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1. Introduction
 Self-assembling, in which minute elements such as atoms, molecules and clusters are spontaneously organized 
into an ordered array of the elements, is a key process of the bottom-up nanotechnology [1-4]. One of the promising 
material processes on the basis of self-assembly is the fabrication of organic thin films with a monomolecular thickness. 
Although, it has been well-known that some types of organic molecules adsorb on a particular substrate and form 
a monolayer since several tens of years ago [5-7], such types of organic monolayers have recently named as self-
assembled monolayers (SAMs). As schematically illustrated in Fig. 1, when a particular substrate is immersed in a 
solution of precursor molecules which have a chemical reactivity to the substrate surface, the molecules chemisorb on 
the surface with their reactive sites being faced to the surface. Most of the SAM precursors have a long alkyl chain or an 
aromatic ring so that some types of intermolecular interactions, e.g., van der Waals, hydrophobic and π-electron interac-
tions, work between the chemisorbed molecules. Consequently, the molecules are attracted each other so as to be closely 
packed and to form a thin and uniform film with a monomolecular thickness. Due to immobilization of the molecules 
to the substrate through chemical bondings and the presence of intermolecular attractive interactions, SAMs are more 
stable mechanically, chemically and thermodynamically compared with similar monolayers fabricated by the Langmuir-
Blodgett technique.
 Once a SAM is formed on a substrate, its surface is entirely covered with organic molecules. Since there is 
no room on the surface to be further adsorbed with molecules, the SAM growth stops automatically at this stage. 
The thickness of the SAM is determined with the length of the precursor molecules and an adsorption angle of the 
molecules. There is no need for the precise control of process conditions in order to fabricate molecular-level ultrathin 
films with their thicknesses in the range of 1 ~ 2 nm. Besides thickness, the presence of a SAM on a substrate alters 
surface physical and chemical properties being markedly different from those of the bare substrate. 
 However, the formation of SAMs depends on unique chemical reactions between a substrate and organic 
molecules. Hence, specific pairs of a substrate and a precursor are required to fabricate SAMs. Typical examples for 
these SAM formation pairs are summarized in Table 1. Among various materials, Si is most important in micro ~ nano 
electronics and mechatronics. Thus, SAMs on Si are of special interest in order to integrate Si micro ~ nanodevices with 
organic molecules. As described in Section 2, there have been two major methods preparing SAMs on Si. 
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Figure 1. Preparation procedure for self-assembled monolayer (SAM).
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Table 1 Pairs of precursors and substrates.

Precursor Molecules Substrate Materials

Organosulfurs
 alkylthiol; R-SH
 dialkyldisulfide; RS-SR’
 thioisocyanide; R-SCN
 etc.

Metals/Compound Semiconductors
 Au, Ag, Cu, Pt, Pd, Hg, Fe, GaAs, InP

Fatty acid
 R-COOH

Oxide
 Al2O3, AgO, CuO

Phosphonic acid
 R-PO3H2

Oxide
 ZrO2, TiO2, Al2O3, Ta2O5, etc.

Organosilanes;
 R-SiX3 (X = Cl, OCH3, OC2H5)

Oxide
glass, mica, SiO2, SnO2, GeO2, ZrO2, TiO2, 
Al2O3, ITO, PZT, etc.

Unsaturated hydrocarbons
 alkene, alkyne; R-CH=CH2, R-C≡H
Alchols, Aldehydes
 R-OH, R-CHO

Silicon
 hydrogen-terminated Si; Si-H
 halogen-terminated Si; Si-X (X=Cl, Br, I)

2. Self-Assembled Monolayers on Si
2.1. SAM Formation on Oxide-Covered Si through the Silane Coupling Chemistry
 A molecule consisting of one Si atom connected with four functional groups, SiX4, is named as “silane”. A 
molecule in which at least one of these four functional groups are substituted with organic functional groups, that is, 
SiRnX4-n, is organosilane. Organosilane molecules react with hydroxyl groups on an oxide surface so as to be fixed on 
the surface as illustrated in Fig. 2. This surface modification chemistry has been practically used as the silane coupling 
reaction for preparing organic layers on inorganic materials surfaces [8]. Sagiv and co-workers have reported, for the 
first time, that SAMs could be formed from organosilane molecules with one long alkyl chain in each of the molecules 
[9,10]. On a Si substrate, such a SAM can be formed as well by covering the substrate with its oxide. 
 As shown in Fig. 2, a trace amount of water is necessary to form organosilane SAMs. Halogen or alcohoxy 
groups in an organosilane molecule are converted to hydroxyl (-OH) groups by hydrolysis. Dehydration reaction 

Figure 2. Organosilane SAMs.
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between these silanol (Si-OH) sites in the molecule with -OH groups on the surface oxide of a Si substrate immobilizes 
the molecules on the oxide through siloxane (Si-O-Si) bonds.
 There are three types of organosilane precursor molecules which have one, two or three reactive sites. When a 
SAM is formed from organosilane molecules with a single reactive site, the molecular density assembled into the SAM 
remains to be relatively low due to steric hindrance between methyl (-CH3) groups of adjacent molecules. On the other 
hand, when a SAM is formed from organosilane molecules each of which has three reactive sites, its growth behavior is 
complicated somewhat. Since two Si-OH groups remain in the organosilane molecule after that is immobilized on the 
substrate, the molecule is further linked with adjacent organosilane molecules through Si-O-Si bonds as illustrated in 
Fig. 3. This type of organosilane SAM is more closely packed and stable mechanically, chemically and thermally due to 
the siloxane network laterally connecting molecules in the SAM in addition to the chemical attachment to the substrate. 

2.2. SAMs directly bonded to Si
 　If a SAM can be formed on a semiconductor surface, it is expected to be a springboard for integrating 
functionalities of semiconductors and organic molecules. Although, the silane-coupling method described in Section 
2.1. is powerful and indispensable for the preparation of SAMs on Si, the organosilane SAMs have a disadvantage from 
the viewpoint of electronic applications. Such SAMs require the presence of a thin oxide layer, namely, a very good 
insulator, of 1 ~ 2 nm in thickness at least on Si substrates. Therefore, in this case, we can utilize electronic functions of 
the SAMs only in the situation inserting the insulator between SAM and Si. An alternative technology is needed in order 
to form SAMs on Si without its surface oxide.
 Such a process technique has been reported in 1993 by Linford and Chidsey [11] and, thereafter, extended 
markedly by them and other researchers [12]. In general, Si radicals are first formed by extracting hydrogen atoms 
from a hydrogen-terminated Si surface or halogen atoms from a halogen-terminated Si surface, usually by the use of a 
reaction initiator, thermal excitation or photo irradiation. Some types of organic molecules are covalently immobilized 
on Si through a reaction with the Si radicals. As shown in Fig. 4, for example, an 1-alkene molecule reacts with a mono-
hydrated Si(111) surface and is connected to the surface through a Si-C bond. The remained C radical extracts a H atom 
from an adjacent Si-H resulting in the formation of a Si radical again. The chain reaction proceeds by repeating these 
reactions. Steric hindrance between the organic molecules limits the replacement degree of H with R to be about 50% at 
most [13].
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Figure 3. SAM formation from tri-functional organosilane molecules.

Figure 4. SAM formation on Si through the radical reaction.
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3. Vapor phase growth of organosilane SAM
3.1. SAM formation at the vapor/solid interface

Organosilane SAMs are formed on OH-bearing oxide surfaces through the chemical reaction of organosilane 
molecules with the OH sites. The SAMs were usually prepared at the liquid/solid interface by simply immersing a 
substrate in a solution of precursor molecules [10,14]. Besides this liquid phase process, the vapor phase process [15-24] 
is also promising particularly because it has no need for the use of a large amount of solvents which are necessary in 
the liquid phase processes. Furthermore, particulate deposits of aggregated organosilane molecules, which frequently 
degrades the quality of the SAMs, is expected to be fewer in the vapor phase method than in the liquid phase method, 
since such aggregated molecules have lower vapor pressures and are rarely vaporized. Thus, the vapor phase method 
is considered to be practically convenient, although the method is not widely applicable at present since it depends 
whether a precursor can vaporize or not, and the molecular ordering of vapor-grown SAMs is inferior to that of liquid-
grown SAMs [23]. 

3.2. Preparation procedure
 Organosilane SAMs were formed through a simple method described as follows [21]. Here, we demonstrate 
results on three types of precursors, that is, n-octadecyltrimethoxysilane [ODS: H3C(CH2)17Si(OCH3)3], n-(6-
aminohexyl)aminopropyltrimethoxysilane [AHAPS: H2N(CH2)6NH(CH2)3Si(OCH3)3], and fluoroalkylsilane (FAS), 
heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane [F3C(CF2)7(CH2) 2Si(OCH3)3]. The chemical structures 
of these precursors and their corresponding SAMs are shown in Fig. 11. A photocleaned SiO2/Si plate was placed 
together with a glass cup filled with organosilane liquid into a Teflon™ container. When ODS and FAS were employed, 
the container was sealed with a cap and placed in an oven maintained at 150 ˚C. In the case of AHAPS, organosilane 
liquid diluted with toluene under dry N2 atmosphere in order to avoid gelation of AHAPS through polymerization. A 
lower temperature of 100 ˚C was employed for AHAPS in order to minimize polymerization of AHAPS in toluene. 
Subsequently each of the samples treated with AHAPS were sonicated for 20 min with successive in dehydrate ethanol 
and dehydrate toluene. Then, the samples were further sonicated in NaOH (1 mM) and HNO3 (1 mM) in order to 
remove excessively adsorbed AHAPS molecules. Finally, the samples were rinsed with Milli-Q water and were blown 
dry with a N2 gas stream. 

3.3. Vapor-grown organosilane SAMs
 Organosilane molecules in a vapor or liquid phase react with OH groups on an oxide surface resulting in the 
formation of a SAM as illustrated in Fig. 3. Figures 5A and 5B follow the formation of ODS-, FAS- and AHAPS-SAMs. 
When a SiO2/Si substrate is treated with ODS or FAS, it becomes hydrophobic as shown in Fig. 2. The water contact 
angles of the ODS and FAS-treated substrates increased with an increase in reaction time at the initial stage. However, 
they hardly increased even when the process had been prolonged longer than 3 and 1 hours, in the cases of ODS and 
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FAS-treated substrates, respectively. The water contact angles of the ODS and FAS-treated substrates reached 105˚ and 
112˚, respectively. XPS-C1s spectra of the deposited films are shown in Fig. 7. The spectrum of the film prepared from 
ODS (Fig. 7A) consists almost of a single peak centered at 285.0 eV, indicating that a hydrocarbon film corresponding 
to its precursor was formed. On the other hand, the spectrum of the film prepared from FAS (Fig. 7B) could be resolved 
into 6 features, centered at binding energies of 283.5-283.6, 285.0, 286.6-286.7, 290.5, 291.7-291.9 and 294.1 eV. These 
components correspond to Si-C, C-C, C-O, -CF2-CH2-, -CF2-CF2- and CF3-CF2- groups, respectively. The film deposited 
form FAS is a fluorocarbon film which is more hydrophobic than the hydrocarbon film.
 As clearly demonstrated in Fig. 6B, that is a graph of the films’ thicknesses as estimated by ellipsometry, the 
thicknesses of the ODS and FAS films increase and stop to increase similarly. A film of 2 nm thick was grown on the 
ODS-treated substrate at a reaction time of longer than 3 hours, while a film of 1.1 nm thick was formed on the substrate 
treated with FAS for longer than 1 hour. These thicknesses of the deposited films are shorter than the lengths of the 
corresponding precursor molecules; Those are 2.35 and 1.34 nm for ODS and FAS, respectively. The both deposited 
films are thus considered to be monomolecular layers composed of packed molecules inclined more than 30˚ to normal. 
ODS has a vapor pressure of 2 Torr at 150 ˚C, while FAS’s vapor pressure is 1 Torr at 86 ˚C. Thus, FAS is expected to 
show a higher vapor pressure than ODS at our preparation temperature of 150 ˚C. This is the reason why ODS took a 
longer time to form a monolayer than FAS did.
 Besides ODS and FAS, AHAPS forms a monolayer as well. Its thicknesses reach 1.3 nm at a reaction time of 1 
hour and remained unchanged even when the reaction time was extended up to 5 h. However, unlike the other SAMs 
prepared from ODS and FAS, the AHAPS-SAM formation was not reproducible when it was conducted without the 
sonication in the organic solvents and in the ionic solutions. Since an amino group in the aminosilane molecule, that is, 
-NH2 or –NH-, may form a hydrogen or ionic bond with a methoxysilane group or its hydrolysis form, that is, SiOCH3 
or SiOH, respectively, in another aminosilane molecule, AHAPS molecules are thought to form aggregates and to be 
further adsorbed on the AHAPS-SAM surface. Indeed, thicknesses of the AHAPS deposits prior to the sonication were 
sometimes 2~3 times greater than the true thickness of the AHAPS-SAM. A considerable amount of AHAPS molecules 
were thought to be adsorbed on the SAM surface. The thickness of the AHAPS-SAM, that is, 1.3 nm, is slightly smaller 
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Figure 6. Organosilane SAMs grown by the vapor phase method. A) Thickness, B) 
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than the calculated molecular length of 1.48 nm. The adsorbed AHAPS molecules formed a monolayer but probably 
inclined about 25˚ to normal. Although simply physisorbed AHAPS molecules can be removed by the sonication in 
the organic solvents, the chemisorbed AHAPS molecules through hydrogen and ionic bondings still remain. This is the 
reason why the sonication in the ionic solutions was needed. 
 Water-contact angles of the AHAPS-treated substrates also increased with the reaction time, as indicated by open 
triangles in Fig. 6A. The atomic ratio of nitrogen to carbon (N/C) of the AHAPS-SAM was estimated to be about 0.17 
from its XPS. This is slightly smaller than that of the chemical formula of AHAPS molecule (N/C = 0.19) probably 
due to adventitious carbon contaminants on its surface. As shown in Fig. 8, an N1s XPS peak consists of at least two 
chemical components with binding energies at 399.6 and 400.9 eV. The former is assigned to –NH- and -NH2 groups 
while the later corresponds to the protonated amino groups. The AHAPS-SAM is found to be protonated partially, 
probably due to washing in the acidic solution in the preparation process.
 Figure 6C depicts the variation in ζ-potentials of the ODS-SAM (open circle), FAS-SAM (open square), AHAPS-
SAM (open triangle) covered, and uncovered SiO2/Si substrates (closed circle). These ζ-potentials were measured at a 
temperature of 298 K by the use of an electrophoretic light scattering spectrophotometer as described in detail elsewhere 
[25]. A solution containing 1 mM-KCl as supporting electrolyte was used, adjusting its pH over the range of 3–11 by 
adding HCl or NaOH. Each ζ-potential was estimated from the average of the values measured three times. The error 
of the ζ-potentials was about ±5 mV. In the pH range of 3 to 11, the SiO2/Si substrate shows negative ζ-potentials of ca. 
25 to 82 mV due to partial ionization of the surface silanol groups (SiOH) to –SiO-, similar to silica particles [26.27]. 
Although there are no isoelectric point (IEP) in this pH range, by extrapolating the potential curve, the IEP of the SiO2/
Si substrate is estimated to be pH 2.0 coinciding with the reported IEP of silica [28].
 The pH dependence of the ζ-potentials for the ODS and FAS-SAM on the SiO2/Si substrates is significantly 
different from those of the naked SiO2/Si substrate. These ζ-potential vs. pH curves are nearly identical in shape and 
magnitude in the entire pH range. From the potential curves, the negative ζ-potentials of the ODS and FAS-SAM 
covered samples are approximately 35 ~ 65 % lower in magnitude than those of the naked SiO2/Si substrate. This is 
attributable to the reduction of the number of silanol groups on the SiO2/Si surface since they are consumed through the 
covalently bonding at the SAM-SiO2/Si interface. Furthermore, the IEPs of the ODS and FAS-SAM covered samples 
are estimated to be pH 3.5 ~ 4.0. This IEP value is higher than the IEP of the naked SiO2/Si substrate, that is, pH 2.0, 
and are almost same with IEPs of polyethylene and polytetrafluoroethylene plates, whose surfaces are terminated with 
-CH2- and -CF2- groups, respectively [27]. On the other hand, the AHAPS-SAM covered sample shows an IEP of pH 7.5 
~ 8.0. Its ζ-potentials are positive below pH 7.0. Under such acidic conditions, amino groups on the AHAPS-SAM are 
considered to be protonated to –NH3

+. On the contrary, under basic conditions, the amino groups are probably converted 
to –NH- or –NH3O

- due to deprotonatiton or attachment of hydroxyl anions, resulting in large negative ζ-potentials as 
shown in Fig. 6C.

4. SAMs covalently bonded on Si
4.1. Chemical reactions of hydrogen-terminated Si surface
 As described in Section 2.2., SAMs covalently bonded to bulk Si can be formed on the basis of chemical 
reactions of hydrogen-terminated Si (Si-H) surfaces with some types of organic molecules. Thermal activation, by 
which Si-H bonds on a substrate surface are thermally excited and dissociated typically at a temperature higher than 
100 °C, are most commonly employed [29]. Si radicals, that is, dangling bonds, are consequently formed on the surface 
so as to act as reaction sites with organic molecules. In addition to molecules containing a carbon-carbon double or 
triple bond such as alkenes and alkynes [29,30], primary alcohol and aldehyde molecules are reported to react as well 
resulting in the formation of SAMs with Si-O-R forms [31].
 Besides the thermal method, photoactivation of Si-H by irradiating with ultraviolet (UV) light less than 400 
nm in wavelength has been successfully applied to form SAMs from alkenes, aldehydes and so forth [32-34]. This 
photochemical process has some advantages over the thermal process. One is that the photoprocess can be conducted 
at room temperature. Thus, the method applicable to SAM formation of thermally unstable molecules. Another is the 
capability in micropatterning. SAMs were successfully grown only in a selected area on a Si surface where had been 
irradiated with UV light through a photomask [32]. Recently, a photoactivation process using visible light at 488 
nm has been employed in order to form SAMs on Si [35]. In this case, electron-hole pairs generated by excitation of 
the substrate Si are considered to promote chemical reactions, since photon energy of the visible light is too low to 
dissociate Si-H. The visible light process is certainly useful in the case of a precursor unstable with UV irradiation.

4.2. Hexadecyl and hexadecyloxy monolayers on Si
 In this section, actual examples of SAMs covalently-bonded to bulk Si are described. Cleaned Si(111) substrates 
(phosphorus-doped n-type wafers with a resisitivity of 10-50 Ωcm) were first etched in 5% HF for 5 min at room 
temperature. Next, the substrates were treated in 40% NH4F for 30 s at a temperature of 80 ˚C. Through these treat-
ments, a surface oxide on each of the Si substrates was removed and the substrate surfaces became terminated with 
hydrogen. Due to this hydrogen termination, the substrate surfaces became hydrophobic somewhat so that their water 
contact angles increased to 80 - 85° from those of before oxide etching. The surface was initially covered with hydroxyl-
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ated oxide showing a water contact angle almost 0°. Some of the Si-H substrates were treated in 1-hexadecene (C16H32) 
liquid, and the other ones were processed in a solution of 1-hexadecanol (C16H33OH) in mesitylene at a concentration 
of 10 mM. Before and throughout the reaction, a stream of nitrogen was bubbled into the liquid or the solution in order 
to purge oxygen from the entire reaction system and to suppress the Si-H surfaces being oxidized. For UV excitation, 
a super high-pressure Hg lamp was used without filtering. Thus, in addition to its main radiation peaks at 365, 405 and 
436 nm, the radiated light contains some amounts of visible light. However, as reported in Ref. 32, UV components less 
than 380 nm in wavelength plays a central role in the activation of Si-H. A white light from a Xe lamp in the wavelength 
range from 400 to 800 nm was used for experiments activated with visible light.
 As schematically illustrated in Fig. 8, the 1-alkene or primary alcohol molecules react with a Si-H surface to form 
corresponding hexadecyl (HD-SAM, Si-C16H33) or hexadecyloxy (HDO-SAM, Si-O-C16H33) monolayer, respectively. 
Table 2 summarizes water contact angles of HD- and HDO-SAM surfaces prepared by the thermal, UV and visible 
activation processes. The substrate surfaces become further hydrophobic to show water contact angles more than 105°
, since those have been terminated with methyl (-CH3) groups owing to the alkyl or alkoxy monolayer grown on each 
of the substrates. Figure 9 shows topographic images of the thermally-grown HD- and HDO-SAM surfaces acquired by 
AFM in the contact mode. Even after forming SAMs of about 2 nm thick, structures of Si(111) surface consisting of flat 
terraces separated with a monoatomic step of near 0.3 nm high are clearly retained.

Table 2 Water contact angles of HD- and HDO-SAMs.

SAM Activation Temperature Reaction time Water contact angle
HD Thermal 180 °C 2 hours 109°

UV / 660 mWcm-2 R.T. 10 hours 107°
Vis / 15 mWcm-2 R.T. 15 hours 106°

HDO Thermal 150 °C 2 hours 108°
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 As shown in Fig. 10A, an XPS-C1s spectrum for 
the HD-SAM on Si prepared by the thermal activation, 
the carbon signal corresponds to alkyl chains has been 
detected. The thickness of HD-SAM was in the range of 
2.0 ~ 2.4 nm as estimated by ellipsometry. Figure 10A 
shows XPS-Si2p spectra of HD-SAM/Si, Si-H and Si 
covered with an oxide layer of about 2 nm thick. There 
are two peaks corresponding to Si4+ (oxidized Si) and Si0 
centered near 103 and 99 eV, respectively, in the spectrum 
of the oxide-covered Si indicated by a broken curve. Such 
an oxidized Si peak is not present in the spectrum of the 
Si-H sample as indicated by a dotted curve. As confirmed 
by the spectrum of the HD-SAM sample indicated as a 
solid curve in Fig. 10B, there is no oxidized Si on this 
sample as well. This is an evidence that the monolayer is 
attached to bulk Si without an interfacial oxide layer, on 
the contrary to organosilane SAMs.
 As reported in Ref. 13, almost 50% of Si-H groups 
are considered to remain at the monolayer/Si interface. 
If these Si-H groups are exposed to air, those gradually 
dissociate and the underlying Si surface oxidizes, since 
Si-H is in a metastable state. Nevertheless, the XPS-Si2p 
spectrum of the HD-SAM sample shows the absence of 
Si oxide. This result indicates that the monolayer formed 
on Si is tightly packed and the remained Si-H groups are 
effectively shielded. It was confirmed as well that there were no Si oxide on the other SAM samples photochemically 
prepared from 1-hexadecene and thermally prepared from 1-hexadecanol shown in Table 2.

5. SAMs on Si in micro - nano patterning 
5.1. SAMs as ultra thin resist films for patterning
 For advanced applications of SAMs in microdevices with mechanical, electronic, chemical and biological 
functions, micro - nano structuring technologies for the SAMs are of primary importance [36-41]. Among various 
patterning methods, photolithography has been commonly employed, since the technique is most practical mainly due 
to its high throughput.
 Besides photolithography, other lithographic methods including electron beam irradiation [42-47], ion beam 
etching [48], neutral atomic beam exposure [49-51], X-ray lithography [52-56] have been used in order to fabricate 
micro ~ nanopatterns on various types of SAMs. Furthermore, a unique method, so-called µ-contact printing, in which 
micropatterns are printed on a solid substrate using a microstructured silicone rubber as a stamp and a solution of 
precursor molecules as an ink, has been developed and improved rapidly in recent ten years [37,38,57-60]. Another 
promising nanopatterning method is a nanolithography based on scanning probe microscopy as described in Section 5.5.

5.2. Photopatterning of organosilane SAMs
 Photopatterning of SAMs on Si was reported for the first time by the research group in Naval Research 
Laboratory, USA [36, 61-64]. They employed excimer lasers of 248 and 192 nm in wavelengths in order to induce 
particular photochemical reactions of organosilane SAMs, for example, dissociation of Si-C bonds trough excitation of 
the adjacent aromatic rings [61] as illustrated in Fig. 11A. The method has been extended to deactivation of -NH2 groups 
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and oxidation of -CH2Cl groups. We have also reported that photochemical conversion of surface SH and -SS- groups to 
SO3H groups using an excimer laser at 248 nm as illustrated in Fig. 11B [65].
 These approaches are successful for fabrication of micropatterns on organosilane SAMs, the photochemical 
reactions governing the processes depend on the particular functional groups, such as phenyl, amino and mercapto 
groups, so that the methods are not applicable generally to other organosilane monolayers, including alkylsilane and 
fluoroalkylsilane SAMs, in spite of the fact that theses SAMs are frequently used for surface modification. We have 
developed a promising way applicable to any types of organic thin films [66-72]. 
 The method is based on the use of vacuum ultra-violet (VUV) light at a wavelength of 172 nm radiation from 
an excimer lamp. Why a VUV light of 172 nm in wavelength is used? One crucial advantage is its high photon energy 
of 7.2 eV. Such high energy photons can excite a variety of organic molecules which has no photosensitivity to UV 
lights with a longer wavelength usually used in photolithography. Furthermore, the VUV light of 172 nm in wavelength 
dissociates oxygen molecules into two oxygen atoms in the singlet and triplet states, [O(1D) and O(3P), respectively] as 
described in Eq. 1 [73].

  O2 + hν → O(1D) +O(3P)   (1)

Since these oxygen atoms, particularly O(1D), have oxidative reactivities strong enough to oxidize alkyl and fluoroalkyl 
chains which are hardly decomposed by the irradiation with VUV light at 172 nm alone. VUV-micropatterning rates of 
SAMs are distinctly accelerated through the simultaneous VUV excitation of the SAMs and oxygen molecules existing 
on and around the SAM surfaces.
 Several types of excimer lamps which radiating VUV light with a shorter wavelength than 172 nm have been 
developed as well. Such short-wavelength VUV lights are more favorable for promoting surface modification reactions 
of organic monolayers, since those can induce direct excitations of C-C and C-H bonds. Nevertheless, VUV light of 
172 nm is advantageous in respect of practical applications. At 172 nm, quartz has an adequate transparency so as to 
be applicable as a material for optical parts. Quartz-made optical parts including photomasks are frequently used in 
common photolithographic processes and are readily available. This is the second advantage of VUV lithography at 172 
nm.
 As schematically illustrated in Fig. 12A, a sample (a SiO2/Si substrate covered with ODS-SAM prepared by the 
vapor phase method as described in Section 3) was micropatterned by a mask-contact photolithography. A sample being 

Figure 12. VUV lithography. A) VUV micropatterning apparatus. B)LFM image of ODS-SAM irradi-
ated for 10 min through the photomask.  C) Cross sections of LF images for the samples irradiated 

for 1, 4 and 10 min. D) Topographic AFM image of the ODS-SAM irradiated for 20 min.  
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placed with a photomask was located in a vacuum chamber of which pressure was controlled by introducing air through 
a variable leak valve. A weight, the quartz glass plate of 10 mm thick, was put on the photomask in order to attain a 
satisfactory contact between the mask and the SAM surface.
 Figure 12B shows a lateral force microscope (LFM) image of the sample irradiated for 10 min with VUV 
light through the photomask. This VUV irradiation was performed at a pressure of 10 Pa. The image consists of two 
distinct regions which are bright 5 µm × 25 µm rectangular features and a dark surrounding area. These bright features 
correspond to the VUV-irradiated regions that possess a higher friction coefficient than that of the unirradiated ODS-
SAM. Such an image contrast becomes more distinct with an increase in irradiation time. As shown in Fig. 12C, at an 
irradiation for 1 min, an LFM contrast is faint while, at irradiation periods of 4 and 10 min, the contrasts become ca. 6 
and 40 times greater, respectively. The LFM contrast became to increase unrapidly when VUV irradiation was further 
prolonged and finally became to be almost unchanged at irradiation times more than 15 min, at which ODS-SAM was 
considered to be almost removed as expected from other experimental results such as water contact angle measurements, 
X-ray photoelectron spectroscopy (XPS) and infra-red reflection absorption spectroscopy. Indeed, as confirmed by an 
topographic AFM image shown in Fig. 12D, regions VUV-irradiated for 20 min are recessed about 1.5 ~ 2.0 nm. This 
depth corresponds to the thickness of ODS-SAM. 

5.3. Photopatterning of the hexadecyloxy SAM
 The VUV-patterning method described in Section 5.2. is applicable to SAMs covalently bonded to Si as well 
[75-77]. In this section, VUV-patterning of HDO-SAM is described. First, the VUV-degradation chemistry of HDO-
SAM was studied based on XPS. Figures 13A, 13B and 13C show XPS-C1s, -O1s and -Si2p spectra, respectively, of 
the monolayer-covered Si samples prior to VUV-irradiation and VUV-irradiated for 120 and 480 s at a pressure of 103 
Pa. By the VUV-irradiation at 103 Pa for 120 s, the amount of carbon on the sample decreases. On the contrary, the 
amount of oxygen on the sample increases. As indicated in the binding energy range between 287 ~ 289 eV of the XPS-
C1s spectrum, polar functional groups containing oxygen have been formed. Accordingly, the sample surface became 
hydrophilic. Owing to the polar functional groups themselves and an increased amount of water molecules onto the 
hydrophilic surface, the O1s signal intensity increased.
 As can be seen in Fig. 13C, the XPS-Si2p spectrum of the monolayer without VUV-irradiation has only a single 
peak near 100 eV, indicating that no oxide is formed between the Si substrate and the monolayer. At the irradiation time 
of 120 s, no oxide is still present at the monolayer-substrate interface. The Si2p signal from the substrate increases, since 
the monolayer thickness has decreased. Finally, at an irradiation time of 480 s where the monolayer has been considered 
to be completely decomposed, the C1s signal further decreases. This intensity is almost equal to a C1s signal caused 
by a contamination layer which always adsorbs on the sample surface before brought into the measurement chamber 
of XPS. Thus, the alkyl part of the monolayer has been recognized to be almost removed form the substrate. It is 
noteworthy that an additional peak centered around 103 eV is appeared in the XPS-Si2p spectrum. Furthermore, the O1s 
signal increases markedly. These results indicate that silicon oxide is formed on the sample surface. The oxide thickness 
was estimated to be about 1.5 nm by ellipsometry.
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Figure 13. XPS-C1s, O1s and Si2p spectra of HDO-SAM surfaces unirradiated and 
irradiated with VUV light for 120 or 480 s.
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 Two of microfabrication processes based on VUV-photolithography and HDO-SAM are demonstrated here. As 
schematically illustrated in Fig. 14A, the monolayer was VUV-photoetched and a Si oxide layer grown in the VUV-
irradiated regions. One of these VUV-patterned samples was treated with HF. The oxide layer grown on the VUV-
irradiated region is etched, while the monolayer is resistant to HF. Thus, as illustrated in Fig. 4B, dimples are formed 
on the sample surface through the selective etching of the oxide. As shown in the AFM topographic image, the VUV-
irradiated region is distinctly depressed from the surrounding area where is covered with the monolayer. The monolayer 
has successfully worked as an etching mask. Such a resistiviy to HF etching is a characteristic feature of organic 
monolayers covalently attached to Si substrates [78], on the contrary to organosilane monolayers fixed on Si with 
inserting an oxide layer. For example, ODS-SAM on oxide-covered Si could resist only for a few seconds or less even 
in 2% HF solution [79].
 In the next demonstration, the VUV-patterned sample was treated with ODS by the vapor phase method 
described in Section 3, in order to form an organosilane monolayer on the oxide surface fabricated by the VUV-
exposure. The details of this organosilane monolayer growth by the vapor phase method has been reported in Section 
3. The oxide surface has an affinity to the silane coupling chemistry with organosilane molecules, while the monolayer-
covered surface does not react with the organosilane molecules. Accordingly, an organosilane monolayer are formed 
selectively on the VUV-grown oxide surface, as illustrated in Fig. 14C. The AFM topographic image indicates that the 
VUV-exposed region protrudes from the region covered with HDO-SAM. 

5.4. VUV lithography system
 The VUV-induced degradation rates of the SAMs are governed mainly by the two factors. The first is the 
intensity of VUV light at the SAM surface. The second is the amount of oxygen supplied to the surface. In the present 
case as depicted in Fig. 12A, it is difficult to satisfy these two factors simultaneously since the VUV light intensity 
decreases when the chamber pressure is increased in order to supply oxygen molecules much more. Hence, we have 
constructed a new VUV lithography system as schematically illustrated in Fig. 15 [80,81]. In this system, a sample is 
placed in air in order to supply a large amount of oxygen, while the space between the photomask and the lamp window 
is purged with nitrogen to avoid the absorption of VUV light with oxygen molecules. Namely, the photomask works as a 
separation wall between the nitrogen and air atmospheres. Furthermore, a proximity gap between the photomask and the 
sample is controlled precisely at an accuracy of 0.1 µm using a mechanical stage.
 The performance of this VUV-exposure system was characterized by measuring water contact angles of VUV-
irradiated ODS-SAM samples. The ODS-SAM surface becomes hydrophilic due to VUV irradiation, since polar 
functional groups have been formed through oxidation of the alkyl chains. Finally, at a certain VUV-dose, its surface 
completely wetted with water showing a water contact angle of almost 0°, when all the ODS molecules had been 
decomposed and removed so that the underlying SiO2 surface had been appeared. As shown in Fig. 16A, a VUV-dose of 

A

B C

10 µm 10 µm

VUV-exposed
HDO-SAM

VU
V-e
xpo
sed

VUV-exposed

HF-etching Organosilane deposition

Figure 14. VUV-photolithography process. A) A micropatterned HDO-SAM/Si sample. 
VUV-patterning was conducted at an exposure time for 480 s and a camber pressure of 
103 Pa. B) Etching in 5% HF solution for 5 min. C) organosilane deposition on the 

VUV-grown oxide surface.



12

about 8 J/cm2 is required in order to fabricated a micropattern on ODS-SAM at a pressure of 10 Pa using the apparatus 
shown in Fig. 12A, as similarly to the result shown in Fig. 12D. On the contrary, a required dose for micropatterning 
using the VUV-system is only 3 J/cm2 or less as indicated by the closed circles in Fig. 16A. The dose is further reduced 
down to near 1 J/cm2 as indicated by the open circles, when a gap of 1 µm was located between the photomask and the 
sample. An example of a printed pattern on the ODS-SAM sample is shown in Fig. 16B. Fine lines of 5 ~ 20 µm wide 
were successfully transferred form the photomask. These patterns were observed by a field-emission scanning electron 
microscope (FE-SEM) based on the difference in secondary electron emission efficiencies between ODS-SAM and SiO2 
[82].
 The VUV-exposure system enabled faster patterning rates. However, a several minutes are still needed in order 
to decompose ODS-SAM entirely. An alternative idea is necessary in order to further speed up patterning rates without 
increasing a power of the VUV light source. We have proposed and demonstrated the micro-photo-conversion patterning 
in which only top surface parts of a monolayer are photochemically modified instead of decomposing an entire 
monolayer [83]. As illustrated in Fig. 17A, an organosilane SAM prepared from p-chloromethylphenyltrimethoxysilane 
(CMPhS-SAM) was used as a sample. 
 The water contact angle of the CMPhS-SAM surface decreased due to VUV-irradiation from its initial value of 
76˚ before irradiation to approximately 0˚ at 60 s (dose 0.56 J/cm2). In contrast, it took 1800 s (dose = 15.1 J/cm2) to 
decompose the CMPhS-SAM to the extent that its water contact angle became approximately 0˚, when it was irradiated 
under a reduced pressure of 10 Pa using the apparatus of Fig. 12A. Figure 17B shows an XPS-C1s spectrum of CMPhS-
SAM in an intermediate state before its complete decomposition, that is, irradiation for 5 s (dose = 0.046 J/cm2). This 
VUV-irradiated CMPhS-SAM surface became slightly hydrophilic and showed a water contact angle of approximately 
50°, probably because some amounts of polar functional groups had been formed photochemically as shown in the 
spectrum as a distinct shoulder at binding energies ranging from 287 to 290 eV. This should correspond to -COOH and 
-CHO groups.
 Such an oxidized CMPhS surface covered with the polar functional groups is expected to have an affinity for the 
silane coupling reaction. To confirm this assumption, we exposed a VUV-patterned CMPhS-SAM sample to ODS vapor. 
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ODS molecules were assumed to be deposited selectively on the VUV-irradiated region and, consequently, to form a 
micropatterned ODS-SAM. Figures 17D and 17E show FE-SEM images of a binary CMPhS/ODS coplanar structure. 
Dark and bright regions correspond to the regions terminated with CMPhS and ODS, respectively. As we have reported, 
secondary electron emission from organosilane SAMs is strongly dependent on their molecular species. The CMPhS-
SAM was darker than the ODS-SAM in FE-SEM images as a function of the electron affinity of the SAMs [82]. 
Therefore, the results shown in Figs. 17D-E clearly demonstrate that ODS molecules have been deposited selectively on 
the VUV-irradiated CMPhS-SAM surface. At present, a spatial resolution near 1 µm was achieved as demonstrated in 
Fig. 17E.

5.5. Scanning probe nanopatterning of SAMs on Si
 Modern microscopy technologies, which enable to obtain enlarged images of minute objects, are close relations 
to lithographic technologies, in which mechanisms for generation and replication of micro ~ nanometer-scale patterns 
are required. Scanning probe microscopy (SPM) has been a powerful means to investigate material surfaces with 
high spatial resolutions at nanometer scales and, in favorable cases, at atomic ~ molecular scales. Accordingly, SPM 
technologies have attracted much attention as nanoprocessing tools [84-91].
 In order to apply SPM to nanolithography, the optimum resist material is a key factor. Among a variety of 
materials, organic thin films are practically important and have been frequently applied as patterning materials for 
lithography. Thus, the patterning of organic thin films by SPM is of special importance. However, in order to attain high 
spatial resolution in nanometer scale, resist films must be prepared in a thin and uniform layer. Furthermore, the films 
must be compatible with pattern transfer processes particularly with chemical etching. SAMs fulfill the requirements for 
high-resolution resist films including thickness, uniformity, patternability and compatibility to various pattern transfer 
processes so as to be the most promising candidate [92-98].
 An ODS-SAM/Si sample surface was modified using an AFM as illustrated in Fig. 18A. In order to inject current 
into the sample, a DC bias voltage was applied between the conductive AFM probe and the substrate Si which served 
as cathode and anode, respectively. An electrically conductive probe (a heavily doped Si probe) was used. Figure 18B 
shows an LFM image of a patterned ODS-SAM/Si sample surface. The square feature showing a higher lateral force 
corresponds to the region at where current was injected from an AFM probe. From a topographic AFM image of this 
sample, the probe-scanned region was confirmed to protrude a few nm from the surrounding ODS-SAM/Si surface 
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where current was not injected. On the contrary, there are no features detectable by LFM on the ODS-SAM/Si sample 
scanned and current-injected in vacuum, although the same bias and load force were applied. Mechanical scratching is 
not a mechanism of the surface modification, since the ODS-SAM/Si is so robust that no damages were induced even 
at a load force of 600 nN [99]. We, thus, conclude that the ODS-SAM/Si sample was modified through electrochemical 
reactions proceeding in the adsorbed water column formed at the probe-sample junction as similarly to scanning probe 
anodization [100]. Due to these reactions, the organic molecules consisting of the ODS monolayer were anodically 
degraded and finally decomposed. Consequently, a lateral force contrast between the modified and unmodified regions 
was generated. In addition, anodization of the substrate Si occurred simultaneously so that the current-injected region 
protruded.
 Here we demonstrate a pattern transfer process in which a pattern drawn on an ODS-SAM/Si sample is 
transferred into its substrate Si via chemical etching (Fig. 19). First, the sample patterned by AFM is treated in a 
HF solution. An LFM image of the patterned sample surface is shown in Fig. 19D. Dots of 30 nm in diameter have 
been formed. Due to the HF etching, oxide in the region modified by AFM is etched as illustrated in Fig. 19B. Next, 
the sample is further etched in a mixed solution of ammonium fluoride and hydrogen peroxide. The substrate Si is 
selectively etched in this solution as illustrated in Fig. 19C. Indeed, as demonstrated in Fig. 19E, nanoholes of 50 nm in 
diameter and 30 nm in depth are formed on the sample.

5.6. Reversible nanochemical conversion
 Among the various principles behind scanning probe lithography, local oxidation as describe in Section 5.5. is 
the most promising way. Based on electrochemistry, local oxidation proceeds in a minute water column formed between 
the sample and the tip of an SPM [100]. In order to achieve reversible chemical nanopatterning based on SPM, both 
oxidation and reduction reactions must be manipulated. 
 Here we demonstrate a reversible surface modification of a SAM surface using SPM with manipulating both 
electrochemical oxidation and reduction reactions in a control manner [101,102]. We employed a SAM prepared from 
p-aminophenyl-trimethoxysilane (APhS, H2N(C6H4)Si (OCH3)3) as a sample material. Figure 20A shows the chemical 
structures of the APhS molecule and the corresponding SAM. Surface-modification experiments were conducted in air 
using an AFM with a gold coated Si cantilever. A dc bias was applied to the Si substrate, while the cantilever grounded, 
in order to induce electrochemical reactions at the probe-sample junction. Kelvin-probe force microscopy (KFM) 
imaging was conducted using the same AFM and probe used to modify the surface. 

Figures 20C and 20D show the surface-potential images of the probe-scanned APhS-SAM surfaces. The probe-
scanned regions have different surface potentials compared to the as-prepared APhS-SAM surface. At a negative sample 
bias voltage, a bright square with a higher surface potential than the as-prepared APhS-SAM was formed, while a dark 
square with a lower surface potential was formed at the positive sample bias voltage. It is noteworthy that there were no 
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apparent topographic changes in the probe-scanned regions. 
The surface potentials of organic thin films are reported to be governed by their polarization states [103-106]. 

In an aqueous solution, the amino (NH2) groups can be electrochemically oxidized into nitroso (NO) groups and the 
NO groups can be electrochemically reduced to NH2 groups. Thus, the reduced and oxidized states of the APhS-
SAM fabricated in this study are considered to have NH2-terminated and NO-terminated surfaces, respectively. The 
NO-terminated SAM surface was assumed to be negatively polarized since the NO groups attract electrons from the 
aromatic rings that consist of the SAM. Therefore, the surface potential of the SAM shifts toward the negative direction 
when terminated with NO groups. This is the reason that the probe-oxidized area showed lower surface potentials than 
the surrounding as-prepared SAM surfaces (Fig. 20C). However, it was assumed that the NH2-terminated surface is 
positively polarized, since the NH2 groups supply electrons to the aromatic rings. The NH2-terminated surface, that is, 
the reduced state of the APhS-SAM, should show a higher surface potential than the as-prepared surface (Fig. 20D). 
Considering the results that both reducing and oxidizing modifications could be conducted on the as-prepared APhS-
SAM surface, it was most likely to be partially oxidized as schematically shown in Fig. 20A. Namely, a portion of NH2 
groups had been oxidized to NO groups during the preparation process in which APhS molecules were heated up to be 
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100 °C in air [101].
A writing and erasing experiment based on these oxidation and reduction mechanisms was conducted as shown 

in Fig. 21A. In this experiment, a 10 µm-square region on the as-prepared APhS-SAM was initially reduced at a bias 
of -2 V. This reduced region is appeared as the bright square feature in the KFM image as shown in Fig. 21B. Next, 
six oxidized dots were fabricated in this initialized area under the writing conditions as indicated in Fig. 21A. As can 
be seen in the surface potential image of Fig. 21B, the oxidized dots are detected as dark dots with 40 ~ 50 mV lower 
potentials than the initialized surface. Then, the same 10-µm square region was reduced. The KFM image of Fig. 21C 
indicates that the oxidized dots were successfully erased. This writing and erasing process can be repeated at least 
several times. 

6. Some electrical properties of SAMs on Si
6.1. Surface potentials of organosilane SAMs
 SAMs markedly alter surface properties of substrates, including electrical ones of substrates. For example, 
organosilane SAMs have been applied to control characteristics of organic field-effect transistors through the 
modification of the interface between an organic semiconductor layer and a gate oxide film [107]. The knowledge 
on dipole moments of SAMs, consequently, surface potentials of SAMs well-known to be closely related to dipole 
moments of the molecules consisting of the SAMs [108-110], is of primary importance for such an application. 
 Five types of SAMs, that is, 3,3,3-trifluoropropyltrimethoxysilane [TFPS, CF3(CF2) 2Si(OCH3) 3] in addition to 
ODS, FAS, CMPhS and AHAPS as depicted in Figs. 22A-E were studied. Samples for surface potential measurements 
were fabricated by the procedures as shown in Figs. 22F-H. First, an ODS-SAM was prepared on Si substrates (n-type, 
4 ~ 6 Ω·cm) by the vapor phase method. Next, the substrate covered with ODS-SAM was micropatterned by VUV-
lithography as described in Section 5.3. In the VUV-irradiated regions, the SAM was selectively removed so that 
the underlying SiO2 layer was exposed. Finally, the VUV-patterned ODS-SAM sample was treated with a different 
precursor. Since such a photochemically exposed oxide surface was most likely to be terminated with OH groups, it 
have an affinity to organosilane molecules. The second SAM (SAM-2) consisting of FAS, TFPS, CMPhS or AHAPS 
area-selectively formed confining to the VUV-irradiated pattern. In order to obtain surface potential differences between 
ODS-SAM and the other SAMs, the coplanar FAS/ODS, TFPS/ODS, CMPhS/ODS and AHAPS/ODS microstructures 
were observed by KFM.
 Figures 23A-D show KFM images of the FAS/ODS, TFPS/ODS, CMPhS/ODS and AHAPS/ODS coplanar 
microstructures, respectively. Rectangular features of 5 µm × 25 µm correspond to the regions covered with a SAM 
other than ODS-SAM, while the surrounding area is covered with ODS-SAM. As clearly seen in Figs. 23A-C, the re-
gions covered with FAS-SAM, TFPS-SAM and CMPhS-SAM show lower surface potentials than ODS-SAM. On the 
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contrary, the region covered with AHAPS-SAM, as shown in Fig. 23D, possesses a higher surface potential than ODS-
SAM. The potential contrasts of the regions covered with FAS-SAM, TFPS-SAM, CMPhS-SAM  and AHAPS-SAM 
with reference to ODS-SAM are ca. -180, -150, -30 and +50 mV, respectively. The main advantage of ODS-SAM as a 
reference is its hydrophobicity. Since the amount of adsorbed water, which affects measured surface potentials signifi-
cantly [111,112], on ODS-SAM is small, surface potentials are reliably measured. 
 Here we discuss surface potential contrasts between ODS-SAM and the others. A surface potential of a SAM on 
a Si substrate is expressed by Eq. 2,
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where φsubst and φ tip are work functions of the Si substrate and the KFM tip, respectively, e is the electric charge, µ is 
the net dipole moment directed normally to the substrate surface, A is the area occupied by each molecule, and εSAM 
and ε0 are the permittivity of the SAM and free space, respectively. Eq. (1) is consist of three terms: the first is -(φsubst - 
φ tip)/e which represents the contact potential difference between the Si substrate and KFM tip, the second is µ/AεSAMε 

0, which represents the dipole moment of an organic thin film derived from Helmholtz equation, the third is α which 
corresponds to a potential generated by trapped charges in the SiO2 layer. The surface potential difference between the 
regions covered with ODS-SAM and another SAM is obtained by Eq. 3,
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where the first and third terms of Eq. 2 do not remain. We assumed that differences in A and ε between ODS-SAM and 
the other SAMs are not so significant, since the SAMs are laterally connected with an identical Si-O-Si network as 
shown in Fig. 3 and are formed mainly from hydrocarbons. Thus, the potential contrast is considered to be primarily 
governed by the difference in dipole moment.
 Dipole moments of ODS, FAS, TFPS, CMPhS and AHAPS molecules were calculated using a slightly simplified 
model for each molecule in which each of three methoxy groups is replaced with a hydrogen atom, since the methoxy 
groups in the precursor molecules do not remain in the SAMs. The modeled ODS, FAS, TFPS, CMPhS and AHAPS 
molecule have dipole moments of 2.35, 3.41, 2.91, 2.40 and 1.04 Debye, respectively. These dipole moments incline 
26.5, 25.3, 3.6, 55.1 and 12.4˚, respectively, with respect to each of the molecular chains. Vertical components of the 
dipole moments for the model ODS and AHAPS molecules are positive, namely, the dipole moments are directing 
from the bottom to the top, while those for the other model molecules, i.e., FAS, TFPS and CMPhS are negative due 
to electron negativities of fluorine and chlorine atoms existing in their head groups. The dipole moments of the model 
FAS, TFPS, CMPhS and AHAPS molecules were compared with that of the ODS model with regard to their vertical 
components. The estimated vertical dipole moment differences (∆µ⊥) are as follows.
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Figure 23.  Surface potential images of A) FAS/ODS, B) TFPS/ODS, 
C) CMPhS/ODS and D) AHAPS/ODS.
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 ∆µ⊥(FAS-ODS) (-3.92D) < ∆µ⊥(TFPS-ODS) (-3.71D) < ∆µ⊥(CMPhS-ODS) (-1.85D) 
 < ∆µ⊥(ODS-ODS) (0D) < ∆µ⊥(AHAPS-ODS) (+0.53D)     (4)

The order and signs of ∆µ⊥ qualitatively agree with the order and signs of the surface potential contrasts (∆V) as 
shown in Fig. 24. The line indicated in Fig. 24 is the relation derived form Eq. 3 with assuming that ASAM and εSAM are 
identical for all the SAMs. One plausible reason for the discrepancy between the experimental and calculated results is 
the molecular orientation in SAM, since the above discussion is based on the assumption that molecules in a SAM are 
aligned perpendicular to the substrate surface. It is known that SAMs are frequently constructed from inclined molecules 
[1]. The difference in ASAM is also responsible. For example, TFPS-SAM incompletely covered a substrate compared 
with FAS-SAM. Since the molecular length of TFPS is much shorter than that of FAS, intermolecular interactions, 
which are necessary to form a densely packed monolayer, is so weak that TFPS-SAM is loosely packed.

6.2. Conductive and electroactive SAMs covalently bonded to Si
  When an unsaturated hydrocarbon molecule having a carbon-carbon double bond reacts with a hydrogen-
terminated Si surface, the molecule is attached to the substrate with a interfacial chemical structure of ≡Si-CH2-CH2- as 
shown in Fig. 4. Consequently, the formed SAM entirely consists of σ bondings and is essentially an electrical insulator. 
On the contrary, in the case of a molecule containing a carbon-carbon triple bond, a SAM with an interfacial structure of 
≡Si-CH2=CH2- is formed. For example, phenylacetylene (PA) molecules form a π-conjugated SAM which is expected to 
be electrically conductive as illustrated in Fig. 25A.
 This π-conjugated SAM was actually formed on a Si(111)-H surface through a chemical reaction of PA at 
a temperature of 180 °C [76]. Figure 25B shows a current-voltage (I-V) characteristic of a junction between the 
π-conjugated SAM/Si sample and a gold-coated conductive probe of AFM in addition to an I-V curve of a Si(111)-H 
surface as a control. The junction current on the SAM surface distinctly flows at lower substrate voltages than that on 
the Si-H surface. These results mean that a contact resistance between Au and π-conjugated SAM is lower than that 
between Au and Si-H. It has been actually demonstrated that the π-conjugated SAM is electrically conductive to some 
extent and electrical properties of Si surfaces can be controlled by preparing a directily-bondig SAM on the surfaces.
 Redox-active molecules have an ability to store and release electric charges reversibly. SAMs of such redox-
active molecules attached to silicon [112-115] are, thus, expected to be applied to solid-state memory devices. Ferrocene 
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has appropriate properties, such as redox activity, reversibility in redox reactions, durability in repetition of the 
reactions. Thus, vinylferrocene (VFc) molecules were attached to a Si(111) surface through Si-C bonds by immersing a 
Si(111)-H substrate to a bath of 10 mM VFc dissolved in mesitylene at 150 °C for 15 hours as schematically illustrated 
in Fig. 26A. 
 A cyclic voltammogram for the Si(111) electrode functionalized with VFc was measured in a 0.1M HClO4 
solution under a nitrogen purged atmosphere as shown in Fig. 26B. Oxidation and reduction peaks are observed at 
potentials around 0.36 V and 0.3 V, respectively. This means that ferrocenyl groups in the VFc molecules attached to Si 
undergo the oxidation/reduction reactions. 

7. Summary and conclusion
 Besides a brief introduction to general aspects of SAMs formed on various solid substrates, preparation and 
properties of SAMs on Si were reviewed in this chapter. Two of major methods for the fabrication of SAMs on Si 
were described. One is the silane coupling chemistry, that is, the chemical reactions between organosilane molecules 
and hydroxyl groups on a surface oxide layer of Si. Thus, an interfacial oxide layer between the SAM and Si substrate 
is substantially present. The other method is based on the chemical reactions of unsaturated hydrocarbon, alcohol 
and aldehyde with Si-H activated by thermal- or photo-excitation. By the method, the organic molecules are directly 
attached to bulk Si through Si-C or Si-O-C bonds. Furthermore, micro and nanopatterning of the SAMs on Si, based on 
VUV-light irradiation and current-injecting AFM, respectively, were described. Finally, some of electric properties of 
the SAMs, that is, surface potential, contact resistance and redox activity, were demonstrated. 
 The growth of thin films via chemisorptions of organic molecules onto solid surfaces has been a well-known 
phenomenon since 1940s. However, recent advances in science and technology, particularly in surface characterization 
and analyzing methods, have elucidated fundamental and practical aspects of SAMs, for example, their structures 
in molecular scales, detailed growth mechanisms and practically useful functionalities. Consequently, the research 
and development on SAM and its application have been markedly pushed forward. The self-assembling approach to 
fabricate ultra thin films using molecules as building blocks will become a crucial technology more and more as one of 
bottom-up nanotechnologies in surface and interface engineering with a variety of practical applications.
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