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ABSTRACT: Silicon is the foundation of the electronics industry and
is now the basis for a myriad of new hybrid electronics applications,
including sensing, silicon nanoparticle-based imaging and light
emission, photonics, and applications in solar fuels, among others.
From interfacing of biological materials to molecular electronics, the
nature of the chemical bond plays important roles in electrical
transport and can have profound effects on the electronics of the
underlying silicon itself, affecting its work function, among other
things. This work describes the chemistry to produce Si−E bonds
(E = S, Se, and Te) through very fast microwave heating (10−15 s) and direct thermal heating (hot plate, 2 min) through the
reaction of hydrogen-terminated silicon surfaces with dialkyl or diaryl dichalcogenides. The chemistry produces surface-bound 
Si−SR, Si−SeR, and Si−TeR groups. Although the interfacing of molecules through Si−SR and Si−SeR bonds is
known, to the best of our knowledge, the heavier chalcogenide variant, Si−TeR, has not been described previously. The
identity of the surface groups was determined by Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), and depth profiling with time-of-flight-secondary ionization mass spectrometry (ToF-SIMS). Possible
mechanisms are outlined, and the most likely, based upon parallels with well-established molecular literature, involve surface silyl
radicals or dangling bonds that react with either the alkyl or aryl dichalcogenide directly, REER, or its homolysis product, the
alkyl or aryl chalcogenyl radical, RE· (where E = S, Se, and Te).

KEYWORDS: silicon, surface, chalcogenide, sulfur, selenium, tellurium, radical

■ INTRODUCTION

Silicon as a material dominates the microelectronic industry
because of its ideal band gap, oxide surface chemistry, and
etching properties that enable the manufacture of incredibly
powerful integrated circuitry.1,2 Functionalization of silicon
surfaces through the grafting of organic and biologically
sourced molecules is of significance for practical applications
that take advantage of the electronic platform of a silicon chip,
as well as the versatility of organic and bioorganic chemistry.3,4

Examples of silicon-based devices include light absorbers based
on silicon for generation of solar fuels,5 silicon nanoparticle-
based imaging and drug delivery,6,7 applications in molecular
electronics,8−10 chemical sensing and biosensing,11,12 pho-
tonics,13,14 and many other applications.15,16

The nature of the connection to silicon for electronic
applications is critical as the chemical identity of this linkage
can have profound effects on the electronics of the underlying
semiconductor.17,18 For instance, the junction resistance of
silicon-based solar generators can be reduced by surface
functionalization, thus optimizing the electrical transport
throughout the system.5 The thickness of a self-assembled
monolayer (SAM) or the length of molecular wires on a
functionalized surface will also have a significant impact on
electron-transport mechanisms.19 For quantum dots composed

of crystalline silicon, the chemical nature of the silicon interface
greatly affects the underlying electronics, thus modulating the
wavelength of emission of photoluminescence.13,20 Underlying
the observed electronic effects, recent experimental and
theoretical results have provided insights into the fundamentals
and have shown that the work function of silicon surfaces can
be tuned through the choice of head groups through which a
self-assembled monolayer (SAM) can be bonded.21,22 Fagas
and co-workers predict that tuning of the work function by up
to 1.73 eV is possible through tailoring of the chemical nature
of the SAM as a result of modulation of surface dipoles.23

Bonding of SAMs through Si−O, Si−S, Si−Se, Si−Te, and Si−
N bonds as well as SiX (X = halide) coverage were examined;
for heavier atoms (Te versus Se versus S versus O), additional
electronic states are available, which can affect electron transfer
to and from molecules attached to a silicon surface.21,24

In contrast to the vast literature of SAMs bonded to silicon
through Si−C25,26 and Si−O linkages,27,28 the develop-
ment of silicon−chalcogenide bond-forming reaction schemes
on silicon surfaces has only just begun, in spite of the strong
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impetus to study, understand, and apply them. The field of Si−
S- and Si−Se-based SAMs on surfaces via solution (non-
vacuum) chemistry can be summarized in one paragraph. The
first literature report of Si−SR bond formation on hydrogen-
terminated flat was driven by UV irradiation in the presence of
alkanethiols.29−31 1-Dododecanethiol forms monolayers on
Si(111)−H with 2−4 h of illumination with UV light29,31 or 90
min of white light.30 1-Octadecanethiol was shown to react with
Si(111)−H at 150 °C, overnight when used as a solution32 or
within 1−2 h when applied neat.33 Acetylchalcogenidoarene-
derivatized (Ar−EAc, E = O, S, and Se) porphyrins can be
covalently attached to silicon surfaces via Si−S and Si−Se
bonds through a 2 min high-temperature reaction at 400
°C.34,35 Recently, Korgel and co-workers showed that silicon
nanoparticles could be functionalized with a monolayer of
Si−S−n-dodecyl through a 12 h thermal reaction at 190
°C.36 Our group showed how porous silicon could be
functionalized through a room-temperature radical-initiated
process using dialkyl and diaryl disulfides and diselenides, but
the chemistry did not proceed with sterically hindered
disulfides (i.e., with t-butyl substituents) or ditellurides (the
latter because of very low solubility).37 Finally, to the best of
our knowledge, there are no reports of SAMs attached to
silicon through Si−Te bonds. To summarize, the chemistry
of silicon-chalcogenide-based interfacing of molecules on
silicon surfaces is still in very early stages when compared to
the richness of the literature pertaining to silicon−carbon and
silicon−oxygen bond formation.
Here, we describe 15-s to 2-min functionalization chemistry

of readily accessible and commercially available dichalcogenide
molecules, those containing S−S, Se−Se, and Te−Te bonds,
with hydrogen-terminated silicon (Scheme 1). These dialkyl
and diaryl dichalcogenide molecules are practical to work with
and are far less odorous than the corresponding chalcogenols
(thiols and selenols). In the case of the tellurium compounds,

unhindered tellurols are unstable,38,39 whereas the ditellurides
are stable and easy to work with.40 Thus, the direct reaction
with the ditellurides may be one of the only viable routes to
SAMs based upon Si−Te bonds. The reactions are driven by
either microwave irradiation in 15 s or less or on a hot plate in
2 min or less. Comparison with the molecular literature of
silanes and chalcogenides provides insights into the mechanism.

■ MATERIALS AND METHODS

General. Silicon wafers (100, prime-grade, n-type, P-doped,
1−3 Ω·cm, 450 ± 25 μm) were obtained from Virginia
Semiconductor, Inc. Di-n-butyl disulfide (97%), di-t-butyl
disulfide (97%), diphenyl disulfide (99%), diphenyl diselenide
(98%), diphenyl ditelluride (98%), bis(4-chlorophenyl) disul-
fide (97%), 1-octadecanethiol (98%), t-butylthiol (2-methyl-2-
propanethiol, 99%), and aluminum oxide (activated, neutral,
Brockmann Neutral I, standard grade, ∼150 mesh, 58 Å) were
purchased from Sigma-Aldrich. Alumina was dried in a 100 °C
oven for more than 24 h before being transferred to glovebox
while still hot. Di-n-octadecyl disulfide (98%) was purchased
from Alfa Aesar. All the reagents were stored at −20 °C inside
an argon-filled glovebox. Molecular sieves (type 4A, 1/16 in.
pellets, for selective adsorption) were purchased from Caledon
Laboratories, Ltd. Ethanol (absolute) and acetone (reagent)
were purchased from Fisher. HF (aqueous, 49%, semiconductor
grade) was purchased from J. T. Baker. Degassed and dry
dichloromethane was obtained from a solvent purification
system (Innovative Technologies, Inc.), taken into glovebox in
a standard dry Schlenk flask, and dried over molecular sieve for
24 h in glovebox prior to use. All liquid chemicals were passed
through a fresh column of alumina prior to use in the glovebox.

Porous Silicon Preparation. Porous silicon was prepared
according the method previously described in the literature.41,42

Silicon wafers were cut into 1.4 cm2 (1.2 cm × 1.2 cm) pieces,

Scheme 1. Reaction Approach To Functionalize Silicona

a(a) Overall reaction scheme outlining the approach to Si−S, Si−Se, and Si−Te bond formation on silicon surfaces. (b) Seven dichalcogenide
molecules that were screened for reactivity under microwave irradiation or direct thermal heating (hot plate) on hydrogen-terminated porous silicon.
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cleaned by sonication (10 min in 1:1 acetone/ethanol), rinsed
with ethanol, and dried with an argon stream. The unpolished
side of the silicon wafer was in contact with an aluminum foil
tongue electrode to act as the anode and a Pt wire loop
electrode was used as the cathode. Using a 24.5% HF/25.5%
H2O/50% EtOH solution as electrolyte/etchant, the silicon was
anodized at 7.6 mA cm−2 for 90 s and then 76 mA cm−2 for 120
s with full white-light illumination (∼40 mW cm−2) using an
ELH bulb. The freshly etched silicon was rinsed with excess
ethanol, immersed in pentane, then dried with an argon stream,
and stored in an argon-filled airtight glass vial in the dark.
Determination of Heating Rate and Profile. The

heating rate and heating profiles of the porous silicon samples
were determined before the actual chemical reaction on dummy
porous silicon samples, without the dichalcogenide or thiol
reagents, because of the potential of reactivity of the polyimide
fluorescence optical fiber temperature sensor with these
reagents (vide infra). Thus, a porous silicon sample was
prepared in identical fashion and was heated under the same
conditions to determine heating rate and heating profile. The
fiber optic probe cannot exceed 250 °C without succumbing to
permanent damage.
Reactions under microwave irradiation were performed in a

modified domestic Panasonic microwave oven (model number
NNST651W, purchased from Walmart), as described pre-
viously.43 A mortar containing 100 g of SiC powder (200−450
mesh, purchased from Sigma-Aldrich) was placed in the right
side of microwave oven to absorb excess microwave radiation
and prevent damage to the microwave. A fluorescence-based
fiber optic temperature probe (model number PRB-G40−
2.0M-ST-C with polyimide tip and calibration to 250 °C and
accuracy of ±0.5 °C obtained from OSENSA Inc.) was inserted
through small holes drilled in the side of the microwave oven
and Teflon chamber (Figure S23a and ref 43). A freshly
prepared porous silicon piece was placed in a Teflon chamber,
and the fiber optic probe was placed in direct physical contact
with the silicon for in situ monitoring (Figure 1a). When the
temperature of the wafer reached 240 °C, the microwave oven
was shut off manually. The temperature profile is plotted in
Figure 1c. After the microwave oven was turned on, a 4 s lag
was required to activate the cavity magnetron, so the
temperature of the silicon wafers did not change in the first 4
s. After 4 s, the silicon wafer would undergo an increase in
temperature to reach 240 °C in 12 s, and then the microwave
oven was shut off manually, followed by a cooling down of the
wafer; after reaching 240 °C in 12 s, the sample cooled to 50 °C

in 88 s and, if followed for longer periods of time, reached 30
°C in 198 s. The temperature was monitored and recorded
until the wafer had cooled to around 25 °C. It is assumed that
samples irradiated for longer than 12 s will increase further in
temperature, above 240 °C.
Determination of the heating profile of porous silicon on a

hot plate was carried out by placing a fiber optic probe in direct
contact with a porous silicon wafer inside of the same type of
glass vial used for the experiments with chalcogenide. A small
hole was, however, drilled into the vial to enable the fiber optic
probe to be threaded through the hole to make direct contact
with the dummy piece of porous silicon (Figure S23b). The hot
plate temperature was set to 250 °C. After 2 min, the wafer and
the probe were removed from the hot plate. The temperature
was monitored and recorded until the wafer had cooled to
around 25 °C.

Reactions with the Dichalcogenides and Thiols. Before
carrying out each reaction, the liquid molecules to be used,
including the di-n-butyl disulfide, di-t-butyl disulfide, and t-
butylthiol were passed through a fresh column of alumina
before use. Solids (generally the diaryl dichalcogenides) were
used with no further purification. Twenty drops of liquid
reagent or for solids, about 0.05 g, were placed on a porous
silicon substrate, inside a 20 mL glass vial. The melting points
of all the solids used here were lower than the maximum
temperature reached, and thus they would liquefy in situ. For
instance, the melting points of PhEEPh are 61 °C (E = S), 61
°C (E = Se), and 66 °C (E = Te). The face of the silicon with
the etched porous silicon was placed upside down to enforce
spreading of the reagent, thus forming a sandwich of glass−
reagent−porous silicon. The glass vials were then sealed with
multilayers of parafilm entwined round the cap to seal (Figure
1a,b).
For the microwave reaction, the sealed glass vial containing

reagent and porous silicon substrate was removed from
glovebox and put in the center of a Teflon chamber, which
was marked and fixed in the center of the microwave oven
(Figure 1a), followed by microwave irradiation. When the
microwave oven was shut off, the glass vial was transferred to
the glovebox for rinsing. For the hot plate reactions, the sealed
glass vial containing the reagent and the porous silicon
substrate was put on a 250 °C hot plate for the desired
reaction time (Figure 1b). After reactions (microwave or hot
plate), the porous silicon samples were soaked in dry
dichloromethane for 5 min and rinsed three times with a
forceful stream of dry dichloromethane from a pipet to remove

Figure 1. (a) Photograph of the microwave heating apparatus, comprised of a microwave for domestic use, a fiber optic temperature probe, and the
sample vial residing within the Teflon chamber. (b) Photograph of direct thermal heating apparatus (hot plate). (c) Temperature profiles for the
heating rates of 1.2 × 1.2 cm2 porous silicon samples that were heated in absence of reagents under microwave and direct heating. Temperature
profiles were determined on dummy porous silicon samples in the absence of reagents because the vials are sealed to prevent contamination,
oxidation, and damage to the polyimide probe.
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excess unreacted reagents. The samples were removed from the
glovebox (in the sealed glass vial), dried with argon gas, and
then analyzed.
Analytical Techniques. Scanning electron microscopy

(SEM) images were obtained with a Hitachi S-4800 FE-SEM
with an accelerating voltage of 15 kV. FTIR spectra were
collected with a Nicolet Nexus 760 spectrometer with a liquid-
nitrogen-cooled MCT detector and a nitrogen-purged sample
chamber (32 scans, 4 cm−1 resolution). X-ray photoelectron
spectroscopy (XPS) was taken on a Kratos Axis 165 X-ray
photoelectron spectrometer in the Alberta Centre for Surface
Engineering and Science (ACSES), now part of the University
of Alberta NanoFAB. Time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) depth analysis was obtained on a
ToF-SIMS IV-100 (ION-TOF GmbH) at ACSES. The pSi
samples were sputtered with a 1 keV Cs+ ion source, leading to
a crater size of 150 μm × 150 μm, with analysis by Ga+ at 25
keV, 35 μm × 35 μm.

■ RESULTS AND DISCUSSION

Hydrogen-Terminated Surfaces. Porous silicon was
applied as the test bed for surface chemistry development
because it enables exquisite analysis by FTIR, XPS, and depth
profiling using techniques such as ToF-SIMS, among
others.44,45 The surface of hydride-terminated porous silicon
is closely related to those of other hydride-terminated
nanocrystalline surfaces (silicon nanocrystals, for example), as
well as hydride-terminated Si(100), because they are capped by
Si−H, Si−H2, and Si−H3 groups; their FTIR spectra, as a
result, are very similar.46−48 Porous silicon was electrochemi-
cally etched from single-crystal Si(100) wafers with ethanolic
HF (aqueous) to provide high-surface-area, hydride-terminated
silicon samples whose surface is essentially oxide-free.41,42 The
chemistry of porous silicon is closely related to the reactivity of
other hydride-terminated flat and nanocrystalline surfaces; thus,
observed reactions are typically generalizable to other
morphologies.44,49 Because hydrogen-terminated silicon surfa-
ces are metastable in laboratory ambient (air, room temper-
ature) and can resist oxidation on a time scale of minutes, they
are an ideal interface for more sophisticated functionalization of
silicon. Si−H-terminated surfaces are, however, still sensitive
with respect to low concentrations of dissolved oxygen,
particularly under conditions required to promote functional-
ization (heat, illumination, radical initiators, for instance), and
so even very low oxygen levels (ppm) can effectively compete
with the desired chemistry, leading to mixed oxide surfaces.50

To favor efficient and clean reactions and to compete with
oxidation, neat reagents and very short reaction times were
preferred.
Rapid Silicon−Chalcogen Bond Formation. As shown

in Scheme 1, the reaction approach to functionalize the silicon
involves rapid thermal heating of a dialkyl or diaryl
dichalcogenide, a molecule containing a S−S, Se−Se, or Te−
Te bond, with hydride-terminated porous silicon. A small
quantity of the neat dichalcogenide molecule was placed on the
porous silicon in a glass vial under inert atmosphere (inside an
argon-filled glovebox, and sealed) and then placed in a standard
domestic microwave for 10−15 s or on a hot plate set to 250
°C for 2 min, as outlined in Figure 1. The use of microwave
irradiation to promote heating on silicon is well-established; it
is known that lightly doped silicon wafers heat up rapidly upon
microwave irradiation, that the rate of heating is dependent
upon doping levels, and that in the extreme case silicon can

reach melting temperatures.43 Boukherroub and co-workers
used microwave irradiation to reduce the time required for
alkene hydrosilylation on lightly doped porous silicon from
hours to about 10 min.51 In this work, 1.2 × 1.2 cm2 samples of
n-type, P-doped, 1−3 Ω·cm Si(100) reach 240 °C in
approximately 10−12 s with microwave irradiation, as
monitored with a fiber optic temperature probe in direct
contact with the silicon. In the second approach to heating, the
same sample size of porous silicon in a glass vial is placed onto
a hot plate set to 250 °C; monitoring of the temperature with
the fiber optic probe shows that it takes approximately 100 s to
reach 230 °C (Figure 1c).
Scheme 1 shows the seven dialkyl and diaryl dichalcogenide

molecules examined in this work. Analysis of the microwave
and hot plate reactions was first carried out by transmission
mode FTIR (Figure 2). In all cases, the reactions were carried
out for different lengths of time, and the best spectra, in terms
of low oxidation and high incorporation levels, are shown in the

Figure 2. FTIR spectra (transmission mode) of (a) freshly etched
unfunctionalized porous silicon and (b−m) porous silicon samples
reacted with the chalcogenide reagents and time indicated under
microwave irradiation (left) and hot plate heating (right). Hot plate
temperature was set to 250 °C; sample temperature reaches 230 °C.
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main text. The full series of spectra for each compound with
different thermal treatment times is shown in Figures S1−S17.
Functionalized surfaces were determined to have low oxidation
levels by comparing the ν(Si−O) feature at 1000−1100 cm−1

to that of the freshly etched, unfunctionalized porous silicon
sample in Figure 2a, as well as the features corresponding to the
ν(Si−Hx) of oxygen-back-bonded Si−H groups above 2200
cm−1 that result from oxygen insertion into nearby Si−Si
bonds.41,52 In all cases, the broad compilation of ν(Si−Hx)
modes, centered around 2100 cm−1, decreases in intensity upon
reaction. The three RSSR molecules, where R is aliphatic
(Figure 2b−g, R = n-butyl, t-butyl, and n-octadecyl), exhibit
profiles for their ν(C−Hx) modes in the region of 2850−2960
cm−1 that correspond to their respective functional groups
upon comparison to the FTIR spectra of the neat parent
chalcogenide molecules. The linear di-n-butyl and di-n-
octadecyl disulfides react cleanly without obvious oxidation
(Figure 2b,c,f,g). The highly hindered di-t-butyl disulfide,
however, consistently shows some oxidation in the ν(Si−O)
stretching region at ∼1000 cm−1 upon microwave irradiation
(Figure 2d), as well as the appearance of a small feature
corresponding to oxygen-back-bonded Si−Hx groups above
2200 cm−1 and requires more time (15 s of microwave
irradiation versus 10 or 12 s for all other reagents). Less
oxidation is noted, however, for the hot plate reaction of di-t-
butyl disulfide (Figure 2e). The diphenyl chalcogenides,
PhSSPh, PhSeSePh, and PhTeTePh, all reacted cleanly to
yield FTIR spectra corresponding to expected modes of a
phenyl ring, presumably Ph−S−Si, Ph−Se−Si, and Ph−
Te−Si moieties, with little oxidation.

To determine the elemental nature of the bond to the silicon
(S, Se, or Te), and the level of oxidation, X-ray photoelectron
spectroscopy (XPS) was carried out. The RSSR molecules all
result in sulfur incorporation on the silicon surfaces (Figures
3a,c,e,g, and S20), the energy of which corresponds to the
known binding energy of Si−S−R groups.31,37 The
corresponding silicon Si 2p spectra reveal little oxidation,
which would appear as conspicuous higher energy features
above 102 eV.5,53 The XPS spectra of the products of the
reaction of PhSeSePh and PhTeTePh are shown in Figure 3i−l
and reveal the presence of Se and Te, respectively, with little
accompanying oxidation, at the expected binding energies.37,54

The disulfide molecule, bis(4-chlorophenyl) disulfide, which
has a chlorine tag, was also reacted with the porous silicon, and
the distinctive Cl 2p doublet was observed at 200.6 and 202.2
eV, in addition to the sulfur feature (Figure S20). XPS data for
the chalcogenide features of the starting materials (molecules
REER, E = S, Se, and Te), as well as reported values for Si−
ER when known, are shown in Figure 3 and Tables S1 and S2.
XPS analyses were complemented by depth profiling with

ToF-SIMS, which provides information regarding elemental
content, uniformity of functionalization throughout the layer,
and comparative information regarding substitution levels. In all
of the ToF-SIMS spectra shown here (Figure 4a−f), the
baseline carbon level of a freshly etched porous silicon sample
is shown (dotted black line) in each panel for comparison. It
should be noted that because of the thickness of the porous
silicon layer (20 μm) on the bulk wafer, the 2500 s of etching
by ToF-SIMS here does not reach the porous silicon−bulk
silicon interface. As can be seen for the porous silicon samples

Figure 3. XPS of porous silicon samples after reaction with (a−h) the disulfide reagents, (i and j) diphenyl diselenide, and (k and l) diphenyl
ditelluride for the times indicated with microwave irradiation. The data from this figure and supporting literature references are tabulated in Tables
S1 and S2.
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functionalized disulfides, RSSR (Figure 4a−d), the level of
carbon and sulfur increases by one or more orders of

magnitude when contrasted with the unfunctionalized control.
The substitution levels appear consistent and flat throughout
the porous silicon film. The diphenyl diselenide- and
ditelluride-functionalized porous silicon surfaces show similar
results for both carbon and Se and Te, respectively (Figure
4e,f). Bis(4-chlorophenyl) disulfide, with its chlorine label, was
also reacted with porous silicon and shows 2−3 orders of
magnitude increase in the level of chlorine compared to that of
the unfunctionalized control, as well as much higher levels of
carbon and sulfur (Figure S21). In all cases, the levels
corresponding to the Si−E fragments (E = S, Se, and Te)
increase by 2 orders of magnitude over those in the
unfunctionalized sample, providing further evidence to support
the claim of a Si−E bond.

Mechanism. Possible reactions that could play a role in the
mechanism of Si−E (E = S, Se, and Te) bond formation on
silicon surfaces are shown in Scheme 2. Four different reactions
need to be considered, including thermally driven homolytic
silicon−hydrogen bond and silicon−silicon bond cleavage
(Schemes 2a,b), well-established radical equilibria between
thiols and silanes (Scheme 2c), and dichalcogenide homolysis
to cleave the E−E bond (Scheme 2d). Because there is a rich
body of literature pertaining to the molecular reactivity of
disulfides with silane radicals,55−59 it is proposed that the key
intermediate is the surface silyl radical, or dangling bond,
represented by Si·. This surface radical can be accessed via
three possible routes. The first route is a direct thermally driven
homolytic bond cleavage, as shown in Scheme 2a, which has
been postulated as a key step in thermally driven hydro-
silylation on hydride surfaces.60,61 The second route to a
surface-bound Si· is the more recently proposed Si−Si bond
cleavage of Si−SiH3 species, resulting in loss of ·SiH3, shown
in Scheme 2b.62 Porous silicon is terminated with SiH, 
SiH2, and −SiH3 groups, of which the single Si−Si bond is the
weakest bond present (bond dissociation energy is 70−80 kcal/
mol)63 compared to the Si−H bonds (bond dissociation

Figure 4. ToF-SIMS analysis of functionalized porous silicon samples.
The thick curves represent the porous silicon samples after reaction
with (a−d) the disulfide reagents, (e) diphenyl diselenide, and (f)
diphenyl ditelluride, all under microwave irradiation for 15 s. The same
sample of unfunctionalized porous silicon was used as the comparison
(reference sample, dotted line) in all spectra.

Scheme 2. Possible Mechanisms That Could Play a Role in Formation of Si−E Bonds (E = S, Se, and Te) on Silicon
Surfacesa

a(a) Direct homolysis of Si−H bonds by heat, leading to formation of silicon radicals on the surface, and subsequent reaction with a dichalcogenide
or a chalcogenyl radical. (b) Scheme for hemolysis of Si−SiH3 bonds on the surface, leading to silicon radicals. (c) Radical-based chalcogenol-silane
equilibrium. (d) Homolysis of dichalcogenides, leading to chalcogenyl radical formation.
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energies of 85−90 kcal/mol).63 Neale and co-workers62 have
shown that cleavage of Si−SiH3 groups on hydride-
terminated silicon nanoparticles may be the dominant initiation
step for hydrosilyation with alkenes. The third route to
formation of Si· is removal of the silicon-bound H· by a
chalcogenyl radical, shown in Scheme 2c.58,62,64 The thiyl,
selenyl, and telluryl radicals would result from homolysis of the
weak S−S, Se−Se, or Te−Te bond, which have bond
dissociation energies of 53−57, ∼40, and ∼30−35 kcal/mol,
respectively, under these high-temperature conditions (Scheme
2d).65 Thiyl and selenyl radicals are known radical propagators,
and presumably telluryl radicals would play a similar role,
plucking hydrogen atoms from the silicon surface to produce
silyl surface radicals, particularly under high concentrations of
reagents.66−68

Assuming the central role of the Si· radical species, the
formation of the Si−E bond could occur through two
possible pathways. As is well-established in the molecular silane
radical literature,37,56 dialkyl and diaryl disulfides and
diselenides can add to the silyl radical through an SH2
mechanism (Scheme 2a), producing a sulfuranyl or seleranyl
intermediate that then collapses to form the Si−ER final
product, releasing an equivalent of ·ER (E = S and Se). The
equilibria between silanes and thiols under radical conditions
have been extensively studied, and although there are few
examples of direct coupling of a silane radical, Si·, and a
chalcogenide radical, ·ER, to produce Si−ER bonds, there is
precedent.69 Thus, the possibility of direct coupling is shown in
Scheme 2a.
To help provide insight into the mechanism, the reactivity of

the alkanethiols, 1-octadecanethiol and t-butyl thiol, via
microwave heating was examined by FTIR and XPS (shown
in Figures S7, S8, S16, S17, S19, and S20). Both reactions
resulted in low incorporation levels on the basis of comparison
with the spectra of the reaction with di-n-octadecyl disulfide
(Figure 2f,g), in spite of a slightly longer exposure to
microwave irradiation (10 s for the disulfide versus 15 s for
the thiol). The low yield of Si−SR formation with the thiol
precursor compared to that of the corresponding dialkyl
disulfide suggests that the stronger S−H bond70 (bond
dissociation energy ≈ 84 kcal/mol) translates to lower yields
of the homolysis product, RS·, and hence slower kinetics.
Korgel and co-workers recently proposed that during the
thermal reaction of dodecanethiol with hydrogen-terminated
silicon nanoparticles, the thiol could be oxidized in situ to
produce di-n-dodecyl disulfide, which then reacts with the
surface.36 Although the mechanism involving dichalcogenides
proposed here requires further investigation, it appears that the
dialkyl and diaryl disulfides are more reactive under these
conditions than the corresponding thiols and that this
difference of reactivity could be due to the ease of homolysis
of the dichalcogenide bond, E−E, compared to that of the RE−
H bond, which then enables radicals to propagate and react.

■ CONCLUSIONS

In this work, we described a very fast thermal functionalization
strategy for silicon surfaces to enable the covalent interfacing of
molecules and self-assembled monolayers through Si−ER
bonds, where E = S, Se, and Te. Through either a microwave or
hot plate thermal heating approach with dichalcogenide
compounds that contain S−S, Se−Se, or Te−Te bonds, well-
defined molecular bonds with low levels of oxidation are easily
produced. The alkyl and aryl dichalcogenide molecules are

practical to work with because they are stable, commercially
available, and of low odor compared to thiols. The series of
chalcogen−silicon bonds, from Si−O, to Si−S, to Si−Se, and
now to Si−Te, can now be easily accessed and applied to a
variety of electronic applications on this semiconductor.
Modulation of work function, monolayer doping of silicon,
and expansion of the repertoire of hybrid organic−semi-
conductor electronic devices is possible through this applied
surface chemical approach.
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