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Abstract

Organic-semiconductor interfaces are playing increasingly impor-
tant roles in fields ranging from electronics to nanotechnology to
biosensing. The continuing decrease in microelectronic device fea-
ture sizes is raising an especially great interest in understanding how
to integrate molecular systems with conventional, inorganic micro-
electronic materials, particularly silicon. The explosion of interest in
the biological sciences has provided further impetus for learning how
to integrate biological molecules and systems with microelectronics
to form true bioelectronic systems. Organic monolayers present an
excellent opportunity for surmounting many of the practical barriers
that have hindered the full integration of microelectronics technol-
ogy with organic and biological systems. Of all the semiconduc-
tor materials, silicon and diamond stand out as unique. This review
focuses upon the preparation and characterization of organic and
biomolecular layers on semiconductor surfaces, with special empha-
sis on monolayers formed on silicon and diamond.
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1. INTRODUCTION

Organic-semiconductor interfaces are playing increasingly important roles in fields
ranging from electronics to nanotechnology to biosensing (1-5). The continuing
decrease in microelectronic device feature sizes is raising especially great interest
in understanding how to integrate molecular systems with conventional, inorganic
microelectronic materials, particularly silicon. The explosion of interest in the bio-
logical sciences has provided further impetus for learning how to integrate biological
molecules and systems with microelectronics to form true bioelectronic systems. Yet,
practical barriers to such an integration remain due to the inherent instability of
silicon and most other semiconductors in aqueous environments.

Organic monolayers present an excellent opportunity for surmounting many of
the practical barriers that have hindered the full integration of microelectronics tech-
nology with organic and biological systems. Monolayers comprised simply of alkyl
chains can actas nearly impervious barriers to aqueous media due to their hydrophobic
nature. Thin monolayers can act either as electrically resistive layers or as conductive
layers, depending on the nature of the bonding within the layers.

Of all the semiconductor materials, silicon and diamond stand out as unique;
monolayers on these materials are consequently the most widely studied and therefore
constitute the primary emphasis of this review. Silicon is of paramount importance be-
cause it is the foundation of the microelectronics field and is likely to remain so for the
foreseeable future. Diamond is an especially appealing material because in addition
to being the hardest substance known, it is also remarkably stable in harsh chemical
and electrochemical environments; this makes it a nearly ideal material for applica-
tions involving exposure to wet environments, especially those involving biological
biomolecules. Here, I present a selective review of the formation and characteriza-
tion of organic monolayers, with an emphasis on monolayers formed on silicon and
diamond.

2. FORMATION OF ORGANIC MONOLAYERS
ON SEMICONDUCTOR SURFACES

The formation of well-defined organic layers on silicon and other semiconductors
typically follows one of two routes. Modification by adsorption in vacuum most
commonly begins with “clean” surfaces that are often prepared by annealing un-
der ultrahigh vacuum conditions. The formation of a free surface leaves the surface
atoms with low coordination numbers and typically leads to unsaturated “dangling
bonds” at the interface. The semiconductor surfaces undergo atomic rearrangements
(also called reconstructions) to reduce the number of exposed dangling bonds, but in
most cases the resulting surfaces remain highly reactive. Grafting of molecular layers
under ambient conditions typically involves first passivating the surfaces via either
wet-chemical or plasma methods, which produces surfaces in which the unsaturated
dangling bonds are terminated with hydrogen, chlorine, or another substituent that
reduces the reactivity to facilitate handling in ambient conditions. This process must
then be followed by reaction with the organic molecule of interest.
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Figure 1

Commonly used methods for forming organic monolayers on semiconductor surfaces. Panels
a—c depict methods used in ultrahigh vacuum studies, where the starting surfaces are clean.
Panels d—f depict methods used in ambient conditions on hydrogen-passivated or
halogen-passivated surfaces.

Figure 1 presents some of the most commonly used methods for forming or-
ganic monolayers. Figure 1a—c depicts methods used in ultrahigh vacuum studies,
where the starting surfaces are clean. The precise arrangements of atoms depend
on the semiconductor and the specific crystal face; those shown in Figure 1a—c are
appropriate for the (001) surfaces of silicon, diamond, and germanium, which share
a common bonding motif. Figure 1d-f depicts methods used in ambient conditions
on hydrogen-passivated or halogen-passivated surfaces; most of these studies have
been performed using silicon, although recent studies have extended these methods
to diamond and other semiconductors.

2.1. Formation of Semiconductor-Organic Monolayers in Vacuo

In ultrahigh vacuum, the most widely studied surface has been the (001) crystal face
of silicon, as it represents the starting point for virtually all silicon-based microelec-
tronic devices. The (001) surfaces of silicon, germanium, and the diamond allotrope
of carbon all undergo surface reconstructions in which adjacent atoms move to-
ward one another, forming dimers (6-8). Because the bulk-truncated surfaces have
two broken bonds per atom, the formation of the dimers is, to a first approxima-
tion, a rehybridization of these two dangling bonds to allow formation of a Si=Si,
C=C, or Ge=Ge double bond at the surface. Although this description is vastly over-
simplified, it highlights the fact that there are important conceptual connections
between these surfaces and the more common C=C, Si=Si, and Ge=Ge bonds of
organic and organometallic compounds (9, 10). Of particular interest has been the
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desire to use bond-forming reactions, such as the well-known cycloaddition reac-
tions of organic chemistry, in order to facilitate a wider array of surface modifications
(11-39).

The reaction between organic alkenes and the (001) face of silicon, germanium,
and diamond appears similar to a [24-2] cycloaddition reaction, in which two electrons
from the C=C 7 bonds of the reactant molecules and two electrons from the 7t
bond of the surface dimers link together in a pericyclic manner, thereby linking
each molecule to the surface with two bonds and forming a four-member ring at
the interface (Figure 1a) (15). A second type of reaction, technically equivalent to a
[442] Diels-Alder reaction, can also take place if there are conjugated double bonds
presentin the reactant molecule. For example, four electrons of the molecule and two
electrons of the substrate interact to form a six-member ring at the interface (shown
in Figure 1b) (21-24, 30, 40).

The [2+2], [442], and other cycloaddition reactions represent important pathways
for organic monolayer formation on silicon and other semiconductors. An important
practical feature of this approach is the fact that these are pure addition reactions, so
there is no cleavage of C—H or other bonds nor any byproducts other than the simple
coupling. This feature makes these reactions ideally suited to formation of well-
defined monolayers at room temperature and below. Because the (001) surfaces of Si,
Ge, and C (diamond) consist of dimers, the formation of two covalent bonds between
each molecule and the underlying surface also implies that when the molecules are
linked to the surface, the orientation of the underlying dimers is translated into the
orientation of the upper molecular layer. By choosing small cyclic molecules that are
highly symmetric and relatively rigid, it is possible to fabricate molecular layers that
are essentially epitaxial with the underlying silicon substrate (19, 41).

One interesting aspect of these cycloaddition reactions has been gaining an un-
derstanding of the reaction mechanisms, as well as identifying to what extent the
well-known Woodward-Hoffman symmetry rules can apply at a surface (42). For typ-
ical alkenes, the reaction between two alkenes is forbidden in the highest-symmetry
geometry, in which one molecular approaches another from the top. However, the
C=C, Si=S§i, and Ge=Ge dimers that form on silicon are distorted away from pla-
nar configurations. These distorted configurations lead to increased radical char-
acter and also facilitate low-symmetry reaction pathways that are not subject to
Woodward-Hoffman symmetry rules (14, 21, 30). The [242] reactions of simple
alkenes with Si=Si and Ge=Ge dimers occur with a reaction probability close to unity
(15, 18-20, 39, 43). The reactions on diamond are less favorable, requiring signifi-
cantly greater exposure (17). Nevertheless, reactions do occur on all three surfaces.

Another class of reaction, the reaction of a 1,3-diene with these surfaces, has also
been investigated. This reaction is formally equivalent to a concerted [4+42] (Diels-
Alder) reaction. Although normal alkenes react easily with 1,3-dienes but not with
other simple alkenes (due to the aforementioned symmetry constraints), it was origi-
nally expected that the Si, Ge, and diamond surfaces would exhibita similar preference
(23, 40). Because the surface distortions render the [242] reaction (involving a single
C=C bond reacting with the surface) unexpectedly facile, in practice the reaction
of 1,3-dienes with these surfaces leads to multiple products that include both [2+2]
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reaction products (i.e., reaction via a single C=C bonds) and reaction via the [4+2]
route (21, 30, 44). Consequently, it is now recognized that the formation of well-
organized monolayers is generally more successful when using simple alkenes, except
perhaps in the case of diamond (25, 45, 46, 99). Whereas most studies have focused
on linking simple hydrocarbons to the surface, the ideas above have been extended
to include other types of unsaturated bonds, including carbonyl groups (47).

The formation of molecular layers incorporating conjugated r—electron structures
has also been of great interest, in part because electron transfer through 7-conjugated
systems is expected to be more facile than through saturated organic systems (3).
Benzene itself bonds to the surface via a number of different configurations (48-51).
Simple substitution to form toluene and/or xylenes leads to further disruption of the
structure (11). However, if there is a secondary reactive group present, in most cases
the organic monolayers use these groups to bond to the surface, leaving the aromatic
character intact. The most notable example is styrene, which reacts almost completely
via the C=C group external to the aromatic ring, leaving the 7t conjugation within
the ring intact. Other variants, such as phenyl isothiocyanate (12) and benzonitrile
(52-54) also preferentially link through the external substituent.

On the basis of these studies, a number of generalizations can be made. The first
is that the reactivity of clean silicon and germanium surfaces in vacuum is sufficiently
high that almost any molecule within a reactive group, including simple C=C bonds,
will react with the surfaces. Thus, the key question in forming well-defined mono-
layers becomes one of controlling the overall selectivity of reaction. Because they
have only one reactive group, simple alkenes provide the best-defined layers. Dienes
and other molecules bearing more than one unsaturated group generally leave poorly
defined layers, due to the competition between [4+2] and [2+2] reactions. How-
ever, molecular-bearing aromatic groups have a much higher propensity to adopt a
well-defined structure that preserves the aromaticity.

A second class of reactions in vacuo involves simple functional groups, such as
the thio, amino, and hydroxy groups, which have labile hydrogen atoms that can be
easily removed, allowing the S, N, or O atom to link to the semiconductor. Following
extensive studies on self-assembled monolayers on metals, many experiments have
focused on thiol groups interacting with silicon (55) and other semiconductors such
as GaN (56), InP (57, 58), and GaAs (59-62). In each case, bonding to the surface
necessitates cleavage of an S—H, N-H, or O-H bond, with the hydrogen remaining
bound to the surface. This approach can also be used to link aromatic systems to
semiconductor surfaces using reactants such as benzenethiol (55), phenol (63), and
aniline (64, 65).

Although most investigations of monolayer formation in vacuo started with highly
reactive clean surfaces, anumber of studies have investigated reactions with hydrogen-
terminated surfaces, in which the undercoordinated surface bonds are bonded to H
atoms. These H-passivated surfaces are much less reactive than the clean surfaces;
consequently, most molecules will react selectively where the H-passivation has been
eliminated. Local desorption of hydrogen can be achieved by low-energy electrons,
such as those emitted from the tip of a scanning tunneling microscope. The initiation
of a single reaction leads to a propagation of the reaction: As the reaction proceeds via
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a radical intermediate in which a molecular radical state is able to abstract an H atom
from the adjacent dimer, its reactivity toward subsequent molecules is thereby greatly
enhanced. This suggests the possibility of making a variety of extended molecular
structures (66).

Studies of monolayer formation on Si(111)-(7 x 7) have also been conducted. On
Si(111), the large amount of charge transfer that occurs between different atoms
within the unit cells allows reactions to proceed via a diradical pathway (67).

2.2. Formation of Semiconductor-Organic Monolayers
under Ambient Conditions

Organic monolayers on semiconductor surfaces can also be made under ambient
conditions via a wide range of methods (shown in Figure 1d—f"). In order for the
monolayers to form, it is usually necessary to remove oxide layers and passivate the
surface against additional reaction. This is typically achieved using simple monatomic
reagents to coordinately saturate all surface bonds. The most common passivating
agent is hydrogen (68), but other halogens including chlorine (69, 70) and iodine (71)
have been used. The goal of the passivation step is to provide all surface atoms with a
nearly ideal coordination, thereby reducing their reactivity toward the ambient atmo-
sphere. Hydrogen is a common passivating agent because H-terminated surfaces of
silicon exhibit very low densities of mid-gap surface electronic states (68) and because
silicon samples, when immersed in a solution of HF or NH4F, become H-terminated.
HEF is excellent at removing surface oxides but does not etch the underlying silicon
very quickly. NH4F etches the silicon as well, but is highly anisotropic. Typically,
dilute (~2%-10%) HF is used to passivate the Si(001) surface and ~40% NH4F is
used on the (111) face (72). Most ambient-condition studies using silicon use the (111)
face because the anisotropic nature of the NH4F leads to a spontaneous smoothing
of the Si(111) surface, but leads to roughening of the (001) surface (73-75).

Once the starting surface is obtained, reaction with alkenes and other unsaturated
compounds can occur as depicted in Figure 1d-f; however, reactions require some
form of activation. The reactions of Si—-H bonds with alkenes are often analogous
to classical hydrosilylation reactions, in which Lewis acids such as EtAICI, are able
to enhance the reactions of H-terminated silicon with organic alkenes and alkynes
(76, 77).

The reaction of H-terminated surfaces with simple alkenes can be initiated by di-
acyl peroxides, which decompose when heated to form radicals that can abstract
hydrogen atoms from the surface (78, 79), thereby exposing coordinatively un-
saturated “dangling bonds.” Similarly, Bowden and colleagues used 4-(decanoate)-
2,2,6,6-tetramethylpiperidinooxy (TEMPO) as a radical initiator to link unprotected
carboxylic acids to the Si(111) surfaces (80). As an alternative to chemical activa-
tion, thermal activation has been successfully used, typically by immersing the H-
terminated Si surfaces in the alkenes of interest and heating them for extended periods
(hours to days) at ~200°C (72, 78, 79, 81). Recently, there has been great interest in
the use of photochemical activation, initiated by UV light at wavelengths of ~254 nm
(82-86). The use of light is an attractive option because it provides a way to pattern
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the surfaces with different molecular groups to form molecular arrays. Electrograft-
ing can also be used to link alkenes and alkynes to H-terminated Si surfaces, although
it appears that there are important mechanistic differences between these (87, 88).
These studies have demonstrated that there are multiple ways to achieve the reaction
of alkenes with silicon and diamond surfaces.

In addition to alkenes, a number of other functional groups including thiols, al-
cohols, and aldehydes react directly with the H-terminated surface with suitable ac-
tivation, forming Si—S—C Si—-O-C linkages and/or siloxane esters (89-91). Although
most early studies of the functionalization of silicon focused on forming surfaces ter-
minated with alkyl chains, the practical utility of monolayers on silicon often requires
the ability to form a molecular layer containing well-defined functional groups at the
distal end. In most cases involving two reactive groups, such as a terminal alkene with
an alcohol or carboxylic acid group at the distal end, the resulting layers are typically
disordered and consist of a mixture of both groups. Consequently, to achieve well-
defined functional monolayers it is necessary to identify chemical groups that are
unreactive toward the surface during the grafting process, but which can be depro-
tected after grafting to expose synthetically useful reactive groups (72). The choice
of protecting group and deprotection conditions often can be based on known wet-
chemical methods (92).

Sieval et al. were the first to successfully demonstrate this approach. They func-
tionalized silicon with olefins bearing ester groups using thermal activation, and
showed that they could be reduced to form alcohol-modified surfaces or oxidized
to carboxylic acids (72). Boukherroub et al. showed that photochemical reactions
with ethyl undecylenate with Si(111) led to ester-modified surfaces that could subse-
quently be converted to produce carboxylic acid-modified surfaces (93). Strother and
colleagues used a similar process to link esters to the surface (83); they showed that
by deprotecting the samples and using standard biochemical methods, it was possible
to prepare well-defined DNA-modified surfaces exhibiting good selectivity toward
binding of complementary versus noncomplementary sequences in solution, as well
as good stability.

Whereas H-terminated silicon surfaces are relatively unreactive, Cl-terminated
surfaces are more reactive and therefore more amenable to additional methods of
modification. Bansal and Lewis (69, 70) formed organic monolayers on Cl-terminated
silicon surfaces followed by reactions with Grignard reagents and with organolithium
compounds (shown in Figure 1f). Use of this method has yielded layers exhibiting
excellent passivation properties (69).

3. CHARACTERIZATION OF ORGANIC MONOLAYERS
ON SEMICONDUCTORS

The characterization of organic monolayers typically involves a combination of
multiple techniques. For chemical analysis, the most commonly used methods are
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS). These techniques complement one another in terms of the types
of information they provide. Although the frequencies and intensities of the
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vibrational modes observed in FTIR provide detailed information about the na-
ture of the chemical functional groups, FTIR spectra are difficult to relate to ab-
solute numbers of molecules and functional groups because of the absence of reli-
able standards for surface measurements and because the electromagnetic boundary
conditions, quantum-mechanical selection rules, and coupling between molecules at
semiconductor interfaces are complicated. XPS provides excellent information about
the elements and their oxidation states and is generally more useful than FTIR for
quantitative analysis because the selection rules for excitation of core levels are rather
straightforward and because standards are readily available.

For spatial information, scanned-probe methods such as scanning tunneling mi-
croscopy (STM) provide state-of-the-art spatial resolution, but work well only on very
flat surfaces. STM in particular can be applied only to organic layers that are suffi-
ciently conductive for electrons to tunnel through. Recent studies show that scanning
electron microscopy (SEM) can provide useful information about molecular layers on
submicron length scales; such data are interesting in part because the SEM imaging
process involves transmission of low-energy electrons through the layers.

3.1. Scanning Tunneling Microscopy

STM remains one of the primary tools for obtaining direct, atomic-level informa-
tion about bonding at organic-semiconductor interfaces. Using STM as a tool for
surface analysis, several types of information can be obtained, such as the location
of molecules on the surface, the number and atomic geometry of different bonding
configurations, and the electronic structure of individual adsorbed molecules. How-
ever, because STM images represent a convolution of the electronic density of states
and the local barrier to electron tunneling, it is often difficult to extract sufficiently
quantitative information. Nevertheless, STM is unparalleled in its ability to observe
and characterize the structure and electronic properties of individual molecules and
molecular layers.

STM has been widely applied to the investigation of molecular layers (15, 16,
18-21, 34, 39, 41, 94). In cases where the molecules are clearly asymmetric in shape,
the STM images directly reflect the molecular shape, thereby providing useful infor-
mation about the bonding locations on the surface. For example, Figure 2b,c shows
high-resolution STM images of the molecule 1,5-cyclooctadiene (COD) bonded to
the Si(001) surface via a [2+2] cycloaddition reaction (19), yielding an ordered, epitax-
ial layer of COD molecules. Infrared measurements show that only one C=C bond is
involved in bonding, leaving a structure similar to that shown in profile in Figure 24.
In the high-resolution STM images, the ordering of the individual molecules into
rows (commensurate with the underlying lattice of Si=Si dimers) can be clearly seen.
At the highest resolution (Figure 2¢), each molecule is shown to consist of two clear
lobes of higher intensity; thus, the STM images can even provide direct information
about the intramolecular structure.

At low coverage, the STM is able to provide a measure of the apparent height
of individual molecules. The apparent height involves a convolution of geome-
try and electronic structure, but is of interest for understanding charge transport
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Figure 2

(@) Side-view representation of the bonding of 1,5-cyclooctadiene with the Si(001) surface.

(b, ¢) High-resolution scanning tunneling microscopy (STM) images of the resulting molecular
layers. (d) High-resolution STM images showing two different molecules, cyclopentene

and cyclooctene, bonded to the Si(001) surface. The STM images reveal the locations

of bonding with respect to the underlying dimer rows, and also show that the cyclopentene
and cyclooctene molecules have different shapes. Reproduced with permission from
Reference 41.

through molecules. Images of surfaces containing two different molecules provide
information about the relative conductivity of the different molecules. For example,
Figure 2d shows a Si(001) surface that was exposed to a mixture of cyclopentene and
cyclooctene (41). The STM image clearly shows molecules with two distinct shapes:
Some molecules appear as individual bright spots centered along the rows of underly-
ing Si=Si dimers (which are barely resolved in this image), whereas the others appear
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as closely spaced pairs of lobes. By varying the amount of each of the two molecules in
the dosing gas, it is easy to identify each molecule in order to confirm their identities.
Thus, STM clearly has the ability to distinguish between different molecular species
on a surface.

The ability to identify molecules on an a priori basis is also possible in principle.
However, the images from the STM reflect a somewhat complex convolution of in-
formation about the electronic density of states of the sample and tip, combined with
an understanding of the electronic barrier between them (48). Continued interest
in understanding charge transport through individual molecules and the fabrication
of single-molecule devices (95) has led to further efforts to develop practical theo-
retical formalisms for predicting the apparent shapes, heights, and other features of
molecules as viewed via STM. Much of the original work in the field applied the
Tersoff-Hamann theory (96, 97) which is a derivative of the broader Bardeen theory
of electron tunneling. In the Tersoff-Hamann theory, the tunneling current is con-
trolled by the density of states and by the probability of electron tunneling, which
in turn is controlled primarily by the sample-tip separation and by the local barrier
height (work function). However, there are a number of approximations (nearly pla-
nar surface, spherical tip) that render this theory inappropriate for understanding
images of single molecules, especially on semiconducting surfaces and at higher bias.
Ratner and colleagues have been particularly successful using scattering methods
incorporating Green’s functions (98, 99).

Measurements of the current as a function of the applied voltage, commonly re-
ferred to as tunneling spectroscopy (100, 101), can be used to probe the electronic
properties of individual molecules (101, 102). This approach has been widely used
to characterize the current-voltage characteristics of molecules and molecular layers.
Of particular interest has been the observation of negative differential resistance over
certain types of molecular structures (103, 104). Tunneling spectroscopy measure-
ments (measurements of current as a function of voltage at specific locations) are
complementary to voltage-dependent STM images (measurements of the variation
in apparent height at different applied voltages); both provide information on the
electrical characteristics as a function of space and applied voltage.

3.2. X-Ray Photoelectron Spectroscopy

XPS is one of the principal methods used to obtain information about the chemical
composition of surfaces and monolayers (105). A significant advantage of XPS over
almost all other surface analytical methods is that XPS can be performed in a quanti-
tative manner. Detailed analysis of chemical shifts can provide additional insights into
the effective oxidation states of surface species. More importantly, the X-ray absorp-
tion and photoelectron emission cross sections of core-level transitions are not very
sensitive to the local chemical environment; consequently, it is possible to tabulate
the relative sensitivity factors for various elements and to use these data to relate the
observed intensities to actual concentrations in a relatively straightforward manner.
XPS at low-energy resolution provides an elemental analysis of the surface
species. At higher resolution, additional chemical information is obtained through the
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Figure 3

X-ray photoelectron spectroscopy (XPS) spectra of a monolayer of trifluoroacetamide-
protected aminodecene covalently bonded to a diamond surface. The different oxidation states
of carbon in the —CF3 and carbonyl group can be easily resolved. The sharpness of the peaks
for the other elements confirms the chemical homogeneity of the monolayer.

core-level shift. Surface species undergo shifts in their core-level binding energies due
to the presence of electron-withdrawing or electron-donating groups. The bonding
of electron-withdrawing groups increases the XPS binding energies, typically by
~1-2 eV per unit change in the formal oxidation state. Figure 3, for example, shows
an XPS spectrum of a monolayer of trifluoroacetamide-protected aminodecene. In
this case, bonding of the molecule to the surface leads to at least four distinct types
of carbon. The strong electron-withdrawing nature of the F atoms in the CF; group
increases the binding energy from ~285 eV (characteristic of the alkyl chain and the
underlying diamond substrate) to 293 eV, as the formal oxidation state of the C atoms
changes from 0 to +3.

The use of quantitative XPS measurements to characterize monolayers on semi-
conductor surfaces is relatively straightforward. By measuring the ratio of a core-level
characteristic of the organic monolayer [such as the C(1s) layer] and another core-
level characteristic of the underlying bulk [such as Si(Zp)], the number of molecules
per unit area can be obtained. The electron escape depths in XPS are typically
~2 nmy; this thickness is comparable to that of most molecular monolayers such that
the inelastic scattering of the electrons must be accounted for in order to perform
quantitative analysis. For a uniform thin film, the electrons from the bulk are atten-
uated exponentially with distance, so that the integrated intensity of photoemitted
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electrons from the bulk is given by:

© —(-1) =t —1,
Ap = / oppp exp BB’ exp BL dz = gppphp psing expBLY
I3
The corresponding intensity from the molecular layer is:

! Ll . i/ P
A = / orpr exp L dz = opdp 1oL sm9<1 — exp‘L-LS‘““).
0

The observed ratio of intensities is then given by:

1

A, pr A oop (1 B ekaL'Lsmy)
Ap  pprppop expﬁ '
In these equations, Ap g, Apr, and Ay p are the inelastic mean free paths of electrons
of the bulk phase passing through the bulk [i.e., Si(2p) photoelectrons in silicon],
electrons of the bulk phase passing through the layer [i.e., Si(2p) photoelectrons
in the organic layer], and electrons of the monolayer phase passing through the
monolayer [i.e., C(1s) electrons in the organic film], respectively. op and oy, are the
photoelectron cross sections (often represented as sensitivity factors), pp and py, are
the volume densities of the bulk and surface, and Ag and A, are the measured peak
areas. Constant factors such as the incident excitation intensity are omitted.

Perhaps the biggest challenge to quantitative analysis via this method is the un-
certainty in the effective scattering probability within the organic film. In some cases,
the scattering probability has been measured directly by making two samples and
directly comparing the intensity of emission of the bulk peaks on the “bare” and
functionalized samples (105).

3.3. Valence-Band Photoemission and Inverse Photoemission
Electron Spectroscopy

Although XPS provides information about the elemental composition of the sam-
ple and effective oxidation state within molecular layers, measurements of valence
electronic states are more typically performed using ultraviolet photoemission spec-
troscopy (UPS), also often referred to as valence-band photoemission. Functionally,
this method involves replacing the X-ray source of XPS with a UV excitation source,
typically a He-discharge lamp or, for higher resolution and count rates, a synchrotron
source. UPS has higher energy resolution than XPS and is better suited to analysis
of the valence bands. UPS can very easily determine the position of the valence-band
edge with respect to the Fermi energy and can measure the work function. Its com-
plementary technique, inverse photoemission electron spectroscopy (IPES), involves
sending an electron of known energy onto the sample and measuring the intensity
of emitted photons. IPES yields information about the empty electronic states, such
as the semiconductor conduction band and, more importantly, the unfilled states as-
sociated with the surface electronic states. Figure 44 depicts the energy schemes for
both UPS and IPES measurements.
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(@) Energy level schematic for ultraviolet photoemission spectroscopy (UPS) and inverse
photoemission electron spectroscopy (IPES). (4) UPS and IPES data for alkyl chains of
different lengths bonded to Si(001) surface.

Recent experiments by Segev et al. investigated both the filled and empty valence
orbitals and have compared them using theoretical calculations (106). An important
consequence of these studies is the first identification of electronic state within the
bandgap induced by the interface arising from hybridization of the electronic states of
the silicon and the organic layer. Figure 45 shows UPS and IPES data for monolayers
of different lengths; the significant intensity within the bulk bandgap of the semicon-
ductor reveals the presence of new electronic states associated with the Si-C interface.
Such states are important in controlling charge transport in molecular systems.

3.4. Infrared Spectroscopy of Organic Monolayers

Infrared spectroscopy has been widely used to characterize the properties of organic
monolayers at semiconductor surfaces. Measurements can be performed in a number
of experimental geometries, including single-bounce external reflection and multiple
internal reflection (MIR) geometries (107). Many aspects of the theory of infrared
spectroscopy at surfaces have been reviewed by Chabal (107). One important aspect
of infrared spectroscopy at semiconductor surfaces is that the selection rules are quite
different from metal surfaces. The boundary conditions are different for s-polarized
light (which has the electric field perpendicular to the plane formed by the incident
and outgoing beams, and therefore also has the electric field parallel to the surface) and
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p-polarized light (which has the electric field in the plane formed by the incident and
outgoing beams). For metal surfaces, the electromagnetic boundary conditions cause
a cancellation effect for s-polarized light and an enhancement for p-polarized light.
Hence, techniques such as polarization-modulation infrared spectroscopy can be used
to enhance the sensitivity at metal surfaces and to provide a well-defined background
for the infrared spectroscopy measurements. At semiconductor surfaces, however, the
dielectric nature of the materials leads to quite distinct selection rules. Because both
s- and p-polarized light can interact with molecular species, measurements using
polarized light can provide useful information about the orientation of molecules,
both along the surface normal and within the sample plane.

Information may be obtained from the frequencies, intensities, and polarization
dependences of the spectra. At submonolayer coverages, FTIR is particularly useful
for helping to identify molecular bonding configurations. For example, numerous
studies have investigated the interaction of organic alkenes with silicon surfaces.
Because the C-H stretching modes of alkene are higher than those of saturated
alkanes, the presence or absence of the alkene stretch can be used to determine
whether or not the molecules bind to the surface via the alkene group (15).

FTIR can also be used to identify molecular orientations on the surface. To gain
insight into the azimuthal orientation of molecular functional groups, a substrate
with a uniform orientation must be used. The (001) surface of silicon consists of Si=Si
dimer units whose orientation rotates by 90° across each atomic step; consequently,
most surfaces consist of an equal mixture of dimers in each of two configurations.
However, by using a sample that is intentionally miscut by ~4° from the (001) plane
toward the <110> direction, it is possible to prepare a single-domain surface on
which the Si=Si dimers are aligned with their axes all in the same direction (108).
Consequently, any orientation dependence in the interaction between the surface and
the organic layer can be templated into the orientation of the molecules; in essence,
the surface becomes a way of holding molecules in precise orientations, allowing their
spectroscopic properties to be probed by controlling the polarization of light (15).
Whereas this technique was first used to investigate the interaction of cyclopentene
with the Si(001) surface (15), a particularly dramatic example was obtained through
the interaction of acetonitrile (CH3; CN) bonded to the Si(001) surface. In this case the
interaction with the Si(001) surface produced a C=N bond oriented parallel to
the Si=Si dimers. Figure 5b shows FTIR spectra measured using s-polarized and
p-polarized light; very high strong absorbance for the s-polarized light, but not for
p-polarized light, demonstrates that the C=N bond is oriented parallel to the Si=Si
dimers. It is interesting to note that in this example, the most intense absorption oc-
curred using s-polarized light, which on metallic substrates undergoes a cancellation
at the interface due to the image field induced within the metal. This unexpected
result illustrates how different the selection rules at semiconductor surfaces are
from those at metal surfaces due to the differences in dielectric response of the
substrates.

For longer-chain molecules, information on the tilt angle can be obtained from
measurements of the reflectivity using s-polarized and p-polarized light. The angle
of the infrared transition dipole « can be obtained from the absorbances of s- and
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(@) Schematic drawing showing the bonding configuration produced by a [2+2] cycloaddition
reaction of acetonitrile (CH3 CN) onto the Si(001) surface. (b) Polarized Fourier transform
infrared spectroscopy (FTIR) data showing a strong absorbance using s-polarized light with
the electric field oriented parallel to the C=N bond on the surface.
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p-polarized light (A, and A,,, respectively) via a7 = tan™! (1«‘2 g ), where E,, E,,
- % B g

and E, represent the magnitude of the electric fields along the x, y, and z directions,
respectively (72). These values depend on the index of refraction and the angle of
incidence and can be readily calculated using the well-known Fresnel laws. From these
measurements, the orientation of the transition dipole for the symmetric («,) and
antisymmetric («,s) methylene vibrational modes is measured. Once the orientation
of these transition dipoles is known, the tilt of the molecules within the layer can be
calculated by simple geometry:

Guirr = 1 — cos? a, — cos® a;.

A third piece of information that can be gleaned from infrared spectra is the de-
gree to which the molecules adopt an all-trans configuration. In pure solid alkenes,
all of the molecules in the hydrocarbon chains are in an all-trans configuration such
that the carbon backbone of each molecule lies in a single plane. However, in liq-
uid form there is substantial twisting about the individual bonds; these out-of-plane
twists, or “gauche defects,” alter the frequencies of the methylene (-CH,-) vibra-
tional modes. The infrared vibrational properties have been extensively studied for a
variety of alkanethiols on gold (109-111). On gold surfaces, the alkyl chains of self-
assembled monolayers give rise to asymmetric and symmetric C—H stretching modes
near 2920 em~! and 2850 cm~!. However, local structural information is contained
in subtle shifts from these values, with the “CH,— asymmetric stretching mode shift-
ing from 2924 cm™! to 2918 cm™! and the symmetric stretching mode shifting from
2855 cm™! to 2851 cm™! when going from liquid-like to solid state (111). Similar
ideas have been applied to monolayers grafted onto semiconductor surfaces. Experi-
mental data from photochemical grafting of 1-octene to silicon yielded C—-H modes
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with frequencies as low as 2920 cm™!, and 1-octadecene yielded 2917 cm™! (85),
which is identical (within experimental error) to the frequency of a pure solid alkane.
Perring and colleagues showed that undecylenic acid yields 2923 cm~! and 2853 cm™!
(80); according to Wang et al., photochemically activated grafting of 1-dodecene to
polycrystalline diamond yielded frequencies of 2922 cm~! and 2850 cm™! (112).

3.5. Scanning Electron Microscopy of Monolayers

Although SEM is commonly used as a structural analysis tool, it can also be used to
directly image molecular layers on semiconductor surfaces (80, 112-114). This ability
stems from the fact that molecular layers alter the potential barriers that commonly
existatsurfaces and therefore can significantly impact the yield of secondary electrons.
The use of SEM to image the spatial distribution of molecules can also provide
important insights into the mechanisms of reactions.

One important question revolves around the nature of contrast in SEM images
of molecular monolayers. Early studies of monolayers on gold (115, 116) showed
clear contrast between different layers, but in those studies the possible influence
of electron beam damage and the presence of surface contamination layers made
it difficult to identify the origins of contrast. Studies of thicker layers produced by
proteins (117, 118) showed that the contrast was dominated by the scattering of
electrons within the molecular layers and was correlated with the mass coverage. On
gold, the secondary electrons are essentially all generated within the gold, and the
organic layers basically act as an inelastic scattering layer. SEM imaging of patterned
molecular layers on semiconductor surfaces has been demonstrated using silicon (80,
119), diamond (112, 120, 121), and gallium nitride (122).

With regard to semiconductors, Saito et al. (113) investigated the contrast among
alkoxysilanes with different terminal groups after bonding to oxidized silicon surfaces
and found that the contrast among different molecules was determined primarily by
the electron affinity of the molecules involved, as calculated via computational chem-
istry methods. Based on this, the authors proposed that the emission of secondary
electrons occurred by excitation from bulk states to normally unoccupied energy lev-
els, followed by excitation into vacuum; consequently, the lowest unoccupied molec-
ular orbital (LUMO) levels closer to the vacuum level (higher in energy) were more
effective at enhancing secondary electron yield compared with lower-lying levels.

Recent studies of molecular layers on diamond surfaces have shown a similar trend
(112). One particularly interesting aspect of the work on diamond is that contrast
is also developed between the H-terminated diamond surface and monolayers of
simple hydrocarbons. Figure 6 shows an SEM image of a diamond sample that was
produced using photochemical grafting with a mask in order to produce a central
region functionalized with 1-dodecene, whereas the surrounding region consisted
of H-terminated diamond. The 1-dodecene monolayer significantly decreased the
secondary electron emission. H-terminated diamond has negative electron affinity
(i-e., the conduction band is higher in energy than the vacuum level) and is therefore
a facile electron emitter; however, pure hydrocarbons also have negative electron
affinity. Why, then, does 1-dodecene reduce the electron yield from H-terminated
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diamond? It is likely that the answer lies in treating the electron as a wave. Studies
of binary monolayers on gold surface have shown that disorganized layers formed by
mixing two different molecules on the surface give rise to lower electron emission
than well-ordered layers of either molecule in pure form (123, 124). On diamond
and other semiconductor surfaces, most molecular layers are disordered near the
semiconductor-molecule boundary as most molecules cannot pack closely enough
together to bind to each surface site. The resulting disorder at the semiconductor-
organic interface leads to increased scattering electrons at the interface, reducing the
secondary electron yield.

3.6. X-Ray Reflectivity and Grazing Incidence X-Ray Diffraction

X-ray methods can be used to probe the variations in electron density perpendicular
to and parallel to the interface. By measuring reflectivity as a function of the momen-
tum transfer vector, it is possible to quantify properties such as the density and thick-
ness of the monolayer, the molecular tilt, and interfacial roughness (125). Tidswell
et al. (125) developed much of the methodology for analyzing the properties of or-
ganic thin films, having obtained their initial data from alkoxysilane monolayers on
oxidized silicon surfaces.
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(2) Photopatterning of a
molecular layer using a
simple shadow mask.

() Scanning electron
microscopy (SEM) image
demonstrating its ability to
discriminate functionalized
from nonfunctionalized
regions. (c) Likely
mechanism of image
contrast, based on electron
scattering at the
diamond-molecule
interface.
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More recent experiments have characterized a variety of organic monolayers on
semiconductor surfaces. In specular reflectivity measurements, the reflectivity is mea-
sured as a function of the momentum transfer vector Q(0) = t—” sin(8). For very small
values of momentum transfer, total reflection is observed. At high values of momen-
tum transfer, the reflectivity follows the Fresnel laws corresponding to reflection
from a single sharp interface. At intermediate values, however, the reflectivity de-
pends on the profile of electron density perpendicular to the surface. By fitting the
data, information about the thickness of the film, roughness of the semiconductor-
organic interface, and electron density profile can be obtained. The minima in the
X-ray reflectivity measurements correspond to Q = @, such that the thickness
corresponds to half-integral multiples of the wavelength; consequently, measuring
the position and depth of these minima provides a rapid means of identifying the
thickness and average density of the molecular layers. Sieval and colleagues exam-
ined molecular layers produced by thermal grafting of monolayers to H-terminated
Si(100) and Si(111) surfaces and succeeded in determining the thickness of the layers
(72, 81). Knowledge of the molecular structure and bond lengths of the alkyl chain
was sufficient to determine that the organic layers were tilted with respect to the
surface normal by 27°, which is in remarkable agreement with measurements based
on the dichroic ratio in infrared spectroscopy. Hersam and colleagues similarly char-
acterized the thickness of 4-bromostyrene monolayers formed on Si(111) surfaces
(126).

Whereas X-ray reflectivity measurements typically provide information about the
electron density perpendicular to the surface, there is a critical angle below which
X-rays undergo total reflection. At these very low angles (on the order of 0.2° or
less), the reflectivity provides information about the in-plane ordering. Early studies
of monolayers produced by reaction of alkoxysilanes on oxidized silicon showed clear
diffraction peaks due to local ordering of the molecular chains. Studies of alkenes
ranging from dodecene (C10) to octadecene (C18) showed that the molecular layers
are amorphous regardless of length (127). It is noteworthy that although FTIR fre-
quencies and grazing incidence X-ray diffraction (GIXD) data both probe the struc-
tural order within a film, the FTTR measurements infer disorder from the presence of
gauche defects, whereas GIXD directly probes the spatial periodicity of the surface
electron density. Thus, a layer that appears crystalline by FTTR may not necessarily
appear ordered by X-ray reflectivity.

3.7. Biomolecular Recognition at Bio-Functionalized
Semiconductor Surfaces

Although most studies have focused on single monolayers, more recent studies have
addressed many issues associated with the fabrication of organic films for biologi-
cal applications, especially the use of bio-modified semiconductors for applications
such as electronic sensing systems. Early work in this field was targeted toward
chemical modification of the silicon oxide surface (5, 128, 129). Wagner et al. con-
ducted early studies of biologically active monolayers linked to monolayers on silicon
(130). Strother etal. used photochemical grafting of protected alkenes to single-crystal
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Si(001) and Si(111) surfaces via two routes. One route consisted of grafting of alkenyl
esters followed by deprotection and conversion to an amine-terminated surface (83),
and the second consisted of an alkene with a protected amine group that was sub-
sequently deprotected and linked to DNA. Subsequent deprotection exposed the
reactive carboxylic acid and amine groups that were then covalently linked to DNA
oligonucleotides (83). More recent studies have shown that other semiconductors,
including GaN(123) and diamond (131-134), can be modified via the same route.
For biologically modified semiconductors, the primary measures of interest are typ-
ically the selectivity of binding (i.e., the degree to which a bio-modified surface will
recognize and bind to a complementary target molecule, while rejecting others), the
stability of the interfaces, and the electronic properties of the resulting interface. Early
studies on silicon usually modified the silicon oxide (5), but the inherent instability
of Si0O; in aqueous solutions and the presence of charged OH™ groups at the surface
led to poor sensitivity and poor stability. Organic monolayers bonded directly to Si
improve the stability because the organic monolayers act as a hydrophobic barrier
layer that prevents water, OH—, and other reactive species from penetrating to the
silicon-organic interface. However, even with the protective layers degradation still
occurs, which continues to fuel interest in alternative materials such as diamond. Stud-
ies by Yang et al. showed that the photochemical functionalization of diamond with
organic monolayers, followed by subsequent chemical modification steps, yielded
DNA-modified surfaces exhibiting stability superior to that of functionalized silicon,
gold, and SiO; (134). Stability was also demonstrated at temperatures of 60°C (135),
above the DNA-denaturing temperature. A primary motivating factor for biological
functionalization of semiconductors is the opportunity to take advantage of the elec-
tronic properties of semiconductors for hybrid bio-electronic sensing devices. The
case of diamond, however, is even more interesting because the extreme hardness of
diamond makes it useful in applications such as biomedical implants, where mechan-
ical properties as well as biological response may be important to achieve long-term
functionality.

Using organic monolayers as interfaces between semiconductors and
biomolecules, several groups have demonstrated the ability to achieve direct detec-
tion of biomolecules such as DNA (4, 136, 137) and antibodies (131, 133). In such
studies, the binding of DNA is typically measured in two ways. The first is to link
one strand of DNA to the surface and to measure the intensity of fluorescence from
the surface after exposure to molecules having a complementary sequence with a
fluorescent tag. The second is to investigate the changes in electrical response. The
ability to directly detect biological binding processes arises from the fact that binding
of charged biomolecules near the semiconductor surface changes the electrostatic
potential, which in turn leads to a change in the band-bending and the associated
conductivity near the surface of the semiconductor. This change in conductivity can
be measured in two ways. One way is to measure the electrical impedance between
the modified semiconductor surface and a counter-electrode in solution, usually using
a three-electrode potentiostat. Studies have been performed on silicon (4, 136, 137)
and diamond (132, 133) surfaces. These studies showed that at frequencies between
~1kHz and ~1 MHz, the impedance of the system was dominated by the impedance
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of the semiconductor space-charge layer; consequently, binding of molecules to the
surface altered the resistance and capacitance of the space-charge layer, producing a
significant change in the overall impedance of the system. This impedance measure-
ment has been used to detect antibody-antigen binding (133). The second method
of characterizing the electrical response is to use a field-effect transistor geometry, in
which one deposits two metallic contacts (the source and drain of the transistor) onto
the surface and then measures the change in current parallel to the surface (131).

Fundamentally, electrochemical impedance spectroscopy (EIS) and the field effect
transistor (FET) both measure the semiconductor space-charge layers but differ as
to whether the impedance is measured perpendicular to (EIS) or parallel to (FET)
the interface. The EIS geometry does not require any special fabrication techniques,
but in order to be sensitive to the semiconductor space-charge region it is necessary
to operate at the correct frequency. The FET geometry requires special fabrication
techniques but can be performed at any frequency, including dc.

For many biological applications, the ability to control the selectivity of binding,
especially to eliminate the nonspecific binding of proteins and other biomolecules,
is critical. Early studies of self-assembled monolayers on gold showed that ethy-
lene glycol oligomers were very effective at restricting the nonspecific binding of
many proteins. Lasseter and colleagues (139) grafted alkenes bearing ethylene glycol
groups to surfaces of silicon, diamond, and gold; a quantitative comparison showed
that functionalized diamond and gold surfaces were comparable to or possibly even
better than those reported previously on modified gold surfaces (138, 139). Lasseter
et al. also demonstrated that by making mixed monolayers consisting of ethylene
glycol groups with interspersed attachment points covalently linked to biotin, it was
possible to detect the complementary protein avidin in undiluted serum with only
minimal interference (139).

3.8. Electronic Properties of Molecules at Semiconductor Surfaces

Understanding the electrical properties of molecules at surfaces is crucial for a num-
ber of emerging applications, including molecular electronics and the use of semi-
conductors as a basis for chemical and biological sensing. A variety of classical and
nonclassical electrochemical measurements have been used to characterize the prop-
erties of organic monolayers (69, 70, 140-146). Impedance measurements, in which
the interfacial impedance is measured as a function of frequency, are especially useful
as a means to determine the resistance and capacitance of organic monolayers and
their interfaces. The most common method, EIS, uses a small ac potential to char-
acterize the small-signal response as a function of frequency and dc potential, typi-
cally performed in electrolyte solution using a three-electrode potentiostat (147). EIS
measurements are useful because the electronic properties of semiconductor-organic
interfaces typically contain contributions from the resistance and capacitance of the
semiconductor space-charge region, the capacitance and electron-transfer resistance
of the monolayer, and the capacitance of the electrochemical double layer.

By measuring the response over a wide range of frequencies and fitting it to circuit
models, it is possible to extract the values of the individual components (137). Two
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parameters of particular interest have been the capacitance and resistance of the or-
ganic monolayers. Bansal et al. found that alkyl monolayers on silicon have excellent
passivation properties against electrochemical oxidation (69, 70). The possibility of
using organic monolayers as a dielectric has led to interest in characterizing the ca-
pacitance of individual monolayers and organosilane monolayers electrochemically
grafted to silicon surfaces (147, 148). Yu et al. investigated organic monolayers and
found that they formed molecular capacitors on Si with a dielectric constant of approx-
imately 3.3. By adding a known quantity of a redox agent such as dimethylferrocene, it
is possible to quantitatively evaluate the extent to which an organic monolayer blocks
electron-transfer reactions (69).

4. SUMMARY

The use of organic monolayers provides a unique opportunity to achieve improved
integration of semiconductors with organic and biological molecules. Continued ad-
vances in the synthesis and characterization of these layers will further expand the
range of possible applications of molecular monolayers as interfaces between semi-
conductors and a wider range of organic and/or biological materials.
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