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ABSTRACT 

Electric fields can induce bond breaking, bond forming, catalyse chemical reactions on surfaces, 

and change the structure of self-assembled monolayers (SAMs) on electrode surfaces. Here, 

we study the effect of electric fields supplied either by an electrochemical potential or by 

conducting atomic force microscopy (C–AFM) on Si-based monolayers. We report that typical 

monolayers on silicon undergo partial desorption, followed by oxidation of the underneath 

silicon at + 1.5 V vs Ag/AgCl. The monolayer loses 28% of surface coverage and 55% of its 

electron transfer rate constant (ket) when + 1.5 V electrochemical potential is applied on the Si 

surface for 10 minutes. Similarly, a bias-voltage of + 5 V applied by C–AFM, induces complete 

desorption of the monolayer at specific sites accompanied by an average oxide growth of 2.6 

nm when the duration of the bias applied is 8 minutes. Current‒voltage plots progressively 

changes from rectifying typical of metal‒semiconductor junctions to insulating as the oxide 

grows. These results define the stability of Si-based organic monolayers toward electric fields 

and have implication in the design of silicon-based monolayers, molecular electronics devices, 

and on the interpretation of charge transfer kinetics across them. 
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1. INTRODUCTION  

Electric fields are known to break and form chemical bonding,1 catalyse chemical reactions, 

induce the formation of compact double layer of ionic liquids on surfaces,2 and change the 

structure of self-assembled monolayers.3 For instance, thiol-based monolayers on gold were 

shown to undergo structural changes involving a change from a tilted alkyl-chain orientation 

to a more perpendicular position with applied electric fields.4 The reason for this monolayer 

twisting is electric-field induced torque on the S‒Au bonding which forces the molecules to 

align with the surface normal.4  

Monolayers on gold have been so popular for a range of applications, such as biosensors,5-10 

surface patterning,11-14 various chemical and biological surface functionalizations15-19 and, 

fundamental electron transfer studies.20-21 However more recently, monolayers on silicon is 

increasingly gaining attention.22-34 Typical monolayers on silicon forms covalent bonding 

between silicon and molecules via Si‒O,35-37 Si‒S38-41 and, Si‒C42-45 bonding. These robust 

monolayers offers new opportunities for microelectronics in which traditional silicon 

electronics can be combined with molecular electronics.46-50 Monolayers on silicon is believed 

to form protective film that prevent the underneath silicon from oxidation.51-52 In this study, we 

ask the question as to what extent can these monolayers protect the film from electric fields 

during typical electrochemical and electrical measurements.   

We systematically study the effect of electric fields supplied by electrochemical potentials at 

the Si‒electrolyte interface or by voltage-biases supplied by C–AFM on a SAM formed from 

nonadiyne which is known to form a high quality monolayer on Si. In the electrochemical 

system, potentials of + 0.6 , + 1 , and + 1.5 V are applied, whereas in C–AFM system, the Si 

surface is biased against the tip at + 1 , + 2 , + 3  and, + 5 V. Electrochemical techniques, such 

as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), are used to  
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determine  the molecular surface coverage and electron transfer kinetics. Contact angle 

goniometry was used to follow the surface functional groups and voltage‒current electrical 

measurements were used to assess the electrical properties of the oxide formed.  

 

 

Figure 1. Schematic of the SAMs studied. Oxide-free silicon (Si–H) electrodes are reacted 

with 1,8-nonadiyne via a hydrosilylation reaction to form SAM S-1. Electrochemical potentials 

of + 0.6, + 1.0, and + 1.5 V are then applied to SAM S-1 form SAM S-2. A ferrocene moiety 

is attached to the distal end of S-2 monolayer by a copper-catalyzed azide-alkyne “click” 

reaction to yield the redox-active SAM S-3. On the other hand, C-AFM induced oxidation of 

SAM S-1 was obtained by applying + 1, + 2, + 3 and, + 5 V bias-voltage to yield SAM S-4. 

The schematic assumes that the oxide grows progressively from the molecular scale to the 

nanoscale and then to the microscale. 

 

2. MATERIALS AND METHODS  

2.1 Materials 

Unless specified otherwise, all chemicals were of analytical grade and used as received. 

Chemicals used in surface modification and electrochemical experiments were of high purity 
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(>99%). Milli–Q water (>18 MΩ cm) was used for surface cleaning, glassware cleaning and 

for the preparation of the electrolyte solutions. Dichloromethane (DCM) and 2–propanol were 

distilled before use. Hydrogen peroxide (30 wt% in water), sulfuric acid (Puranal TM, 95–97%) 

and ammonium fluoride (Puranal TM, 40 wt% in water) were of semiconductor grade and were 

used for silicon-wafer cleaning and etching. 1,8–Nonadiyne (98%) was obtained from Sigma-

Aldrich and used as received. Azidomethylferrocene was synthesised from ferrocene methanol 

using a literature procedure.53 Aqueous perchloric acid (1.0 M) was used as the electrolyte in 

all electrochemical measurements. Silicon wafers were purchased from Siltronix, S.A.S. 

(Archamps, France), p-type boron doped, and had a thickness of 500 ± 25 μm and a resistivity 

of 0.007–0.013 Ω cm. 

2.2 Surface Modification 

2.2.1 Silicon passivation. The hydrosilylation reaction of 1,8–nonadiyne with Si–H followed 

a previously reported procedure.53-54 In brief, silicon wafers were cut into pieces 

(approximately 1 × 1 cm), cleaned in hot Piranha solution (130 ◦C, 3:1(v/v) mixture of 

concentrated sulfuric acid to 30% hydrogen peroxide) for 20 minutes, then rinsed with water 

and etched in deoxygenated (40 wt%) aqueous ammonium fluoride solution under a stream of 

argon for 13 minutes. The etched samples were rinsed with Milli–Q water and DCM before 

being placed in a deoxygenated sample of 1,8–nonadiyne. The surfaces were then rapidly 

transferred to a reaction chamber kept under nitrogen flow, and illuminated with UV light 

(Vilber, VL–215.M, λ = 312 nm) for 2 hours. 

2.2.2 Electrochemical oxidation. Amperometric I-T measurements were run at different 

voltage (+ 0.6, + 1, and + 1.5 V) for 1 minute, 5 minutes, and 10 minutes. The 1,8–nonadiyne 

SAMs served as working electrode, a platinum wire as the auxiliary electrode, and an Ag/AgCl 
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aqueous electrode (1.0 M KCl, CH Instruments, USA) as the reference electrode. Aqueous 1.0 

M perchloric acid was used as the electrolyte.      

2.2.3 Copper-catalysed azide–alkyne “click” reaction. The oxidized 1,8–nonadiyne SAMs 

(S-2, Figure 1) were reacted with azidomethylferrocene through a copper-catalysed “click” 

reaction to yield SAM S-3. In brief, S-2 samples were incubated in a solution of 0.4 μM copper 

(II) sulphate pentahydrate, sodium ascorbate (5 mg/mL) and 0.5 mM azidomethylferrocene, 

under dark conditions. The reaction time was 120 minutes. The silicon substrates were then 

removed from the solution and washed sequentially with 2-propanol, Milli-Q water, 0.5 M 

hydrochloric acid, Milli-Q water, 2-propanol and DCM. Finally, the silicon substrates (S-3) 

were blown dry with a stream of argon before analysis. 

2.3. Surface characterization 

2.3.1 Electrochemical measurements. Electrochemical measurements were carried out in a 

single-compartment, three-electrode PTFE cell using a CHI650 electrochemical workstation 

(CH Instruments, USA). The modified silicon surface served as the working electrode, a 

platinum wire as the auxiliary electrode, and an Ag/AgCl aqueous electrode (1.0 M KCl, CH 

Instruments, USA) as the reference electrode. Aqueous 1.0 M perchloric acid was used as the 

electrolyte. The electrical contact between silicon and copper was reached by rapidly rubbing 

gallium indium eutectic on the back side of the silicon substrate. EIS measurements were 

carried out with a DC offset equal to the half-wave potential (E1/2) measured in the CV 

experiments. The AC amplitude was 15 mV and the frequency was scanned between 0.1 and 

100,000 Hz. The surface coverages (Γ) of ferrocene molecules was calculated from the 

integration of the CV oxidation waves according to Γ=Q/nFA (where Q is charge, n is number 

of electron transfer, F is Faraday constant and A is area of electrode). 
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2.3.2 Atomic Force Microscopy (AFM). All the topography imaging were conducted on 

Bruker Dimension FastScan atomic force microscopy in air and at room temperature. All the 

AFM data was processed with NanoScope Analysis. The antimony (n) doped silicon tips 

(TESPA-V2, Bruker AFM Probes), with spring constant of 42 N/m and resonance frequency 

of 320 kHz, were used to probe the sample topography. The measurements were performed in 

tapping mode while the size of image was set to 5×5 µm2, the resolution to 256 points/line and 

the scan rate to 1.0 Hz. 

2.3.3 Conductive Atomic Force Microscope (C–AFM). Tip induced oxidation was 

performed on Bruker Dimension PF–TUNA atomic force microscopy in the ambient 

conditions (21 ℃ and 30% relative humidity). All images and current–voltage (I–V) curves 

were obtained with solid Pt tips (RMN–25PT300B, Rocky Mountain Nanotechnology), with 

nominal spring constant of 18 N/m, nominal resonant frequency of 20 kHz, and tip radius < 20 

nm in air at room temperature. The silicon wafers were oxidised by applied biases ranging from 

1 to 5 V. I–V curves were obtained by ramping 20 times in each position at a peak force of 

2.25 μN and 1 Hz ramp rate.   

2.3.4 Contact angle analysis. The wettability of the Si surfaces was measured by an automated 

static water contact angle with a Krüss DSA 100 goniometer. The reported values are the 

average of at least three droplets, and the error bars represent the standard deviation of three 

measurements on three different surfaces. 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical Studies 

We first tested the effect of electrochemical potential on the topography of the monolayer. For 

this purpose a monolayer of 1,8–nonadiyne on Si is constructed  via a hydrosilylation reaction. 
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An electrochemical potential of + 0.6, + 1 and, + 1.5 V is then applied to the surface. The 

surfaces were then imaged by tapping-mode AFM.  

A freshly prepared S–1 surface showed clearly visible Si (111) flat terraces with smooth edges, 

of peak-to-peak surface roughness within individual terrace of ~ 0.245 nm, and negligible oxide 

(Figure 2a). When a potential of + 0.6 V was applied to the S-1 SAM for 1 minute, clear oxide 

spots appears and the terraces become less visible (Figure 2b). After applying + 1.5 V for 10 

minutes, the surfaces show clear oxide spots and Si (111) terraces become increasingly 

invisible (Figure 2c).   

Figure 2d‒f show the water wettability of the SAM S-1 before and after applying the 

electrochemical potential. Initially SAM S-1 has a contact angle of 77 °, which is reduced to 

64 ° and 48 ° when + 0.6, and + 1.5 V, are applied for 1 and 10 minutes, respectively. This is 

likely due to the oxide growth resulting in higher surface-polarity. The contact angle of SAM 

S-1 is 77 ° meaning the surface is relatively more hydrophobic. As a comparison, the contact 

angle of 1,8-nonadiyne on a gold surface is 71 ° (Figure S5), which suggests that the monolayer 

is slightly more dense on silicon than it is on gold. Figure 2g shows the XPS Si 2p narrow scan 

for a freshly prepared surface, a surface oxidized at + 0.6 V, and a surface oxidized at + 1.5 V. 

Freshly prepared surface S-1 show only limited amount of SiOx at 102 eV (7%), (Figure 2g) 

and increases to 13% and 29% when the voltage increased from + 0.6 V (applied for 1 minute) 

to +1.5 V (applied for 10 minutes), respectively (Figure 2h-i). The Si 2p high resolution 

envelope was fitted by four peaks, with the main emission composed of one spin-orbit split 

with two peaks at 98.85 eV and 99.45 eV, corresponding to the Si 2p3/2 and Si 2p1/2 for low and 

high energy spins, respectively. The two small peaks at 99.20 eV and 99.85 eV are Si‒C at and 

Si‒O, respectively and are attributed to carbon and oxygen from the measurement’s 

environment.55 The survey XPS spectra for S-1 SAM are shown in Figure S9 (Supporting 

Information).    
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Figure 2. a) AFM topography images for S-1 SAM in a fresh state. b) AFM topography images 

of SAM S-2 obtained after an electrochemical potential of 0.6 V was applied to SAM S-1 for 

1 minute. c) AFM topography images of SAM S-2 after applying an electrochemical potential 

of +1.5 V to SAM S-1 for 10 minutes. d) The static image of a water droplet on a freshly 

prepared SAM S-1. e) The static image of a water droplet on SAM S-2, which is obtained after 

an electrochemical potential of +0.6 V was applied to SAM S-1 for 1 minute. f) The static 

image of a water droplet on SAM S-2, which is obtained after an electrochemical potential of 

+1.5 V was applied to SAM S-1 for 10 minutes. XPS high resolution Si 2p spectra for S-1 

SAM (g) freshly prepared, (h) oxidized at +0.6 V, and (i) oxidized at + 1.5 V. 

 

Next, we measured the surface coverage after applying + 0.6, + 1.0 and + 1.5 V. For this 

purpose, the potential was first applied to SAM S–1 for a specific amount of time. The SAM 

was then reacted with azidomethylferrocene via an azide-alkyne “click” reaction yielding SAM 

S-3. The purpose of the ferrocene moieties is to enable determining the surface coverage, 

electrochemically.  
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Figure 3a‒c show the CVs for S–3 SAM after applying to the S–1 SAM, a potential of + 0.6 , 

+ 1.0 , and + 1.5 V for 1 minute, 5 minutes, and 10 minutes. The CVs show the characteristic 

redox peaks of the ferrocene moiety at 0.46 V vs Ag/AgCl. A key observation is the separation 

between the oxidation and reduction waves increases with the increase in the potential 

magnitude and duration. For example, the separation increases from 32 to 96 mV when the 

potential is increased from + 0.6 V for 1 minute to + 1.5 V for 10 minutes. In addition, the 

waves separation increases with the duration of the potential applied. For example, at + 1.5 V, 

the peak separation increases from 70 to 96 mV when the potential duration increases from 1 

to 10 minutes. The increase in waves separation is an indication of slower electron-transfer 

kinetics.56 

Another key observation from the CVs is the decrease in surface coverage with the magnitude 

and duration of the applied potential. The surface coverage of SAM S-3 decrease from (1.05 ± 

0.26) × 1014 ferrocene cm−2 to (7.36 ± 2.06) × 1013 ferrocene cm−2 when the applied potential 

increases from + 0.6  to + 1.5 V for the same duration of 1 minute (Figure 3d). The surface 

coverage also decreases with the duration of the applied potential with the coverage  decreasing 

by ~ 28% from (7.36 ± 2.06) × 1013 ferrocene cm−2 to (5.27 ± 1.11) × 1013 ferrocene cm−2 when 

the duration of the + 1.5 V potential was increased from 1 to 10 minutes. The surface coverage 

of SAM S-3 decreases from (1.39 ± 0.38) × 1014 ferrocene cm−2 to (1.03 ± 0.26) × 1014 

ferrocene cm−2 when the applied potential increases from ‒ 0.6 to ‒ 1.5 V for 1 minute. When 

the potential of ‒ 1.5 V applied increase from 1 to 10 minutes, the surface decreases from (1.03 

± 0.26) × 1014 ferrocene cm−2 to (8.24 ± 1.73) × 1013 ferrocene cm−2. Similar effects were 

observed for a molecule that comprises a ferrocene moiety as opposed to the above post-click 

reaction method. Experiments with 11-(ferrocenyl)undecanethiol showed  as similar trend of a 

decrease in surfaces coverage as a function of the increasing applied voltage (Figure S6a, 

Supporting Information). 



10 
 

 

 

Figure 3. Cyclic voltammetry for SAM S-3 which is obtained after applying to SAM S-1 an 

electrochemical potential of a) + 0.6 V, b) + 1.0 V and, c) + 1.5 V for 1, 5 and 10 minutes, 

respectively, followed by an azide–alkyne click reaction with azidomethylferrocene d) The 

corresponding surface coverages calculated from the oxidation waves of the CVs in (a), (b), 

and (c). The error bars in (d) is the standard deviation of surface coverages from the mean value 

of three different surfaces. 

 

To determine the charge transfer kinetics, electrochemical impedance spectroscopy (EIS) was 

performed on SAM S–3 (Figure S1). Similar to the trend observed for the surface coverages, 

the electron transfer kinetics was shown to decrease with increasing potential magnitude and 

duration. For example the rate constants (ket) decreases from (125.64 ± 4.24) to (5.72 ± 1.16) 

s-1 when the potential applied to SAM S–1 increases from + 0.6 to + 1.5 V for 1 minute. In 

addition, the duration of the potential applied affects ket. For instance, it decreases from (5.72 
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± 1.16) to (2.58 ± 0.45) s-1 when the duration of the potential pulse at + 1.5 V increases from 1 

to 10 minutes. The ket decrease from (132.99 ± 7.26) to (111.43 ± 3.82) s-1 when the applied 

potential increases from + 0.6 to + 1.5 V for the same duration of 1 minute. The ket also 

decreases from (111.43 ± 3.82) to (37.48 ± 0.50) s-1 when the duration of the + 1.5 V potential 

was increased from 1 to 10 minutes. The oxidation could happen at both positive and negative 

voltages, and this is likely due to the ability of electric field to desorb the H for Si-H leading to 

Si radicals that can then react with oxygen and water forming the oxide. A similar trend of 

decrease in ket have been also obtained for monolayers formed from 11-

(ferrocenyl)undecanethiol (Figure S6b, Supporting Information). Full trends are presented in 

Figure 4a‒f. Bode plots from EIS are shown in Figure S2 (Supporting Information).  

 

 

Figure 4. Nyquist plots from EIS measurements of SAM S-3 which is obtained after applying 

to SAM S-1 an electrochemical potential of a) + 0.6 V, b) + 1 V and, c) + 1.5 V for 1, 5 and 10 

minutes, respectively, followed by an azide–alkyne click reaction with azidomethylferrocene. 

The corresponding evolution in ket after d) + 0.6 V, e) + 1 V and, f) + 1.5 V was applied for 1, 

5 and 10 minutes. The EIS fitting parameters are presented in Tables S1‒S3 of the Supporting 
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Information. The error bars in (d), (e), and (f) are the standard deviation of ket from the mean 

value of three different surfaces. 

 

3.2. Conducting AFM studies 

After performing the wet electrochemical experiments, we proceeded using C-AFM to test how 

a bias-voltage applied between a Pt AFM tip and the monolayer-modified Si surface (SAM S–

1, Figure 5f-j) affects current‒voltage measurements. These experiments differ from the 

electrochemical experiments (section 3.1) in that they are performed in dry conditions without 

an electrochemical control in aqueous environment. The bias-voltage between the tip and the 

surface was applied to surface S–1 at specific location for 8 minutes. Topography images are 

then recorded at low bias-voltages to check what the effect of the previous bias-voltage applied 

was (Figure 5a-e). A key observation is the growth of oxide squares on SAM S-1 and the oxide 

thickness significantly increase with the magnitude of the bias-voltages applied from (0.8 ± 

0.06) nm to (2.6 ± 0.23) nm when the bias-voltage increases from + 1 V to + 5 V (Figure S3). 

In addition, I–V measurements were performed on and outside the oxide areas. When the bias 

voltage applied exceeded + 1 V, the resulting oxide growth affected the magnitude of the 

current compared to that recorded on unbiased surfaces (Figure 5k-o). In particular, the I–V 

curves change from a typical rectifying metal‒semiconductor junction to nearly an insulator. 

Hence, care should be taken to analyse I‒V curves of molecules on Si as biase-voltages as low 

as +1 V can create oxide, which will then dominate the measurements.  
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Figure 5. AFM topography of the oxide squares obtained on SAM S-1 by AFM‒tip induced 

oxidation at no bias-voltage (0 V) (a), + 1 V (b), + 2 V (c), + 3 V (d) and + 5 V (e). (f‒j) 

Cartoons describing the respective experiments and each surfaces. I–V curves of the S-1 

surface biased at 0 V (k), + 1 V (l), + 2 V (m), + 3 V (n), + 5 V (o). The red line in Figure (k-

o) is the average TUNA current for 20 curves. Positive bias means the Si is positively biased 

relative to the tip. 

 

4. CONCLUSIONS 

In summary, we demonstrate that electric fields have profound effect on silicon-based 

monolayers. Whether the electric fields are those encountered in typical 3–electrode 

electrochemical setups or those electrically induced using nanoscale electrical measurements, 

the electric fields partially desorb the organic monolayer from the Si surface and is 

accompanied by a growth of an oxide layer. The oxide growth leads to wave separation in 

cyclic voltammetry, decrease in the molecular surface coverage and decrease in the rate of 

electron transfer when a redox active group is attached to the terminal end of the monolayer. 

These results explain the scattered cyclic voltammetry and electron-transfer rate constant 

typically reported for surface-bound redox monolayers on Si. Equally important, is our 

demonstration that at the nanoscale, an oxide growth is observed by C-AFM when the Si 
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surface is biased by a voltage as low as + 1 V, above which the I‒V curves show less currents 

reflecting the insulating properties of the oxide areas created underneath. These observations 

should be taken into account when designing molecular electronics devices on Si, which often 

requires scanning the bias voltage with magnitudes comparable to that applied in this study. 

The results also point out to the need to develop better monolayers on Si that can withstand 

high electric fields. The well-defined silicon oxide structures created over silicon by AFM tips 

could also find implications in understanding the properties of this type of silica for the design 

of memristors arrays. 

SUPPORTING INFORMATION  

Detailed contact angle, XPS and electrochemical analysis are supplied as Supporting 

Information.  
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