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Abstract: Silicon is the most commonly used material in the microelectronics industry, due to
its inherent advantages of high natural abundance, low cost, and high purity, coupled with the
chemical and electrical stability at the interface with its oxide. For molecular electronics applications,
oxide-free Si surfaces are widely used because of the relative ease of removing the oxide (S5iOyx) by
chemical means, yielding a surface which forms strong covalent bonds with a wide range of chemical
functional groups; another advantage is that these surfaces remain oxide-free in the absence of
oxidising agents. Standard procedures require the use of either HE, NH4F, or a mixture of both as the
etching solution; however, these two chemicals are highly corrosive and toxic, posing a significant risk
to the experimentalist. Here, we report that for silicon wafers etched by using potassium fluoride, a
less toxic chemical, the resulting surface is free of oxides and can be functionalized by self-assembled
monolayers of 1,8-nonadiyne. To demonstrate this, Si/SiOx wafers were etched by using either KF or
NH,F, followed by hydrosilylation with 1,8-nonadiyne and a click reaction of the terminal alkyne
with azidomethylferrocene. The surface coverages and electron transfer kinetics of the ferrocene-
terminated KF-etched surfaces are comparable to those formed by acidic fluoride etching procedures.
This is the first study comparing the differences between surfaces functionalized by self-assembled
monolayers of 1,8-nonadiyne which were etched by KF and NHyF. KF could be used as a replacement
chemical for etching silicon wafers when a less corrosive and toxic chemical is required.
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1. Introduction

Silicon is the second most abundant element on earth, resulting in low costs, along
with high purity and high chemical and electrical stability of the interface with its oxide.
This makes it an excellent semiconducting material for electrode fabrication for Li-ion
batteries and explains its abundance in the microelectronics industry. Si has been used for
applications in various devices, for example, in electrical biosensors and photovoltaics. To
modify a Si/SiOx surface, there are two methods: The first one is the direct functionalization
of 5iOy, by silanisation or tethering by aggregation and growth. The second one, which is
more common, is by removal of the oxide layer, then covalent attachment of organic layers
to the oxide-free Si. Oxide-free silicon is preferred due to the increased functionalization
possibilities (alkenes, alkynes, alcohol, and thiols) compared with oxidized silicon (organo-
silanes) and the improved electrical characteristics, due to the removal of a thin dielectric
layer of oxide [1-10].

Previously, methods for etching silicon wafers from SiOy to Si-H have used NH4F or
HF [11-18]. However, both of these chemicals are strongly corrosive and highly toxic due
to their acidic nature. Thus, attention has shifted toward etching in solutions that are safer
and more environmentally conscious. Dilute HF is another alternative method for etching
silicon wafers from SiOy to Si—H [19,20]. The dilution varies but is often used as 200:1 or
500:1 HF:H,O, owing to the advantages of reduced corrosiveness, lower volatility, and
lower reactivity. These diluted HF solutions are a better method for etching silicon wafers,
affording a greater etching rate when compared with the concentrated HF solutions. The
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etching rate is reported to be twice as fast for dilute HF solutions compared with the stock
high-concentration HF solutions [21]. However, the dilution process requires the treatment
and handling of concentrated HF; thus, it is still a highly dangerous operation. Even once
diluted, the waste liquid still has adverse effects on local environments, for example, water
bodies, soil, and aquatic organisms. In 2005, Adachi et al. demonstrated that aqueous KF
solutions are of equal quality to HF and NH4F in producing Si-H [22] and remove oxide
on the surface at a reasonable rate. Their KF-treated surfaces showed hydrophobicity after
immersion in aqueous KF (5 M) for 30 min. However, the formation of covalently linked
organic layers after the oxide has been removed by KF has not yet been studied. Although
there are several papers about KF and NH4F etching, there is no work on utilizing KF
etching to form organic monolayers on silicon and studying the electron properties.

Upon contact with water or moist skin, ammonium fluoride (NH4F) converts into
hydrogen fluoride, meaning that these two chemicals should be handled with equivalent
care and precautions. Potassium fluoride (KF) also hydrolyses in water but to a lesser extent
than NH4F and thus produces less of the highly toxic HE. Seeing as the fluoride component
is necessary for etching silicon wafers to obtain oxide-free silicon wafers, it makes sense to
want a method which provides the lowest risk or danger to the experimentalist. For treating
any fluoride spillage on the skin, calcium gluconate gels (2.5% w/v) are recommended
following copious rinsing in water (15 min under running water). For example, in our
laboratory, a tube of calcium gluconate gel is stored within reach of the fume hood, below
room temperature, and is routinely replaced before the expiry date. The calcium in these
gels serves the purpose of neutralizing any free fluoride anions (F~), preventing them from
further reacting with the patient’s body. While these safety precautions would not change
when using KF over either HF or NH4F, the immediate dangers associated with them are
mitigated. When using a small amount of fluoride salts, either KF or NH4F, the KF solution
is less corrosive and causes less immediate damage to tissues upon contact with the skin or
eyes compared with both NH4F and HF [22-27]. In terms of pH, KF is slightly basic but
closer to neutral than the more acidic HF or NH4F solutions which are commonly used.
Therefore, KF is less toxic and safer to handle than NH4F and HF [28,29].

In this article, we test whether surfaces etched by KF can be used to attach a mono-
layer via a hydrosilylation reaction. This monolayer can be labelled by a redox active
species (ferrocene) and then characterized electrochemically regarding surface coverage
and their electrochemical rate constants. KF could serve as the etching solution for silicon
wafers when less toxic chemicals are needed. For this purpose, the silicon wafers were
etched by either solution and then functionalised by 1,8-nonadiyne via a hydrosilylation
reaction, followed by a click reaction of the terminal alkyne with azidomethylferrocene; a
scheme showing oxide removal and the associated monolayer functionalization is shown
in Figure 1 [30-36]. Cyclic voltammetry (CV) was used to study the ferrocene surface cov-
erages, and electrochemical impedance spectroscopy (EIS) allowed for the determination of
electron transfer kinetics (ket). Water contact angle measurements evaluated the efficacy
of the KF etching method compared with the standard NH4F method, and X-ray photo-
electron spectroscopy (XPS) was used to characterize the chemical methods for removing
the oxide layers (KF against NH4F). The surface topography, roughness, and presence of
characteristic Si(111) terraces were monitored by atomic force microscopy (AFM).
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Figure 1. A schematic of the SAMs studied. Silicon wafers were etched by either NH4F or KF to
form oxide-free silicon (Si-H) electrodes (S—-1) and then incubated in 1,8-nonadiyne with UV light,
resulting in a hydrosilylation reaction to form S-2. Following successful hydrosilylation, a ferrocene
moiety was introduced into the terminal alkyne group via a copper-catalysed click reaction with
ferrocene azide to yield redox active S-3.

2. Materials and Methods
2.1. Materials

All chemicals were purchased at analytical grade and used as received, unless oth-
erwise specified below. Preparation of aqueous solutions, and surface and glassware
cleaning were performed by using Milli-Q water (>18 M() cm). Dichloromethane (DCM))
(Honeywell; Charlotte, NC, USA, >99.9%) and 2—propanol (RCI Labscan, Bangkok, Thai-
land) were re-distilled prior to use. The cleaning and etching of the silicon wafers used
hydrogen peroxide (H,O,; Honeywell; Charlotte, NC, USA, 30 wt% in water), sulfuric acid
(HSOy; Sigma-Aldrich; Melbourne, Australia, 95-97%, Puranal TM), ammonium fluoride
(NH4F; Sigma-Aldrich; Melbourne, Australia, Puranal TM), and potassium fluoride (KF;
Sigma-Aldrich; Melbourne, Australia, 40 wt% in water), with each being of semiconductor
grade. 1,8-Nonadiyne (98%) was purchased from Sigma-Aldrich (Melbourne, Australia)
and used without further purification. Azidomethylferrocene was synthesised from fer-
rocene methanol by using a procedure from the literature [37]. The chemicals involved
in the synthesis were ferrocene methanol (Sigma-Aldrich; Melbourne, Australia, 97%),
glacial acetic acid (Sigma-Aldrich; Melbourne, Australia, >99%), sodium azide (Sigma-
Aldrich; Melbourne, Australia, >99.5%), sodium bicarbonate (Sigma-Aldrich; Melbourne,
Australia, >95%), hexane (Heneywell; Charlotte, NC, USA, HPLC grade), ethyl acetate
(Heneywell; Charlotte, NC, USA, HPLC grade), and silica (Silicycle; Quebec, QC, Canada,
230-400 mesh). All of the electrochemical experiments used aqueous perchloric acid (1.0 M)
(Sigma-Aldrich; Melbourne, Australia, 70%) as the electrolyte solution. Our silicon wafers
were purchased from Siltronix, S.A.S. (Archamps, France), and were p-type boron-doped
(111), with a thickness of 500 £ 25 pm and a resistivity of 0.007-0.013 () cm.

2.2. Surface Modification
2.2.1. Silicon Preparation

The method for hydrosilylation of 1,8-nonadiyne with Si-H has previously been
reported in the literature [11,37,38]. In summary, a silicon wafer is cut into smaller pieces
(approx. 1 x 1 cm?) followed by sequential washes in DCM, 2-propanol, and water. The
surfaces are then submerged in hot piranha solution (130 °C; 3:1 (v/v) mixture of sulfuric
acid (95-97%) to hydrogen peroxide (30%)) for 30 min, rinsed in copious amounts of water
before etching in either ammonium fluoride or potassium fluoride for 13 min (ambient
conditions (21 °C and 30% relative humidity)) which has been deoxygenated under a
stream of argon for 15 min. At this point, the surface is an oxide-free, hydrogen-terminated
Si surface [14,39]. These etched samples were quickly rinsed with Milli-Q water and
DCM before being stored for short periods of time (less than 15 min) in a deoxygenated
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sample of 1,8-nonadiyne. These surfaces were quickly transferred into an isolated reaction
chamber maintained under continuous nitrogen flow and illuminated with UV light (Vilber;
VL-215.M, A = 312 nm) for two hours.

2.2.2. Copper-Catalysed Azide-Alkyne “Click” Reaction

Azidomethylferrocene was reacted with the terminal alkyne group of the SAMs in
S-2 via a copper-catalysed click reaction. In summary, samples of S-2 were incubated in a
mixture of 0.4 mM copper (II) sulphate pentahydrate, sodium ascorbate (5 mg/mL), and
0.5 mM azidomethylferrocene. The reaction was carried out in the dark for 120 min at room
temperature and pressure. The Si electrodes were removed from the Cu-AAC solution
and were washed sequentially by using 2—propanol, Milli-Q water, 0.5 M hydrochloric
acid, Milli-Q water, 2—propanol, and DCM. Finally, these Si electrodes (now S-3) were
blown-dry under a stream of argon before analysis.

2.3. Surface Characterization
2.3.1. Electrochemical Measurements

All our electrochemical measurements were undertaken by using a single-compartment,
three-electrode PTFE cell connected to a CHI650 electrochemical workstation (CH Instru-
ments, Austin, TX, USA). For the three-electrode setup, a modified silicon surface was
used as the working electrode, a platinum wire as the auxiliary (counter) electrode, and an
aqueous Ag/AgCl electrode (1.0 M KCI; CH Instruments, Austin, TX, USA) as the reference
electrode. In all electrochemical measurements, an aqueous 1.0 M perchloric acid solution
was used as the electrolyte. A gallium—indium eutectic was rapidly spread on the backside
of the silicon wafer and contacted to a copper plate. CV was used for electrochemical char-
acterisation and determination of the half-wave potential (E;,;), which was used for EIS,
where the half wave potential is equal to the DC offset [40—42]. For the EIS measurements,
the AC amplitude was set to 15 mV, with frequency scanning between 1 and 100,000 Hz.
The EIS data were fitted to an equivalent Randles circuit, which is shown in Figure S2. ket
was calculated according to the following equation: (Cpgs)efr = Q I R, A=/ where R, is
the total resistance, and Q and « represent global properties. Q represents the differential
capacitance of the interface in the case where « = 1, and the rate constant is determined
by the following equation: k. = m, where k,; is the rate constant, R,; is the elec-

tron transfer resistance, and (Cpgs),f is the effective pseudocapacitance [43]. The ferrocene
surface coverages (I') can be used to estimate the molecular surface coverage based upon
the oxidation and reduction signals observed in the CV. The charge (Q) is approximated
by integration of the oxidation and reduction signals, and surface coverage is determined
according to I' = Q/nFA (where Q is the charge, n is the number of electrons involved in
the redox reaction, F is Faraday’s constant (96,485 C/mol), and A is the electrode area).

2.3.2. Static Water Contact Angle Analysis

Static water contact angles were utilized for determining the wettability of our etched
silicon substrates. They were measured by using an automatic Kriiss DSA 100 goniometer
(Hamburg, Germany), and the recorded values were reported to the nearest whole number.
The values reported in this manuscript are the average values of at least three different
surfaces. The reported error values represent the standard deviation of at least three
different droplets on three different substrates.

2.3.3. Atomic Force Microscopy (AFM)

AFM was used to characterise the surface topography and roughness and to monitor
for the presence of persistent surface oxidation following the different etching methods. For
this, all images were captured with a Bruker Dimension FastScan atomic force microscope
(Billerica, MA, USA) in air at standard room temperature and pressure. Nanoscope Analysis
software (Version 1.90) was used for all AFM topography image processing and roughness
analysis. For the topography imaging antimony (n)-doped silicon AFM probes (TESPA-
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V2; Bruker AFM probes) were used, with a spring constant of 42 Nm~! and a resonant
frequency of 320 kHz. All measurements were undertaken in air by using tapping mode,
an image size of 25 um? at a resolution of 256 points/line, and the scan rate of 1.0 Hz.

2.3.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis of the etched silicon substrates was
performed by using a Kratos Axis Ultra DLD fitted with an Al K (hv1486.6 eV) monochro-
matic radiation source functioning at 225 W. The hemispherical analyser (165 mm in
radius) was run in fixed analysed transmission mode. The chamber was set to operate at
2 x 107 Torr with the photoelectron take-off angle set up normal to the sample surface.
We analysed a sample area of 300 x 700 um, using an internally fixed flood gun to mitigate
the effects of surface charging. Given the relative simplicity of our surfaces, the survey
spectra (averaged among three scans) were acquired in the range of 0 to 1100 eV, a dwell
time of 55 ms, step size of 0.5 eV, and a pass energy set to 160 eV. For the high-resolution
scans (accumulation of 10 scans, for Si 2p and O 1s regions), we used a pass energy of 20 eV
and lower step sizes, specifically 0.05 eV (Si 2p, 90-110 eV) or 0.1 eV (O 1s, 520-540 eV). All
of our XPS data were processed and fitted by using CasaXPS (version 2.3.18).

3. Results
3.1. Contact Angle

We analysed the bare etched surfaces firstly by using the water contact angle to detect
differences in the wettability of the Si-H surfaces depending on the preparation method.

This can offer insights into the Si-H surface coverage and also into how efficiently the
oxide layer has been removed (since Si-OH is hydrophilic and Si-H is hydrophobic). This
can also be used to characterise the uniformity of the Si—H layer, since each location should
show similar wettability values if a uniform layer of Si-H is formed, resulting in low error
values. Figure 2a—c show annotated images of the water contact angles along with their
associated error values. From this, we see that the surface etched in NH4F has a greater
contact angle, indicating greater hydrophobicity (82 =+ 5°), while the surface etched by KF
shows a slightly lower average contact angle (75 £ 6°). While this is true, these values fall
within the error values of one another, and the difference could be due to some randomness
associated with the technique. Another more likely explanation is that this slight difference
is caused by the greater surface roughness of the KF-etched surface when compared with
the flatter and more uniform NH4F surface. (See Section 3.2.)

3.2. Atomic Force Microscopy (AFM)

We took these oxide-free silicon surfaces and performed AFM topography imaging.
These images are presented in Figure 2d,e, which clearly show the presence of flat terraces
(characteristic of Si(111) substrates) with smooth edges all across the silicon surface.

Visually, the surfaces appear similar to Figure 2d (etched in NH4F), showing more
clearly the fine topography details due to fewer high regions across the image. However,
when we observe the straight-line height profiles (along the white dotted lines and the
inset in the top right corner), it can be seen how the height variation is minimal (less than
1-2 nm across either surface) across both the NH4F- and KF-etched surfaces. The root mean
square roughness (RMS) for the NH4F-etched surface is 0.294 nm, while for the KF-etched
surface, it is 0.517 nm. The roughness is within the range of standard hydrogen-terminated
silicon surfaces [44,45] while still highlighting that the surfaces etched by KF are rougher
than those etched in NHyF. This would allow for the explanation of the difference in water
contact angles observed in Figure 2c and discussed in Section 3.1. On a rougher substrate,
the water droplet is likely to deform slightly and become exposed to regions of low Si-H
coverage. This would in turn result in a lower angle recorded by static water contact
angle measurements.
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Figure 2. The static image of a water droplet on S-1, etched by (a) NH4F. (b) KF. (c) Water contact
angles for surfaces in (a,b). The error bars in (c) are the standard deviations of the water contact
angles from the mean values of three different surfaces. AFM topography images for S-1, etched by
(d) NH4F. (e) KF. The insets in (d,e) show the cross—sectional profile (line) roughness.

3.3. X-ray Photoelectron Spectroscopy (XPS)

We performed XPS characterisation on a bare surface etched by using either NH4F
or KF; our XPS spectra show the expected Si 2p signals from S-1 which were etched in
NH4F or KF (Figure 3a,b). Figure 3a shows the XPS Si 2p narrow scan for a Si-H surface
which was etched by NH4F. The Si 2p high-resolution spectrum was fitted by using two
peaks, with the main emission from 98-101 eV being composed of one spin-orbit split
with two peaks at 98.85 eV and 99.45 eV, corresponding to the low- and high-energy spins
of the Si 2p3/» and Si 2pq /, orbitals, respectively. Of note, there is a lack of a SiOx signal
(which would appear at approximately 102-103 eV), indicating that the oxide layer was
removed by using the KF etching procedure. Figure 3b shows the XPS Si 2p narrow scan for
a Si—H surface which was etched by KF; this shows the same Si 2p signals for the spin—orbit
splitting, but it does show limited amounts of SiOy at 102.5 eV (1.7%). The corresponding
survey XPS spectra for S-1 and high-resolution O 1s spectra are included in Figure 3¢,d and
Figure S1 (Supplementary Materials). In the O1s high-resolution spectrum, we observe only
one peak in the region 530-536 eV, due to the presence of residual oxygen in the instrument
itself, indicating that negligible amounts of oxide are present for surfaces etched in either
NH4F or KE
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Figure 3. XPS high-resolution spectra for Si 2p for S-1, etched by (a) NH4F. (b) KE. XPS survey
spectra of S-1, which was etched by (¢) NH4F and (d) KE.

3.4. Electrochemical Studies

The key purpose of this work is to compare the electrochemical properties of surfaces
etched by using either conventional methods (NH4F) or the newer, safer method (KF). Thus,
we functionalised both surfaces by using a common redox moiety (ferrocene), by a copper-
catalysed click reaction, as shown in Figure 1. By using this functionalisation, we probed
the coverages and electron transfer kinetics by cyclic voltammetry and electrochemical
impedance spectroscopy, respectively. We observe a small peak separation (24 mV) in the
oxidation and reduction signals of Figure 4a (etched in NH4F). In comparison, the oxidation
and reduction signals for Figure 4b (etched in KF) show a larger separation (78 mV), often
indicating a slower electron transfer mechanism, which could be caused by a less uniform
or less dense monolayer array. This occurs due to a decreased electron density in the
monolayer structure, meaning electron transfer becomes more difficult and sees a decrease
in the electron transfer rates, characterized by the hysteresis of the oxidation and reduction
signals [11]. To understand this further, the surface coverages of the ferrocene moieties
were calculated from the oxidation signals in the CV (by using the equation presented in
Section 2.3.1). The surface coverage was determined to be (1.11 £ 0.23) x 1014 ferrocene
cm 2 and (7.83 4 2.24) x 1013 ferrocene cm 2 for the NH4F-etched and KF-etched surfaces,
respectively. (Figure 4c) This would indicate that more dense monolayers with better
packing are produced on NH4F-etched surfaces and thus should show faster electron
transfer kinetics as a result.
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Figure 4. Electrochemical characterisation of S-3 which was etched by NH4F and KF, respectively.
CV for S-3 which was etched by (a) NH4F and (b) KF at the scan rate of 0.1 V/s. (c¢) The associated
surface coverages were calculated from integration of the oxidation signals of the CV in (a,b). The
error bars in (c) are shown as the standard deviation for the surface coverages obtained from the
mean values of at least three different surfaces.

To assess the charge transfer kinetics, electrochemical impedance spectroscopy (EIS)
was performed on S-3. The electron transfer kinetics (ket) values were (634.18 £ 9.59) s!
and (354.26 + 14.4) s~! for the NH,F-etched surface and KF-etched surface, respectively
(Figure 5a—d). This confirms that electron transfer occurs faster on NHyF surfaces. This
would mean that these KF-etched surfaces could be used as an alternative for those without
the appropriate funds or facilities to use NH4F without greatly sacrificing the quality of
their electrochemical results. The equivalent circuit used to fit the EIS data is shown in
Figure S2 (Supplementary Materials). The Nyquist and the Bode plots in Figure 5a—c
visually indicate that the resistance of the monolayer on the KF-etched surface is higher
than that on the NHyF-etched surface. The diameter of the semicircle on the real component
of the impedance on the KF-etched surface is bigger than that on the NHF-etched surface
(x-axis in Figure 5a,b). This reflects that the resistance resulting from monolayer formation
is greater for the KF-etched surfaces than the NHyF surfaces. The Bode plots are shown in
Figure 5c¢ and allow for a rapid visualization of the kinetic characteristics of our modified
electrode systems. When the AC frequency approaches the time constant of the reaction,
the phase angle value decreases and eventually reaches the minimum value. By using
this phase angle minimum and the corresponding frequency, you can predict the different
electron transfer kinetic speeds of the two systems. A phase angle minimum occurring at
higher frequency indicates a faster electron transfer rate. On the contrary, a phase angle
minimum occurring at lower frequency means a slower electron transfer rate. From our
Bode plots result (Figure 5c), the phase angle minimum of the NHF-etched surface occurs
at higher frequency than that of the KF-etched surface, which means that the resistance
resulting from the surface and monolayer formation on the NHyF-etched surface is lower
compared with the KF-etched surface. This also indicates that the electron transfer kinetics
should be faster on our NHyF-etched surfaces than on the KF-etched surfaces, which is
confirmed by the fitting and subsequent calculation of the ket values presented in Figure 5d
and discussed above. Although the ket on KF-etched surfaces is only half of that on
the NH4F-etched surfaces, this slower electron transfer kinetics will not deter the use of
KEF-etched surfaces for electrochemical studies, as the signal is sufficient to be used for
monitoring changes in electron transfer upon, for example, interaction with analytes for
chemical sensors and bio-sensing devices.
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Figure 5. Nyquist plots from EIS measurements for S-3 which was etched by (a) NH4F. (b) KE.
(c) Bode plots for S-3 which was etched in different solution in frequency range from 10 Hz to
60,000 Hz. Scattered dots (black and blue) are experimental data, and lines (red and magenta) are
the best fit to the experimental data. (d) The evolution of ket obtained by fitting the impedance data
to the Randles circuit (Figure S2, Supplementary Materials). The error bars in (d) are the standard
deviations of the ket values obtained from the mean values of three different surfaces.

4. Conclusions

In summary, we demonstrate that KF etches the oxide layer from Si, resulting in Si-H
layers, which are then subsequently used for a hydrosilylation reaction and the formation
of covalently linked organic monolayers. The density of the molecular films formed on
KF-etched Si surfaces is lower but comparable to that of those formed on NH4F-etched
Si surfaces. A slightly higher surface roughness is observed for the KF-etched Si surfaces
compared with the NHyF-etched Si surfaces, but this roughness is not a roadblock in
forming molecular films of good quality. Despite the electron transfer rate constant, the ket
of the KF-etched surfaces is half of that of the NHyF-etched surfaces, which is sufficient for
utilising KF-etched surfaces for fundamental electrochemical studies and electrochemical
devices utilising molecular films on silicon.

KF-etched Si surfaces provide an opportunity for functionalising silicon wafers in a
more accessible way, by using a less corrosive and toxic chemical. This could allow smaller
laboratories, which may be ill equipped to handle other more dangerous fluoride-containing
chemicals, to covalently functionalise oxide-free silicon electrodes, study fundamental SAM
systems, and develop electrochemical devices such as biosensors [46].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/surfaces7020022/s1, Figure S1: XPS survey spectra, Figure S2:
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