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Abstract: The surface functionalization of oxide-free hydrogen-terminated silicon (Si−H) enables
predictably tuning its electronic properties, by incorporating tailored functionality for applications
such as photovoltaics, biosensing and molecular electronics devices. Most of the available chemical
functionalization approaches require an external radical initiator, such as UV light, heat or chemical
reagents. Here, we report forming organic monolayers on Si–H surfaces using molecules comprising
terminal alcohol (–OH) groups. Self-assembled monolayer (SAM) formation is spontaneous, requires
no external stimuli–and yields Si–O–C covalently bound monolayers. The SAMs were characterized
by X-ray photoelectron spectroscopy (XPS) to determine the chemical bonding, by X-ray reflectometry
(XRR) to determine the monolayers thicknesses on the surface and by atomic force microscopy (AFM)
to probe surface topography and surface roughness. The redox activity and the electrochemical
properties of the SAMs were studied using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The availability and the ease of incorporating OH groups in organic molecules,
makes this spontaneous grafting as a reliable method to attach molecules to Si surfaces in applications
ranging from sensing to molecular electronics where incorporating radical initiator setups is not
accessible.

Keywords: self-assembled monolayers; oxide-free silicon modification; surface functionaliza-
tion; electrochemistry

1. Introduction

Silicon (Si) is the most commonly used semiconductor in the current electronic devices’
technologies, due to its low cost, abundance and intriguing semiconducting properties [1–5].
Although, the semiconducting electronic properties of Si are desired, the surface of Si is
covered, at ambient conditions, by an electrically insulating thin layer of oxide that masks its
electronic properties [6–9]. In addition, modifying Si with self–assembled monolayers (SAMs)
has received much attention due to its applications in many fields including biosensors [10,11],
energy harvesting devices [12–14] and molecular electronics [15–17].

Earlier, hydroxyl-terminated molecules such as alkyl silanols have been utilized to form
self-assembled monolayers (SAMs) on SiOx surfaces. Although this method is rapid, the
formed SAMs suffered from poor uniformity due to the formation of undesired polysilanol
networks that hinder the electron transfer at the molecule-electrode interface [2,18]. Thus,
modification of the Si surfaces with molecules while avoiding the interference of the insulating
surface oxides is desired for better performing devices and wider range of application. In this
context, crystalline Si requires etching the oxide layer by fluoride ions (e.g., HF and NH4F) in
order to expose the Si–H surface and its semiconducting properties but etched Si–H surfaces
have short lifespan stability towards re-oxidation and require surface functionalization to
protect them against oxidation.
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During last two decades, oxide-free silicon (Si−H) surface modification with organic
molecules has emerged as a viable path in tuning the electronic properties of Si, in
addition to protecting the semiconductor from oxidation. In most cases, forming SAMs
on Si–H requires a catalyst to initiate a radical on the Si surface (or on the molecule),
followed by a polymerization chain reaction that forms a complete molecular film on the
surface [19–24]. Typical functionalization molecules are alkenes or alkynes, which form
covalent Si−C bonding with Si surfaces when aided by UV light [25–27], heat [9,27,28]
or harsh chemical reagents [28–30]. Although, these SAMs are of good quality, the
requirement of UV or heat sources adds complications, which may hinder specific
applications, such as in the field of molecular electronics where the incorporation of
bulky setups is often not viable [15,16,31–33].

Recently, we have demonstrated that spontaneous nanoscale corrosion of Si–H sur-
faces leads to disulfide bond breaking and enables the formation of high-quality SAMs of
thiols and disulfides on Si [16,34]. In this study, we turn our attention to OH contact groups
as they are commonly available functionalities that could broaden the source of the organic
molecules that can form monolayers on Si. Khung et al. have used thermal and UV-assisted
protocols to attach OH-terminated alkynes to Si(111)–H surfaces, showing that thermal
energy can catalyze the grafting process through generating reactive silyl radicals that form
a Si–O–C linkage via nucleophilic reaction between the OH group of organic molecule
and the Si–H surface [35]. Also, Fontanesi et al. [36] have used ferrocene methanol to
form a redox active monolayer on Si–H surfaces using heat for two hours at 56 ◦C. Also,
in molecular electronics studies, rigid norbornylogous bridge (NB) molecules are widely
used. On metals, these NBs form SAMs with restricted molecular rotations [31,33,37], as
compared to alkane monolayers, which are the typical molecules used to form monolayers
on surfaces.

Here, we test whether molecules with OH groups can spontaneously react with
Si–H surfaces. We use ferrocene methanol which is a redox active molecule terminated
by one OH groups and an NB molecule terminated by two OH groups (Figure 1). We
successfully demonstrate that spontaneous grafting of OH-terminated molecules enables
forming SAMs on Si–H via Si–O–C covalent bonding without any external catalysis. The
OH-functionalized surfaces were characterized using X-ray photoelectron spectroscopy
(XPS), to investigate the chemical bonding, with AFM to study the surface topography and
with X-ray reflectometry (XRR) to measure the monolayer thickness. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) are used to electrochemically
assess the formation of the monolayers.
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Figure 1. Schematic of the modification of the Si–H surfaces with OH-terminated molecules 1 and 2. (a) Structure of the
monolayer-forming molecules. (b) Schematic of the surface functionalization process: (i) cleaning organic contamination by
Piranha solution; (ii) SiOx etching with ammonium fluoride solutions; and (iii) spontaneous grafting of OH-terminated
molecules to the Si–H surface with formation of covalent Si–O–C bonds.
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2. Materials and Methods
2.1. Chemicals and Reagents

Sulfuric acid (Puranal TM, 95–97%), hydrogen peroxide (30 wt.% in water), ammonium
fluoride (Puranal TM, 40 wt.% in water) and ferrocene methanol (97%) were purchased
from Sigma Aldrich (New South Wales, Australia) and used without any further purifi-
cation. The synthesis of norbornylogous bridge (NB) 2 has been reported elsewhere [37].
Dichloromethane (DCM), isopropyl alcohol (IP) and ethanol were purified by distilla-
tion before use. Silicon wafers were purchased from Siltronix, S.A.S. (Archamps, France).
The p-type silicon was highly doped (boron), with nominal resistivity between 0.007 and
0.013 Ω cm and wafer thickness of 500 ± 25 µm. Wafers were oriented ±0.5◦ away from
the (111) plane. Milli-Q water (>18 MΩ cm) was used for all cleaning procedures and to
prepare electrolytic solutions.

2.2. Surface Preparation and Functionalization

P-type Si wafers were cut into samples of approximately 1×1 cm, washed with DCM,
IP and water, then treated with in a piranha solution for 30 min at 130 ◦C (a mixture of
concentrated sulfuric acid and 30% hydrogen peroxide, 3:1, v:v, respectively). The wafers
were then rinsed with water before being etched for 13 min in a deoxygenated solution
of ammonium fluoride (40%). After ammonium fluoride etching, the Si–H surfaces were
rinsed quickly with Milli-Q water once, followed by DCM three times and finally blown
with N2 gas before dipping in the grafting solution. The spontaneous grafting involved
only dipping the Si electrode in a 5 mM solution of 1 dissolved in DCM or 2 dissolved in
dimethylformamide (DMF) for 12 h to allow the SAM formation. The electrodes were then
washed with DCM, followed by drying under a stream of Ar gas before further analysis.

2.3. Atomic Force Microscopy Imaging

Atomic force microscopy (AFM) images were acquired using a Bruker dimension
microscope, operating in tapping mode. The FastScan head was used and the resolution
was set to 512 points/line with scan rate of 0.5 Hz and all images were recorded using
silicon nitride cantilevers (TESPA from Bruker (Singapore), with a spring constant of
20 N m−1) at room temperature, in air. Bruker’s Nanoscope Software was used to analyze
the surface roughness by measuring the root mean square, Rq, deviation in the height of
the Si surfaces.

2.4. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS measurements were performed on a Kratos Axis Ultra DLD spectrometer (Shi-
madzu, Manchester, UK), using a monochromatic Al-Kα (1486.6 eV) irradiation source
operating at 150 W. Spectra of Si 2p (90–110 eV), C 1s (277–300 eV) and S 2p (163−164 eV)
were taken in normal emission, with the main chamber at or below 7 × 10−9 Torr. Data
files were processed using CasaXPS© software and the reported XPS energies are binding
energies expressed in eV. After background subtraction (Shirley), spectra were fitted with
Voigt functions. To correct for energy shifts caused by adventitious charging, all peak
energies were corrected by applying a rigid shift to bring the C 1s emission to 284.7 eV.

2.5. X-ray Reflectometry (XRR) Analysis

A Panalytical Ltd. X’Pert Pro (ANSTO, Australia) was used to record XRR spectra at
the silicon–air interface. The spectrometer was fitted with a Cu Kα (λ = 1.54 Å) source and
the X-ray beam was focused using a Göbel mirror and collimated using fixed slits of 0.1 mm.
Further details for the XRR measurements can be found in the supporting information.

2.6. Electrochemical Measurements

All electrochemical measurements were performed with a CHI650 electrochemical
workstation (CH Instruments, Austin, TX, USA), using a conventional three-electrode
single-compartment cell. The functionalized Si surface act as the working electrode versus
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a of Ag/AgCl reference electrode in a saturated solution of potassium chloride (KCl) and
a platinum wire as the counter electrode. CV measurements were carried out in aqueous
solution of 1 M sodium perchlorate (NaClO4), and EIS measurement are carried out in
1 mM solution of hexaammineruthenium(III) chloride (in 10 mM KCl) All potentials are
reported against the Ag/AgCl reference electrode.

3. Results and Discussion
3.1. Surface Characterization

Figure 2a shows the Fe 2p signal from the iron metal center in the ferrocene moiety of
1 on p-type Si with two spin-orbit splits. The peaks at 707.2 eV and 720.3 eV are assigned
to the Fe 2p3/2 and Fe 2p1/2, for low and high energy spins, respectively, fitted with a
Shirley background subtraction and an energy difference of 13.1 eV. The peaks at 711.6 eV
and 724.7 eV correspond to the Fe 2p3/2 and Fe 2p1/2 for low and high energy emissions,
respectively, from the Fe+2 spins. Figure 2b shows the high-resolution C 1s spectrum of 1
fitted into 3 peaks (Figure 2b). The peak at 284.8 eV is ascribed to the C–C bonding, the peak
at 286.5 eV is assigned to the carbon adjacent to the Si-bound hydroxyl group (Si–O–C)
and the peak at 288.0 eV corresponds to the carbon adjacent to a free hydroxyl group
that is probably physically adsorbed (HO–C–). Further, fitting the Si 2p high resolution
envelope showed three peaks, with the main emission composed of one spin-orbit split
with two peaks at 99.7 eV and 100.0 eV, corresponding to the Si 2p3/2 and Si 2p1/2 for
low and high energy spins, respectively. The peak at 103.0 eV is assigned to the Si that
bound to 1 via Si–O–C covalent bonds (Figure 2c). No emission was observed at 103 eV
for a Si–H surface that was analyzed after etching and before the spontaneous grafting
step (Figure S1). Thus, XPS analysis of the SAM of 1 on Si–H surfaces indicates a covalent
C–O–Si bonding. Detailed XPS analysis for the Si 2p signal from a bare Si–H surface and an
Si–H surface that is functionalized with 1 shows that the Si 2p emission, from the Si–O–R
functionalized surface, is centered at BE of 99.7 eV while the Si 2p emission from bare
Si–H is centered at 99.5 eV (Figure S2). This is suggests that chemical modification of Si–H
surfaces with organic molecules lead to orbital hybridization between the energy levels
of Si and that of the molecule creating new electronic states a at the interface, consistent
with observations for the effect of other monolayers on the semiconducting properties of
Si [38]. XRR analysis for SAMs of 1 and 2 on Si–H surface demonstrated the presence of a
molecular film on the surface with a thickness comparable to the theoretical lengths of the
molecules used. Figure 2d, e shows molecular films of 0.7 nm and 0.6 nm thickness for the
SAM formed from 1 and 2, respectively. XRR analysis details and fitting parameters are
discussed in supporting information (Table S1). AFM imaging for the functionalized Si–H
surfaces shows smooth edges and individual flat terraces of roughness ~0.2 nm (Figure 2e,f),
consistent with results from typical alkyne/alkene monolayers formed on Si–H [16,34].
Further, AFM images for non-functionalized Si–H surfaces (Figure S3) showed minimal
change after functionalization demonstrating that the monolayers are formed smoothly
without causing any dramatic changes to the crystalline Si surface.
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3.2. Electrochemical Characterization of The Formed Monolayers

The SAMs on 1 and 2 formed by spontaneous grafting for 12 h at ambient conditions,
are characterized by cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). Figure 3a shows CVs for the formed SAM of 1, at different scan rates, with the char-
acteristic redox peaks of the ferrocene moiety, consistent with voltammetry measurements
for monolayers formed on Si–H by other means such as UV light that was reported by
Fontanesi et al. [36]. The evolution of the peak current versus the scan rates shows a linear
relationship, indicating the formation of a surface-bound system. The CV for the SAM of 2
on Si–H showed stable voltammetric current in contrary to the unmodified Si–H surface
tested in the same electrolyte. The latter showed an increase in the voltammetric current
and is attributed to anodic oxidation of the Si surface. This suggests that the SAM of 2
protects the Si surface form oxidation, within the potential window investigated, in aque-
ous medium (Figure 3c). EIS measurements in the presence of a redox active ruthenium
hexamine solution showed that upon the formation of a SAM of 2 the resistance increases,
indicating that the monolayer is packed in way that relatively blocks the redox active
solution from reaching the electrode surface and consequently increasing the resistance
of 2 on Si showed high electrode resistance. The Nyquist plots in Figure 3d are fitted to
equivalent circuit models using the complex non-linear least-square (CNLS) technique
using the Randles circuits (Figure S4) which models redox-active species in a diffusion
system. Cdl represents the double layer capacitance, Rs and Rct represent the solution
and charge transfer resistances, respectively and Ws1 represent the Warburg diffusion
element of the redox species in the electrolyte solution. Rct of ~1187 Ω and ~4571 Ω for
the bare Si–H and the functionalized Si surface respectively, is expected on the basis that a
monolayer can partially block charge transfer at the interface and therefore increase the
charge transfer resistance.
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at different scan rates for a SAM of 1 on Si–H, black: 0.05 Vs−1, red: 0.1 Vs−1, green: 0.2 Vs−1, orange: 0.5 Vs−1, brown:
0.75 Vs−1. (b) Evolution of the peak current vs scan rates, dots are data points and lines are linear fitting. (c) Cyclic
voltammetry (CV) wave for the formed SAM of 2 on Si–H (red) as compared to a bare Si–H electrode in NaClO4 (1.0 M)
electrolyte, showing that the bare Si is more prone to oxidation than the monolayer-protected surface. (d) Nyquist plot of the
electrochemical impedance spectroscopy (EIS). measurement for a SAM of 2 on Si–H, measured in a solution of ruthenium
hexamine (10 mM) in 0.5 M KCl. Dots (red and black) represent the raw data and green line represents the Randles circuit
fitting. Rct for Si–H ~ 1187 Ω and for Si–O–R surface ~4571 Ω.

We conclude here that the spontaneous reaction of OH groups with H–terminated
Si is a highly efficient approach to prepare molecular films on Si–H surfaces. While
the mechanism of the reaction is not yet well understood, the covalent attachment has
been previously demonstrated for thermal grafting of OH–terminated molecules and the
spontaneous grafting of graphene oxide films on Si (111) surfaces [39]. In the former, the
reaction is thought to be due to a nucleophilic attack of the O lone pair on the Si (111)
followed by the loss of H2 gas to yield Si–O–R monolayers [36]. In the latter, the reaction was
explained by a dehydration reaction forming a Si–C=C monolayers [40]. Our XPS results
demonstrate the presence of Si–O–C at the interface which is not accompanied by SiOx as
demonstrated by AFM. We therefore lean toward a mechanism that involves nucleophilic
attack by the O lone pair on Si surface holes. Further work will need to test the effect of the
Si doping type (p or n-type) and concentration, as well as the effect of the solvent on the
efficiency of the grafting. These parameters will necessarily change the concentration of
surface holes which, in turn, will affect the efficiency of the nucleophilic attack.

4. Conclusions

We have demonstrated the formation of SAMs on Si by simply incubating freshly
etched Si–H surfaces in a solution containing OH-terminated molecules. The grafting
process is spontaneous and does not require any catalyst, a significant advantage over more
established Si modification chemistry that typically requires an external radical initiator
such as UV, heat or chemical reagents. The fact that OH groups are widely accessible
and can be easily incorporated in molecules, makes this spontaneous grafting method
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appealing for connecting molecules to Si surfaces in applications ranging from sensing to
molecular electronics.

Supplementary Materials: The following are available online at https://www.mdpi.com/2571-963
7/4/1/10/s1, Figure S1: Si 2p high resolution spectrum for a freshly prepared Si–H surface, after
the etching step. Figure S2: XPS analysis showing high resolution Si 2p signal from a pure Si–H
surface versus a Si surface functionalized with 1. Figure S3: AFM topography images with large scan
area (a) and small scan area (b) for Si–H surface without SAMs. Figure S4: Equivalent circuit for the
Nyquist plots of the EIS measured for the SAM of 2 on Si–H and the fresh Si–H surfaces. Table S1:
Fitted thicknesses, surface roughness, and fitted SLD for SAMs formed from 1 and 2 on Si (111)–H as
determined from XRR data.
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