Nanoscale Silicon Oxide Reduces Electron Transfer Kinetics of Surface-Bound
Ferrocene Monolayers on Silicon

Tiexin Li!, Essam M. Dief, ! Xin Lyu,! Soraya Rahpeima,! Simone Ciampi!, Nadim Darwish'*

1School of Molecular and Life Sciences, Curtin University, Bentley, WA 6102, Australia

Corresponding author: nadim.darwish@curtin.edu.au

KEYWORDS: Self-assembled monolayers, ferrocene, molecule-electrode contact, silicon oxidation, electron
transfer kinetics

Abstract

Functionalising Si with self-assembled monolayers (SAMs) paves the way for integrating the
semiconducting properties of Si with the diverse properties of organic molecules. Highly packed
SAMs such as those formed from alkyl chains are desired to protect Si from re-oxidation in
ambient environment. Such monolayers have been largely considered oxide-free but the effect of
nanoscale re-oxidation on the electrochemical kinetics of Si-based SAMs remains unknown. Here,
we systematically study the effect of the oxide growth on the electrochemical charge-transfer
kinetics of ferrocene-terminated SAMs on Si by exposing the surfaces to ambient conditions for
controlled periods of time. X-ray photoelectron spectroscopy and atomic force microscopy
revealed a gradual growth of silicon oxide (SiOx) on the surfaces over time. The oxide growth is
accompanied by a decrease in the ferrocene surface coverage and a concomitant decrease in the
electron transfer rate constant (ke) measured by electrochemical impedance spectroscopy. The
drop in ket is attributed to a greater spacing between the ferrocene moieties induced by the surface
oxide, which in turn blocks lateral electron transfer between neighbouring ferrocene moieties.

These findings explain the highly scattered literature data on electron-transfer kinetics for
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monolayers on Si and have implications for the proper design of Si-based molecular electronics

devices.
1. Introduction

Fundamental and applied research on the self-assembly of organic molecules on electrode surfaces
continues to be an area of intense research. To date, the focus has been on the formation of self-
assembled monolayers (SAMs) on gold electrodes using thiol or disulfide-terminated molecules.*
11 but there is increasing interest of forming monolayers on a range of other electrodes.?* The
work of Chidsey and co-workers on Si—C-bound monolayers has helped to expand this research
from metals to semiconductors.®™> " In particular, monolayers on oxide-free silicon (Si-H) have
gained significant interest because they enable combining the traditional semiconducting
properties of Si with that of functional organic molecules.™ 827 For example, Si-based SAMs
have been exploited in solar cells research,?®%° biosensors,'* fundamental electron transfer

studies®®>3” and molecular electronics.3842

The formation of SAMs on Si—H, however, is not as straightforward as that formed on gold or
other metal electrodes.® 2* 4> The first step in forming SAMs on Si requires etching away the
insulating oxide (SiOx) layer,* 4447 using fluoride solutions, resulting in a reactive Si—H surface
that starts re-oxidizing almost immediately under ambient conditions.*® #34° Therefore most
procedures for preparing SAMs on Si require rapidly reacting a freshly prepared Si—H surfaces
with organic molecules to form SAMs in an oxygen-free environment.>*! After the formation of
a SAM, the surface is free of oxide. What is not known is how effective these monolayers are in
preventing re-oxidation of the Si surface. Conventional surface spectroscopies, such as XPS, tend
to underestimate the oxide content. It is important to detect early stages of oxidation since small

island of silica will inevitably expand over time. The quality of the SAMs is key in defining the
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interfacial electrical properties of the functionalised Si—H surface. Therefore, highly packed
monolayers are desired to prevent ambient oxidising agents (water and oxygen) from penetrating
the molecular film and re-oxidising the Si.5? Although, functionalising Si—H surfaces with alkyne-
terminated monolayers using UV light or heat have led to densely-packed SAMs, the maximum
coverage of high-quality alkyne-based monolayers are 60-65% of the total reactive Si—H surface
sites.>>* Therefore 35% of the Si—H surface remain prone to oxidation upon exposure to water or
oxygen.>®>® The growth of SiOx has been speculated to increase or decrease charge transfer
kinetics and published data on redox kinetics of Si are highly scattered and the factors contributing

to the irreproducibility remains largely unknown.52 57-%8

Here, we systematically study the effect of surface oxide growth on the charge transfer kinetics of
Si-based SAMs. We investigate under ambient conditions (21 °C and 30% relative humidity) the
stability and the electrochemical performance of an alkyne-terminated SAMs formed on a freshly
etched Si—H surface. The charge transfer kinetics was studied on SAMs functionalized with a
terminal ferrocene moiety using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
were utilized to visualize the nanoscale SiOx growth over time. We used two procedures: a) using
a SAM composed of an alkane chain (nonadiyne) that is grafted by hydrosilylation reaction
followed by a copper-catalysed “click” reaction with an azidomethylferrocene (Figure 1). The
formed ferrocene-terminated SAM is then exposed to ambient conditions for specific period of
times while the charge transfer kinetics is monitored and (b) preparing a SAM of nonadiyne which
is then left for specific periods of time at ambient conditions. The SAM’s terminal alkynes are then
reacted with azidomethylferrocene and the charge transfer kinetics of the redox SAM formed, is

monitored.
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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. A ferrocene moiety is attached to
the distal end of the monolayer by a copper-catalyzed azide-alkyne “click” reaction to yield the
redox-active SAM S-2.

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 (>99%). Milli-Q water (>18 MQ c¢m) 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.>® 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 um and a resistivity of 0.007-0.013

Q 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.®®®! In brief, silicon wafers were cut into pieces (approximately 1
x 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, A = 312 nm) for 2 hours.

2.2.2 Copper-catalysed azide—alkyne “click” reaction. The 1,8-nonadiyne SAMs (S-1, Figure
1) were reacted with azidomethylferrocene through a copper-catalysed “click” reaction. In brief,
S-1 samples were incubated in a solution of 0.4 uM copper (II) sulphate pentahydrate, sodium
ascorbate (5 mg/mL) and 0.5 mM azidomethylferrocene, under dark conditions. The reaction time
was varied between 1 and 60 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-2) were blown dry with a stream of argon

before analysis.

To study the effect of surface oxidation on electrode kinetics, two procedures were used. S-2
samples were either exposed to ambient conditions (21 °C and 30% relative humidity) for 1-30

days, or S-1 samples were kept under ambient conditions for 1-15 days prior to the click reaction



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 (S-2) served as the working electrode, a platinum
wire as the auxiliary electrode, and an Ag/AgCl aqueous electrode (1.0 M KCI, 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. All CVs are started anodically from 0 VV t0 0.8 V
and reversed back to 0 V. EIS measurements were carried out at a DC offset equal to the half-wave
potential (E12) measured in the CV experiments. The AC amplitude was 15 mV and the frequency
was scanned between 4 and 100,000 Hz. The surface coverages (I') of ferrocene molecules was
calculated from the integration of the CV oxidation waves according to I'=Q/nFA (where Q is

charge, n is number of electron transfer, F is Faraday constant and A is area of electrode).

2.3.2 X-Ray Photoelectron Spectroscopy (XPS) measurements. XPS spectra were obtained on
an AXIS Ultra DLD spectrometer (Kratos Analytical Ltd) with a monochromatic Al Ka source
(1486.7 eV), an imaging hemispherical analyser and a 6 channel detector. Spectra were recorded
in normal emission with the analysing chamber operating below 10~° mbar. The resolution of the
spectrometer is ca. 0.6 eV, the step size was 0.1 eV, the dwell time 100 ms, and an analyser pass
energy was set to 20 eV. The spectra were processed in CasaXPS software using the Shirley
background subtraction. All binding energies are expressed in eV and were corrected by adjusting

the main C1s signal to 284.7 eV.

2.3.3 Atomic Force Microscopy (AFM). AFM topography imaging was conducted on a Park

AFM NX10 (Park Systems, Korea) in air and at room temperature using silicon tips (OMCL-
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AC160TS, Olympus), with spring constant of 26 N/m and resonance frequency of 300 kHz. AFM
data was processed with Park Systems XEI 4.3.4. Measurements were performed in tapping mode

with the image size set to 5x5 um, the resolution to 256 points/line and the scan rate to 0.5 Hz.

3. RESULTS AND DISCUSSION
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Figure 2. a) AFM topography images for S-1 SAM in day 1. b) AFM topography images for an
S-1 SAM left at ambient conditions for 15 days, showing oxide growth appearing as white spots
in the topography images and the Si (111) terraces become less sharp. The inset in (a) and (b) show
cross-sectional profile (line) roughness of the S-1 SAM at day 1 and 15 days, respectively. The
cross-sectional roughness of the Si—H surface are shown in the inset of Figure S1 (Supporting
Information). ¢) XPS High resolution Si 2p spectra for S-1 SAM in day 1, d) XPS High resolution
Si 2p spectra for monolayer of S-1 SAM in day 15. The absence of emission at 103 eV in day 1
indicates that there is no detectable oxide formed in short period. By exposing the surface to
ambient conditions for 15 days, a SiOx emission of 3% relative to the Si 2p appears at 103 eV.

AFM topography imaging of the surface S-1 on day 1 shows clearly visible flat terraces with
smooth edges, peak-to-peak surface roughness within individual terrace of ~0.213 nm, and
negligible oxide (Figure 2a). Figure 2b shows topography images acquired for samples aged 15
days under ambient conditions, and here the surface shows clear oxide spots (rounded features)
and the Si(111) terraces become less visible. The amount of oxide increases with time, even though
the Si—H surfaces were oxide-free after etching and before the hydrosilylation with 1,8-nonadiyne
(Figure S1). The silicon used in this experiment is p-type silicon which have a single crystalline
orientation on the (111) plane. The AFM images show the terraces of the (111) plane for bare Si—
H surface (Figure Sla) and fresh 1,8 nonadiyne-functionalised Si surface (Figure 2a). The root
mean square roughness (RMS) of the Si—H and fresh 1,8 nonadiyne-functionalised Si surfaces are
both similar at 0.20 nm (inset in Figure 2 and Figure S1a, Supporting Information). On the other
hand, the oxidized 1,8 nonadiyne-functionalised Si-surface showed a higher RMS roughness of
0.25 nm (Figure 2b). On day 1, XPS Si 2p narrow scan of surface S-1 show no significant oxide
or suboxide (Figure 2c).%% The Si 2p high resolution envelope was fitted by two peaks, with the
main emission composed of one spin-orbit split with two peaks at 99.5 eV and 100.1 eV,
corresponding to the Si 2ps2 and Si 2p12 for low and high energy spins, respectively. For the
surface S-1 on day 15, the Si 2p high resolution envelope shows three peaks, with the main

emission composed of one spin—orbit-split with two peaks at 99.5 eV and 100.1 eV, corresponding



to the Si 2ps2 and Si 2p1/, for low and high energy spins, respectively. The new peak at 102.7 eV
is assigned to SiOx bonding (Figure 2d). The C 1s signal from the freshly prepared monolayer
(1day) shows C—C bonding ascribed to the methylene carbon at 285.0 eV while the peak at 283.6
eV is ascribed to the olefinic carbon that is bound to Si as Si—-C=C and the emission at 286.5 eV is
ascribed to carbon—-oxygen bonding (C—-O). Oxygen contamination has been observed in many
reports and are present in the form of CO», explaining the appearance of some oxygen bound to
carbon in the C 1s emisssion.®3%4 Figure S2d, shows the C 1s emission from the surface S-1 after
15 days at ambient conditions. The peak at 285.0 eV is ascribed to the C—C bonding, the peak at
283.6 eV to the Si—C=C bonding and the peaks between 286 and 290 eV to carbon that is bound
to oxygen. The survey XPS spectra of S-1 SAM in day 1 and day 15 are shown in Figure S2
(Supporting Information). The XPS result for SAM S-2 is shown in Figure S13 (Supporting

Information).
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Figure 3. Electrochemical characterisation of SAM S-2 in which the click reaction was performed
at day 1 followed by the exposure period. a) The corresponding CVs at day 1, 5, 15, and 30 days.
b) The corresponding surface coverages calculated from the oxidation waves of the CVs in (a). c)
Nyquist plots from EIS measurements for 1 exposure day (black), 2 days (red), 3 days (blue), 5
days (magenta), 7 days (olive), 10 days (navy), 15 days (violet), 20 days (purple), and 30 days
(wine). d) Bode plots for day 1 and 30 with frequency range from 4 Hz to 60000 Hz. Lines (black
and blue) are experimental data and scattered dots (red and magenta) are best fit to the experimental
data. Bode plots for other exposure periods are shown in Figure S3c and S6, of Supporting
Information. e) The evolution of ket obtained by fitting the impedance data to Randles Circuit
(Table S2, Supporting Information). The error bars in (b) and (e) are the standard deviation of
surface coverages and ket values from the mean value of three different surfaces.

Figure 3a shows the CVs for S-2 SAM after resting the surfaces at ambient condition for different
times ranging from 1 to 30 days. The CVs show the characteristic redox peaks of the ferrocene
moiety at 0.46 V vs Ag/AgCI. The first key observation from the CVs is the decrease in the
ferrocene surface coverage with increasing exposure time. This is inferred by observing a decrease
in the peak current for both the oxidation and reduction waves with time. The coverage decrease
by ~ 37% from (1.18 + 0.30) x 10** ferrocene cm 2 at day 1, to (7.41 + 2.07) x 10* ferrocene cm 2
at day 30 (Figure 3b). This is accompanied by an incresed separation between the oxidation and
reduction waves. At day 1, the waves are only separated by 50 mV, but this gap increased to 140
mV at day 30 — indicating a slower electron transfer kinetics. CVs for individual exposure periods

are shown in Figure S3 and S4 (Supporting Information).

To assess the charge transfer kinetics, electrochemical impedance spectroscopy (EIS) was
performed on SAM S-2. The Nyquist and the Bode plots in Figure 3c and 3d, visually indicate that
the resistance of the monolayer increases with the increase in the exposure time. For instance, the
progressive increase in the diameter of the semicircle on the real component of the impedance (x-
axis in Figure 3c) reflect the progressive increase in the resistance of the monolayer. Similarly, the
shift from a higher to a lower frequency at which the dip in the phase angle (Bode plot in Figure

3d) appears is an indication of a slower electron transfer kinetics with exposure time. Full
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description of the impedance spectra can be found in previous literature.%5-% The equivalent circuit
used to fit the EIS data are shown in Figure S7 (Supporting Information). The ket decreases with
the waiting time (Figure 3e). The ket decrease from (85.64 + 6.06) s on day 1 to (14.74 + 0.54)
s 1 on day 30. A similar trend for the decrease in ket was observed by using the Laviron approach
of calculating ket from the CVs (Figure S12, Supporting Information). This trend appears to be
related to the decrease in the surface coverage which in turn, appears to be related to the amount
of surface oxides on the surface.®® Nyquist plots for individual exposure periods are shown in

Figure S5 (Supporting Information).
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Figure 4. a) CVs for SAM S-2 at different exposure periods which is applied to the nonadiyne
SAM (S-1) before performing the click reaction. The surfaces were left at ambient conditions for
5, 7, and 15 days and the click reaction was freshly performed on the day the CVs were measured.
The CV corresponding to 1 exposure day is shown in black, 5 days (red), 7 days (blue), and 15
days (magenta). b) Evolution of ferrocene surface coverage of SAM S-2 versus the exposure time.
c) The evolution in ket at different exposure periods. d) CVs for a freshly prepared SAM S-2 with
different duration of the click reaction. The surfaces were left in the click reaction solution for 1
minute (black), 15 minutes (red), and 60 minutes (blue). e) The corresponding surface coverage of
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ferrocene at different click reaction times. f) Evolution of ke for different click reaction times. The
error bars in (b), (c), (e), and (f) are the standard deviation of surface coverages and ket from the
mean value of three different surfaces.

To test whether the decrease in the surface coverage is due surface oxidation or decomposition of
the ferrocene moieties with time, we performed similar experiments but instead of applying the
exposure periods to the ferrocene terminated monolayers, they were applied to the base 1,8-
nonadiyne monolayer (S-1) while the click reaction with azidomethylferrocene was only
performed after the exposure period. This ensured that the ferrocene moieties are protected from
aging and enabled investigating whether or not the decrease in surface coverage is related to
decomposition of the ferrocene moieties. (Figure 4a, b) Results showed a similar trend to that
observed with pre-clicked surfaces (S-2) with the ket decreasing with the exposure period (Figure
4c). This indicates that the decrease in ket is affecting the base nonadiyne monolayer, most likely
due to the formation of SiOx which partially desorbs some of the monolayer. This is consistent
with the AFM and XPS results (Figure 2) which showed that SiOx grows with time. It is worth re-
emphasizing that the click reaction here is only preformed after the oxidation of the nonadiyne
monolayer. Observing the same trend in surface coverage and ket to that of the pre-clicked surfaces
(Figure 3b, e) indicates that it is likely that the nonadiyne molecules are desorbing from the surface
rather than the oxide reducing the amount of electrochemically active ferrocenes. CVs for
individual exposure periods are shown in Figure S8 (Supporting Information) while Figure S9

shows the Nyquist plots for individual exposure periods.

Next, we investigated the reason behind the decrease in the kinetics of electron transfer. Is it due
the presence of silicon oxide and its nature as an electrical insulator or is it due the lower ferrocene
coverage which increases the distance between the ferrocene moieties? For this purpose, we

performed experiments in which the surface coverage of the ferrocene moieties are controlled
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without oxidizing the surface and, therefore, without exposure periods to ambient conditions. This
was performed by controlling the azide-alkyne click reaction times on a freshly prepared
nonadiyne surface. The surface coverage obtained following this procedure ranged from (9.03 +
1.90)x10* to (1.25 + 0.26) x10'* ferrocene cm™ for click reaction time of 1 and 60 minutes,
respectively (Figure 4e). CVs for other click reaction time are shown in Figure S11 (Supporting
Information). Electrochemical impedance measurements showed an increase in ket from (128.66 +
6.78) s to (186.57 + 6.49) s * as a function of the increase in surface coverage (Figure 4f). This
trend is similar to that observed for the oxidized surface studies and indicates that the reason behind
the decrease in ket is most likely due to the surface oxide creating a less dense ferrocene monolayer
on the surface, as distinct from the effect of the insulating properties of the oxide itself (Figure 5).
The model (Figure 5) is not proven experimentally; and assumes that the oxide grow progressively
from the molecular scale to the nanoscale and then to the microscale. Therefore, it is likely that
some oxide comparable to the dimension of the molecules are present on the surface. Nyquist plots
and Bode plots for individual click reaction times are shown in Figure S10 and S11 (Supporting

Information).
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Figure 5. A simplified model on the proposed impact of silicon oxide on the kinetics of electron
transfer through redox monolayers on silicon electrodes. The nanoscale oxidation leads to partial
monolayer desorption and a lower density of ferrocenes on the surface which reduces lateral
electron transfer between the ferrocene moieties that, in turn, reduces the overall electron transfer
kinetics. The model assume that oxide smaller than the dimension of the molecules, which is below
the resolution of the AFM images, is present on the surface. Small oxide spots separate individual
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ferrocene molecules from each other. Larger oxide protrusions will separate cluster of ferrocene
molecules from other clusters. The overall effect is a reduction in the lateral electron transfer
between ferrocene moieties. The oxide spots are not drawn to scale.

4. CONCLUSIONS

In summary, we demonstrate that the growth of nanoscale oxide on monolayer-covered Si surfaces
has profound effect on the surface coverage of the monolayers, and as a result, on the electron
transfer Kinetics across the monolayer. Early oxide growth that is not detectable by XPS, nor by
more sensitive AFM imaging, has a dramatic effect on electrode kinetics. After 15 days at ambient
conditions, oxide growth on nonadiyne-covered Si surfaces become detectable by AFM and XPS.
After 30 days, the electron transfer rate constant ket decreases by 4-folds compared to the same
SAMs at day 1. The oxide growth is accompanied by a decrease in the surface coverage of the
molecules forming the SAM and this is attributed to the oxide partially desorbing the monolayer
and creating defects. The decrease in the electron transfer kinetics is attributed to the lower density
of ferrocene on the surface which diminish lateral electron transfer that is responsible for the high
electron transfer kinetics reported in literature for high-density ferrocene monolayers.*> These
results explain the largely variable electron transfer Kinetics reported on silicon and demonstrate
the need to take into consideration the effect of oxide growth on the performance of Si-based
monolayers for a range of applications. The approach may also be used as an early silicon oxide
detection that is below the detection limit of common surface spectroscopy and microscopy

techniques.
SUPPORTING INFORMATION
Detailed AFM, XPS and electrochemical analysis are supplied as Supporting Information.
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