the design and understanding of practical ME,
once the structural factors affecting transport are understood.

A second important observation is that tunneling is not the only transport mechanism mediating
electron transport in MJs. As noted in Section 7.1, electron transport across >100 nm distances in
organic semiconductors has been studied extensively and is generally considered a hopping mecha-
nism by redox exchange, variable range hopping, etc. Figure 7.29 shows tunneling and hopping at
the short and long extremes of the scale of transport distances relevant to solid-state electronics.
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FIGURE 7.28 (a) Structure of graphene—NAB model compound used to calculate orbitals for NAB bonded
to PPF. Optimized structure has a dihedral angle between G9 and NAB of 37°. (b) HOMO orbital for the
G9-NAB system, calculated with Gaussian 09 B3LYP 6-31G(d). (c) HOMO-1 orbital, showing distribution
of electron density over both G9 and NAB.
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FIGURE 7.29 Transport phenomena in molecular and organic devices ranging from tunnel junctions to
bulk semiconductors (upper scale). Arrows indicate the length scales of various effects, with the dashed lines
indicating uncertainty. (Adapted from McCreery, R. et al., Phys. Chem. Chem. Phys., 15, 1065, 2013. With
permission.)

Hopping across >100 nm is temperature dependent due to reorganization associated with redox
exchange and often leads to low carrier mobility. As discussed in Section 7.3, transport by tunnel-
ing can extend for 5—8 nm for aromatic molecules, and the range of possible tunneling barriers is
compressed by the leveling effect of strong electronic coupling. However, Figure 7.14 shows at least
one additional mechanism between tunneling and redox exchange that is effective at least over the
range of 8-22 nm, which is consistent with field ionization. As indicated in Figure 7.29, conjugation
length can exceed 10 nm and raises the possibility that a single molecular orbital can bridge between
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the two contacts. Resonant transport should occur when a molecular orbital of the contact/molecule/
contact electronic system has an energy close to the contact Fermi level. The possible range of
distances for resonant transport is not known, but is likely equal to or greater than the conjugation
length and may resemble band transport in metals. Note that field ionization and resonant transport
do not necessarily involve redox exchange and may be much more efficient than the hopping in bulk
organic semiconductors. Note also that transport through >20 nm is likely possible without scatter-
ing, hence could be ballistic, that is, very fast, with lower power and heat dissipation demands than
current microelectronic devices.

As described in Section 7.4, solid-state redox reactions can affect device behavior and are use-
ful for creating two or more metastable states in molecular memory devices. Such reactions are
controlled by many of the same phenomena as solution electrochemistry, notably activated ET,
and charge compensation by ion motion. It is likely that less conventional redox events can occur
in MJs, such as reorganization of a conjugated molecule during electron or hole transport through
it.32100.101 The term nanoionics has been used to describe ion motion across nanoscopic dimensions,
notably in memory devices.!>1% Although the mobility of ions in solid-state devices can be low,
the transport distances involved are often very short, and the ion transport time can easily be in
the nanosecond to microsecond range. Ion transport and redox reactions are unlikely (and usually
avoided) in conventional microelectronic devices and provide avenues to novel electronic behavior
not currently possible.

After an initial burst of excitement over the prospect of molecules acting as circuit elements, we
might consider the prospects of ME for practical integration in widely used microelectronic prod-
ucts. A prerequisite to such adoption is the requirement for compatibility with processing techniques
and temperature excursions common to microelectronic manufacturing, as it appears likely that ME
will be used initially in hybrid devices with conventional semiconductors. The existing industry is
sophisticated and well established, so augmentation by integration of molecular devices is much
more likely than replacement of silicon. The main driving force for the adoption of ME in the real
world will be novel functions and properties not currently possible with silicon. Resonant trans-
port, field ionization, redox reactions, ion motion, and chemical recognition are phenomena that are
possible in molecular electronic systems that are not readily achieved with silicon. Assuming that
these or other functions become possible with ME and yield new types of electronic devices, the
additional processing concerns associated with integration of molecules in microelectronic manu-
facturing will likely be addressed readily.
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