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a b s t r a c t

Covalent modification of flat silicon surfaces is a key step in integrating CMOS technology and molecular
electronics that may lead to novel hybrid microelectronic devices. While much of the research has been
focused on the functionalization of Si by organic compounds, interest in the functionalization with metal-
vailable online 11 January 2011

eywords:
olecular passivation

i surfaces
norganic modifiers
nterfacial charge transfer

olecular devices

containing species has intensified in recent years because of the unique attributes of inorganic species
including rich redox characteristics and high ground state spins. Described in this short review are (i) syn-
thetic approaches to immobilize inorganic compounds; (ii) structural, spectroscopic and voltammetric
techniques for characterization of molecular layers; and (iii) preliminary device fabrication.

© 2011 Elsevier B.V. All rights reserved.

Abbreviations: ALD, atomic layer deposition; CEG, cathodic electrograft-
ng; CVD, chemical vapor deposition; CV, cyclic voltammetry; ID, drain current;
PES, inverse photoemission spectroscopy; k0, rate of electron transfer; MOSFET,

etal–oxide–semiconductor field effect transistor; NHE, normal hydrogen elec-
rode; OCP, open circuit potential; SAM, self assembled monolayer; STM, scanning
unneling microscopy; UHV, ultra high vacuum; UPS, ultraviolet photoelectron spec-
roscopy; �, scan rate (V s−1); VT, threshold voltage; WCA, water contact angle; XPS,
-ray photoelectron spectroscopy.
∗ Corresponding author.

E-mail address: tren@purdue.edu (T. Ren).

010-8545/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The continuous geometrical scaling of Si-based CMOS (com-
plementary metal–oxide–semiconductor) transistors faces a mul-
titude of technical hurdles that challenges materials sciences

and engineering, such as the lack of effective dielectric mate-
rials at nanometer scale and an ever increasing power density.
Hybrid transistors that incorporate organic/inorganic molecules
into embedded interfaces of CMOS devices have been speculated
as a promising alternative [1].

dx.doi.org/10.1016/j.ccr.2010.12.030
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:tren@purdue.edu
dx.doi.org/10.1016/j.ccr.2010.12.030
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Table 1
Physical properties of the Si surface [16,19].

Si(1 0 0) Si(1 1 1)

metal contaminants. The etching to obtain a flat Si(1 1 1) surface is
then accomplished using either a 1–4% HF solution for 1–2 min, a
40% NH4F solution for 10–15 min, or a mixture of both solutions.
Although NH4F etching is more time consuming, it is much less haz-
588 S.P. Cummings et al. / Coordination C

An essential starting point for such hybrid devices is the covalent
ttachment of molecules to a flat Si surface, which was first demon-
trated by the formation of alkyl monolayer over both hydrogen
assivated (H–Si) Si(1 0 0) and Si(1 1 1) surfaces [2]. Since then,
rganic functionalization of flat Si surfaces has received intense
nterest from both materials scientists and engineers, and the
fforts have been reviewed many times [3–9]. In comparison with
he development of organic functionalization, progress in inorganic

odification of flat Si surfaces is lagging. It is noteworthy that
oordination and organometallic compounds often possess phys-
cal attributes that are desirable for electronic devices, including
he ability to store one or more electrons per molecule, to exhibit
igh spin and function as a single molecule magnet. These useful
hysical attributes are more difficult to realize in organic species
ithout compromising molecular stability. It is noted that the
etal–(coordination compounds)–metal junctions have displayed

nteresting device characteristics such as the Coulomb blockade,
ondo effect and negative differential resistances [10–13], demon-
trating the advantage of both charge flexibility and molecular
agnetism of inorganic compounds as the active components. In

his contribution, we wish to survey the nascent efforts in covalent
odification of flat H–Si surfaces with inorganic species and the

reliminary results of electrical and magnetic device studies.

. Background

The requirement for hybrid devices arises from the need to (a)
ork within current device fabrication techniques; (b) use existing

nfrastructure; and (c) develop an understanding of the influence
f organic and inorganic species on the local and bulk physical and
lectronic properties of silicon. The two relevant silicon surface ori-
ntations are Si(1 0 0) and Si(1 1 1). Though much research has been
ased on Si(1 0 0) due to its broad use in industry, Si(1 1 1) is more
ommon in a laboratory setting due to the ease of obtaining an
tomically flat hydrogen passivated surface via simple chemical
tchings [14–16], which facilitates further modification by “wet”
hemistry methods. As Si(1 0 0) is the primary surface used in the
icro-electronics industry much of the recent work has focused

n this surface, despite the requirement of more stringent prepa-
ation procedure. Nevertheless, the surface has been shown to
lay a minimal role in electron transfer rates and stability char-
cteristics of bound molecules allowing studies using Si(1 1 1) in
aboratory settings to be relevant [17]. The most common function-
lization is through the formation of a Si–C bond due to the high
trength (Si–C, ≈370 kJ) of the bond, while the formation of Si–O
ond (Si–O, ≈368 kJ) has been investigated as well. The formation
f the Si–C bond results in a more stable system and higher elec-
ron transfer rates owing to the less polar nature of Si–C vs. Si–O
4,18]. Molecular passivation of the Si surface can be achieved using
wo distinct methods: (a) UHV conditions; (b) ambient conditions
wet chemistry technique). The former method has the advantage
f being ultra clean and readily integrated with STM and XPS to
ield structural details of the passivated surfaces in high precision,
ut is obviously demanding on infrastructure. The wet technique,
n the other hand, requires nothing beyond the setup typical of
rganic/inorganic synthesis that is accessible to most chemists and
iologists. This review will be limited to the passivation performed
sing wet techniques.

.1. Bulk silicon
Silicon is an intrinsic semiconductor with an indirect band gap
f 1.12 eV and an intrinsic conductivity of 4.3 × 10−6 �−1 cm−1. To
ncrease the conductivity, group IIIA elements (B, Al, Ga) or group
A elements (P, As, Sb) are used as dopants resulting in p- or n-type,
Density (atoms cm−2) 6.78 × 1014 15.66 × 1014

Atomic spacing (Å) 5.43 3.13
Surface energy (J cm−2) 2.13 1.23

respectively. The relevant data for Si(1 0 0) and Si(1 1 1) are listed
in Table 1.

2.2. Surface preparation

Passivation is arguably the most important step for the func-
tionalization of silicon. The surface is most often passivated by
hydrogen, though halogens have also been used. Passivation is
achieved by etching silicon oxide using HF for Si(1 0 0) and HF
or NH4F for Si(1 1 1), respectively. Using these wet chemical tech-
niques, the surface is rough at the atomic scale containing a mixture
of SiH, SiH2 and SiH3, which arise from terraces, steps, kinks
or vacancies. The surface roughness can be characterized by the
hydride formation on the surface with the ideal surfaces of Si(1 0 0)
forming SiH2 and Si(1 1 1) resulting in SiH (Scheme 1). Using either
HF or NH4F to passivate Si(1 1 1) will result in the presence of both
SiH and SiH3, while a mixture of NH4F and HF results in mostly SiH
[4,19].

Prior to passivation, a Si wafer needs to be free of microcon-
tamination, namely ions, metals, hydrocarbons, and particles. The
most commonly used cleaning methods are modifications of the
RCA process developed in 1970 by Kern and Poutoinen [20]. Photo-
resist and large particles are removed by solvents (namely acetone,
toluene and methanol), and the wafer is then washed in a heated
mixture of sulfuric acid and hydrogen peroxide followed by rinsing
with ultra-pure water (18 �, UP4W) to remove organic contami-
nants. The initial layer of silicon oxide is then etched by dipping
the wafer into an HF solution and rinsing with UPW. The wafer
is subsequently placed into a mixture of ammonia hydroxide and
hydrogen peroxide, followed by rinsing with UPW to remove many
Scheme 1. Idealized hydrogen terminated surfaces.
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ifiers must be able to withstand the rigorous conditions of
fabrication processes. Porphyrins are promising candidates for
such purpose as they have undergone thermal deposition at tem-
peratures up to 400 ◦C while remaining intact; they are a group
of frequently studied coordination compounds on flat Si surface
S.P. Cummings et al. / Coordination C

rdous than HF etching. To obtain a hydride terminated Si(1 0 0)
urface, a 1–4% HF solution is required, while the usage of con-
entrated HF over an extended period of time will result in the
ormation of porous silicon [4]. For many systems, a simplified and
uccessful method invokes the placement of the wafer in a piranha
ash (H2SO4:H2O2) at 80 ◦C and UPW rinsing before being etched

y either HF or NH4F.

.3. Deposition

The common molecular passivation methods via wet techniques
nclude cathodic electrografting (CEG), thermal-, and photo-
mmobilization [21–24]. In most cases, an unsaturated carbon
inker is used to displace the hydrogen on the Si surface; other

ethods include the use of a diazonium molecule, click techniques
n a halogenated surface and ligand displacement [25]. Thermal
eposition commonly occurs in the range of 75–200 ◦C, while
ome molecules such as porphyrins were deposited by “baking”
t temperatures up to 400 ◦C to form the Si–C/O bond [26]. Photo-
mmobilization using 254 nm light proceeds via hole-generation
n the surface of Si forming a dangling bond, which undergoes a
ucleophilic attack by an unsaturated carbon to generate a mono-

ayer. It should be noted that unsaturated carbon compounds can
e deposited onto Si in the dark, though to a lower extent (≈10%)
27]. The main methods of characterization for Si surfaces include
PS, FTIR, and cyclic voltammetry (CV). Other methods employed
re AFM, SEM, ellipsometry, and �-NMR [28].

.4. Advantages of inorganic molecules for memory devices

One of the most promising features of hybrid devices is their
se in nonvolatile memory technology [29–32], and potential
dvantages include unique capacitance (charge–voltage) and con-
uctance (current–voltage) characteristics owing to multiple stable
edox states that are accessible in a inorganic compound. For
nstance, while current technology allows for systems with a charge
apacitance of 1–2 �C cm−2, the use of porphyrin molecules may
ead to devices of capacitance up to 40 �C cm−2 [33]. Further-

ore, the charge retention time of porphyrins is on the order
f minutes as opposed to tens of milliseconds afforded by cur-
ent technology [34–36]. An advantage of longer charge retention
imes is the reduction in the number of refresh cycles, resulting
n reduced power consumption. Oxidation/reductions are active
rocesses where a potential is applied to change the oxidation
tate of a molecule/monolayer; once a potential has been applied, a
olecule will be given a charge. The ability to hold the charge with-

ut an applied potential is a passive process referred to as charge
etention [37]. A second advantage with inorganic compounds is
lower applied voltage is necessary to reduce or oxidize a mono-

ayer relative to current DRAM systems, lowering the device power
equirement.

. Immobilization strategies

.1. Formation of Si–C bond via hydrosilylation

One of the most efficient functionalization methods for molec-
lar attachment onto Si surface is by the formation of a strong Si–C
ond [4]. The Si–C bond is typically formed through deposition of an
nsaturated alkene or alkyne onto passivated Si by photo-, thermo-,
lectrochemical activation, or the use of Grignard reagents. Thermal

nd photo-depositions are the most commonly applied techniques
n regards to the placement of molecules containing transition

etals when forming a Si–C bond. Thermal deposition requires
levated temperatures (>100 ◦C) resulting in a surface radical via
omolytic cleavage of SiH bond, which subsequently reacts with
Scheme 2. Radical initiated reactions of H–Si with alkenes.

the unsaturated C C bond (Scheme 2). An alternative method to
thermal deposition is the application of 254 nm light, which also
promotes homolytic cleavage of the SiH bond but at significantly
lower temperatures (Scheme 2). After the deposition of an ini-
tial layer, multi-layers can be formed by: (1) polymerization via
thermal, photochemical, or electrochemical activation; (2) “click”
reactions; or (3) substitution reactions.

Ferrocene containing compounds [38,39] are popular can-
didates for Si surface grafting, which has been achieved with
p-/n-Si(1 0 0) and Si(1 1 1) surfaces (Scheme 3). The first depo-
sition of ferrocene was accomplished with vinylferrocene (2)
onto n-Si(1 0 0) using UHV [22], onto n-Si(1 1 1) using thermal
deposition [40], and onto both p- and n-Si(1 0 0) by using visi-
ble light from quartz-iodine lamp [41]. Hydrosilylation generally
reduces the degree of carbon–carbon unsaturation by one, while
alternative methods are employed to maintain the degree of unsat-
uration. Ethynylferroene (3) was deposited onto p-Si(1 0 0) in the
presence of diethylaluminum chloride resulting in the formation
of only a Si–C C bond [42]. The Grignard reaction between 2-
bromoethylferrocene (1) and p-Si(1 0 0) in the presence of Mg
turnings resulted in the FcCH2CH2 attachment [42–45], and the
reaction between lithiated 3 and p-Si(1 0 0) yielded the FcC≡C
deposition [42,46,47]. The resultant coverage of 3 and 1 were
1.5 and 1.8 × 1013 molecules cm−2, respectively [17,42,48]. Alter-
natively, ferrocene derivatives have been used to functionalize Si
via stepwise modification such as the “click” reaction (described
below) as well as a carbodiimide coupling (Scheme 4) [49,50]. Also
relevant are molecular compounds containing [M]–C≡C–Si linkage
[51], which may serve as the model compound for Si-surface bound
inorganic species.

To be incorporated in microelectronic devices, molecular mod-
Scheme 3. Ferrocene modified by a variety of linkers.
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Scheme 4. Functionalizatio

ith a few examples being shown in Scheme 5. Demetallation
f porphyrins during thermal deposition can occur with the sta-
ility order of Co ≈ Cu > Zn as seen from the examples of 15 (see
cheme 5) and 34-OH (see Scheme 16) [52]. This occurs due to a
lightly acidic environment near the Si surface that is attributed
o the protons generated by homolytic cleavage of the SiH bonds.
n order to increase the stability of metallated porphyrins, pyri-
ine was used as a “proton sponge”, which also served to speed
p the reaction. Typical surface coverage of porphyrin monolay-
rs bound to silicon by a single tether varies between 3 × 1013

nd 6 × 1013 molecules cm−2, corresponding to a molecular foot-
rint of 200–300 Å2 [26,37,53–57]. This is significantly less dense
han a complete monolayer as the footprint of a dense por-
hyrin layer on gold is between 50 and 100 Å2 [58,59]. Using
orphyrin containing a tripodal linker, such as 12, will form three
i–C bonds simultaneously and improve the surface coverage to
× 1014–2 × 1014 molecules cm−2 [56,60,61]. In comparison, por-
hyrins with a bipodal linker that forms two Si–C bonds showed no

ncrease in monolayer density over tethers utilizing a single Si–C
ond (monopodal) [62]. Porphyrins bound to Si by a single tether,
ither monopodal or tripodal, typically display tilt angles of 45 ± 5◦
o the Si surface [55,60,62]. Tilt angles have been seen as low as 32◦

uch as when the methyl groups in 12-Zn were substituted with
N [61], but generally do not vary significantly based on the tether
r the use of Co, Cu, or Zn for metallation.

Scheme 5. Porphyrins of various substituents.
errocene via carbodiimide.

A variety of methods have been looked at to further increase the
surface coverage of redox active molecules, including multi-layer
formation, and direct deposition of multi-porphyrin com-
plexes (Scheme 6) as well as layered growth of porphyrins
(Schemes 7 and 8). With two terminal ethyne units in either the
trans- (9), cis- (11) position, or all four positions (15), multi-layers
were grown by either increasing solution concentration or depo-
sition time resulting in coverage up to 4.5 × 1015 molecules cm−2;
monolayer coverage is around 6 × 1013 molecules cm−2 with
minimal variation based on the meso-substituents of the porphyrin
[52,54]. Compounds with four terminal ethyne units (15) did result
in a lower coverage than those with two ethyne units in the trans-
or cis-positions. One of the main challenges of growing multi-
layers is obtaining a completely smooth surface with consistent
results. To overcome this problem, multi-porphyrin assembly such
as 16 was synthesized and subsequently deposited by thermal
deposition at 400 ◦C. This approach led to a surface coverage of
16 around 9 × 1013 molecules cm−2 (1.8 × 1014 porphyrin cm−2),
and depositions of other porphyrin dyads yielded similar coverage
numbers [63].

Triple decker porphyrins (17, Scheme 6) based on the
combination of porphyrin and phthalocyanine complexed to
either Eu or Ce have been placed onto Si(1 0 0) [64]. Since
these are bulky molecules, the surface coverage is only about
6 × 1012–1 × 1013 molecules cm−2 even with a tripodal tether. The

relatively low coverage is partly due to the triple decker por-
phyrin requiring a large space arising from the ability to rotate
around the anchor, which prohibits the attachment of other por-
phyrins. Rotation was prevented by the use of two tripodal tethers

Scheme 6. Preassembled multiporphyrin compounds.



S.P. Cummings et al. / Coordination Chemistry Reviews 255 (2011) 1587–1602 1591

thway

i
5

t
i
c
s
t
a
(
t
A
c
s
t
o
–
a
t
o
c
t
f

d
t

Scheme 7. Substitution pa

n the R1 position, 17, resulting in an improved coverage up to
× 1013 molecules cm−2.

For redox active molecules that cannot be deposited using
hermal techniques, alternative methods of forming multi-layers
nclude step-wise growth by substitutions (Scheme 7) and Huisgen
ycloaddition chemistry (Scheme 8). Preparation of multi-layers
tarts with thermal deposition of an initial layer such as 8-Zn, where
he amino-substituent can undergo condensation (Scheme 7)
lternating between 3,3′,4,4′-biphenyltetracarboxylic dianhydride
BPTC) and 8-Zn, which results in multi-layers with coverage up
o 3.2 × 1015 molecules cm−2 after growth of four layers [65,66].
n alkane chain terminated with either an ethynyl or azido unit
an be used to undergo Huisgen-cycloaddition with organometallic
pecies including ferrocene and porphyrin. Using an azido substi-
uted alkane (Scheme 8 – left), both 3, 13-Zn have been deposited
nto Si(1 0 0) [57,67–69]. Alternatively a terminal alkyne (Scheme 8
right) bound to Si has been used to attach 14-Ni containing

n azide for the “click” reaction onto Si(1 0 0) [70,71]. Deposi-
ions using the “click” reaction yielded similar surface coverage
f 3, 13 and 14 to those from thermal, photo and electrochemi-
al techniques. An added benefit of using the “click” technique is
he reduced surface oxidation due to unreacted alkane molecules

orming a barrier to O2 or H2O.

A variety of other molecules (Scheme 9) have been either
irectly deposited or reacted with pre-deposited monolayers
hrough ligand exchange (Scheme 10) onto both Si(1 0 0) and

Scheme 8. “Click” reaction use
resulting in multi-layers.

Si(1 1 1). Deposition of 18 by either thermal- or photo-deposition
and 19 via CEG (cathodic electrografting) onto n- and p-Si(1 0 0)
led to the formation of a dense monolayer, where 2,2′-bipyridine
(bipy) complexed to Cu(I) by soaking the functionalized wafer in a
Cu(CH3CN)4ClO4 solution [72]. The deposition of 19 by CEG resulted
in the lowest amount of silicon-oxide present as well as the high-
est bipy density on the Si surface. Thermal-deposition at 200 ◦C
resulted in the first known deposition of a nickel complex (25)
onto Si(1 0 0), which is based on the salen ligand [73]. Deposition
via ligand exchange is shown in Scheme 10, where a labile ligand
on a complex or cluster such as 26 is displaced by an acetate or
pyridine type ligand [74]. Coverage tends to be very high with mini-
mal surface oxidation occurring as the initial layer contains densely
packed alkane chains. Molybdenum clusters (Mo6X8L6)2−, such as
24, were deposited onto Si(1 1 1) by ligand exchange of pyridine
onto a monolayer, where varying ratios of the alkane chain were
terminated with 4-pyridine through an amide linkage resulting
in a surface coverage of 5 × 1013 molecules cm−2 [14,75]. A mono-
layer containing a mixture of alkane chains terminated with either
methyl or carboxyl groups was used to deposit a dodecamanganese
cluster, 20, by ligand exchange with acetate [28,76–79]. The sur-
face coverage of 20 was controlled by varying the concentration

of methyl-10-undecenoate in 1-decene during alkane deposition
with the coverage of 20 being directly proportional to the amount of
methyl-10-undeconoate. Other single molecular magnets (SMMs)
that have been deposited onto Si include tetrairon complexes by

d to form layers onto Si.
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Scheme 9. Complexes for the functionalization of silicon.

igand exchange (21) or photo-deposition (22 and 23) [80,81]. The
uperparamagnetic compound Cs0.7Ni[Cr(CN)6]0.9, a Prussion blue
nalogue, was deposited via a stepwise pathway utilizing N,N-
is(pyridin-2-ylmethyl)propane-1,3-diamine to form the initial Ni
upport, and followed by growth of the CsNiCr nanoparticles onto
he Ni support [82,83].

Several different hetero-metallic species have been
eposited onto Si including the Keggin-type POM [PW9O34(t-
uSiO)3Ge(CH2)2CONHCH2C≡CH]3− (27, not pictured), which

as recently deposited onto highly doped n-Si(1 0 0) by CEG [84].
sing photochemical deposition, a variety of iron and ruthe-
ium acetylide complexes containing a terminal acetylene unit
Scheme 11) were bound to p-Si(1 1 1) [85]. The surface coverage

cheme 10. Deposition of coordination compounds (e.g. 26) by ligand displace-
ent.
stry Reviews 255 (2011) 1587–1602

for 28 varied between 9 × 1013 and 1 × 1014 molecules cm−2

resulting in a footprint of 90–100 Å2, which is a reasonably dense
monolayer as the molecular footprint of 28 is estimated at 65 Å2;
increasing the linker length by addition of phenyl units caused
minimal variation in surface coverage. The surface coverage of 29,
6 × 1013 molecules cm−2, was slightly lower than that of 28 due to
the steric bulk of the phosphine around the ruthenium core.

3.2. Formation of Si–C bond via diazonium and related species

In addition to alkenes and acetylenes that underwent hydrosi-
lylation reactions with H–Si, aryl diazonium salts facilitate a direct
aryl functionalization onto a silicon surface via the formation of
Si–C(Ar) bond. Diazonium salt is typically generated from treating
an aryl amine with an oxidizing agent such as t-BuONO (Scheme 12)
[86]. Diazonium salts have been used to deposit organic molecules
onto carbon materials including graphite, carbon nanotubes, glassy
carbon and diamond; semiconductor surfaces including Si and
GaAs; and metals including Fe, Pt, Au, Zn, Ni, Co, Cu, and Pd to name
a few [87–90]. At the open circuit potential (OCP) in solution the
diazonium salt is reduced to an aryl radical with the concurrent
loss of N2. The radical reacts with Si–H forming a Si–C(Ar) bond
(Scheme 12) [91–95]. By applying a negative potential, often around
−1 V, the aryl radical is more quickly generated for deposition as
well as preventing silicon-oxide growth [91,93]. Due to the thermal
or air sensitive nature of diazonium salts, it can be converted to
the more robust triazene, from which the diazonium can be gener-
ated in situ with the use of an acid [95]. Conversion of the triazene
to diazonium using HF or NH4F has the advantage that any SiOx

formed on the surface during functionalization is converted back
to H–Si. It should be noted that a minimal amount of acid should
be used as many transition metal compounds are unstable in acidic
mediums. By adjusting any of the following parameters, time of
deposition, concentration of the solution or grafting potential, the
amount of material deposited can vary from sub-monolayer to a
dense monolayer or multi-layers. This is a convenient approach to
obtain a high amount of charge density within a small footprint,
providing a pathway towards molecular memory devices based on
thermally sensitive molecules [96].

The Tour group carried out extensive work on direct function-
alization of both Si(1 0 0) and Si(1 1 1) via diazonium and triazene
chemistry using organic and organometallic molecules including
porphyrins (30), polyoxo-molybdate (31) and ferrocene (4). By
varying the reaction time, the thickness of deposited porphyrin
(30) ranges from a monolayer in 10 min (3.5 nm, based on a 60◦

tilt angle, as determined by scanning electron microscopy, SEM)
up to 17 layers after 1 h (61 nm based on a 60◦ tilt angle) [97].
Using a porphyrin containing either Cu (30-Cu), Co (30-Co), or Zn
(30-Zn) the reaction time increases significantly due to the lower
solubility of metallo-porphyrins, requiring up to 2 h for the for-
mation of a monolayer. Metallo-porphyrins also form multi-layers
via radical formation as confirmed in the case of 30-Co, where
SEM showed an average layer thickness of 6.6 nm and a surface
coverage of 7.2 × 1014 molecules cm−2 [96]. The high obtainable
concentration of a porphyrin coupled with two easily accessible
oxidation states makes these compounds ideal for memory applica-
tions. Another compound that has been investigated for molecular
memory devices is ferrocene (see above), of which 4 has been
deposited via triazene chemistry leading up to nine layers with a
surface coverage of 1.7 × 1015 molecules cm−2 (Scheme 13) [98].

A Lindqvist type polyoxo-molybdate (Mo6O19, 31, Scheme 12)

was modified with an aryl diazonium through the formation of a
Mo imido bond [99], and deposited on Si to determine the effect
that electron withdrawing groups have on the surface work func-
tion and voltage thresholds [100]. The surface coverage of 31 was
1.1 × 1013 molecules cm−2 [100], which is rather low compared to
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Scheme 11. Homo- and hetero-dinculear oligo(phenyleneethylene) complexes.
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Scheme 12. Radical chain mechanism for the functionalization o

4. Both molecules have low surface coverage because of the bulky
ature of the Mo6 cluster, but 24 had coverage five times as high,
× 1013 molecules cm−2. This decreased coverage may also come

o some extent from depositing 31 onto Si(1 0 0) vs. Si(1 1 1) as was
he case with 24, highlighting a potential surface coverage disparity
etween the two different surfaces. Since the direct functional-

zation of thermally sensitive aryl units can only be obtained via
iazonium/triazene chemistry, it may be necessary to perform a
ultistep functionalization due to (1) a surface bound aryl react-

ng with a second aryl radical that leads to the uncontrolled growth
f aryl oligomers or (2) a secondary functional group reacting with

he passivated silicon surface leading to an inverted molecule. Addi-
ion of octacarbonyldicobalt to a monolayer containing a terminal
lkyne deposited by diazonium resulted in a monolayer containing
Pauson-Khand adduct (33, Scheme 14) [96].

cheme 13. Porphyrin and molybdenum clusters for deposition via diazonium
hemistry.
molecules containing diazonium or triazene functional groups.

3.3. Formation of Si–X bond (X = O, N, S or Se)

Several studies have demonstrated the attachment of redox-
active molecules onto both Si(1 0 0) and Si(1 1 1) through the
formation of either a Si–O–C, Si–S–C, Si–Se–C or Si–N–C cova-
lent linkage [40,41,53,101–104]. Substituted 4-benzyl alcohol
(Fz-BzOH, 6-OH) underwent thermal reactions (70–100 ◦C) with
I–Si [101] and H–Si [103] substrates (Scheme 14) giving a sur-
face coverage of ca. 9.0 × 1013 molecules cm−2 according to XPS
data [101]. It was proven that the resultant surface coverage is
directly proportional to the solution concentration of 6-OH. Func-
tionalization of H–Si(1 0 0 and 1 1 1) with ferrocenecarboxaldehyde
(7 in Scheme 15) was achieved in one step by thermal deposi-
tion [40,41]. The prepared interfaces exhibited well-behaved redox
characteristics and a linear dependence of current density on the
scan rate indicating covalent attachment to the Si surface. The inte-
gration of the area under one oxidation/reduction curve of the cyclic
voltammograms revealed surface coverage to be 1.5 × 1014 [41]
and 1.3 × 1014 molecules cm−2 [40] for 7 on Si(1 0 0) and Si(1 1 1),
respectively.

Attachment of 34-Zn has been achieved via Si–O–C, Si–S–C and
Si–Se–C linkages onto both Si(1 0 0) and Si(1 1 1) at high tempera-
tures (Scheme 16) [53,101,102]. A triple decker porphyrin similar

to 17 using Eu was thermally deposited resulting in coverages
between 6 × 1011 and 6 × 1012 molecules cm−2 with a thickness of
13–18 Å by varying the concentration of the porphyrin between
2 �M and 2 mM [34,53]. Molecules bound to Si by sulfur or sele-

Scheme 14. Use of stepwise diazonium chemistry to form a Pauson-Khand adduct.
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cheme 15. Functionalization of silicon by ferrocene derivatives via thermal immo-
ilization.

ium exhibited similar electronic properties to those of a Si–O
inkage and were nearly as robust, even after extended voltammet-
ic cycling, with stability following the order of O > S > Se [53,102].

Fehlner and co-workers reported the attachment of the bimetal-
ic complex [105] [trans-Ru(dppm)2(C≡CFc)(NCCH2CH2NH2)][PF6]
dppm = bis-(diphenylphosphane)methane), 35, on p-Si(1 1 1)
hrough the Si–N–C linker. By placing a chlorine passivated wafer
Cl–Si) into a solution of 35, the terminal amine reacts with chlo-
ine releasing HCl and binding the nitrogen to two silicon centers
o yield a Si2–N–C moiety (Scheme 17). Surface coverage was
pproximately 4 × 1013 molecules cm−2, corresponding to 45% of
he available surface sites. Subsequently, Fehlner and co-workers
eported surface functionalization of trans-[(H2NCH2CH2C≡N)
dppe)2Ru(C≡C)6Ru(dppe)2(N≡CCH2CH2NH2)][PF6]2, 36, where
nly one of the two available terminal amino groups reacted with
he Si–Cl surface in a fashion similar to 35 to yield a coverage of
.6 × 1013 molecules cm−2, corresponding to 15% of available sites
106].

Nalla et al. studied functionalization of a H–Si(1 1 1) surface
sing the diruthenium carbonyl complex 37, resulting in the for-
ation of a Si–Ru bond [107]. Photochemical cleavage of the

u–Ru bond in L2Ru2(CO)4 (L = �5-MeC5H4, �5-C5Me5 or HB(pz)3)

esulted in the radical species of LRu(CO)2

•, which subsequently
eacts with the Si–H bond to form a Si–Ru bond (Scheme 18). Evi-
ence of deposition by the Ru moieties onto Si was obtained from
TIR, XPS, and Rutherford backscattering spectrometry (RBS). By

cheme 16. Porphyrin bound to Si via Si–O–C, Si–S–C and Si–Se–C linkages.
Scheme 17. Reaction of 35 and 36 with Cl–Si(1 1 1) surface to generate a surface
bound specie.

the integration of �(CO) band intensities for the MeCpRu(CO)2–Si
the OC–Ru–CO bond angle was estimated to be 98◦. This number is
consistent with the proposed structure of a surface-confined ruthe-
nium species with two carbonyl groups in the cis position. XPS
analysis confirmed that Ru(II) was bound to the Si surface. For-
mation of thin films of metals or binary metal compounds on Si
via CVD or ALD method was described in detail in a recent Concept
paper by Rodríguez-Reyes and Teplyakov [108].

4. Surface characterization techniques and device
fabrication

4.1. X-ray photoelectron spectroscopy (XPS)

XPS is one of the most useful techniques for evaluation of the
chemical and energetic nature of molecules bound to a surface due
to its sensitivity and low detection limit. A representative spec-
trum is shown in Fig. 1 [4,109,110]. The main purpose of XPS is to
determine the presence of a variety of elements (Table 1), their
oxidation states when attached to the Si surface and the qual-
ity of the deposited layer(s). For functionalization of Si surfaces

by the molecules mentioned above, a clean surface needs to be
obtained and is represented by a sharp peak at 98.5 eV for Si–H
with no detectable silicon oxide, which would appear as a broad
peak at 103.3 eV [37]. Most often a small amount of silicon oxide

Fig. 1. A representative XPS spectrum of 13-Zn bound to Si via “click” chemistry.
Adapted from Ref. [69].
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Scheme 18. Surface ruthenation of th

Table 2
Binding energies of various atomic orbitals by XPS.

Atomic center Binding energy (eV) Atomic center Binding energy (eV)

Fe (II) (2p3/2) 708–709 [18,68,113] Mn (2p3/2) 641.7 [76]
Fe (II) (2p1/2) 720.4 [37] Ni (2p1/2; 3/2) 873.8; 856.1
Fe (III) (2p) 711–713 [18,68,113] N (1s) 398–400 [52]
C (1s) 285–290 [52] I (3p3/2; 1/2) 874.1; 930.1 [37]
SiHx (2p) 99.7 [114]; 98.5 [37] I (3d3/2; 1/2) 618.8; 630.5 [37]
SiOx (2p) 103–104 [68,115] Zn (2p3/2; 1/2) 1019.7; 1042.6 [37]
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consistent with the increase of ferricenium [18,126]. Aging is the
process that occurs during anodic voltage cycling resulting in an

A

O (1s) 532.1 [37] Ru (3p1/2; 3/2) 485, 463 [107]
Br (3d) 70.7 [68] Co (2p1/2; 3/2) 781; 796 [116]

nd other carbon contaminants can be detected after functional-
zation even under inert conditions due to the presence of trace
mounts of water and hydrocarbons [37,111]. XPS has also been
sed to determine the ratio of two different molecular species on
he same surface [52,97], the formation of metal overlayers on

SAM [61,112] and the thickness of a monolayer. While XPS is
lmost omnipresent in the study of molecular deposition onto flat
i surfaces, only a few selected examples will be discussed here
Table 2).

For 2,2-bis(hydroxymethyl)-10-undecen-1-ol deposited on Si,
our distinct carbon peaks could be discerned in XPS at 283.5 (Si–C),
84.4 (C–C), 287.2 (O–CH3) and 289.4 eV (C O), demonstrating
he utility of XPS in revealing the presence of a molecule cova-
ently bound to Si [49,76,77,117]. Proving the deposition of 20, a
roadened C O peak was observed along with the peak at 641.7 eV
ttributed to Mn; the Si–C bond was not detected due to the
ncreased thickness of the grafted layer [76,77,79]. Furthermore, for
he manganese clusters, the average oxidation state of Mn center
as the expected value of 3.33 based on peak splitting of the Mn (3s)
rbital [79]. Results obtained for nickel compounds 25 and 26 dis-
layed characteristic Ni (2p) peaks at 855.5 and 873.1 eV, revealing
he stability of these molecules during deposition [74,117].

Fig. 2. N (1s) – XPS spectra of porphyrin mult
dapted from Ref. [97].
e Si(1 1 1) wafer by photolysis.

XPS of free base porphyrins contain two symmetric and ener-
getically distinct nitrogen peaks at ca. 398 (–C N–, imine) and ca.
400 eV (–NH–, pyrrole), while metallation causes the two peaks to
merge into one at ca. 399 eV [118–124]. The free base porphyrins 8,
15, 30 and 34 display two distinct peaks when bound to a Si surface
that merged into one peak for a metallated porphyrin as shown in
Fig. 2 [52,97]. The ratio between free and metallated porphyrins
can be determined based on the comparison of the intensities of
the imino (398 eV) and metal coordinated (399 eV) nitrogens. The
pyrrole peak (400 eV) does not provide as good of a representa-
tion due to the presence of adsorbed nitrogen as well as potential
protonation of the imine nitrogen [97,125]. Porphyrin compounds
8-Co, 15-Cu, 30-Cu and 30-Cu displayed higher amounts of metal-
lated porphyrin on the surface when compared to 30-Zn or 34-Zn,
the latter of which were partially demetallated by protons gener-
ated from homolytic cleavage of the Si–H bond [52,97]. The ratio
of nitrogen peaks have also been used in probing the formation of
multi-layers shown in Scheme 7, where an increase in the peak
ratio of 398.3–400.5 eV was used as an indicator of the increase
in porphyrin nitrogens vs. BPTC ligand nitrogens [66]. Two distinct
peaks were seen for molybdenum in 31 based on Mo N and Mo O,
where the 1:5 ratio suggested only monolayer formation [100].

Redox active compounds deposited onto Si may exhibit several
oxidation states simultaneously, and in the case of ferrocene both
Fe(II) and Fe(III) oxidation states have been detected. The initial
deposition of 2 and 3 in acidic medium gives rise to ferrocenium, but
in a small quantity compared to ferrocene (ca. 1: 15 ratio) [40,98].
After voltammetric cycling, the ratio of Fe(II) to Fe(III) decreased
in the process termed “aging”. XPS revealed the absence of new
anionic species, but rather an increase in silicon oxide that was
increase of the silicon oxide at sites containing only H–Si or point
defects forming silanol, which can then deprotonate and stabilize
ferrocenium [18,41,126]. The tetrairon complex 21 was deposited

ilayer on Si(1 0 0): (a) 30 and (b) 30-Cu.
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FTIR utilizes two silicon prisms [130] on which a double-side
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Fig. 3. Potential binding modes of 21.
dapted from Ref. [81].

nto the Si surface by varying the concentration of the receptor
,2-bis(hydroxymethyl)-10-undecen-1-ol and the existence of two
ifferent binding modes were detected by XPS (Fig. 3) [80,81]. At

ow concentration of the receptor (1%), the normalized Cl inten-
ity is half of that for pure 21, which suggests the attachment of
single receptor (binding mode a, Fig. 3). With the pure receptor
onolayer, on the other hand, XPS indicates the presence of neg-

igible amount of Cl, which is consistent with the replacement of
oth 2-(4-chlorophenyl)-2-hydroxymethyl-propane-1,3-diol in 21
binding mode b).

Since the deposition of inorganic compounds onto Si is mainly
riven by the search for novel memory devices, it is necessary to
orm a top contact to yield a metal/molecule/semiconductor hybrid.

etal overlayers have been studied using XPS to determine the
uality of the metal layer (e.g. the presence of metal-oxide or con-
amination) as well as penetration of the metal into the molecular
ayer [61,112,127]. Hybrid devices were formed by first deposit-
ng a monolayer of 12 onto p-Si(1 0 0), and subsequently layering

ith either Cu, Ag, or Au by electron-beam evaporation in UHV. It
as determined using XPS that all three metals would penetrate

he porphyrin monolayer to form metal filaments with Si if given
nough time when sputtering while Au is the fastest in forming fila-
ents. Shown in Scheme 12, 33 was deposited by a well understood

eaction to form the Pauson-Khand adduct. Although ellipsometry
as unable to detect the minimal change in surface height (<2 Å),

PS clearly revealed the presence of Co with a peak at 780 eV [96].

Under the assumption that a uniform and dense monolayer is
ormed, the average height of a molecule can be estimated by com-
aring the ratio of the functionalized silicon to the pure silicon

ig. 4. Salient features of the two-prism MIR geometry: (a) schematic view of the MIR
imensions, and (d) schematic representation of the Z-variable experiment.
dapted from Ref. [130].
stry Reviews 255 (2011) 1587–1602

signal (Eq. (1)) [72,111,128,129]:

h = −�(ESi cos(�d) ln

(
ISi

I◦Si

)
(1)

where �(Ea) is the mean free path of Si (2p) electrons of a given
energy (≈ 33 Å) and �d is the take off angle. While the diameter of
molecule 34-Zn is 20 Å, a surface height of 18 ± 1 Å was obtained
and a tilt angle of 17◦ was inferred, the latter of which was con-
firmed by FTIR as discussed below [111]. The Zanoni group used
XPS to determine the thickness of silicon oxide formed during the
grafting of 18 and 19 using various techniques. Thermal grafting
resulted in the most silicon oxide formation, up to 1.3 nm on n-
Si (a monolayer is 0.25 nm [129]), while CEG had the least oxide
formation, 0.1 nm on p-Si [72].

4.2. FT-IR

The silicon surface and many deposited molecules have been
well characterized by various FT-IR techniques at all stages of pas-
sivation and functionalization under various conditions [3,110].
FT-IR is used to determine the functional groups present on a sil-
icon surface. Due to the low molecular concentrations often only
intense bands such as C–O stretches are seen. Molecules deposited
in a stepwise manner such as the porphyrin shown in Scheme 6 [66]
or others via ligand exchange (as shown in Scheme 10) [117] are
easily monitored by FTIR due to the presence of a strong C–O and
C O stretches between 1500 and 1700 cm−1, which become either
lost or shifted in the subsequent reactions. Alternatively, due to the
sheer number of C–H bonds, C–H stretches can be seen between
2700 and 3200 cm−1.

Both transmission and reflectance FTIR techniques have been
applied most commonly using lightly doped Si wafers as silicon is
optically inert in the infrared region. Heavily doped wafers have
also been used, which result in “metal-like” surface-IR selection
rules [56]. The most frequently used technique is transmission
taken at the Brewster angle (74◦) using lightly doped samples. The
major downfall of using transmission IR to characterize a mono-
layer on Si is the very low signal intensity obtained, while the ATR
method is capable of yielding a more intense signal. Reflectance
spectra are commonly obtained by the ATR method using a ger-
manium crystal due to its high refractivity (GATR utilizes a 65◦

incident angle). GATR utilizes only a single internal reflection, and
to improve the signal to noise ratio as well as use of much larger
sample areas multiple internal reflection (MIR-FTIR) has been used
with 14 obtaining very high quality results (not shown) [71]. MIR-
polished wafer sits on top as shown in Fig. 4. Increasing the sep-
aration, Z, of the prisms increases the number of reflections that
happen within the Si wafer thereby causing an increase of the signal
to noise ratio.

set-up, (b) coupling arrangement for non-destructive measurements, (c) prisms



hemistry Reviews 255 (2011) 1587–1602 1597

t
i
e
1
t
a
a
t
t
b
E

�

I
o
t
t
u
f
(
g
[
t
T
t
d
i
b
m
c

4

s
d
s
i
v
(

r
s
b
(
w
o

e
u
l
v
r
[
a
c
O
o

a
e
s

area (cm ); R is the gas constant (J K mol ); and T is the
temperature (K). The surface coverage were estimated to be
2.3 × 1013 and 1.0 × 1013 molecules cm−2 for 6-OH and 34-OH,
respectively, with similar results obtained for comparable systems
[37,53,55,101,111].
S.P. Cummings et al. / Coordination C

One of the most useful applications of FT-IR is the capability
o easily extract the tilt angle of a molecule relative to the sil-
con surface normal. The Bocian and Lindsey groups used FTIR
xtensively to determine the tilt angle of porphyrins such as 12,
3, 14, and 17 containing Zn, Ni, or Co. Two peaks of impor-
ance for porphyrins are the pyrrole “in-plane breathing mode”
nd the out-of-plane �-pyrrole hydrogen deformation around 998
nd 797 cm−1, respectively [56]. By comparing the relative intensi-
ies of the two peaks from the reflectance spectra of a pure sample
o the transmittance spectra of a deposited monolayer it is possi-
le to extract the tilt angle of a molecule to the surface normal by
q. (2) or (3).

tilt = 1 − cos2 ˛s − cos2 ˛as (2)

Ai
p(R)

A i
⊥ (R)

= 1
2

[
Ai

p(T)

A i
⊥ (T)

][
cot2 �

sin2 �
+ cot2 �

]
(3)

n Eq. (2), ˛s and ˛as are the orientation of the transition dipoles
f the symmetric and anti-symmetric vibrations, respectively, and
he methodology to obtain these values is beyond the scope of
his review [110]. In Eq. (3), Ai

p and Ai
⊥ are the absorbance val-

es of the in plane and out of plane pyrrole modes, respectively,
or pure (T) and deposited (R) samples. To obtain � using Eq.
3), the rotation angle, �, is set at 90◦ by the Bocian and Lindsey
roups due to the inability to obtain both values simultaneously
56]. Furthermore, it was determined that the rotation angle of
he porphyrin was not uniform and varied between 0◦ and 90◦.
he tilt angle of a porphyrin varies between 35◦ and 55◦ with
he average being around 45◦, which agrees with the XPS data
iscussed above. Tilt angles do not vary much based on the link-

ng unit or metal system, and vary based on the �-substituents
y only a few degrees [53,55,56,60–63,65,66,127]. It was deter-
ined that the degree of tilt decreases with increasing surface

oncentration.

.3. Voltammetry and interfacial charge transfer

Understanding the electrical properties of a monolayer on the
ilicon surfaces is crucial for the development of molecular-based
evices with potential applications including electrical memory,
ensors and transistors [31,37,131]. The electrochemical character-
stics of monolayers and hybrid devices have been studied by cyclic
oltammetry (CV) and electrochemical impedance spectroscopy
EIS).

CV scans are performed to determine the density, quality and
ate of electron transfer of monolayers and multilayers. Surface
pecies that are covalently bound have (i) minimal differences
etween the peak potentials of forward and backward sweeps
�Ep = Efor − Eback ∼ 0); (ii) equal current of forward and backward
aves (iback = ifor); (iii) a peak current that has a linear dependence

n scan rate.
CVs for monolayers on Si are normally obtained using a gen-

ral three-electrode system (Fig. 5), but have also been obtained
sing an electrolyte–molecule–silicon (EMS) setup. Mixed mono-

ayers of 6-OH and 34-OH on p-Si displayed robust and reversible
oltammetric behaviors. Their cyclic voltammograms (Fig. 6) are
epresentative of species that are covalently bound to Si surfaces
131], where the bottom peaks are associated with oxidation (neg-
tive current density) and the top peaks with reduction (positive
urrent density) processes. One redox state was detected for 6-
H (at −0.35 V vs. Ag wire), while two stable redox states were

bserved for 34-OH at −0.70 V and −1.05 V.

By varying the scan rates of a mixed monolayer containing 6-OH
nd 34-OH in a ratio of 1:1.4 (Fig. 7), the peak currents scaled lin-
arly, indicating that the electron transfer process occurs within the
urface-bound species. Once the applied scan rate exceeds the elec-
Fig. 5. Schematics of a three-electrode electrochemical setup with modified Si wafer
as the working electrode (WE), a reference electrode (RE) and a counter electrode
(CE).

tron transfer rate, the current starts lagging behind and causes an
increase in �Ep. For 6-OH on Si(1 0 0), the peaks were observed to
be symmetrical up to 100 V s−1 (Fig. 7a), indicating the fast nature of
electron transfer. The surface concentration of an attached species,
� (mol cm−2), can be calculated by using the scan rate dependence
of the anodic and cathodic peak currents described in Eq. (4) or by
directly integrating the voltammetric waves [132]:

Ipeak = n2F2�A�

4RT
(4)

In Eq. (4), n is the number of electrons; F is Faraday’s con-
stant; � is the scan rate (V s−1); A is the electrode surface

2 −1 −1
Fig. 6. Cyclic voltammograms of 6-OH, 34-OH as pure and mixed monolayers on
Si(1 0 0).
Adapted from Ref. [131].
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Fig. 8. (a, top) Ipeak/Ibkgd vs. frequency for 6-OH (A) and 34-OH (B) on Si(1 0 0); the
solid lines represent best fit to the data using a Randles equivalent circuit; Adapted
ig. 7. (a, top) CVs of 6-OH and 34-OH in a 1:1.4 molar ratio at scan rates of 10, 50,
nd 100 V s−1 and (b) peak current density as a function of CV scan rate of 6-OH and
4-OH.
dapted from Ref. [131].

For many examples of monolayers on Si described herein it
as possible to determine the standard rate constant of electron

ransfer, k0, from the surface bound molecule to the Si surface
ith techniques including (i) cyclic voltammetry using Laviron’s

pproach [18,41,68,98], (ii) alternating current (AC) voltammetry
37,53,111] and (iii) chronoamperometry (CA) [126]. According to
he Laviron method that is based on classical Butler–Volmer theory,
0 is calculated from Eq. (5) [133]:

0 = ˛nF�c

RT
= (1 − ˛)

nF�a

RT
(5)

where �c and �a are the cathodic and anodic scan rates at Ep = E0,
espectively (V s−1); ˛, the transfer coefficient (a measure of the
ymmetry of the energy barrier of the redox reaction), is 0.5. Using
his approach, k0 for 2 was 130 s−1 [126].

Creager and Wooster developed a method for the determina-
ion of the rate constant of electron transfer using AC voltammetric
echnique [134]. In this method, AC voltammograms are collected
n a broad range of frequencies (ω in Hz). The ratio of the peak

urrent (Ipeak) to the background current (Ibkgd) is recorded for
ach frequency, and the ratio Ip/Ibkgd obtained is plot against
ither ω or log(ω). A representative plot of Ip/Ibkgd vs. ω for
-OH and 34-OH deposited onto p-Si(1 0 0) is shown in Fig. 8
37]. The k0 values are extracted by fitting the plot to a Ran-
from Ref. [37]. (b) A Randles equivalent circuit for the impedance of an electrode
coated with a redox-active monolayer film. Adapted from Ref. [134].

dles equivalent circuit model (Fig. 8) and determined from Eq.
(6). The following parameters are needed to determine the rate
of electron transfer: (a) double layer capacitance, CDL, (b) charge
transfer resistance, RCT, (c) solution electrolyte resistance, RSOL,
and (d) adsorption pseudocapacitance, CAD, which are found from
the Eq. (5) presented below. The required input parameters such
as CDL, � , A, RSOL are obtained from CV and electrochemical
impedance spectroscopy (EIS) [101,127]. The electron transfer
rate is usually faster at low surface concentrations than at high
monolayer concentrations. For example, k0 for 34-Zn at low sur-
face coverage (� ≈ 3 × 1012 molecules cm−2) is in the order of 105

s−1, while at higher concentration (� ≈ 1.0 × 1013 molecules cm−2)
the rate is reduced significantly to 104 s−1 [53] with sim-

ilar results being seen for ferrocene [135]. For 6-OH and
34-OH, k0 was 4.5 × 104 s−1 (� ≈ 7.8 × 1011 molecules cm−2) and
9.0 × 103 s−1 (� ≈ 1.0 × 1013 molecules cm−2), respectively, which
was attributed to the difference in surface concentration rather
than the nature of redox centers (ferrocene vs. porphyrin) [37].
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icon surface by the deposition of various electron withdrawing and
donating molecules [25,137]. The thickness of a monolayer on Si
can be determined by ellipsometry alone or in conjunction with XPS
and SEM [49,97,138]. While ellipsometry is an inexpensive method
to quickly determine the thickness and quality of a monolayer, it is
Fig. 9. Logarithmic plot of the kapp values vs. potential for 2 on p-Si(1 0 0).
dapted from Ref. [126].

CDL =
(

C

A

)
A

CAD =
(

F2A�

4RT

)

Rsol =
(

1
4
r0k

)

RCT =
(

2RT

F2A�k0

)

k0 =
(

1
2RCTCAD

)

(6)

The electron-transfer rate constant can also be evaluated using
hronoamperometry. In such experiments, the apparent rate con-
tant, kapp, was obtained by plotting the slope of the curve ln(I) vs.
according to the procedure described by Faulkner et al. [126,136].
ubsequently, log(kapp) was plotted against the potential (E), and
0 obtained from the intercept of the straight lines according to
he classical Butler–Volmer theory (Fig. 9). The k0 value for 2 was
50 s−1, which is in good agreement with Laviron’s approach [126].

Electrochemical impedance spectroscopy (EIS) measures inter-
acial impedance as a function of frequency and has been used in
tudies of the resistance and capacitance of surface monolayers
nd their interfaces [101,127]. Impedance measurements involve
he application of a sinusoidal AC oscillating voltage to character-
ze signal response as a function of frequency and DC potential to
n electrochemical cell. Typically amplitudes of 5 mV or less are
mployed in AC measurements, thus inducing minimal disturbance
o the monolayer (in comparison, voltammetry typically requires
oltage variations across hundreds of millivolts, which may cause
odifications in the monolayer structure and composition). Anal-

sis of impedance data in a wide range (25 Hz–5 kHz) provides
n enhanced sensitivity and a complete picture of the electrical
roperties of the system, including capacitance and resistance. The
apacitive memory works on the principle of charging and dis-
harging molecules into different reduced or oxidized states. The
eaks seen on the capacitance–voltage (C–V) characteristics are
ttributed to the charging/discharging transient currents associ-
ted with the oxidation/reduction of molecules (Fig. 10) [131] and
o peak is observed in the case of a redox-inert monolayer such
s with 1-octadecene [57,69]. As the frequency increases (or time
onstant decreases) beyond the electron transfer rate constant,
he redox reaction is unable to keep up with the rapidly chang-

ng potential and the peak size diminishes in a similar fashion to

OS capacitors.
The charge retention time of a molecule can be judged from

he peak shape of the C–V curve where a broadened peak indicates
ome degree of charge loss and a short charge-retention time. The
Fig. 10. Capacitance–voltage and conductance–voltage characteristics of mono-
layer of pure 6-OH or pure 34-OH.
Adapted from Ref. [131].

charge-retention time can be prolonged by increasing the length
of the linker as well as surface concentration. As demonstrated
with 13-Zn immobilized directly on the surface and alternatively
by a (CH2)11 linker the charge retention time increased with the
increased linker length as seen in Fig. 11 [57]. Using 34-Zn, the
charge retention time was as low as 10 s when the surface cover-
age was 6 × 1012 molecules cm−2 but increased to 200 s when the
surface was saturated at 1.2 × 1014 molecules cm−2 [60].

4.4. Others

Complementary methods that are employed include AFM, SEM,
ellipsometry and even NMR. These techniques are useful for deter-
mining of the presence of monolayers on the Si surface. Other
methods that have been used, though sparingly, include ultra-
violet photoelectron spectroscopy (UPS), inverse photoemission
spectroscopy and the Kelvin Probe, which were used to test the
band bending and changes of other electronic properties at the sil-
Fig. 11. A C–V test for ZnEPMP = zinc(II)-5-(4-ethynylphenyl)-10,15,20-
trimesitylporphyrin directly grafted (13D, 70 and 100 Hz) and grafted with a
linker (13L, 100 Hz).
Adapted from Ref. [57].
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nable to detect small changes, as was the case with the deposition
f 33 where the addition of Co resulted in a change <2 Å [96].

AFM is most useful for determining the roughness of a surface
aking it particularly useful for detecting the presence of clus-

er molecules such as dodecamanganese and other SMMs (single
olecule magnets) [14,76,77,79]. A monolayer of SMMs provides

ery little magnetic material and the magnetic properties become
mpossible to determine using standard techniques such as SQUID
superconducting quantum interference device). �-NMR is a new
echnique that provides an increase in sensitivity on the order of
013 by measuring the resonance of 8Li [139–143]. �-NMR has
een successfully applied to a monolayer of dodecamanganese in
he temperature range of 3.2–130 K. The magnetic properties of a

onolayer were significantly different than in bulk material, likely
ue to changes in the electronic structure resulting from interac-
ions of the Mn12 core with the Si surface [28].

.5. Devices

To our knowledge, there is only one study of a hybrid junction
abricated from an inorganic compound on the Si surface [61]. After
he deposition of 12-Zn onto Si(1 0 0), a metal layer was formed
sing electron-beam evaporation of Cu, Ag, and Au of thicknesses
anging from 3 to 30 nm. By performing electrochemical measure-
ents of a sample with a metal overlayer in an aqueous system, a

ignal corresponding to 12-Zn was detected with either Cu or Ag as
he overlayer of up to 8 nm thickness, suggesting incomplete cov-
rage. With a Au overlayer as thin as 1.5 nm, there was a complete
oss of signal of 12-Zn, signifying that Au forms a filament directly

ith the Si substrate. On the other hand, the metal penetration by
g and Cu was minimal, suggesting their possible use for hybrid
evices.

It has been revealed that porphyrins, metallocene, SMMs and
riple-decker coordination compounds: (a) offer the possibility
f multibit storage at relatively low potentials (below 1.6 V); (b)
ndergo numerous (trillions) of write/read/erase cycles; (c) exhibit

ong charge retention times (minutes); and (d) provide significantly
ncreased charge density [34,41,53,64,101,111]. Most porphyrin

olecules provide two easily accessible oxidations providing the
ption for multibit memory. The multibit system can be further
mproved with the use of mixed monolayers [131], where 6-OH and
4-OH containing Zn were deposited in varying ratios to provide
hree easily accessible oxidation states. Furthermore, the charge
ensity of inorganic systems is significantly higher than current
ynamic random access memory of 1–2 �C cm−2, where charge
ensities of up to 35 �C cm−2 have been obtained using 12-Zn
61,66].

. Outlook

Given the rich variety of reactions the H–Si surface may undergo
nd interesting electrical and magnetic properties of surface-bound
norganic compounds may bring about, efforts described in this
eview are merely the proverbial “tip of iceberg”. In terms of reac-
ion chemistry, the H–Si surface can be easily converted to X–Si
urface (X = halides and azide), the latter of which may undergo
he Grignard, cross-coupling or click reactions and hence open the
oor to a broad spectrum of inorganic modifiers. For instance,
microwave assisted Sonogashira coupling reaction between

rylethyne and a Si surface-bound Ar–I was realized recently [144],

evealing cross-coupling reactions as a mild pathway for molecular
assivation of the Si surface. It has been shown that single molecule
agnets are typically clusters self-assembled in solution, such as
n12 and Prussian blue analogues [82,145]. It is conceivable to first

mmobilize a supporting ligand on the Si surface, and then pro-
stry Reviews 255 (2011) 1587–1602

ceed to the assembly of a single molecule magnet cluster on the
surface.

Inherently challenging is the characterization of monolayers
beyond simple imaging, and new technologies are necessitated
to quantify the electrical and magnetic responses of two dimen-
sional assemblies, a sentiment that was expressed in a recent
review on magnetism [146]. Scanning tunneling microscopy (STM)
is a powerful tool in revealing the packing modes and domain
formation of molecular monolayers on Au [147,148]. However,
probing a molecular layer on Si using STM has been limited to site-
selective passivation under UHV conditions [8], while extension
of STM studies to large areas of molecular layers on Si prepared
using wet chemistry methods remains to be desired. Furthermore,
effective remedies are needed to form a metal overlayer with-
out compromising the molecular layer, which is the bottleneck
to fabricate metal–molecule–silicon devices. For instance, indi-
rect and low energy deposition of Au was demonstrated to yield
high quality Au/molecule/GaAs junctions [149]. Finally, a stan-
dardized protocol that is universally applicable in measuring the
I–V or electrochemical characteristics of both the molecule–Si and
metal–molecule–silicon junctions is sorely missing. This issue is
unfortunately prevalent in all areas of molecular electronics [150],
and its solution will undoubtedly accelerate the maturation of the
field.
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