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Abstract

We present an overview of various aspects of the self-assembly of organic monolayers on silicon substrates for molecular electronics applications.
Different chemical strategies employed for grafting the self-assembled monolayers (SAMs) of alkanes having different chain lengths on native
oxide of Si or on bare Si have been reviewed. The utility of different characterization techniques in determination of the thickness, molecular
ordering and orientation, surface coverage, growth kinetics and chemical composition of the SAMs has been discussed by choosing appropriate
examples. The metal counterelectrodes are an integral part of SAMs for measuring their electrical properties as well as using them for molecular
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lectronic devices. A brief discussion on the variety of options available for the deposition of metal counterelectrodes, that is, soft metal contacts,
apor deposition and soft lithography, has been presented. Various theoretical models, namely, tunneling (direct and Fowler–Nordheim), thermionic
mission, Poole–Frenkel emission and hopping conduction, used for explaining the electronic transport in dielectric SAMs have been outlined
nd, some experimental data on alkane SAMs have been analyzed using these models. It has been found that short alkyl chains show excellent
greement with tunneling models; while more experimental data on long alkyl chains are required to understand their transport mechanism(s).
inally, the concepts and realization of various molecular electronic components, that is, diodes, resonant tunnel diodes, memories and transistors,
ased on appropriate architecture of SAMs comprising of alkyl chains (�- molecule) and conjugated molecules (�-molecule) have been presented.

2005 Elsevier B.V. All rights reserved.
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. Introduction

.1. Current trends in microelectronics

Microelectronics, which was born about 50 years ago, has
rown to a mature industry and is responsible for driving most of
odern technology in today’s world [1]. Semiconducting mate-

ials such as silicon, germanium, gallium–arsenide, etc. are the
asic building blocks of the microelectronics industry. At present
his industry is driven by two distinct forces:

(i) The development of new applications. The technology
based on microelectronics industry has already changed the
lifestyle of the human race. One can find microelectronics
playing a visible role in almost all fields, viz. automobiles,
home appliances, telecommunications, medical and scien-
tific equipments, etc. The industry keeps on identifying new
areas of applications with additional features. For instance,
the small portable phone that can be accommodated in the
fist not only acts as a still and video camera, sends and
receives email or surfs the Internet but also is in a position
to control home appliances from any part of the world.

ii) The miniaturization of existing ones. The process of minia-
turization means reducing the size of a device smaller and
smaller and to make it work faster while keeping the price
nearly constant. A classic example of this is the develop-

ment of computers: the performance increases several-folds
in 1–2 years time while the price remains nearly same.

The concept of miniaturization is governed by the “Moore’s
law”, which suggests that the number of transistors on a chip
would double every 18 months [2]. As the projected sizes of the
transistors go down to 20 nm or below it, the end of “Moore’s
law” is being predicted. This is because below this size, the
physics of the transistors lead to unacceptable power dissipation.
In addition, at present the technology based on lithography to
fabricate devices of this small size does not exist.

1.2. Emergence of molecular electronics and current status

As the total transistor size comes down to few nanometers—
implying that only few atoms would work as a transistor—a
shift in paradigm for the manufacture and integration of micro-
electronics components becomes apparent. And that signals the
emergence of “molecular electronics” whereby one is look-
ing for the design of an individual molecule or group of
molecules that have a specific electronic functionality. Organic
molecules—owing to their size, mechanical flexibility and
chemical tenability—fit well in this slot and, thus are expected to
play a key role in molecular electronics. The electrical properties
of organic monolayers were first measured by Mann and Kuhn
in 1971 [3]. This work also led to the development of an ordered
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monolayer deposition of organic molecules via “self-assembly”
through formation of chemical bonds between molecules and
substrate [4,5]. Not forgetting, the most popular Langmuir and
Blodgett (LB) technique for making organic monolayers was
discovered in 1920, but the molecules–substrate bonds in this
case is through physisorption and are thus weaker [6,7]. The
first theoretical concept of using a single organic molecule as a
rectifier was proposed by Aviram and Ratner in 1974 [8]. They
showed that if one could couple a readily oxidizing group (D) to a
readily reducing group (A), the alignment of the lowest unoccu-
pied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) would be such that electronic conduction would
be easier in one direction than the other, which results in a molec-
ular diode. Subsequently, several device ideas were proposed
based on the molecular logic structures [9]. In spite of the avail-
ability of these experimental abilities and theoretical ideas at that
time, work on molecular electronics was not taken up seriously
because the limitations on Si-based microelectronics, as dis-
cussed above, were not felt as strong at that time as one feels now
and, the techniques that can image the molecules and manipulate
them were not available. With the discovery of scanning probe
microscope (SPM) by Binning and Rohrer in 1981 [10,11], the
work on molecular electronics took an upswing as using SPM not
only we can see and manipulate organic molecules but also can
measure their electrical properties. At present we are at the ini-
tial growth stage of “molecular electronics” where the emphasis
i
e
s
o
m

(

(v) Nano-pore method [21–23]. In this method, the molecules
are sandwiched between two metal layers through a small
orifice or nano-pore. A low stress and low conductivity
Si3N4 film is grown on a Si wafer. Certain areas of the
wafer are then etched away so as to leave free standing
Si3N4 films. A pore of sub-50 nm diameter is then etched
through these films. Au is then evaporated on the bottom
of the wafer. A SAM is then assembled from the other side
of the membrane on the Au surface exposed by the pore.
Finally a top metal contact is evaporated onto the monolayer
at reduced temperature.

(vi) Planar sandwich geometry. In this case, metal counterelec-
trodes are directly fabricated on self assembled monolayers
(SAMs) deposited on conducting substrates. The counter-
electrode could be Hg-drop, vacuum evaporated Al or Au
thin film or Au transfer by soft-lithography process. The
electron transport in organic molecules has been reviewed
by Saloman et al. [24].

Working with “planar sandwich geometry” is considered
advantageous for molecular electronic applications as one can
deposit ∼1015 molecules/cm2, and conveniently fabricate two-
and/or three-terminal molecular devices by choosing appropri-
ate electrode configurations. At present, two types of SAMs are
generally grown:

(

o
r
s
3
c
o
S
c

s largely on synthesizing new organic molecules with different
lectronic functionalities and, on devising new methods to mea-
ure the electrical properties of the “single molecule” or a “group
f molecules”. The methods employed mainly for the measure-
ent of electronic transport in organic molecules so far are:

(i) Break-junction method [12–14]. The method consists of the
fabrication of a thin (<100 nm) metal line which is broken
either by mechanical or electrical means. This results in a
wire with a sub-nanometer size gap that can be spanned
by one or a few molecules. The mechanical break junction
is considered better as it allows a controlled change in the
inter-electrode distance. The electromigration break junc-
tion, though simple to produce, are usually not identical.

(ii) Cross wire method [15]. In this method, SAM is deposited
on an Au wire (10 �m) and then a second Au wire (with-
out SAM) is brought in close proximity to this wire. These
wires are placed in a magnetic field and a current is forced
though the unmodified wire. These results in a Laplace
force pushing the unmodified wire towards the SAM coated
wire. Eventually contact is established and the I–V charac-
teristics of the SAM can be measured.

iii) Metal nano-particles method [16]. The metal nano-
particles on which a SAM has been deposited are trapped
between two closely spaced metal contacts using an alter-
nating electric field.

(iv) Conductive probe atomic force microscope (CP-AFM) and
scanning tunneling microscope (SIM) method [17–20]. In
this method, a conducting AFM tip or STM tip is placed
in proximity with a monolayer previously assembled on a
conductive substrate.
(i) Alkanethiol monolayers on gold substrates. The first gold-
alkylthiolate monolayer was produced by Allara and Nuzzo
at Bell laboratories in 1983 [25]. They realized the utility
of combining a relatively inert gold surface with a bifunc-
tional organic molecule in well-ordered, regularly oriented
array. Good review articles describing different aspects of
alkanethiol monolayers on gold substrates are available in
literature [26–30].

ii) Attachment of organic molecules to SiO2/Si or Si substrates
via self-assembly process. The formation of self-assembled
organic monolayers on oxidized silicon surface from the
solution of alkyltrichlorosilane was introduced by Bigelow
et al. [31] and developed further by Maoz and Sagiv [32].
Our group has been working for the last several years on
the SAMs on SiO2/Si or Si substrates [33–47] as it has dis-
tinct additional advantages, viz. the possibility of designing
new class of resonant tunneling devices owing to an energy
gap offered by Si [48], and the availability of inputs from
an already existing powerful silicon-based IC industry that
can be used effectively for the development of integrated
molecular devices or hybrid devices.

In this review, we cover various aspects of SAMs on SiO2/Si
r Si. The article is organized as follows. In Section 2, we
eview the methods to deposit SAMs on SiO2/Si or Si sub-
trates. The characterization of SAMs is presented in Section
. A brief summary on the various methods of making metal
ounterelectrodes on SAMs is discussed in Section 4. The the-
retical and experimental review on the electronic transport in
AMs is summarized in Section 5. A discussion comprising the
oncepts and realization of various molecular electronic devices,
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viz. diode, resonant tunnel diode, memory and transistor, is pre-
sented in Section 6. The concluding remarks on the perspective
of molecular electronics are presented in Section 7. Instead of
citing all the work reported in the literature, we have attempted
to generalize the ideas and concepts in this review and, occa-
sionally suggested or speculated about the factors which we
feel need further investigations. In the process we may have
missed some important references. It is hoped that this review
will provide an overview and thus stimulate the researchers to
think about the opportunities and challenges in the molecular
electronics.

2. Deposition of SAMs

2.1. Basics of SAMs

A schematic of organic SAM deposited on Si substrate suit-
able for molecular electronics is shown in Fig. 1. Usually, the
SAMs are formed spontaneously by immersing the Si substrates
into an active solution, e.g. surfactant molecules R(CH2)nSiX3
(X = Cl, OCH3 or OC2H5) dissolved in alkane/carbon tetrachlo-
ride. However, the SAMs can be deposited by other techniques
as well, such as, vapor deposition. The self-assembling molecule
can be divided into three parts:

(

t
a
d

F
l
o

For a high density of head groups chemisorbed at the surface
of the substrate—implying a good surface coverage—the alkyl
chains become closer. Therefore, the interchain van der Waals
interactions become effective, which leads to formation of a
close-packed “ordered” or “solid-like” state (as schematically
shown in Fig. 1). The alkyl chains, depending upon the surface
coverage, have a tilt (Φ) from the surface normal. Usually higher
the packing density, lower is the Φ. On the other hand, if the
surface coverage is poor, the alkyl chains form a “disordered”
or “liquid-like” state, and the Φ could be very large.

The commercially available single crystals of Si usually
have a layer of native oxide (about 1–1.5 nm thickness), which
forms on exposure to ambient atmosphere. Thus, for deposi-
tion of organic SAMs on Si two alternate strategies have been
employed:

(i) Deposition of SAMs on native silicon oxide by “silaniza-
tion” or “vapor deposition”.

(ii) Direct deposition of SAMs on silicon through Si C bond
formation.

2.2. SAMs on native silicon oxide

The native oxide layer usually contains a high density of
traps therefore, it is desirable to remove the native oxide layer
and grow an ultra-thin (1–1.5 nm) thermal oxide layer of bet-
t
o
o
u
o
i
(
a
o
a
r
o

2

y
R
s
c
u
w
h
(
fi
w
t
h
d
o
a
s

(i) Head group, i.e. SiX3. Forms the chemical bond with sur-
face atoms of the substrate (exothermic: ∼40–45 kcal/mol
or ∼1.7 eV) causing the pinning of surfactant molecule to
the substrate.

(ii) Alkyl chain, i.e. (CH2)n . The inter-chain van der Waals
interactions (exothermic <10 kcal/mol or <0.4 eV) could
assist in formation of ordered molecular structure which, of
course, depends on the pinning density of the head groups.

iii) Surface group, i.e. R. This is the terminal group which is
replaced with different functional groups to obtain molec-
ular electronics devices (discussed in Section 6).

A thin metal-layer (usually Al, Au or Hg-drop) is used on the
op of the SAMs in order to measure their electrical properties
nd to fabricate molecular devices using them. A discussion on
ifferent metallization schemes is provided in the Section 4.

ig. 1. A schematic diagram showing different parts of a self-assembled mono-
ayer deposited on a Si-substrate suitable for molecular electronics. Φ is the tilt
f the chain axis from the surface normal.
er electrical quality. On a silicon oxide surface, three classes
f molecules, namely, silanes (RSiX3, with X = Cl, OMe, OEt),
rganometallics (RLi or RMgX), and alcohols (ROH) are widely
sed for the formation of self assembled monolayers. Thor-
ugh cleaning of the substrate is a prerequisite for obtain-
ng a clean oxide layer with high density of silanol groups
Si OH) on the surface. These silanol groups, which provide

highly hydrophilic surface (allowing molecules to diffuse
n the physisorbed ultra-thin water layer), are either used as
nchoring sites for silanization reactions or converted into more
eactive functions (i.e. Si Cl or Si NEt2) suitable for alkylation
r alkoxylation reactions.

.2.1. Reactive SiO2 surface precursors
Two methods are mainly used to obtain clean and hydrox-

lated thin oxide layer on silicon surface. The conventional
CA cleaning process, as described in Fig. 2 (method A), is

till widely employed [49,50]. Many variations in the chemi-
al sequence and, in the proportions of the reagents, have been
sed in the industry. RCA cleaning is achieved by dipping the Si
afer successively in a mixture of concentrated sulfuric acid and
ydrogen peroxide, and then in an alkaline mixture of de-ionized
DI) water, ammonium hydroxide and hydrogen peroxide. These
rst two steps remove organic and inorganic contaminants as
ell as unwanted particulates (dust, silica, silicon, metals) from

he wafer. Afterwards, surface SiO2 layer is removed using dilute
ydrofluoric acid. This step eliminates metal ions that may have
iffused in silicon oxide during the first steps. Finally, pure native
xide is formed by treating the wafer in a bath of hydrochloric
cid and hydrogen peroxide. This last step affords hydroxylated
urface. Each cleaning step is approximately 10 min long and
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Fig. 2. Processes of the SAM formation on a native silicon oxide surface of Si.

is followed by thorough rinsing in DI water then drying under
nitrogen.

Alternatively, hydroxylation is often accomplished follow-
ing method B (as described in Fig. 2) in five steps [51–53]:
(i) Sonication in chloroform to degrease and remove organic
contamination; (ii) Photochemical precleaning by UV radia-
tion in an oxygen atmosphere for 15 min to transform organic
compounds, like hydrocarbons and oils, into gases or water-
soluble species such as fatty acids; (iii) Piranha cleaning for
∼10 min, i.e. immersion of the silicon wafers into a freshly pre-
pared mixture of sulfuric acid and hydrogen peroxide. Basic
medium of ammonia and hydrogen peroxide can also be used;
(iv) thorough rinsing with DI water; and (v) finally, a further dry
photochemical oxidation for ∼45 min to remove the last traces of
contaminants.

Both cleaning methods yield a density of ∼1015 OH
groups/cm2, and thus, in principle, one can chemisorb same den-
sity of organic molecules at the silicon surface. Dry etching by
oxygen plasma is also an efficient technique frequently used
to clean and hydroxylate silicon surfaces [54]. Halogenation or
amination of hydroxylated surface make reactions of SiO2 layer
with alcohols, lithium compounds or Grignard reagents. Chloro-
terminated SiO2 is obtained by treatment either (i) with thionyl
chloride in tetrahydrofuran, [55] or (ii) with tetrachlorosilane
in toluene [56] or in the presence of pyridine under vacuum
[57,58]. Amino-terminated surface are prepared by reaction of
h
[
d
A
u

2

i
t
[
t
a
t
e
s
r

polymerization in the medium. The temperature of the reaction
bath is usually kept at temperatures between −30 ◦C to room
temperature, depending upon the length of alkyl chain, to form
an ordered monolayer. Usually smaller the chain length, lower
is the temperature required for formation of an ordered mono-
layer. For instance, the formation temperature of a chain having
10 carbon atoms is 0 ◦C, while it is 38 ◦C for 22 carbon chain
[51]. The formation time for the monolayer using trichlorosilane
molecules is about 1 h, while for trimethoxysilane or triethoxysi-
lane molecules the monolayer formation takes about 2 days. It
may be noted that the selection of a proper solvent is impor-
tant. For instance, while hexane or heptane solvent results in
the formation of compact high-quality octadecyltrichlorosilane
monolayers; dodecane causes formation of multilayered films
[59].

Silanes, particularly with short chain lengths and having high
vapor pressures, are deposited in vapor phase on the substrate
by evaporating pure molecule either under argon flow at room
temperature [60,61], or by heating in confined medium, or under
vacuum [33].

The mechanism of SAM formation during silanization pro-
cess is depicted in Fig. 3, which takes place in four steps [52,53].
The first step is physisorption, in which the silane molecules get
physisorbed at the hydrated silicon surface. In the second step the
silane head-groups arriving close to the substrate hydrolyse—in
the presence of the adsorbed water layer on the surface—into
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ydroxylated surface with aminosilane Si(NEt2)4 in dry toluene
58]. These reactions are air-sensitive, and thus must be con-
ucted under inert atmosphere in strictly anhydrous medium.
ll the activated surfaces, i.e. OH, Cl and NEt2, must be
sed immediately for preparation of SAMs.

.2.2. SAM formation
Typically, freshly prepared hydroxylated surface are dipped

nto a reaction bath containing silane solution for the chemisorp-
ion of silane molecules on the hydroxylated Si surface
5–7,37–44,51–53]. The reaction bath is usually a 10−3 M solu-
ion of silane (RSiX3; where X = Cl, OCH3 or OC2H5) in
lkane solvent such as dicyclohexyl or n-hexane. Addition in
he medium of a fraction of CCl4 favors the solubility of polar
nd group SiX3 of the silane molecule. Due to their water
ensitiveness, trichlorosilanes or trialkoxysilanes are incorpo-
ated at the last moment under inert atmosphere to avoid their
ighly polar trihydroxysilane Si(OH)3. These polar Si(OH)3
roups form covalent bonds with the hydroxyl groups on SiO2
urface (third step) subsequently to which condensation reaction
oes on between silanol functions of neighbor molecules. Self-
ssembly is driven by lipophilic interactions between the linear
lkane moieties. During initial period, only a few molecules will
dsorb (by steps 1–3) on the surface and the monolayer will def-
nitely be in a disordered (or liquid) state. However, at longer
imes, the surface coverage eventually reaches the point where a
ell-ordered and compact (or crystalline) monolayer is obtained

step 4). The kinetics of the monolayer formation can be investi-
ated by the atomic force microscopy and other techniques and,
discussion on this aspect is presented in Section 3.3.

Halogenated or aminated surfaces react easily with organo-
ithium (RLi) or organomagnesium compounds (RMgX) form-
ng densely packed films through formation of Si R bond. On
he other hand, treatment of activated SiO2 with alcohols (ROH)
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Fig. 3. Schematic showing different steps involved in the mechanism of SAM formation on a hydrated silicon surface.

provide alkoxylated surface through formation of Si OR bonds.
However, Si O bond is more sensitive to solvolysis than Si C
bond in particular in boiling solvents such as water or methanol.

2.3. SAMs directly on bare Si

For certain investigations pertaining to molecular electronics
applications, the presence of native oxide layer between organic
molecule and Si might cause some hindrance, e.g. to study an
interface between the organics and Si. Thus, in order to deposit
organic SAMs directly on the Si following two steps are neces-
sary, (i) complete removal of the native oxide layer and obtain
a reactive surface precursor and (ii) formation of organic SAMs
on the freshly prepared reactive surface precursor by making
Si C or Si O bonds. The organic fictionalization of Si surfaces
has been extensively reviewed elsewhere [62,63].

2.3.1. Reactive Si surface precursors
There are three known strategies to obtain a reactive Si sur-

face precursor namely, (i) hydrogen-terminated Si, (ii) halogen-
terminated Si and (iii) reconstructed Si surface.

To obtain H-terminated Si surface two etching processes are
employed and are shown in Fig. 4 [64,65]. Treatment of (1 0 0)
Si wafers with 1–2% HF (aqueous) produces atomically flat
dihydride terminated Si surfaces ( SiH2). The (1 1 1) Si wafer
t
m
s
e

Fig. 5. Common methods used for silicon halogenations.

Different methods employed to obtain halogen terminated Si
surface are presented in Fig. 5. The Chloro-terminated Si sur-
faces are prepared by treating the H-terminated Si (1 1 1) with
PCl5 at 80–100 ◦C using benzoyl peroxide as a radical initiator
in chlorobenzene [66,67]. The other methods include (i) boil-
ing Si wafer in chlorobenzene with PCl5 and UV irradiation,
and (ii) heating H-terminated Si at 80 ◦C in the presence of
Cb [68]. Recently, high quality of halogenated silicon surfaces
has been produced using gas phase reactions of hydrogenated
silicon with molecular chlorine or bromine at room tempera-
ture [69]. Bromo-terminated Si surfaces can also be obtained
by treating the H-terminated Si surface with CCl3Br at 80 ◦C
under UV irradiation. Bromination of Si H surface is also per-
formed sometime using an etching mixture made of HF, HNO3,
CH3CO2H, Br2 and KBr [70], but this method causes morphol-
ogy changes of silicon surface [71]. Iodine [72,73] or iodoforme
[74] have also been used as iodinating agents to generate Si I

ses to
reated with 40% NH4F (aqueous) produces monohydride ter-
inated Si surfaces (≡Si H). The H-terminated Si surfaces are

table in air for few tens of minutes only and get oxidized if
xposed for longer time.

Fig. 4. Chemical etching proces
 obtain H-terminated Si surface.
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surface from hydrogenated silicon. The halogen-terminated sur-
faces are very reactive and thus need to be handled only under
inert atmosphere.

Highly reactive bare silicon (1 0 0) and (1 1 1) surfaces can be
obtained by heating the Si wafers at temperatures >700 ◦C under
ultra high-vacuum (UHV) conditions (>10−10 Torr). Both the
(1 0 0) and (1 1 1) Si surfaces undergo extensive reconstructions,
i.e. their surface atomic geometry differs significantly from that
of the bulk. However, the two surfaces have markedly different
surface structures [75,76]. The Si (1 0 0) surface reconstructs
into a (2 × 1) structure, forming pairs of silicon atoms known as
dimers. On the other hand, Si (1 1 1) surface, reconstructs into a
complex (7 × 7) structure that contains 49 surface atoms in the
new unit cell.

2.3.2. SAM formation
Once the reactive Si surfaces are obtained, then the organic

SAM can be formed on the surface by appropriate chemistry.
Linford and Chidsey, in 1993, showed for the first time that
organic molecules having an unsaturated bond can be grafted on
the hydrogen-terminated Si by hydrosilylation reaction [77]. The
alkyl monolayers have been prepared by inserting 1-alkenes into
Si H groups in the presence of diacyl peroxide radical initiator
at 100 ◦C. The proposed mechanism of monolayer formation is
based on a series of free radical reactions, and is depicted in the
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Fig. 7. Formation of monolayers on halogen terminated Si using organomagne-
sium, organolithium or alcohols.

A vast amount of work on the UHV functionalized (2 × 1)
reconstructed Si surface exists in literature [63]. It is well estab-
lished that the small unsaturated hydrocarbons such as ethylene,
propylene, benzene, etc., get chemisorbed at (2 × 1) recon-
structed Si surface via a [2 + 2] cycloaddition reaction, as shown
in Fig. 8 [86–89].

In the very recent time, scanning tunneling microscope
(STM) tip has been used to modify the Si surface [90,91]. For
instance, the Si H bonds are broken by application of a tunnel-
ing current that leads to Si radical at the surface and to which
alkenes are attached. However, this technique does not yield a
comprehensive coverage of monolayers as the organic molecules
are attached to only those places where Si radicals are formed.

3. Characterization of SAMs

The quality of deposited SAMs is assessed by characterizing
them for (i) thickness of the monolayer, (ii) molecular orienta-
tion and ordering, (iii) uniformity and coverage, (iv) chemical
composition, and (v) thermal and chemical stability of the mono-
layer. Various techniques for the characterization of monolayers
are reviewed elsewhere [9,92].

3.1. Thickness of monolayer
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ig. 6 [78]. In the first step, the initiator, diacyl peroxide, breaks
omolytically to form two acyloxy radicals, which eventually
reak apart to form an alkyl radical and carbon dioxide. In the
econd step, the alkyl radical abstracts the hydrogen atom from
he hydrogen-terminated Si surface to produce silicon radical.
n the final step, the silicon radical reacts with alkenes to form a
i C bond. In a similar way, alkenyl monolayers can be grafted
sing alkyne molecules.

It has been found that at temperatures >150 ◦C, the Si H bond
ndergoes a homolytic cleavage, Si H → Si• + H•, and yields a
ilicon radical at the surface, which then can react with alkenes,
s described above. This process has been termed as “thermally
nduced hydrosilylation” [79,80]. The hydrosilylation process
as also been promoted by UV irradiation known as “pho-
ochemical hydrosilylation” [81,82]. In addition, the organic

onolayers have been grafted on the H-terminated Si surfaces
sing electrochemical methods [83].

Similar to the alkanes, as discussed in Section 2.2.2, alkyl or
ryl monolayers have been grafted on activated Si (i.e. Si H,
i Cl, Si Br, or Si I surface) by using reactions with organo-
agnesium, organolithium or alcohols compounds, as shown in
ig. 7 [84,85].

Fig. 6. Mechanism of hydrosilyla
Optical ellipsometry [93] is the most routinely used tech-
ique to determine the thickness of the SAMs, though other
echniques, such as, plasmon surface polarization [94], X-ray
eflectivity [95], X-ray standing waves [96], etc. can also been
mployed. In fact, one can theoretically determine the length
f all trans-extended n-alkane chains by using MOPAC soft-
are or by simply adding the bond lengths. As discussed in

he Section 2.2.2, the homologous series of methyl-terminated
-alkylsiloxane monolayers (n = 1–18) have been routinely
eposited by reaction between n-alkyltricholorosilanes on native

f olefins on hydrogenated silicon.
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Fig. 8. [2 + 2] cycloaddition reactions of alkene and alkyne on a (2 × 1) reconstructed Si surface.

oxide of silicon. In this case, for all trans-extended chains, the
length (t) of the monolayer containing n carbons (for CH3 ter-
minating monolayer) or (n − 1) CH2 units should have a linear
relation:

t = 1.26 × (n− 1) × cosΦ+ 4.78 (1)

where Φ is the tilt angle of the chain, 1.26 Å (per methylene
group) corresponds to the projection of carbon–carbon bond on
to the main axis of the molecule, and the intercept of 4.78 is a sum
of Si O (1.33 Å), C Si (1.52 Å) and length of terminating CH3
group (1.93 Å). In Fig. 9, along with this theoretical relation at
differentΦ, we have plotted the experimentally measured thick-
ness of several n-alkylsiloxane monolayers by different groups
[37,52,53]. It also may be noted, as shown in the inset of Fig. 9,
that the deposition temperature of the monolayer (Tc) decreases
with decreasing n [51]. It is evident that the bracket of exper-
imental values is within the theoretical one with Φ< 30◦. This
implies that the methyl-terminated n-alkylsiloxane monolayers
are deposited in all-trans conformation with a tilt angle of <30◦
on native oxide of Si. However, the most studied n = 18 (i.e.
octadecylsiloxane) SAMs is known to exhibit a tilt angle of <10◦
[37,97].

Similarly, the theoretical thickness of alkyl chains deposited
on H-terminated Si surface is given by

t = 1.26 × (n− 1) × cosΦ+ 1.86 (2)
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that the alkyl monolayers deposited on H-terminated Si are tilted
in the range 30–45◦ for n > 10 and, >45◦ for n < 10. These tilt
angles are slightly higher than those of alkylsiloxane monolay-
ers deposited on native-oxide of Si, indicating a better surface
coverage of the latter ones.

A molecular modeling simulation is an important way of find-
ing the information on the structure of alkyl monolayers on the
H-terminated Si (1 1 1) surface [100]. The effects of different
substitution percentages (33.3, 50, 66.7 and 100%) of the Si H
for Si-alkyl groups on the monolayer structure showed that only
with a substitution percentage of 50%, the structures obtained
from molecular modeling and the available experimental data
matches well. A lower substitution percentage (33.3%) leads
to disordered monolayers or to structures in which the alkyl
chains are tilted too far (∼60◦) compared to the experimentally
observed situation (∼30–45◦). Calculations on surfaces with
high substitution percentages (66.7 and 100%) show that the
molecules are oriented perpendicular to the Si surface. These
results, thus show that the optimal substitution percentage for
well-ordered monolayers on the Si (1 1 1) surface is between 50
and 66.7%.

3.2. Molecular orientation and ordering

Fourier transform infrared (FTIR) spectroscopy is the most
p
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t
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c
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here n is the number of C atoms in the alkene chain and 1.26
nd 1.86 Å are respectively the C C and Si C bond lengths pro-
ected along the molecular axis. A comparison of experimental
ata [34,77,78,98,99], as shown in Fig. 10, makes it very evident

ig. 9. Thickness of n-alkylsiloxane monolayers deposited on native-oxide of
i measured by different groups. The full lines are the theoretical relation of

hickness as a function of n, calculated using Eq. (1) at different tilt angles. The
nset shows the variation of the critical deposition temperature of monolayer
Tc) as a function of n [51].
owerful tool for studying the molecular orientation and order-
ng in a self-assembled monolayer [9]. FTIR is usually done in
wo different spectroscopy modes (i) attenuated total reflection
ATR) and (ii) reflection- absorption (RA). In the ATR mode,
ndividual s- and p-polarized (the parallel and perpendicular
omponents of a plane polarized light, respectively) attenuated
otal internal reflection spectra are recorded. The dichroic ratio

ig. 10. Thickness of alkyl monolayers deposited on H-terminated Si measured
y different groups. The full lines are the theoretical relation of thickness as a
unction of n, calculated using Eq. (2) at different tilt angles.
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(D), defined as, D = As-pol/Ap-pol (where As-pol and Ap-pol are
s- and p-polarized absorbance, respectively) gives the informa-
tion on the molecular orientation. Using D values of symmetric
and asymmetric CH2 stretches, one can calculate the angle
between these transition dipole moments and the surface nor-
mal, i.e. αs and αa, respectively. These two angles, in turn, allow
determination of both the chain tilt angle (Φ) and chain twist
angle (γ) using the relations: cos2Φ= 1 − cos2 αs − cos2 αa and
cos γ = cosαs/sinΦ, respectively. It may me noted that the value
of D has a steep dependence on α. For example, a change
in D value from 1.04 to 1.08 would change αa from 70 to
83◦, and thus extreme care is needed in interpreting data using
D values.

The peak positions of symmetric (νs) and asymmetric (νa)
stretching modes of CH2 group give the required information
about the molecular order in the monolayers. For a well ordered
(i.e. crystalline) monolayers the peak positions of νs and νa are
at 2851 ± 1 and 2918 ± 1 cm−1, respectively; while for a highly
disordered (i.e. liquid) monolayers these peak positions shift
to 2855 ± 1 and 2924 ± 1 cm−1, respectively [101]. Typical IR
spectra recorded for monolayers having different numbers of
C atoms are presented in Fig. 11. Since νa—as the monolayer
goes from crystalline to liquid state—shows a maximum shift
of 6 cm−1, we have plotted the reported νa in Fig. 12 for various
monolayers reported by different researchers [37,77,78,101]. It
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Fig. 12. Reported value of asymmetric (νa) stretching modes of CH2 group for
different monolayers. The values at 2918 and 2924 cm−1 correspond to crys-
talline and liquid phase of the monolayer.

force microscope, scanning electron microscopy and tunneling
electron microscopy.

3.3.1. Wetting measurements
The wetting measurement is simple and effective technique

because the “shape” of a liquid drop on a uniform surface
depends on the free energies of the liquid and surface [9]. A
drop of liquid (de-ionized water or hexadecane, for instance) is
expanded on the surface using a syringe. The “advancing” and
“receding” contact angles are measured. Strictly speaking the
contact angle is determined by its properties of surface group,
and not by the alkyl chain. However, alkyl chain indirectly affects
the surface properties through ordering, packing and tilt. A sum-
mary of reported advancing water contact angle measured on
monolayers with different functional head groups is presented
in Table 1. It is seen that for same surface group but having dif-
ferent number of C atoms (n) in the chain, the contact angle is
significantly lower for n < 10, which indicates poor ordering of

Table 1
Water contact angle measured on different functional surface group of SAMs

Head group Contact angle (◦) Ref.

CH3 (CH2)n (n > 10) 110–117 [108,109]
CH3 (CH2)n (n < 10) 97–108 [37,110]
CH2 CH (CH2)n (20 > n > 10) 95–105 [37]
s evident that for n > 10 the monolayers are in crystalline state;
hough for n < 10 the disorder in monolayer increases.

The information about the structure of SAMs can also be
btained by a variety of techniques, such as, X-ray [102], elec-
ron [103] and neutron [104] diffraction, high-resolution elec-
ron loss spectroscopy [105], Raman spectroscopy [106], near-
dge X-ray absorption fine structure spectroscopy (NEXRAF)
107], etc.

.3. Uniformity and coverage

The quality and uniformity of a monolayer at various lengths
from macro to nano) can be assessed by wetting measurements
nd/or by directly imaging the surface topography by atomic

ig. 11. IR spectra for monolayers having different numbers of C atoms: (a) 18,
b) 16, (c) 14 and (d) 8. Note a systematic shift of the νa (CH2) peak, which is
xpected to be at 2918 cm−1 for a crystalline monolayer.
thiophene; phenyl 90–92 [111,112]
pyridyl 43 [113]
CO2CH3; CO2CH2CH3; CO2-benzyle;

CO2-thiophene; CO2-anthracene;
CO2-pyrene; CO2-EDTM

73–75 [37]

X (Cl, Br, I) 80–89 [114–116]
SH; S; S S 65–71 [114,115]
SO2 50 [114]
SO3H 30 [114]
SCN 73–75 [114,116]
OH; B(OH)2; CONH2; CO2H <15 [117]
NH2 36 [114,118]
NH3

+ 42 [114]
CN 68–74 [114,118]
N3 75–79 [119]
C60 65–76 [120,121]
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monolayer. Also for n > 20, the contact angle decreases indicat-
ing the disorder arising probably due to the mingling of longer
chains.

Zisman showed that wettability data can be used to determine
the critical surface tension (γc) of the monolayer surface [122],
which is defined as the surface tension of the test liquid that
completely wets the surface, i.e. contact angle (Θ) = 0◦, and is
found by plotting cosΘ versus γ l (where γ l is the surface tension
of a series of test liquids), and γ l value at cosΘ = 1 is equal to
γc. For various surface head groups the γc could vary between
6 and43 N/m at 20 ◦C [9].

3.3.2. Atomic force microscopy
The surface coverage of a monolayer is usually examined

by measuring the surface morphology using the atomic force
microscopy (AFM). The high-resolution AFM images on a scan
area of 10 nm × 10 nm for the crystalline octadecyltrichlorosi-
lane monolayer, studied by Kojio et al., exhibited a periodic
arrangement of the molecules with a hexagonal array [123]. The
AFM is a powerful tool for understanding the growth kinetics
of SAMs [40,124–126]. In Fig. 13, we show AFM images of
partial C18 monolayers, which were deposited by immersing
the Si substrate in the octadecyltricholorosilane solution for
varying amounts of time [40]. Initially isolated closed packed
C18 islands are formed at the surface of the substrate, and these

islands then serve as centers for aggregation for molecules
diffusing on the surface as well as for adsorbing from solution
(as schematically shown in the inset of Fig. 14). At low surface
coverage the fractal dimension of the islands increases with
surface coverage, while the height remains at ∼25 Å indicating
that C18 molecules are tilted at ∼30◦. At higher surface
coverage, the islands—height remaining at ∼25 Å—grow by
branching and eventually coalesce. With passage of time, the
inter-island regions (pores or pinholes) shrink and eventually
a continuous SAM get formed. In order to study the growth
kinetics of the SAM formation, the monolayer coverage (Q)
as a function of time, as shown in Fig. 14, is determined by
analyzing the AFM images. The two regions showing different
growth kinetics can be easily identified from this figure.

(i) A faster and linear growth for time <5 s (shown by solid
straight line fit), indicating that the initial growth is primarily
via diffusion limited aggregation [124,125].

(ii) For higher times, the coverage kinetics becomes slow and
can be fitted to an expression Q = 1 − exp (−kt), suggesting
that growth is limited by adsorption from the solution [124].

The studies on the growth kinetics as a function of chain
length have revealed that while long chains grow via island
nucleation and growth; the short chain did not show the island
Fig. 13. 10 �m × 10 �m images of partial C18 monolayer on Si immersed in oc
tadecyltricholorosilane (OTS) solution for varying amounts of time [40].
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Fig. 14. Monolayer coverage as a function of time determined using analysis of
AFM images presented in Fig. 13. For time <5 s, a fast and linear growth (solid
line fit) indicates that growth is due to diffusion limited aggregation. For higher
time, the data is fitted (dotted line) to an equation governed by adsorption limited
kinetics. Inset: Schematic showing the various processes during the monolayer
growth. Once a molecule is adsorbed at the surface, it undergoes a random walk
on the surface (with a certain value of 2D diffusion coefficient) until it collides
with another adsorbed molecules and forms an island. Initially islands grow via
diffusion-limited aggregation of adsorbed molecules followed by adsorption-
limited kinetics [40].

growth behavior [126]. This has been attributed to the chain
length dependent chemisorption and diffusion rates of molecules
on the substrate surface, which are found to decrease with
increasing chain length. However, more detailed studies are
needed to confirm this mechanism. It may be noted that when
the SAMs grows via island nucleation and growth mechanism,
complete elimination of pinholes is not possible. These pin-
holes may hamper the electrical characterization of SAMs as the
counterelectrode metal particulates may diffuse through them
creating short-circuits. Thus, studies on the size and distribu-
tion of pinholes in SAMs are important, and must be carried
out using high-resolution AFM and other techniques, such as,
electrochemisty (as discussed below).

In addition, as has been discussed in the Introduction, by
using a conducting AFM tip, the electrical measurements on
SAMs can be carried out. Thus AFM is a unique facility in
which electrical measurements as well as the morphology of the
monolayer can be studies simultaneously.

3.3.3. Electrochemical
The electrochemical characterization is a sensitive tool for

detection of pinholes and defects in SAMs [127,128]. In order to
determine the total fraction of pinhole area, one performs cyclic
voltammetry (CV) in a solution containing redox species, typ-
ically K3Fe(CN)6, and a supporting electrolyte. An ideal SAM
with full coverage (Q), owing to dielectric behavior, would com-
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The redox centres, such as, ferrocene, porphyrins, tetrathia-
fulvalene, etc., which can be easily attached to the SAMs (the
resultant is known as electroactive SAMs) serve as a sensitive
and non-destructive probe for the determination of the structure
of the SAM and their reactivity (surface attachment and hydrol-
ysis reactions). A CV of an electroactive SAM usually exhibits
matching anodic and cathodic current peaks, and departure from
the ideal CV reveals the structural details of the SAM [128].

Using AC voltammetry one can determine the capacitance
at electrode/electrolyte interface, which is then used to extract
the dielectric constant of SAMs. Observed values for dielectric
constant of various SAMs fall in the range 2.3–2.6. In addition,
CV has been utilized for electrochemical stripping as well as
deposition of SAMs [128].

3.4. Chemical composition

The chemical composition of monolayers can be deter-
mined by Auger electron spectroscopy (AES), X-ray photoelec-
tron spectroscopy (XPS) and secondary ion mass spectrometry
(SIMS) [92]. Among these XPS is a unique technique as it not
only determines the chemical composition of the monolayers but
also gives information on the oxidation state of its elements, and
details can be obtained elsewhere [129]. The biggest advantage
of XPS is that it provides the information of the surface-group of
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letely block the faradic current arising due to electrochemical
xidation of the electrode and exchange of electrons between
lectrode and redox couples in solution. However, presence of
inholes in the SAM allows detection of faradic current and this
urrent is then utilized for the determination of area fractions of
inholes (1 − Q) [127]. It may be noted here that the faradic cur-
ents are much larger than the tunnelling currents though SAMs
see Section 5).
he monolayer, if spectra are recorded as a function of takeoff-
ngles (α: angle between the sample surface and the analyzer
cceptance plane). If 95% of the signal arises from a depth into
he solid of 3λ (λ is the inelastic mean free path of the emitted
hotoelectrons) then the depth sampled, d, is given by the equa-
ion; d = 3λ sin �. Thus, as α tends to 0◦ the outermost surface
pecies account for a larger proportion of the signal detected.
or example, a small molecule containing only three car-
on atoms, i.e. 3-mercaptopropyltrimethoxysilane (MPTMS),
H (CH2)3 Si (OCH3)3, chemisorbed on the native silicon
xide is analyzed by XPS to find whether the SH group is
t the outer surface of the monolayer or not. The XPS data of S-
s and C-1s recorded at two different take-off angles, i.e. 70–25◦
re shown in Fig. 15. The data is normalized with C-1s peak. A

ig. 15. Angle dependent XPS spectra of a C3 molecule having thiol group at
he surface (as shown in the inset). The spectra are normalized to the intensity
f C1s peak.
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clear increase in sulfur content with decreasing take-off angle
confirms that the SH group is at the outer surface and the silane
group is attached to the native silicon oxide.

3.5. Thermal and chemical stability

In order to use SAMs in molecular electronics and/or hybrid
electronics, it is essential that SAMs must remain robust under
the same daunting conditions that all existing semiconductor
materials already endure. These include thermal stability upto
350 ◦C, chemical stability under different etchants, endurance
etc. Therefore, the SAMs have been subjected to stability tests
under a wide variety of conditions, which includes high temper-
atures, acids, base etc. [7,37,52]. The common method to check
the stability is to measure the thickness and contact angle as a
function of the treatment. Most remarkably the SAMs exhibit
no signature of degradation when stored in an airtight container
for 18 months [52].

Typical temperature, acid and base stability of C18 SAMs
is plotted in Fig. 16. The C18 SAM is stable up to a tempera-
ture of ∼350 ◦C, and at higher temperatures the SAMs evaporate
from the substrate surface. The thermal stability was found to be
independent of the chain length [7,37]. The high-energy electron
loss energy spectroscopy (HREEL) measurements reveal that at
temperature higher than 350 ◦C the SAM begin to decompose
p
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in Section 6.3, the molecular memories based on redox-active
molecules grafted by self assembly on Si have been found stable
up to 400 ◦C.

The SAMs are remarkably stable when washed using 1%
detergent solution, hot tap water or organic solvents [7]. As
shown in Fig. 16(b), the C18 SAMs are stable in contact with
aqueous acid at room temperature for long periods (up to a cou-
ple of days). However, SAMs get immediately deteriorated on
exposing to aqueous base, and a complete removal of monolayer
was observed within 60 min. The destruction of monolayer in the
base is due to the hydrolysis of Si O bonds [52].

4. Metal counterelectrodes on SAMs

As discussed in Section 2.1, Fig. 1, for the measurement of
the electronic transport properties of SAMs and fabrication of
molecular electronic devices using them, fabrication of metal
counterelectrodes is an important step. An essential criterion
for the fabrication of metal counterelectrodes is that during the
process it should not damage or short-circuit the monolayer.
The various types of counterelectrodes and their fabrication pro-
cesses are described below.

4.1. Liquid Hg contacts
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rimarily through the cleavage of C C bonds [110]. The silox-
ne head group (Si O) is strongly bonded to the substrate surface
nd begins to decompose only after 725 ◦C. As will be discussed
ig. 16. (a) Thickness and water contact angle of C18 SAM measured as a
unction of annealing temperature. The annealing was carried out for 30 min
nder He ambient. (b) The water contact angle on C18 SAM as a function of
mmersion time in 0.1N NaOH and 0.1N HCl [37].
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To measure the electrical properties of organic monolay-
rs, ‘soft’ contacts, such as, electrodes in solution or the use
f mercury has been employed [130,131]. Mercury, being liq-
id at room temperature, moulds into the surface topology of
he monolayer and does not damage the monolayer. Experi-

ents carried out using mercury-hanging drop electrodes have
emonstrated the viability of organic monolayers in the elec-
ronics. While soft contacts based on liquid mercury are useful
or generating experimental data, which in turn, improve our
nderstanding of the interfaces and molecular properties, they
re unsuitable for practical fabrication in the electronics indus-
ry.

.2. Vacuum deposition

In order to have compatibility with photolithography and
lectron beam lithography processes to fabricate well defines
tructures, metal contacts are directly deposited onto the mono-
ayer surface. The conventional deposition methods viz. thermal
vaporation, electron-beam evaporation or sputtering, can be
sed for the deposition of metal counterelectrodes. However,
hese techniques—owing to the impingement of high energetic

etal flux—can damage the monolayer by altering their struc-
ure significantly and/or metal atoms can diffuse through the

onolayers causing short-circuits. Two methods have been used
o avoid the metal diffusion (i) cooling the samples up to liquid
itrogen temperature during evaporation [132], and (ii) choos-
ng appropriate surface group of the monolayer, which forms
hemical bonds with metal. For example, the terminating SH
roup of monolayer forms covalent bonds with first deposited
u atoms and thus stop the diffusion of Au [33].
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Another critical aspect of direct metal deposition on mono-
layers is the thickness of the metal layer, as the growth mor-
phology of ultra-thin metal films, apart from other parameters,
depends on the surface free energies of the metal and the mono-
layer. For Au thickness <10 nm, metal grows via 3D island
growth and forms discontinuous film, which makes them unsuit-
able for electrical measurements. On the other hand, high Au
thickness often leads to short-circuits in monolayers, because
during thermal deposition of Au, for higher thickness the mono-
layer is exposed for prolonged duration of high energetic Au
flux, which damages the monolayer and allows the diffusion of
Au. Usually Au thickness in the range 20–80 nm thickness on
as monolayers terminated with SH group has been found opti-
mum. However, in order to obtain a comprehensive coverage
of metal on the monolayer having different terminating groups,
without short-circuiting, one needs to optimize the thickness of
the metal.

The advantage of direct metal deposition method is that two-
or three-terminal devices can be fabricated by simply depositing
metal through the well defined mask structures. However, this
approach produces devices with blurred edges. In order to pro-
duce devices with fine features, one can employ the photolithog-
raphy for micro size features and electron beam lithography for
sub-micron size features.
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using thermal or e-beam evaporation; during deposition care
must be exercised to avoid cracking or buckling of stamp, and
in turn, of the metal film, (iii) the stamping of the monolayer
(usually done at room temperature for few tens of seconds) and
(iv) the removal of stamp leads to the transfer of Au patterns
on SAM; during the intimate contact between stamp and SAM,
a high density of bonding sites present at the surface of mono-
layer (e.g. SH group) allows an efficient transfer of Au, as Au
and S are known to form covalent bonds. By using nTP process,
Au patterns, free from defects and cracks, over large areas have
been demonstrated.

5. Electronic conduction in SAMs

The SAMs of aliphatic chains are expected to be dielectric
in nature owing to a very high gap between highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The theoretical calculations show that the
HOMO–LUMO gap in aliphatic chains could be as large as 9 eV
[135]. In fact, our studies on SAMs of n-alkyltrichlorosilanes
(n > 8 carbon atoms) indicated that the leakage current through
them is remarkably low (<10−8 A/cm2), and thus could be
used as dielectric in organic thin film transistors (OTFT)
[42–45]. Later on, SAM dielectric films were indeed success-
fully employed for the fabrication of OTFT’s by us [36,39] as
well as by other groups [136]. In this Section, first we present
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.3. Soft lithography

“Soft lithography” is a new high resolution patterning tech-
ique developed by Whitesides, and comprehensive reviews on
his subject are available [133,134]. This technique can be used
or different purposes, e.g. patterning of SAM on different sub-
trates, pattering of counterelectrodes on SAM, etc. Here, we are
nterested in pattering of metal electrodes on the SAM using soft
ithography—also known as nano-transfer printing (nTP). The
TP process, as schematically shown in Fig. 17, consists of four
ajor steps: (i) a “stamp” with desired pattern is made from an

lastomeric material called polydimethylsiloxane (PDMS) and,
s subjected to a surface treatment, such as, plasma etching and
erfluorination (dipping stamp in 35 ml hexane, 15 ml CCl4 and
0 �l of C10F17H4SiCl3 solution) in order to have a poor adhe-
ion of Au, (ii) deposition of Au (20–200 nm thickness) film

ig. 17. Left: Schematic showing the different steps in the nTP process for Au
attern transfer on SAM. Right: Photographs of the first (PDMS stamp) and the
ast steps (Au transfer on a SH terminated SAM).
brief summary of various theoretical models that can explain
he electronic conduction in a dielectric SAM, and then analyze
ome of the experimental results using these models on alkyl
hains of different lengths.

.1. Theoretical models

A SAM of aliphatic chains sandwiched between two metal
lectrodes (e.g. highly degenerated p+ or n+ Si and metal coun-
erelectrode) can be represented by an equivalent energy band
iagram of a metal(1)–insulator–metal(2) (M1–I–M2) structure.
n an M–I–M structure, the electronic conduction can take place
y four different mechanisms, namely, tunneling, thermionic
mission, Poole–Frankel emission and hopping conduction.
ere, we briefly discuss the basics of these conduction mecha-
isms. The schematic energy band diagrams, along with temper-
ture and voltage dependences of the current densities, of various
onduction mechanisms have been summarized in Table 2.

.1.1. Tunneling
A simple model of the tunneling in a M–I–M structure is

iven by a current of electrons, which encounter a finite poten-
ial barrier (φ) at the metal–insulator interface. Even though the
nergy of the electrons is lower than the φ, their wavefunctions
o not vanish at the interface, but fall off exponentially into the
arrier [137]. This implies that there is a finite probability that
lectrons from either of the metal electrodes can travel a short
istance into the insulator despite the lack of allowed energy
evels there. The overlapping of the wavefunctions gives rise to
non-resonant tunneling current density. Simmons has shown

hat the theoretical relationship between direct tunneling current
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Table 2
Various possible electronic conduction mechanisms in a MIM structure, their schematic energy band diagrams, and voltage and temperature dependences of
resulting J

Conduction mechanism Energy band diagram Voltage dependence Temperature dependence

(a) Tunneling

Direct (1) for eV �φ or V ≈ 0, J ∝ V None

(2) for eV <φ/2, J ∝ V + V3 None

Fowler–Nordheim (3) for eV >φ/2, ln (J/V2) ∝ 1/V None

(b) Thermionic emission ln (J) ∝ V1/2 ln (J/T2) ∝ l/T

(c) Poole–Frankel emission ln (J/V) ∝ V1/2 ln (J) ∝ 1/T

(d) Hopping conduction J ∝ V ln (J/V) ∝ 1/T

density (JDT) and V for a trapezoidal barrier is given by [33,138]

JDT = α

d2

[
φe−Ad√φ − (φ + eV )e−Ad√φ+eV

]
(3)

where α= e/4π2β′2
� and A = 2β′

√
2m∗/h̄2 (e is the electron

charge, m* is the effective mass of electron in the insulator, β′ is
a constant and has value ∼1, � is the reduced Planck’s constant),
φ is average barrier height, d is the barrier width and V voltage
between the electrodes.

It has been shown that at very small voltages, i.e. for eV �φ,
or in the vicinity of V ≈ 0, the Eq. (3), reduces to [138]

JDT = γ
√
φ

d
e−AD√

φV (4)

where

γ = e
√

2m∗

4β′2π2h̄2 .

Since eV �φ, it can be considered that φ does not depend on
V. Therefore, in this case the J is proportional to V.

For intermediate voltages, i.e. eV <φ/2, the Eq. (3) is
expressed as [138]

JDT = γ
√
φ

d
e−Ad√φ(V + σV 3) (5)

where

σ = (Ae)2

96φd2 − Ae2

32dφ3/2 .

For high voltage range, i.e. eV >φ, the potential barrier takes
a triangular shape, as shown in Table 2, and Eq. (3) reduces to
the usual Fowler–Nordheim form [138], i.e.

JFN = BE2 exp

(
−C
E

)
(6)

where E = V/d is the field across the monolayer,
B = e3/16π2

�m*φ and C = (4
√

2m∗/3eh̄)φ3/2. If the cur-
rent transport across a dielectric layer is dominated by FN
tunneling then a plot of ln (JFN/E2) versus 1/E—known as FN
plot—should have a linear behavior, and the intercept with
y-axis and the slope of the plot would yield the values of B
and C, respectively. Once the values of B and C are known, the
values of m* and φ can be calculated, without assuming the
value of any of the two parameters.
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In addition to the above-mentioned non-resonant tunneling
mechanisms, i.e. direct and Fowler–Nordheim, a resonant tun-
neling may occur through the molecular orbitals of SAMs, if the
HOMO–LUMO gap is relatively small, e.g. for �-conjugated
molecules.

5.1.2. Thermionic emission
Within a metal, the energy distribution of electrons is given

by the Fermi–Dirac distribution function. This implies that at
elevated temperatures, an increasing fraction of the electrons in
the metal will have sufficient energy to surpass the energy bar-
rier offered by the insulator. As a result, as illustrated in Table 2,
these energetic electrons can travel across the insulator, and this
process is known as “thermionic emission”. The resulting cur-
rent density is expressed by [1,139]

JTE T
2e−

(
φ−e

√
eV/4πεd

)
/kT (7)

where k is the Boltzmann constant.

5.1.3. Poole–Frenkel emission
If the insulating layer contains structural imperfections,

such as, defects or impurity atoms, then these defects can act
as electron traps. Field-enhanced thermal excitations of the
trapped electrons then contribute to the current density, which
is expressed by [139]
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Fig. 18. (a) Typical current density–voltage curve recorded for the
MPTMS SAM at room temperature. Upper-left inset: schematic of the
Si/SiO2–MPTMS–Au structure and, 200 nm × 200 nm AFM image of top gold
electrode, indicating comprehensive coverage of the monolayer. Bottom-right
inset: J–V curves in the semi-log scale in ±1 V range at different temperatures.
(Note that all the curves are identical at different temperatures, and were also
independent of heating or cooling schedules.). (b) The plots of absolute values
of J and V in reverse as well as forward bias. Note a crossover at 2.45 eV.

SH (CH2)3 Si (OCH3)3)/Au structure for the following
reasons: (i) the SAM contains the aliphatic chain of only three
carbons and has a very short length (0.8 nm), and thus, as
revealed from Eq. (4), a high direct tunneling current is expected,
and (ii) the outer surface of SAM is terminated with thiol ( SH)
group, which prevents diffusion of counterelectrode Au owing
to strong chemical bonding between S and Au, as discussed in
Section 4.

A typical J–V curve for the MPTMS monolayer measured
at 300 K is given in Fig. 18(a). Two major inferences can be
drawn from this figure: (i) the J–V curves are asymmetric, which
becomes clear when we plot both forward (V > 0 on Si) as well as
reverse bias (V < 0 on Si) data in the same quadrant (Fig. 18(b))
and (ii) the J–V data are independent of temperature, which
indicate as discussed above, that tunneling is the mechanism of
the conduction in this SAM.

From Fig. 18(b) and from J–V plots as a function of temper-
ature, it is evident that at low bias the reverse current is higher
than the forward one. However, at bias greater than 2.45 eV, the
direction of rectification is reversed, i.e. the forward current is
higher than the reverse current. This result is not unexpected,
PF V e−
(
φB−e

√
eV/4πεd

)
/kT (8)

here φB is the trap barrier height, as illustrated in Table 2. This
rocess is called Poole–Frenkel (PF) emission, and is a thermally
ctivated process.

.1.4. Hopping conduction
If the insulator has large defects/impurities, then the elec-

ronic conduction takes place via hopping mechanism. The cur-
ent density in this case is given by [139]

V e−�E/kT (9)

here �E is the electron activation energy.

.2. Tunneling in short alkyl chains

As seen from Table 2, the tunneling mechanisms are tem-
erature independent but depend on the applied bias range, that
s, direct tunneling takes place at lower bias and a crossover
o Fowler–Nordheim tunneling takes place at higher bias. On
he other hand, thermionic emission, Poole–Frankel emission
nd hopping conduction mechanisms depend on temperature.
hus, in order to identify the conduction mechanism respon-
ible in a particular SAM, it is essential that J–V data should
e taken over a large voltage range as well as their tempera-
ure dependence measured. The resultant temperature dependent
–V data then can be analyzed using above discussed theoretical
odels.
We have recently initiated investigations on the tunneling

echanism in a SAM of short alkyl chains [33]. We have cho-
en p+-Si(SiOx)/3-mercaptopropyltnmethoxysilane (MPTMS;
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and such an effect has been predicted theoretically by Simmons,
way back in 1963 [138], for a thin insulating film sandwiched
between two metal electrodes of different work functions, i.e.
metal(l)–insulator–metal(2) (M1–I–M2) junction. In the present
case, the work functions of two electrodes (i.e. p+-Si and Au) are,
respectively, ψ1 = 4.9 and ψ2 = 5.3 eV [140]. Thus, a qualitative
comparison with Simmons theory indicates that the MPTMS
monolayer has a very good insulating behavior, and tunneling is
the conduction mechanism. Thus, the J–V data of Fig. 18 can be
quantitatively analyzed using Simmons’ Eqs. (3)–(6). For this
purpose, depending upon the bias range, the J–V data has been
replotted in three different zones, as shown in Fig. 19.

At very low bias, i.e. ±0.15 V, as shown in Fig. 19(a), the data
fits well to a linear equation, which is in accordance with Eq.
(4). The slope of linear fit yields a resistance of 4850 ± 30�cm2

for the MPTMS monolayer. The data in the intermediate voltage
range 0–1.3 V, as shown in Fig. 19(b), fit well to Eq. (5) using
parameters m* = 0.16me (me = mass of the electron), d = 2 nm
(length of MPTMS molecule + thickness of native SiO2) but with
different φ values in the reverse and forward bias. The fitting
of reverse bias data yielded φ1 = 2.14 ± 0.01 eV, which corre-
sponds to the electron energy barrier height at MPTMS/Si inter-
face; while an electron energy barrier of φ2 = 2.56 ± 0.01 eV is
obtained at MPTMS/Au interface by fitting the forward bias
data. The difference in barrier heights (i.e. �φ = 0.42 eV) is

nearly equal to the difference in the work functions of the
two electrodes, which is in accordance with Simmons theory.
The value of m* = 0.16me obtained from the fitting is same as
experimentally reported by others [20] and close to m* = 0.28me
calculated theoretically for n-alkanes [141]. With these values of
m* and φ, we deduce a tunneling decay factor (β = Aφ0.5 in Eq.
(4)) of ∼0.65 Å−1, which is within the range of 0.5–0.75 Å−1

determined experimentally by several authors [24].
In the FN region, as shown in Fig. 19(c), the data is plotted

as ln (J/E2) − 1/E using d = 0.8 nm. A good linear fit of the data
(for V > 1.3 V)) confirms that at higher voltages the mechanism
of conduction in Si/SiO2–MPTMS–Au structure is due to the
Fowler–Nordheim tunneling. Using the values of constants A
and B obtained from FN plots, the determined values of m* and
φ for 17 samples are shown by the pie charts in Fig. 19(c). The
value of m* is found to be in the range 0.10me–0.22me, with the
majority of the values lying in the range 0.15me–0.18me, and is
somewhat closer to the theoretically estimated value of 0.28 me
[141]. Similarly, values of φ were found to vary between 1.22
and 2.31 eV, and the majority of values lying in the 1.3–1.5 eV
range, which is about ∼1 eV less then φSAM. As shown in the
inset of Fig. 17(c), the image force potential lowers the barrier
height, which is given by φIF = (φSAM − φ) = 2

√
e2E/εSAM,

where εSAM is the dielectric constant of the monolayer [142].
For E = 4 × 107 V/cm and using εSAM ∼ 2.5 for the monolayer
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ig. 19. Data of Fig. 1(a) replotted in three voltage regions (filled circles represent
.e. ±0.3 V. The linear fit of data (shown by full line) in ±0.15 V bias range is in acc
ata using Eq. (5) with parameters m* = 0.16me (me = mass of the electron), d = 2 nm
alues in the reverse (φ1 = 2.14 ± 0.01 eV) and forward (φ2 = 2.56 ± 0.01 eV) bias. (c)

linear fit of the data indicate that current transport is dominated by Fowler–Nordh
f triangular energy barrier (dotted) by image force potential (full curve). Bottom lef
arrier height (φ) determined from the FN plots of 17 samples.
to reverse bias data and open circles to forward bias). (a) Low voltage range,
ordance with Eq. (4). (b) Intermediate voltage range. The full curves are fit of
(length of MPTMS molecule + thickness of native SiO2) but with different φ
High voltage range data (i.e. >1.3 V) is plotted as ln (J/E2) as a function of 1/E.
iem tunneling. Top right inset: an energy band diagram showing the lowering
t inset: pie charts showing the distributions of effective mass (m*) and energy



100 D.K. Aswal et al. / Analytica Chimica Acta 568 (2006) 84–108

Fig. 20. (a) The J–V data for CH3-terminated n-alkanes (n = 8, 11, 14 and 18 carbon atoms) SAMs. For comparison the data of SH-terminated 3-alkane SAM is also
plotted. The full curves are data fit using Simmons Eq. (5). (b) The plot of J (at 1 V) as a function of molecule length. Filled circles correspond to experimentally
measured; while open circles are the calculated values using Eq. (5) and assuming φ = 2.54 eV, and m* = 0.16me.

[9,44], the calculated value of φIF is ∼1 eV, which is nearly the
same as the difference between φSAM and φ, confirming that
that the low φ values obtained at high fields are due to the image
force potential.

5.3. Length dependent electrical properties

The J–V data for CH3-terminated n-alkanes (n = 8, 11, 14
and 18 carbon atoms) SAMs with Al as counterelectrode are
presented in Fig. 20(a). The fit of these data in the intermediate
bias range, i.e. between 0.2 and 1 V, using Simmons Eq. (5) indi-
cates that as the chain length increases, the fittings turns poorer.
In addition, the determinedφ value reduces with increasing chain
length, and becomes as low as 1.5 eV for n = 18 SAM. On the
other hand, the internal photoemission data, as shown in Fig. 21,
measures aφ value in the range 4.1–4.3 eV, which is much higher
than that determined from the transport measurements. It may
be noted that low φ values (2–2.5 eV) for long chain SAMs have
been measured when counterelectrode forms a chemical bond

F
fl
m

with the surface group of the monolayer [19,24,129,143]. It is
believed that the chemical bonds with electrodes would decrease
the HOMO–LUMO gap of the alkyl chains and, which in turn,
lower the barrier height. Apart from this a wide variation in φ
values obtained from J–V data could be either due to improper
counterelectrodes, which implies that the metal electrode has dif-
fused into the monolayer, and/or deliberate fitting of data using
Simmons model, which essentially may not be arising from the
tunneling conduction mechanism alone.

Supposing tunneling is the lone conduction mechanism in n-
alkane SAMs, then theoretical J (at 1 V), calculated using Eq. (5)
and assuming m* =0.16me and φ = 2.5 eV, as a function of chain
length can be plotted as shown in Fig. 20(b). A comparison with
experimental data indicates that the experimentally observed J
values are much higher than that expected from the tunneling
conduction mechanism. There are two possibilities for enhanced
J values: (i) the counterelectrode metal may diffuse through the
monolayer, as the terminating CH3 group does not form chemi-
cal bonds with Al, leading to additional filamentary conduction
channels, and (ii) the electronic conduction mechanism may be
changing from tunneling to some other (see Table 2) mecha-
nism(s) with increasing chain length. The best way to resolve
this issue is to conduct temperature dependent J–V studies on
SH-terminated n-alkanes SAMs with Au as counterelectrode,
and analyze the data using various models presented in Table 2.

Similarly, the reported tunneling decay parameter (β), usually
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ig. 21. Cubic root of the photoresponse (photocurrent divided by the photon
ux) vs. the photon energy for three OTS (n = 18), HTS (n = 16), and DTS (n = 12)
onolayers. The obtained φ values are 4.1, 4.2 and 4.3 eV, respectively.
btained from the slope of J–d plots, has a wide range from 0.4
o >1 Å−1 (this range of β includes monolayers of alkanethiol
n gold as well as alkanes on Si) [24]. As shown in Fig. 20(b),
he value of β obtained from theoretical J–d plot is 0.8 Å−1

hile that obtained from the experimental plot is ∼0.4 Å−1. A
ow β value is an indication of high tunneling efficiency. How-
ver, as discussed above, one can obtain higher J values due
o altogether different reasons viz. additional filamentary con-
uction channels and conduction mechanism(s) different than
unneling, and thus a low β value. A more consistent β value is
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expected, if one conducts the experiments on high quality SH-
terminated n-alkanes (n > 8) SAMs. Unfortunately, deposition
of SH-terminated n-alkanes (n > 8) SAMs using multi-step pro-
cess revealed very low yield of the SH group at the surface,
and thus new chemical methods need to be explored to achieve
higher yields.

5.4. Dielectric breakdown of SAMs

It is clear from the previous Section that the leakage current
though the alkane SAMs is quite low. However, for using them
as a dielectric in electronic devices, low leakage current is not
the only concern. Under high field stress, insulating films will
eventually reach breakdown [139], which causes an irreversible
damage leading to increased leakage current and eventually
fatal device failure. The physical meaning of breakdown is the
destruction of the atomic structure by breaking inter-atomic
bonds. Various imperfections can cause an insulating material to
break down at a lower voltage than anticipated. Such events are
usually related to charge buildup for some reason, which locally
increases the electric field. Thus, an insulator material is also
characterized by a breakdown electric field.

The simplest way of investigating the electric breakdown in
an insulator is to record J–V data to very high voltages till one
observes a breakdown. Fig. 21 presents a typical J–V curve for
a
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and φ values but different effective electrical thickness (deff)
corresponding to different FN current jump states. Since the
thickness of SAM is fixed, a change in deff implies that the elec-
trical properties of monolayer are affected owing to the creation
of defects by high FN tunnel currents, and this should also be
reflected as a change in φ [144]. Once deff for a particular cur-
rent jump state is known, then φeff is back calculated using FN
plot. It is evident that lowering of deff lowers the φeff, and vice
versa. A decrease in deff or φeff implies high tunnel currents
and the additional current can be explained using the defect-
assisted conduction/tunneling. On the other hand, trapping of
electrons at the generated defects will increase the φeff, or in
other words, would increase the value of deff and hence, lower
the current through the monolayer. Once the hard breakdown
occurs at around 4 V, the monolayers become conductive owing
to the creation of permanent electric defects. Considering the
fact that the native oxide does not remain a dielectric at such
high voltages, the calculated breakdown field, EBD = VBD/dSAM,
for the MPTMS monolayer comes out to be ∼50 MV/cm. This
value is much larger than the 12–20 MV/cm reported for longer
alkane chains (no. of carbon atoms > 10) using different sys-
tems viz. octadecyltrichlorosilane on SiOx/Si [47], alkanethiol
on gold [17] and alkanes on H-terminated Si [145], suggests
that the shorter chains have higher breakdown fields. This is
believed to be due to a reduction in impact ionization at reduced
thickness, and needs further investigations. On the other hand,
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MPTMS SAM at voltages >3.2 V. It is seen that for voltages
3.6 V, named as pre-breakdown region, the FN current jumps

o either a high conduction state (i.e. high J values) or a low con-
uction state (i.e. low J values) or both (as in the present case).
he conduction state of current jump and its occupying voltage

ange are random in nature. The hard breakdown of the mono-
ayer is observed to take place between 3.6 and 4.1 V. Once the
ard electric breakdown of monolayer has taken place, the next
oltage ramp always leads to a higher J and its linear relationship
ith V, suggesting creation of stress-field induced permanent
efects in the monolayer during the breakdown process.

In order to understand the breakdown mechanism, theoreti-
al J–V curves in the pre-breakdown region (shown by full lines
n Fig. 22) are calculated using the FN Eq. (6), with known m*

ig. 22. J–V plot in the pre-breakdown region. The full lines are the theoretical
N (Eq. (6)) curves calculated using known m* and φ for different effective

hickness (deff), as discussed in the text.
upposing that the native oxide is a perfect dielectric and we
ake its thickness into consideration, then the breakdown field,
BD = VBD/dox + dSAM (εox/εSAM), is ∼16 MV/cm, which is still
uch larger than the breakdown field of equivalent thickness (i.e.
2 nm) of SiO2 [146], suggesting suitability of these monolay-

rs for hybrid electronics.

. Molecular devices

As has been demonstrated in the previous Section, the
lkane chains (� molecules) show very good dielectric prop-
rties with very high electric breakdown fields owing to a
arge HOMO–LUMO gap. On the other hand, the �-conjugated

olecules owing to the de localized electrons exhibit high elec-
rical conductivity. Since the organic chemistry allows to couple
- and �-molecules and these organic molecules can be grafted
n Si surface by self-assembly, by choosing an appropriate
rchitecture of �- and π - molecules various active electronic
omponents can be fabricated. In this Section, we discuss the
oncepts and fabrication of some such molecular devices, and
heir characteristics.

.1. Molecular diodes

.1.1. Basic concepts
The first theoretical idea on molecular rectifying diode was

roposed by Aviram and Ratner, which is based on donor (D)
nd acceptor (A) moieties linked by a short bridge (b) [3].
his A–b–D molecule, having � and � bridge, is �-substituted
y an alkyl chain to allow a mono layer formation by the
angmuir–Blodgett (LB) method, and this LB monolayer is
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then sandwiched in a metal/monolayer/metal junction. Up to
now, the most interesting results to date were obtained with
the hexadecylquinolinium tricyanoquinodimethanide molecule
(C16H33–Q–3CNQ) [147]. However, the maximum chemical
synthesis yield of this molecule is only ∼59% [148]. It has
been demonstrated that the donor and acceptor groups in this
molecule are not sufficiently isolated by the �-bridge, and the
molecular orbitals are too de localized over the entire Q–3CNQ
unit to allow a correct implementation of the AR paradigm
[35]. The rectification effect was attributed to the geometrical
asymmetry induced by the long alkyl chain which places the
Q–3CNQ unit close to one of the electrodes (inducing an asym-
metric electrostatic profile across the molecule). Subsequently,
theoretical studies of this asymmetry effect have been conducted
more extensively [149]. These results thus indicate that rectifier
effect should be expected from the molecules having only one
donor group and an alkyl spacer chain, and the concept of such
a molecular rectifier is shown schematically in Fig. 23.

6.1.2. Chemical synthesis
The synthesis of diodes based on �–� molecules, as shown

in Fig. 24, is carried out by three sequential self-assembly
processes (i) silanization, (ii) oxidation and (iii) esterification
[37]. In the first step, i.e. silanization, the vinyl-terminated
alkyl chains with several lengths namely, heptadec-16-en-l-
t
1
o
a
p
s

Fig. 23. A schematic showing the concept of a �–� molecular rectifier on Si.
An asymmetric electrostatic profile across the molecule causes rectification.

using oxidation, which is carried out in aqueous solution of
KMnO4/NaIO4/K2CO3. The yield of this oxidation has been
estimated between 70 and 90%. In the final step, the conjugated
moieties are grafted onto the previously formed SAMs using
esterification reactions between the COOH end-groups and dif-
ferent alcohols, which are shown in Fig. 24. The esterification
is carried out in the presence of a water trap (dicyclohexylcar-
bodimide, DCCI) at room temperature for prolonged durations
(120 h) to enhance the reaction yield. After each step, the mono-
layers are characterized by contact angle, ellipsometry and FTIR
(as discussed in Section 3) to establish the occurrence of cor-
rect chemistry at the surface of the monolayer. Unfortunately,
the chemical yield of this process is around 30–40%, and new
chemical routes need to be explored to enhance the yield.

F lf-ass
S anol,
3 phen
( spect
richlorosilane (HETS, SiCl3 (CH2)15 CH CH2), tetradec-
3-en-l-tnchlorosilane (TETS, SiCl3 (CH2)12 CH CH2) and
ct-7-en-1-tnchlorosilane (OETS, SiCl3 (CH2)6 CH CH2)
re grafted on degenerated Si substrates by self assembly
rocess, as has been discussed in Section 2. In the second
tep, the vinyl end-groups are substituted by COOH group

ig. 24. The chemical synthesis of �–� molecular diode using sequential se
AMs are: (a) benzyl alcohol, (b) 3-thiophenemethanol, (c) 9-anthracenemeth
,4-ethylenedioxythiophene methanol (EDTM), (g) bis(2-hydroxypropyl)terthio
a′)–(h′) correspond to �–� molecular diodes made using �-alcohols (a)–(h), re
embly process. Chemical structures of �-alcohols used to functionalize the
(d) 1-pyrenemethanol, (e) 3,4-ethylenedioxybenzene methanol (EDBM), (f)

e (3T), and (h) hydroxymethyl quaterthiophene (4T). The schematic structures
ively.
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Fig. 25. Typical current density–voltage characteristics of the Si/�–�/Al
junctions: HETS/phenyl (�); HETS/pyrene (�); HETS/thiophene (�);
HETS/anthracene (�); HETS/EDTM (�); HETS/EDBM (�); OETS/3T (�) and
OETS/4T (©). Left scale = HETS-based junctions; right scale = OETS-based
junctions. Solid lines are fits by Eq. (10).

6.1.3. Rectifying characteristics
To fabricate diode using �–� monolayers, Al counterelec-

trodes (10−4 cm2 area and 10 nm thick) are deposited by an
e-beam evaporator, as discussed in Section 4. Aluminum is cho-
sen to avoid any rectification effect coming from the difference
between the work functions of the two electrodes (4.2 eV for
Al and 4.1 eV for n-type Si, electron affinity in that latter case).
This is because, as discussed in Section 5, a largest current is
obtained when a positive bias is applied to the electrode with the
smallest work function.

Fig. 25 shows typical J–V curves for several �-terminated
SAMs made with HETS as the alkyl spacer. In all cases, we mea-
sured a higher current density at −1 V than at 1 V. We observed
a similar rectifying behavior for the SAMs based on the other
alkyl chains (OETS and TETS) with similar � moieties at the
end. We did not observe this rectification behavior when mea-
suring the current through a monolayer without � group, i.e.
the J–V curves for the OETS, TETS and HETS SAMs are sym-
metric. The electrical properties for various �–� monolayers
are presented in Table 3. For every �-functionalized monolayer,

a rectification ratio (RR) is defined as a ratio of current den-
sity at −1 V (in absolute value) and the current density at 1 V
(RR = |J−1V|/J1V). The average values of RR are in the range
3–13 for the functionalized monolayers. The best RR value of
37 has been obtained for the OETS/thiophene monolayer. Nei-
ther a significant variation of RR with the chemical nature of the
end-groups nor any correlation with the alkyl spacer length has
been observed.

It has been demonstrated that the rectification behavior of
these �–� SAMs is due to the resonant tunneling through the
HOMO of the � group [33]. The rectification effect arises for a
negative bias applied on the Al electrode because the energy dif-
ference between the Si Fermi energy (pinned at the conduction
band—CB—in the degenerated Si) and the HOMO (� orbital)
is lower than that with the LUMO (�* orbital). If we assume that
the �-end group is almost at the Al electrode potential (since this
group is at a close contact with the electrode) and that a large part
of the potential is dropped in the alkyl chains, a lower thresh-
old (in absolute value) is required to have a resonance between
the Si CB and the HOMO when applying a negative bias on
the metal electrode than between the Si CB and the LUMO for
a positive bias. To determine the experimental position of the
HOMO level, the J–V curves were fitted by a one-level model
(i.e. a model in which the conduction is dominated by charge
transport through a single energy level located at energy E0 from
the electrode Fermi energies). As discussed above, we assume
h
c

J
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t

Table 3
Average rectification ratio (RR = J (−1 V)/J (+1 V)), position of HOMO level respec
levels (obtained from self-consistent tight-binding (SC-TB) calculations, zero energ
voltage (VT) for the various �-end groups

�-Group RR E0 (eV) θ (eV−1)

B 2.9

T 2.8

E 0.5
E 2.7

P 1.5

A 1.2
3 1.6
4 0.3
enzene 4.8 ± 3.3a 0.82 ± 0.16 5.0 ±

hiophene
13.3 ± 13b

0.80 ± 0.14 7.5 ±
2.7 ± 1.4a

DBM 4.7 ± 2.9a 0.75 ± 0.03 8.5 ±
DTM 6.7 ± 2a 0.73 ± 0.03 7.4 ±

yrene
2.2 ± 0.9c

0.71 ± 0.04 10.1 ±
9.4 ± 3.8a

nthracene 8.1 ± 2.9a 0.75 ± 0.09 10.4 ±
T 3.6 ± 1.4b 0.81 ± 0.1 8.6 ±
T 4.6 ± 0.2b 0.77 ± 0.07 9.2 ±
a Alkyl chain = HETS.
b Alkyl chain = OETS.
c Alkyl chain = TETS.
ere a resonant effect through the HOMO, then E0 < 0, and the
urrent density is given by [36,150],

= 2J0

π
{tan−1[θ(|E0| + ηeV )]

− tan−1[θ(|E0| − (1 − η)eV )]} (10)

here V is the applied potential on the metal electrode (Si is
rounded), e is the electron charge, η is the fraction of the poten-
ial on the � moiety (i.e. the potential seen by the center of gravity
f the � moiety), J0 is the saturation current and θ is an elec-
rode/molecule coupling parameter. The η value was estimated

tive to the Si-CB (E0), coupling parameter (θ), theoretical HOMO and LUMO
y is the top of the Si VB, nc = non calculated) and molecular diode threshold

HOMO (eV) LUMO (eV) VT (V)

0.1 4.77 −0.64 ± 0.07

0.44 3.87 −0.65 ± 0.07

nc nc −0.68 ± 0.01
nc nc −0.68 ± 0.04

0.93 3.1 −0.68 ± 0.02

1.1 3.2 −0.7 ± 0.02
1.1 3.05 −0.68 ± 0.05
nc nc −0.7 ± 0.02
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using a simple dielectric model where the � and � parts of the
SAM have a thickness d� and d� and a dielectric constant ε�

and ε�, respectively [35,151]

η = 1 − 1

2

1

1 + (ε�d�)/(ε�d�)
. (11)

The SAM thicknesses were determined from ellipsometry
measurements before and after the esterification of the � end-
group. The dielectric constants of the thiophene, the phenyl and
the alkyl chains are almost similar [152], so Eq. (11) reduces to
η= (d� + 0.5d�)/(d� + d�), which simply represents the relative
position of the center of gravity of the � moiety measured from
the Si substrate. Typical values are ∼0.83, ∼0.87 and ∼0.9 for
the SAMs based on OETS, TETS and HETS, respectively. The
solid lines in Fig. 25 are the best fits obtained using Eq. (10).
The fitted parameters E0 and θ are summarized in Table 3. It
is observed that E0 does not depend on the alkyl chain length.
Also, the threshold voltage VT, which is defined as the intercept
between a linear fit of the current at high negative voltages and
the zero current y-axis, does not depend on the nature of the �
group. These observations warrant further theoretical as well as
experimental investigations on the electronic transport in such
molecular diodes.

6.2. Molecular resonant tunnel diode (MRTD)
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of Al lies with respect to the conduction band (CB) of the sil-
icon. For simplicity, the band bending of Si at the interface is
not shown. Also the HOMO and LUMO of � molecules are not
shown as the HOMO–LUMO gap for these molecules is much
larger than that of � molecule. Under an increasing applied bias,
i.e. V > 0, the current, largely due to the non-resonant tunneling
mechanism, increases. At a critical applied bias, VR, the poten-
tial of the sample aligns with the LUMO, leading to resonant
tunneling and a peak in the conduction. At a bias slightly higher
than this critical value, i.e. V > VR, conduction electrons move
off resonance and the current reduces, which leads to a NDR.

6.2.2. Synthesis and characteristics of MRTD
As shown in Fig. 27, the �–�–� MRTD can be synthesized

using two different processes [37]. In the first chemical process,
see Fig. 27(a), the synthesis is made in five steps, i.e. silaniza-
tion with vinyl terminated trichlorosilane, oxidation, esterifi-
cation, demethylation, and repeated silanization with aliphatic
trichlorosilane. The first three steps are same as those described
for the synthesis of molecular �–� diodes on Si surface. In the
fourth step, i.e. demethylation, the end OCH3 group of �–�
molecules is replaced by OH group by reacting with BBr3. The
terminating OH group then can be utilized for grafting another
alkane chain by silanization process. In the other chemical pro-
cess, as shown in Fig. 27(b), �–�–� MRTD, can be synthesized
i
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�
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.2.1. Concept of MRTD
Conceptually the resonant tunnel diode consists of a dou-

le barrier heterostructure with barrier thickness of only few
ono layers [1]. Based on this concept a design of molecu-

ar resonant tunnel diode (MRTD) is presented in Fig. 26(a). It
ssentially consists of a �–�–� self assembled mono layer on
i substrate. The two � chains act as two tunnel barriers. The
–V behavior for such a �–�–� SAM, shown schematically in
ig. 26(b), is expected to exhibit a negative differential resistance
NDR), which arises due to a resonant tunneling mechanism.
he schematic illustrations of simplified energy band diagrams

hat explain the charge transport mechanism in MRTD are shown
n Fig. 26(c). In equilibrium, i.e. for V = 0, the Fermi level, EF,

ig. 26. Schematic diagram showing (a) concept, (b) characteristic J–V and (c
AM based MRTD (see text for the discussion).
n just three steps, i.e. silanization, oxidation and esterification in
he presence of �–� alcohols. The J–V characteristics of these
–�–� MRTDs exhibited a very faint NDR effect, with ratio
peak/Jvalley being only ∼1.01. The poor electrical characteris-
ics are attributed to the very low yields of the formation of
–�–� SAMs. While the synthetic routes discussed above are
ell established, low yield of the reaction may lead to other

hemical byproducts, which are likely to hamper the device char-
cteristics.

According to the mechanism of NDR described in
ig. 26(c), in principle a single �-molecule chemisorbed on
i should be sufficient to act as MRTD. The most outstand-

ng results on NDR have been observed through individual
rganic molecules, namely, styrene and 2,2,6,6-tetramethyl-

mechanism of the occurrence of a negative differential resistance in a �–�–�
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Fig. 27. Chemical synthesis process of �–�–� MRTD’s in (a) five- and (b) three-steps.

l-piperidinyloxy (TEMPO), deposited on degenerately doped
Si (1 0 0) 2 × 1 reconstructed surfaces using ultrahigh vac-
uum STM [48]. For styrene molecules on n-type Si (1 0 0),
NDR is observed only for negative sample bias, while posi-
tive sample bias leads to electron stimulated desorption. For
2,2,6,6-tetramethyl-1-piperidinyloxy molecules, electron stim-
ulated desorption was not observed at either bias polarity. In
this case, NDR has been observed only for negative sample bias
on n-type Si (1 0 0) and for positive sample bias on p-type Si
(1 0 0). This unique behavior is consistent with a resonant tun-
neling mechanism between the bulk silicon band structure and
the discrete orbitals of the adsorbed molecule, and opens new
possibilities for silicon-based molecular electronic devices.

6.3. Molecular memories

The redox-active molecules, such as, metallocene, porphyrin,
and triple-decker sandwich coordination compounds have been
found to act as charge storage elements [153–155]. These
molecules can be attached to device grade Si by self-assembly
process, see Fig. 28. The molecular memory works on the

F

principle of charging or discharging of the molecules into dif-
ferent chemically reduced or oxidized (redox) states. Oxidation
is equivalent to writing a bit of information, while reduction
equates to erasing or destructively reading out that bit.

It has been demonstrated that porphyrins molecules (i) offer
the possibility of multibit storage at relatively low potentials
(below about 1.6 V), (ii) can undergo trillions of write/read
cycles, (iii) exhibit charge-retention times that are long (min-
utes) compared with those of the semiconductor elements in
dynamic random access devices (tens of milliseconds) and, (iv)
are extremely stable under harsh conditions (e.g. monolayer of
porphyrin molecules covalently attached to a silicon substrate
are stable when subjected to temperatures of 400 ◦C for half
an hour) and, therefore meet the processing and operating chal-
lenges required for use in semiconducting devices [154,155]. It is
thus anticipated that the first generation of molecular devices will
be hybrid designs where molecules are integrated with semicon-
ductors. However, further investigations on the search of other
types of redox-active molecules and, understanding the factors
that control parameters, such as, electron transfer rate, which
limits write/read times, and charge retention time, which deter-
mines refresh rates, are needed.

6.4. Molecular transistors
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ig. 28. Structure of a charge storage porphyrin molecule grafted on Si.
Field effect transistors are three-terminal devices. The con-
ept of a self-assembled monolayer field-effect transistor [SAM-
ET] is schematically shown in Fig. 29. The source (S) and drain
D) electrodes, separated by a distance L, are deposited on semi-
onducting channel made from � moieties. The alkyl chains of
ength (t) act as gate dielectric (G). FETs are based on a gate
eld modulating the conductance of the semiconducting chan-
el to turn the device “off” and “on.” Unfortunately, the first
eport on SAMFET [156–158], containing monolayers of 1,1′-
iphenyl-4,4′-dithiol has been found fraudulent [159]. Recently,
he chemical and physical requirements necessary for the future
uccessful design and fabrication of SAMFETs have been ana-
yzed by Kagan et al. [160]. A theoretical analysis using electron
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Fig. 29. Schematic showing a concept of self-assembled monolayer field effect
transistor (SAMFET) based on a �–� molecule. No experimental demonstration
of such a SAMFET has been made so far.

tunneling and device electrostatics place L > 2.5–3 nm and min-
imum gate dielectric thickness t = L/1.5 for such devices [160].

On experimental front two major independent works have
been reported

(i) Dielectric behavior of alkyl chains. The suitability of these
alkyl chains have been demonstrated for the fabrication of
sexithiophene [36,39] or pentacene [136] based Organic
thin film transistors (OTFTs).

(ii) OH functionalized tetracene self-assembled monolayer
acting as an active channel of the transistor. A transis-
tor behavior has been observed when OH functionalized
tetracene self-assembled monolayer was deposited on pre-
fabricated transistor structures [161]. A layer of aluminum
oxide (∼5 nm) was utilized to act both as a dielectric layer
and also as a primer for the assembly of the monolayer.

Probably it is just a matter of time when a chemist would graft
OH functionalized tetracene type monolayer semiconducting
channels directly on the alkyl chain dielectrics to fabricate true
molecular transistors.

7. Concluding remarks

The self-assembly of organic monolayers on Si substrates
continues to be of great interest in our quest for achieving
n
i
a
l
m

novel synthesis routes need to be explored to minimize the
steps and to improve the yield.

(iii) The fabrication of metal counterelectrode that does not dif-
fuse into SAM and create short-circuits need to mastered.
Soft-lithography is good option, but it demands a surface
group (e.g. SH) that can react with metal (e.g. Au). Syn-
thesis of functional SAMs with such a surface group would
not only lead to the reliable device characteristics but also
allow the investigation of the origin of charge transport in
them.

(iv) Many SAMs with new mechanisms, such as, �–� system
with large in-plane conductivity for molecular transistors,
molecular systems showing conformational changes with
reduction-oxidation for attaining switching characteristics
in molecular devices, etc. are need to be envisioned and
synthetically engineered.
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R

anometer scale electronic devicesm, i.e. molecular electron-
cs, and/or hybrid electronics. A certain amount of progress has
lready been made in this direction, but there are several chal-
enges that must be addressed to make significant progress in

olecular electronics. These include:

(i) Organic molecules used for deposition of SAMs should
be of very high purity. Otherwise, the impurities would
dominate the electrical properties of the device.

(ii) Chemical yield of the functional SAMs, e.g. �–� (for
molecular diodes), �–�–� (for resonant tunnel diode), etc.
need to be improved in order to obtain reliable device char-
acteristics. At present, multiple step chemical processes are
being utilized for synthesis of functional SAMs, however
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