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Abstract

Silicon is by far the most important semiconductor material in the microelectronic industry
mostly due to the high quality of the Si/SiO, interface. Consequently, applications requiring
chemical functionalization of Si substrates have focused on molecular grafting of SiO, surfaces.
Unfortunately, there are practical problems affecting homogeneity and stability of many organic
layers grafted on silicon oxide (SiO;), such as silanes and phosphonates, related to
polymerization and hydrolysis of Si-O-Si and Si-O-P bonds. These issues have stimulated efforts
in grafting functional molecules on oxide-free Si surfaces, mostly with wet chemical processes.
This review focuses therefore directly on wet-chemical surface functionalization of oxide-free Si
surfaces, starting from H-terminated Si surfaces. The main preparation methods of oxide-free H-
terminated Si and their stability are first summarized. Functionalization is then classified into
indirect substitution of H-termination by functional organic molecules, such as hydrosilylation,
and direct substitution by other atoms (e.g. halogens) or small functional groups (e.g. OH, NH,)
that can be used for further reaction. An emphasis is placed on a recently discovered method to
produce a nanopattern of functional groups on otherwise oxide-free, H-terminated and atomically
flat Si(111) surfaces. Such model surfaces are particularly interesting because they make it
possible to derive fundamental knowledge of surface chemical reactions.
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1. Introduction

Silicon has been dominating the microelectronic industry in part because it is plentiful and
relatively cheap and can be produced with high purity, but mostly because of the chemical and
electrical stability of the interface with its oxide.'” In fact, the low concentration of electrical
defect states at the Si/SiO, interface has been a strong driver to use Si for future devices such as
electrical biosensors and photovoltaic components.'*

Much work has therefore been devoted to modifying SiO, surfaces by grafting molecules via OH
groups that typically terminate SiO, surfaces after wet chemical cleaning.** There are however
two rather fundamental issues associated with modification of SiO, surfaces. The first is the very
high activation energy for the reaction a number of species with surface OH groups, most
notoriously for grafting phosphonic acid molecules.” The second is the poor chemical stability of
the Si-O-Si bond at the interface between the organic layer and SiO,, due to facile hydrolysis
under neutral or basic pH conditions.’

Two main methods have been used to functionalize SiO,. Silanization®” has been the first
method to graft organics to SiO,, but this method often suffers from the low surface OH group
content of the Si surface oxide.>* Indeed, comprehensive Si surface coverage by silanization
derives from amorphous siloxane polymerization, and the degree of siloxane cross-condensation
depends critically on the water content of the deposition solvent.” Attaining structural order in
such films is also problematic.’

Alternatively, phosphonate molecules have been grafted on SiO; using a method called tethering
by aggregation and growth or T-BAG.” During the T-BAG process, a phosphonic acid is initially
weakly physisorbed from a solution onto the oxide substrate forming a reasonably well-ordered
layer thanks to the interaction of the phosphonate headgroups of adjacent molecules, then
chemically attached by a heating step, during which Si-O-P bonds are formed. The sample is
then typically rinsed to remove any remaining physisorbed multilayers present on the surface on
top of the chemisorbed SAM. T-BAG is a simple and reliable method to grow SAMs with
phosphonate bonding on oxide surfaces. The physisorption step takes advantage of the organized
arrangement of amphiphilic molecules at the liquid/gas interface, and is not restricted to specific
environmental conditions like silanization reactions, which makes it potentially suitable for
industrial applications. However, sample heating has been identified as a necessary condition of
the T-BAG method to allow conversion of the physisorbed phosphonic acid to a chemisorbed
phosphonate SAM, securing a monolayer to the surface prior to ultrasonic rinsing in water. This
heating step and the prohibitively long time necessary to complete the chemical attachment
(typically more than 48 h) are the two main disadvantages of this process.”

This process can be considerably shortened as recently shown by Vega et al,® by controlling the
humidity during the reaction time. While the T-BAG method leads to chemisorption, the quality
of resulting films is not sufficient to derive a detailed bonding mechanism for phosphonates or to
prevent subsequent degradation in aqueous solutions. Indeed, in contrast to the attachment of
phosphonic acid to most of the metal oxides, the Si-O-P bond on SiO, is easily hydrolyzed,
particularly in neutral or basic solutions typical in biological applications.

The issues outlined above for grafted silane or phosphonate molecules on SiO, have led to the
modification of oxide-free Si surfaces by direct attachment of organic layers to Si. A driving
force has been the relative ease in obtaining oxide-free surfaces by chemical removal of the



oxide in fluoride solutions (e.g. aqueous HF) leading to H-termination of the Si surface, as
described in section 2.1.’

To better appreciate the issues associated with stabilizing Si surfaces with hydrogen for further
chemical functionalization, it is useful to consider the formation process and the stability of H-
terminated Si surfaces, as discussed in section 2.2.

The functionalization process consists therefore of transforming H-terminated Si surfaces into
organically functionalized surfaces with formation of Si-X bonds at the interface. Prominent
among these are metal complex catalyzed '° or radical-induced hydrosilylation '™ of
unsaturated organics (section 3.1). Electrochemical methods 1415 o1 reactions with Grignard or
lithium reagents are also effective for H-terminated Si'®, although halogen-terminated Si surfaces
can be used with organometallics'’ as well (section 3.2).

The recent finding that immersion of H-terminated Si(111) surfaces in neat anhydrous methanol
at 65°C under controlled atmosphere leads to the slow formation of oxide-free methoxy-
terminated surfaces'®'"” has stimulated much work because the methoxy groups (specifically 1/3
monolayer) are arranged in a well-defined pattern at the surface, with each methoxy center
surrounded by six surface Si-H. The conditions required and the mechanism involved for
achieving this nanopatterned surface are summarized in section 3.3.

The particular interest in this nanopattern is that the isolated methoxy centers can be activated by
a series of simple steps to form Si-F, Si-OH or Si-(metal hydroxide) centers while remaining
absolutely oxide-free (figure 1). The usefulness of such surfaces is illustrated in section 3.4
where further chemical functionalization with phosphonic acids and amino groups and details of
metal hydroxide grafting are discussed.

Finally, this review highlights the importance of model surfaces, such as atomically flat yet
chemically nanopatterned surfaces, for bringing a fundamental and microscopic understanding of
surface chemistry by unraveling for instance the configurations of phosphonate bonding.

Figure 1: Overview of wet chemical reactions associated with nanopatterning: First,
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partial reaction of s H-terminated Si(111) surface with methanol, then activation with
HF to form Si-F, which can be transformed into OH by immersion in water or into
NH; by immersion in NH3. The OH groups can be reacted with organic molecules or
metal hydroxides. Si: blue, H: white, C: black, O: red, F: yellow, N: purple, Al: gray,
P: green.

2. Oxide-free Si surfaces
2.1. Formation of H-terminated Si surfaces

It is now clear that HF-etched Si surfaces are H- and not F-terminated, as originally thought.?
This conclusion is surprising because, as shown in the schematic figure 2, Si-F is formed as the
last oxygen of the oxide is removed and the strength of the Si-F bond (~5.0 eV) is much higher
than that of the Si-H bond (~3.5 eV).

Figure 2: Mechanism leading to the formation of H-terminated Si surface by HF
etching: The last step of oxygen removal from SiO; involves HF attack of the Si-
O bond, with removal of OH as H,O and termination of the surface Si atom with
fluorine. Further attack of the polarized Si>-Si®" leads to H-termination.”'

However, the strong polarization of the Si-Si back bond, due to the high electronegativity of
fluorine, weakens this Si-Si bond and fosters the removal of the surface Si atom (onto which F is
attached) in the form of SiFy molecules, leaving H-termination of the surface, as first proposed
by Ubara et al.*' on microcrystalline Si*?, and later confirmed by experiments™ and ab-initio
calculations.”* The resulting H-terminated surface is less polar and therefore quite resistant to
further chemical attack by HF (i.e. there is no further etching in HF solution once the surface is
H-terminated).

Recently, it was recognized that the above mechanism is dependent on the Si/SiO; interface
structure. Indeed, the mechanism for HF etching described above is in fact only valid because the
interface is rough, as schematically illustrated in figure 3."

On an atomically rough surface (figure 3A), the F-terminated surface can be further attacked by
HF to form a H-terminated surface because there is an atomic step, representing atomic
roughness. On an atomically smooth surface (figure 3B), the intermediate Si-F species cannot be
further chemically attacked because of steric hindrance and protection from the neighboring Si-H
species, preventing access to the Si-Si backbonds.

While H-terminated surfaces are stable in HF (i.e. no further etching takes place), it is possible
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by increasing the pH of the fluorinated solution (i.e. the OH- concentration through addition of
basic buffers)’ to selectively etch H-terminated surfaces, leading to very interesting structures: (i)
atomically flat Si(111) surfaces (figure 4A),” and quasi-flat Si(100) surfaces (i.e. with well-
defined bilayer structures), as illustrated in figure 4B and C.*

Figure 3: Mechanism of HF attack on (A) an atomically rough, partially F-
terminated surface, and (B) an atomically flat, partially F-terminated surface."

Figure 4: (A) Atomically flat H-terminated Si(111) surface, and (B and C) quasi-
flat H-terminated Si(100) surfaces (i.e. with well-defined bilayer structures).****

Several studies”®**>* have suggested that the etching mechanism involves the OH™ ions or related
complexes with preferential removal of adstructures and attacks of steps, leading to highly
structured surfaces such as atomically flat, monohydride-terminated Si(111) surfaces, or Si(111)
surfaces with atomically straight steps.”®' Recent work performed on Si(100), however, has
brought further insight into the mechanism, suggesting that the formation of silanone (Si=0)
intermediate is a critical intermediate step in the etching process, leading to well-defined flat
Si(100) surfaces (with double layer structures)” upon etching in NH4F. The overall mechanism
proposed for the formation of atomically flat, monohydride-terminated surfaces is based on site-
specific reactions,’ leading to a step flow etching. The surface structure clearly plays a key role.
The importance of surface structure has been emphasized here because it is central to surface
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chemistry and therefore surface chemical functionalization, as will be illustrated in section 3.3. It
is also important when considering the stability of H-terminated Si surfaces as summarized in the
next section.

2.2. Stability of H-terminated Si surfaces

The relative stability and yet selective reactivity of H-terminated Si surfaces are essential
components of the functionalization process, as summarized in this section. H-terminated Si
surfaces undergo some degradation as soon as they become exposed to ambient air, only
observable with charge recombination techniques. For instance, the surface recombination
velocity increases by an order of magnitude when a Si sample is removed from an HF solution,
and some initial oxidation may be observed after several hours in some ambient atmospheres.
Experiments performed in very well-controlled environments, however, have revealed that H-
terminated Si surfaces are completely stable in pure gases (i.e. without radical contamination).
Studies on flat and vicinal H-terminated Si(111) have shown for instance that reaction with O,
NHj3, and H,O is initiated at steps, dependent on the step structure, and only takes place on flat
terraces at temperatures above 300°C™. These findings indicate that, at RT (25°C), H-terminated
Si surfaces are completely stable in clean gaseous environments even at atmospheric pressures.
Degradation in air is therefore due to radicals, ozone or other reactive species that then leave the
surface susceptible to oxidation.

Stability in solution is more complex because solvation effects can lower the reaction barriers
since attempt frequencies are higher than those in vapor phase, and electrochemical effects can
also enhance reactivity (hence the potential relevance of doping). For both gaseous and liquid
environn}?glgs, surface illumination can greatly modify the surface stability of H-terminated Si
surfaces.” -

0- 5+
H Z+ H

O+ 0-
Si C

Figure 5: Dipole moment of Si-H vs. C-H bonding. Distribution of charge density
is estimated on the base of electronegativity proposed by Pauling (H=2.20, C=2.55,
Si=1.90).

Due to the low electronegativity of Si, the Si surface is partially oxidized by H-termination,
leading to a small positive charge as shown in figure 5. Therefore, H-termination is similar to
and can be discussed as hydrides (IUPAC: Silanes). Hydrogen has a relatively low electron
affinity, and reacts exothermically with protons as powerful Lewis base (see figure 5 left).
Himpsel et al. were the first to report in 1980 on geometry-dependent core-level shifts, in
particular a positive shift of the first atomic layer in H-terminated Si(111)-(1x1) of 0.26 eV’



3. Surface functionalization of oxide-free Si
3.1. Indirect substitution
3.1.1. Hydrosilylation

In 1993, Linford proposed a novel method for surface scientists that enabled the hydrosilylation
of H-terminated Si whereby alkyl chains are covalently attached to Si(111) surfaces mainly by
Si-C bonds.'** This type of reaction has then been developed and reported in various reviews,”'”
* and more recently a large overview of the techniques for attachment and characterization of
SAMs has been presented by Aureau et al.*

The essential element of hydrosilylation, summarized in equation (1), is the activation of the
alkene, alkyne or other unsaturated carbon compounds to permit reaction with the Si-H surface.

=Si-H + H,C=CH-R — =Si-CH,-CH,-R (1)

For surfaces, the main advantage of the above reaction is the formation of thermodynamically
and kinetically stable SAMs thanks to the strength and low polarity of the Si-C bond.

The three main forms of activation on surfaces include the use of catalysts or Lewis acids,
intermediate halogenation of surfaces followed by Grignard chemistry, UV-light and
temperature. The last two methods of activation are based on the use of a surface reaction and
consequently are not derived from homogeneous hydrosylilation in solution that relies on a
catalyst. Each approach has advantages and limitations, as briefly summarized below.

Catalysts and Lewis acid methods, originating from homogeneous liquid chemistry, have high
yields but are prone to surface contamination by residual metallic catalysts or peroxide agents,
often leading to Si surface oxidation. '**¢>*

Replacement of hydrogen by halogens enables the attachment of short molecules, such as methyl
groups that can be grafted as a full monolayer (100% coverage) on Si(111) surfaces.”>”’
However, the number of such graftable molecules is small and does not include molecules with
another functional group, so the method is somewhat restrictive.

UV irradiation is powerful as it allows grafting of many types of molecules. The chemical
reaction can proceed either through a radical-based mechanism or an exciton-based mechanism.
Recently, work on diamond surfaces suggested that photoemission of electrons into the liquid
could be responsible for producing radicals on acceptor molecules that could then catalyze the
hydrosilylation of H-terminated carbon surfaces. The concept was subsequently carried over to
Si substrates.”” All the UV-induced processes are extremely sensitive to water contamination
since water traces will easily react with the radicals formed on the surface to create SiO,.
Consequently, they require the use of extremely anhydrous conditions and molecules, which is
not easily available (particularly if a hydrophilic group is present on the molecules). On the other
hand, photon-activated surface chemistry is ideally compatible with photolithographic processes,
i.e. surface patterning.®'

Thermal activation of hydrosilylation reactions is a straightforward alternative to chemical or
photochemical activation. It is based on immersion of H-terminated Si surfaces in an anhydrous
solution of appropriate alkenes at moderate temperatures (typically 150 to 200 °C). Although this
thermal process is slow and therefore potentially sensitive to impurities, the solution temperature
facilitates the removal of trace water, thus reducing the risk of surface oxidation. It also provides
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thermal energy to suppress degradation on p-type Si®* and promotes ordering of the layer.
Therefore, simple methods and care in the execution of experiments make it possible to obtain
surfaces with negligible interface oxide and high PL intensities (similar to H-terminated Si
surfaces).”> Such surfaces are significantly more stable than H-terminated surfaces once
produced because of the protective SAM layer, even if the majority of the surface (e.g. 60-70%)
is still H terminated. First performed in the 90’s '>* and perfected for a number of unsaturated
molecules, °*®’ thermal hydrosilylation was initially thought to involve surface radicals®®*® or be
due to trace impurities.®”’’ However, it is not clear how homolytic cleavage of a strong Si-H
bond with bond energies on the order of 3.6 eV could occur at an appreciable rate at a
temperature as low as 150°C. A more classical mechanism was therefore proposed’’ and
calculated, 7 as illustrated in figure. 6.

R-CH=CH,
| ‘ _ Si
s —> Heod: /' = R-CH,-CH,Si é Si
HES] é Si Ry! /5' e,s' | Si
| Si C‘\‘lCﬁi Si

Figure 6: Possible reaction pathway for the concerted mechanism of the
hydrosylilation. +°

Both alkenes and alkynes have now been attached using thermal hydrosilylation, and
quantitatively compared showing that triple bonds are preferentially attached over double
bonds.” Furthermore, Scheres et al. have confirmed that an increased surface coverage is
obtained with alkenyl chains on Si, compared to what can be achieved with alkyl chains.”
Interestingly, in addition to the classical thermal method,” alkynes have also been grafted by
very mild, RT methods in the dark,” producing better quality surfaces than alkenes.”®

The thermal grafting methods were initially avoided partly for fear that thermal energy may
activate the functional groups and induce them to react with Si-H instead of the unsaturated
alkene terminus. Despite this potential problem, high-quality acid-terminated surfaces have been
prepared by thermal grafting,”””’ and used as anchor for metal-deposition,”” biosensors’ >
electrical contacts®>* or deposition of nanoparticles.”®>%

3.1.2. Characterization of Si/SAM interfaces

To understand and control the indirect substitution reactions, a number of complementary
characterization methods are important, such as contact angle measurements, spectroscopic
ellipsometry, FT-IR, XPS and PL measurements. Electrical characterization and recombination
time velocity measurements are the most sensitive methods to determine the density of electronic
states at the Si/SAM interface. While the recombination time velocity has been measured for the
simplest SAMs, such as methyl and ethyl layers, electrical measurements based on C-V and I-V
measurements have been limited by the thickness of the SAM. To deal with this issue, an elegant
approach has been developed by Peng et al.*’ using a high k dielectric (ALD deposited Al,O3) to
increase the separation between the Si/SAM interface and the metallic top contact. Using this
method, it was found that the density of states for the SAM-passivated Si(111) n-type surface
after ALD treatment was in the order of 2x10'"' cm?eV™', which is impressively low knowing



that for a thermally annealed equivalent Si/SiO, interface, the amount is 1x10'" cm™eV™".

3.2. Direct substitution
3.2.1. Halogen termination

The main motivation for transforming H-terminated into halogen-terminated Si surfaces is a
lower energy level of the transition states in consecutive reactions (lower reaction barriers).
Hence, halogen termination (see figure 7) is used as starting point for a number of applications.

The chloro-terminated Si surfaces are prepared by treating the H-terminated Si (111) surfaces
with PCls at 80—100 °C using benzoyl peroxide as a radical initiator in chlorobenzene '*. Other
methods include (i) boiling Si wafer in chlorobenzene with PCls and UV irradiation, and (ii)
heating H-terminated Si at 80 °C in the presence of Cl, *° . Recently, high-quality halogenated
silicon surfaces have been produced using gas phase reactions of H-terminated Si with molecular
chlorine or bromine at RT ”'.

Bromo-terminated Si surfaces can be obtained by treating the H-terminated Si surface with
CCl1;3Br at 80 “C under UV irradiation. Bromination of Si-H surface is also performed sometime
using an etching mixture made of F, HNO;, CH3;CO,H, Br, and KBr 92, but this method causes
morphology changes of Si surface *°.

Todine ***° or iodoform *® have been used as iodinating agents to transform H-terminated into I-

terminated Si surfaces.

Interestingly, it has not been possible to replace hydrogen by fluorine, mostly because etching in
fluorinated liquids leads to H-termination’’ and because gas-phase fluorine (or XeF) is very
aggressive, inducing strong etching.”® This difficulty in obtaining F-terminated Si surfaces has
motivated the work described in section 3.3, where a very recent method for partial F-
termination of H-terminated Si surfaces is presented.

Figure 7: From left to right: H-termination, Cl-termination, Br-termination and I-
termination of Si(111). Si: blue, H: white, Cl: yellow, Br: red, I: purple.

3.2.2. Amino-termination

Amines are ubiquitous in biology.” Protonated amino groups (-NH;') are the most common
positively charged moieties in proteins, specifically in the amino acid lysine. The anionic
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polymer DNA is typically bound to various amine-rich proteins. Additionally, the terminal
charged primary ammonium on lysine forms salt bridges with carboxylate groups of other amino
acids in polypeptides, which is one of the primary factors of the three-dimensional structures in
proteins.

There has recently been some progress made in obtaining amino functionality based on the
reactions of ammonia with a clean Si surface in UHV environments. For example, ammonia
reaction with clean Si(100)-2x1 surfaces has been shown experimentally and theoretically to
produce Si-NH, and Si-H species in UHV conditions at RT.'”"!" Upon annealing to 230 °C, Si-
NH; species start decomposing, resulting in the insertion of N atom to the neighboring Si-Si
dimer and the formation of (Si),=N-H. However, the clean Si(100)-2x1 surface appears unstable
(i.e. suffers oxidation) outside UHV conditions. So far the ability to prepare oxygen- and carbon-
free Si surfaces uniformly terminated with —NH functionalities by wet chemistry methods has
remained elusive.

On the other hand, high quality H-terminated Si surfaces can be prepared by wet chemistry
methods and are stable for some time under ambient conditions. Recent detailed vibrational and
mechanistic computational studies by Dai et al. indicated that H-terminated Si(111) surfaces can
react with gas-phase ammonia''>. The thermal reaction becomes rather complex at elevated
temperatures due to N insertion into Si-Si bonds. This reaction was shown to depend on surface
morphology, with ammonia reacting first with steps then atomically flat H-Si(111) terraces.
Exposing H-terminated Si(111) surfaces to gas phase ammonia led to the formation of Si-NH, at
first at 350°C, then with temperature increasing to 400°C the N atom inserted into Si-Si
framework to produce a (N4)Si-NH, layer.

Recently, Tian et al. suggested that immersion of Cl-terminated Si surfaces in an ammonia-
saturated THF solution at RT leads to amine attachment on Cl-terminated surfaces. This work
raises interesting questions on the nature (NH vs. NH,) and structure (Si-NHy vs. Si-NH-Si) of
the bonded NHy species.1 13,114

We note however that experimental evidence for amine termination of CI/Si surfaces in NHj
vapor has been questioned by Lange et al. ', Total-energy calculations show that the primary
amine formation as suggested by Finstad et al.''® is endothermic. Interestingly, the formation of
an ionic complex at the surface was found to be more stable than the desorption of HCI (see
figure 8).

Figure 8: The primary amine (left hand) appears to be less stable than an ionic
complex of the amine and HCI at the surface (right hand). Si: blue, H: white, N:
purple, Cl: yellow.
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3.3. Nanopatterning of Si(111) as a selective surface-chemistry route
3.3.1. Grafting 1/3 ML methoxy on H/Si

The ability to nanopattern H-terminated Si(111) surfaces is based on the observation that
immersion of H-terminated Si surfaces in alcohols leads to the attachment of alkoxy groups as
replacement of hydrogen, such as methoxy for methanol, linked by Si—O—C bonds. The reaction
can be thermally ''"''® or photochemically induced **''’, but has also been observed to take
place at room temperature after long immersion times (2—3 days), clearly ruling out the need for
radical formation.'”® In general, the preparation of monolayers linked via Si-O—C bonds to Si
surfaces has typically been achieved under mild conditions, although the reaction is never
complete (i.e. not all hydrogen atoms are removed) and is often associated with some partial
oxidation (from remnant water molecule impurities in solution).

As recently suggested by Shirahata using contact angle measurements ', even long-chain

alcohols can be grafted at 40°C, conditions under which alkenes cannot be attached. The use of
such mild conditions ensures that the functional groups of the grafted molecules remain intact.'*!
Alternatively, Zhu developed a two-step method to graft long-chain alcohols at 70°C, involving
an interlr?zediate Si—Cl surface ¥, and extended this approach to attach polyethylene glycol
species.

In most of these studies performed over the last decade, there is typically a small amount of
interface oxide generated during the reaction as revealed by XPS or FT-IR spectroscopic
studies.®*!** Furthermore, AFM investigations have also shown that pitting occurs on initially
flat H-terminated Si(111) surfaces during the grafting of alcohol species in addition to some
partial oxidation."'”'** In some cases, however, the grafting is achieved without oxidation. For
instance, a high quality monolayer of 1-decanol has been successfully grafted on Si(111) without
any detectable SiO; at the interface.'?"'%

In general, the observation of these two types of defects, oxidation and pitting, has undermined
the interest of grafting alcohols on Si surfaces. Pitting can be partially understood by invoking
mechanisms proposed to address thermal grafting on porous Si points, such as Si—Si bond
breaking during reaction with alcohols with subsequent etching of Si.'*® Oxidation, on the other
hand, is most likely caused by trace amounts of water in the alcohol solution, due to the high
affinity of water for the OH group of alcohols (which is not the case for alkene molecules, for
instance).

To reduce the concentration of unwanted water, Boukherroub et al. suggested adding
chlorotrimethylsilane to the reaction mixture to scavenge undesirable nucleophiles during wet
chemical modification of Si(111)-H."” The use of highly anhydrous chemicals was also
attempted, but until recently, some oxidation of the Si could not be avoided during methanol
reaction with H-terminated Si surfaces, even though the majority of the surface could clearly be
perfectly methoxylated.'2*-!20-128

The recent finding that immersion of H-terminated Si(111) surfaces in neat anhydrous methanol
at 65°C inside a nitrogen purged glove box leads to the formation of oxide-free methoxy-
terminated surfaces '®'” confirms the role of traces of water in oxidizing the surface during
alcohol reactions and highlights the importance of moderately elevated temperatures to reduce
such water contamination. Processing at this temperature also brings an unexpected result,
namely, that only 1/3 of a monolayer can be reacted, the other 2/3 of the surface remaining H-
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terminated. The resulting surface is nanopatterned, i.e. composed of methoxy centers surrounded
by six surface Si—H (see figure 9).

Figure 9: Top-view of the Si(111) surface with a periodic coverage of 1/3 ML
methoxy- and 2/3 ML H-termination. In the structure of the nanopattern, every
methoxy group is surrounded by six Si-H groups (green ring) standing as nearest
neigbhors (NN) and six methoxy groups (red ring) standing as next nearest
neighbors (NNN). Si: blue, H: white, C: black, O: red.

The fact that the surface remains atomically flat and oxide-free after methoxylation provides a
very special template for subsequent chemical reactions. It is therefore important to understand
how and why this nanostructure is formed. Indeed, even if the reaction of next nearest neighbors
(NNNs) is preferred, random nucleation would lead to a more disordered pattern due to a high
concentration of grain boundaries between locally nanopatterned domains. That is, why the
existence of a nanopattern containing precisely 1/3 ML methoxy and 2/3 ML H-termination with
all methoxy groups as NNN can so far not be explained if only thermodynamics is taken into
account.

Part of the understanding comes from statistical analyses of the system, and part from the fact
that the process is dynamic, i.e. there is both chemisorption and removal of methoxy during the
grafting process (figure 10).' Critical to this analysis is the realization that methanol
decomposes at elevated temperatures with associated production of hydrogen gas. The
concentration of this gas becomes an important element for surface reaction and need to be
included in the calculations. If one assumes a flat, i.e., stoichiometric, H/Si(111):(1x1) surface in
the presence of methanol and hydrogen, the grand canonical potential depends on both the
chemical potential (concentration) of methanol and the chemical potential of hydrogen. Figure
11 shows the resulting phase diagrams of the thermodynamically stable OCHj-terminated
Si(111) surface configurations after the reaction of methanol with the H-terminated Si as a
function of methanol and hydrogen chemical potentials (concentrations) calculated at T = 65 °C,
respectively. At that temperature, several phases are thermodynamically favorable, each
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depending on both the chemical potential of methanol and the chemical potential of hydrogen as
illustrated in figure 11.

Figure 10: Left hand: Reaction mechanisms for adsorption and desorption.
Methanol or hydrogen molecule attaches, interacts and is attached while the other
one leaves the surface. Right hand: Calculated energy barriers of the adsorption /
desorption reaction of methanol with the H-terminated Si(111) surface as a
function of the number of methoxy groups as NN. Si: blue, H: white, C: black, O:
red.

Figure 11: Left hand: Phase diagram of the thermodynamically stable Si(111)
surface configurations after the reaction of methanol with the H-terminated Si(111)
as a function of the methanol and hydrogen chemical potentials calculated at T =
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65 °C, respectively. Each color represents one of the configurations shown on the
right hand side: white for the H-terminated Si(111) surface; blue for the five
methoxy groups arranged as a five on a dice; green for the six methoxy groups
arranged as a ring; yellow for the fully methoxy-terminated Si(111) surface. The
configurations are presented as top views on the unit cell of the H-terminated
Si(111) surface with red stars representing the position of methoxy groups.

H-terminated Si(111) surfaces can be reacted with methanol in a temperature-window between ~
60-120°C. The lower T-limit is dictated by the kinetic reaction barrier, the upper limit given by
the decomposition temperature of methanol. Within this temperature range, a coverage between
1/3 ML and 2/3 ML can be achieved, with 1/3 ML established at ~60°C and 2/3 ML at 120°C.
Importantly within this range, the H, concentration increases with temperature, thus enhancing
the back reaction and leading to a dynamic adsorption and desorption mechanism. The
observation of a higher methoxy coverage at high temperatures (e.g. 2/3 ML at 120°C) suggests
that it is not the thermodynamic ground state but the kinetic ground state that controls the surface
coverage, and the ultimate arrangement at the surface. Since desorption of NN methoxy is
enhanced and reaction of NNN sites is favored, the surface can self-organize itself into a
nanopattern as observed.'?

3.3.1. Activating this nanopatterned, oxide-free surface

Immersion of such a 1/3 methoxylated and 2/3 H-terminated surface in HF produces a F-
terminated surface (see figure 12), in a way that each methoxy group is replaced by fluorine,
with no changes in the surrounding Si—H groups and no attack of Si—Si bonds (i.e., no pitting).
The surface remains atomically flat. 1

Once F-terminated, the surface can be OH-terminated by simple immersion in water (see figure
12). Again, only the Si—F bonds are attacked, not the surrounding Si—H groups or the Si—Si back-
bonds. The process can be repeated multiple times, resulting in F-termination after immersion in
HF and OH-termination after immersion in water, without affecting the 2/3 ML H-termination."

Figure 12: Overview of the chemical reactions described above. From an
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atomically smooth H-terminated surface (upper left), a partial coverage of methoxy
groups can be made (upper right), which serves as a nano-template for further snap
chemistry to form Si—F (lower right), Si-OH (lower left) or Si—-OR groups. Si:
blue, H: white, C: black, O: red, F: yellow.

The formation of a partially hydroxylated surface on an otherwise oxide-free surface opens up a
host of possibilities, in particular for atomic layer deposition of high and low k dielectrics. For
instance, HfO, and dimethyl-SiH have thus been deposited on oxide-free Si surfaces."’

In general, the presence of isolated OH groups on an otherwise hydrophobic (H-terminated)
surface is of great value to attach molecules that usually could only be grafted to oxidized
surfaces in the past, which is of interest for silicon-based biosensors, for instance.

3.4. Reactions on activated oxide-free Si(111) surfaces
3.4.1. Phosphonation

Activation remains difficult for some important molecules such as phosphonic acids, and
therefore constitutes a roadblock for the development of a large variety of important industrial
processes and devices. **'*! Among the different molecules used for SiO, chemisorption, silanes
are the most popular and usually form a well-defined, densely packed SAM at RT but are highly
reactive with water and with themselves, in particularly in the case of trichlorosilanes, and
require therefore careful handling."**'** Unlike silanes, phosphonic acids do not suffer from
homocondensation and can attach to oxide surfaces initially weakly through hydrogen bonding
(well-ordered physisorbed layer), and then chemically as monodentate, bidentate, tridentate, or a
mixture of these configurations.'?%'3*142

In general, hydrogen bonding, and to a lesser extent the oxidation state of the surface Si atom,
stabilize OH-terminated SiO, surfaces, and increase the reaction barrier, rendering them
unfavorable for phosphonic acid chemisorption. The use of 1/3 ML OH nanopatterned Si(111)
surfaces has provided insight into the nature of surface OH groups by showing that removing H-
bonding and reducing the Si oxidation states leads to a fast reaction of phosphonic acid
molecules on oxide-free Si at RT. Furthermore, the large distance between the OH groups forces
in this case a mono-dentate configuration (see figure 13, left hand), which has important
implications for the stability of the surface, as discussed next. '**

Indeed, in this mono-dentate configuration, water molecules can be trapped between phosphonic
acid molecules at the 1/3 ML MPA and 2/3 ML H-terminated Si(111) interface (see figure 13,
right hand). The presence of these water molecules, locked in by H-bonding to P-OH and P=0,
prevents other water molecules from hydrolyzing the Si-O-P bond. Interestingly, these water
molecules do not affect the electronic quality of the Si/SAM interface. In comparison to purely
H-terminated Si(111) surfaces, the 1/3 ML MPA, 2/3 ML H-terminated Si(111) surfaces
maintain their PL yield for long times (>> 5 hours). In general, the stability of long chain SAMs
has been understood in the past by the reduction of the interface ion transport. In this case, the
incorporation and locking of water molecules at the interface leads to stability in aqueous
solutions, representing a new mechanism for the stability of phosphonic acids grafted on Si.
Thus, this model surface has made it possible to derive a detailed bonding structure and
properties of phosphonic acids on Si and can be used as guide for characterization in future work
and for a host of applications.
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Figure 13: Location of water molecules in 1/3 ML MPA and 2/3 ML H-terminated
Si(111) surface. Top and side view of 1/3 ML MPA and 2/3 ML H-terminated
Si(111) surface with position of water molecules calculated to be in bridge
positions. Si: blue, H: white, C: black, O: red, P: green.

3.4.2. Metal-hydroxides

Phosphonic acids readily attach in a variety of configurations to metal and metal oxide substrates
such as magnesium, 1% aluminum, 3511146147 G SIOIBIIDIBIAE50 oo iy, 130.133,134.151-
156 zirconium,15 LIs4 hafnium, iron, nickel, zinc,m’15 7,158 copper, silver, and gold,m’15 ? and to I1I-
V semiconductors like GaAs, InP and also light metal alloys such as AZ31.'®

Attachment of the acids to surfaces takes place through a condensation reaction with surface OH
groups'*'®" and has been shown to be more reactive towards OH groups on metal oxide than on
Si0O, surfaces.'*'® Furthermore, phosphonic acid monolayers attached to SiO, surfaces suffer
from interface-water instability, which hinders their use and applications based on SiO,
surfaces. %1451 1y contrast, the facile grafting of phosphonic acid SAMs on aluminum oxide
and the outstanding stability of their interface have been demonstrated,'?*!3%-142:146.164

Recent findings suggest that the local atomic structure of the aluminum oxide surface is
important for the stability of phosphonic acid SAMs in water, with three parameters dominating
the process: 1) the interfacial bonding type, ii) the adsorption free energy in the presence of
water, and iii) the local atomic geometry. Consequently, the geometry of aluminum oxide
surfaces needs to be taken into account.

Combining these ideas, it was recently shown that metal salts could be used to conformally coat
Si0; surfaces with the goal of enhancing the bonding and stability of phosphonic acid SAMs.
Such thin coatings of metal oxides had previously been prepared by vapor phase methods such as
ALD. The use of solution phase chemistry based on aqueous salt solutions makes the method
simpler and more applicable for many applications. The wet chemical approach is all the more
attractive that the deposition was shown to be controllable down to the submonolayer level.
Furthermore, facile grafting of phosphonic acid molecules was demonstrated, with good stability
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in aqueous solutions.

Molecular binding of ODPA to a surface appears to be highly dependent on the distance between
the phosphorus atom and the underlying metal ion. Hector et al.'®® established in 2001 for
instance, in a first-principles study, that the distance between the phosphorous in the phosphonic
acid head group and the underlying aluminum ion is a crucial parameter controlling the stability
of the binding geometry. By studying different binding geometries of vinylphosphonic acid on
Al,03(0001), they found the tridentate model most stable because it has the largest distance
between P and Al, compared to the other model geometries.

Figure 14 depicts for instance all possible triangular adsorption sites on the fully hydroxylated
Al,O3(0001) surface, which correspond to the thermodynamic ground states of aluminum oxide
in water.'® The tridentate adsorption of phosphonic acids is only possible on the adsorption sites
A and B, mostly because of their distance to the underlying metal ion. On the adsorption sites C
and D, the bidentate is the thermodynamic ground state. The tridentate phosphonates have the
shortest P--Al distance in comparison to bi- and mono-dentates, and thus the highest repulsive
interaction.'®®

Figure 14: Fully hydroxylated Al,O3(0001) surface with all possible triangular
adsorption sites.

In order to gain a more detailed understanding of phosphonate bonding at surfaces, use of the
model surface was made by treating the 1/3 ML OH-terminated surface guided by the newly
developed wet chemical approach (i.e. ~ 1 min in a AlCl; salt solution). On this surface, every
Si-OH group is grafted with Al(OH); to form isolated Si-O-Al(OH); units, i.e. separated by 3.9
A which is too far to present a dense matrix for phosphonic acid adsorption. Again, the model
surface is ideal to explore the bonding of a phosphonic acid molecule on a single Al atom.

Starting from the lowest energy adsorption configuration of a 1/3 ML Al-(OH), and 2/3 ML H-
terminated Si(111) on the H/Si(111):(1x1) surface unit cell, the reaction pathway of a
heterocondensation was examined theoretically, as illustrated in figure 15. The corresponding
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lowest energy structures obtained from various starting geometries for the respective coverage on
the surface are shown in figure 15, including the physisorption state (left), the intermediate
monodentate state (middle) and the final bidentate state (right). Importantly, the tridentate state
of phosphonic acids is found not to be stable on the 1/3 ML Al-(OH), and 2/3 ML H-terminated
Si(111) model surface. The main reason is the short distance to the underlying metal ion leading
to strong repulsive interactions. This distance is decreasing from 4.8 A ( physisorbed), to 3.0 A (
monodentate), to 2.5 A ( bidentate).

Figure 15: Calculated configurations obtained as MPA is approaching an isolated
Si-O-Al(OH),. Note that two water molecules are eliminated during this
heterocondensation reaction.

The tridentate adsorption can therefore only be achieved if two distinct Al atoms are involved, as
described in detail in the case of the Al,O3(0001) surface (figure 14). The model surface has
therefore made it possible to gain unprecedented insight into the fundamentals of phosphonate
adsorption.'®’

With this knowledge, the wet chemical method presented above can help bring phosphonic acids
into industrial applications. This is important as phosphonic acids are promising for
manufacturing ultralow voltage organic TFT on delicate substrates, such as banknotes.'**'®”

4. Concluding remarks and outlook

In this review, a case was made for functionalizing oxide-free Si surfaces. Indirect and direct
substitution methods were described and briefly summarized. More emphasis was placed on
direct substitution by methanol as a starting point because of the formation of a nanopatterned
surface on atomically flat Si(111) surfaces.

This interesting chemically patterned surface was shown to be easily functionalized, making it
possible to explore surface chemistry in some detail. As an example, phosphonation of oxide-
free surfaces with isolated OH groups was described both on the OH groups and after metal
oxide modification of the OH groups with metal salts. It was shown in particular that the
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fundamentals of phosphonate adsorption could be unraveled by understanding and controlling
the formation of mono-, bi- and tri-dentate adsorption.

Overall, this work presents a platform for further investigations into two fruitful directions. First,
the direct modification of H/Si surfaces with alcohols should be pursued by considering 1) other
Si faces, notably Si(100) that displays a very interesting nanostructure and ii) longer chain
alcohols or acids to determine whether and what type of chemical nanostructuring can also be
achieved. Second, the functionalization of isolated OH groups with metals other than aluminum
should be explored by determining the conditions (notably pH) for grafting other metals. Recent
experiments, for instance, have shown that magnesium oxide cannot adsorb onto SiO, surfaces in
neutral or acidic solutions. However, in a basic pH solution, the magnesium ion coordinates with
hydroxide ions and the thermodynamics of this complex favors deposition and crystallization.

Metallic transformation of OH-terminated surfaces is promising because a variety of metals is
used in alloy manufacturing. The most common are iron, aluminum, magnesium, zinc,
manganese, copper, chromium, nickel and molybdenum. An interesting question will be if any
other metals or alloys could reduce the repulsive interaction of phosphonic acids to the
underlying metal ion. Beyond the grafting of phosphonates, other metals may also foster grafting
of other groups like carboxylates and silanes.

In general, the attachment of organic molecules can be optimized by selection of the proper
metal oxide. Therefore, control of metal oxide composition and coverage may be particularly
useful for complex applications. For example, MOFs are difficult to grow epitaxially on any
substrate, despite their fascinating properties and many potential applications like chemical
sensors, filters, gas storage, smart membranes' . Up to now, there are three known wet chemical
methods to fabricate so called surface MOFs, or SURMOFs: (1) direct deposition from mother
solution, (2) assembly of preformed, size- and shape-selected nanocrystals and (3) stepwise LBL
deposition.'”""™ The controlled deposition of low coverage and well-structured metals on
silicon, combined with tunable chemical functionality, will therefore play a key-role in the
epitaxial growth of MOFs.
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